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STUDIES ON THE CRITICAL PERIOD FOR
APPLYING IRRIGATION WATER
TO WHEAT

By D. W. ROBERTSON, ALVIN KEZER, JOHN SJOGREN}
AND DWIGHT KOONCE

The economic use of irrigation water is a vital problem
which confronts the farmer and the scientist in irrigated sec-
tions. The problem is becoming more acute since the amount of
available water per acre decreases as the area of irrigated land
increases. The yield and quality of crops may be affected by irri-
gating at different growth periods. Therefore, it is important to
know the best time to apply water.

The effect on Marquis wheat of irrigating at different
growth periods is reported in this paper.

REVIEW OF LITERATURE

A rather extensive review of the earlier literature is given
in a previous publication by Kezer and Robertson (5)2. A brief
review of some of the more recent literature is presented. Moli-
boga (6) reported a study in which Marquis wheat and two-rowed
barley were grown in pots under optimum soil-moisture condi-
tions. At different stages the plants were allowed to wilt for
several days and the soil again was brought to optimum and kept
there until harvest. The following periods were studied: Tiller-
ing, shooting, heading and filling. The grain yield suffered most
when moisture was withheld at the heading and shooting stages.

Fortier (2) states that “The water requirements of cereals
during the stages of growth as determined by tank experiments,
agree closely with those of similar crops grown in plots near
Twin Falls and near Gooding, Idaho.” These seasonal results at
the Twin Falls station showed that there should be enough soil
moisture at planting time to sprout the seed and maintain a vig-
orous growth to the jointing stage. “The results also showed that
the greatest need for water occurred between the jointing and
’the sgft-dough stages. A heavy irrigation about the time of early
Jointing produced a large head and supplied sufficient moisture
f01*‘SL1bsequent growth. When water was withheld during this
per}od and applied after the soft-dough stage, the effect was in-
Jurious rather than beneficial. The best yields were obtained by
maintaining a fairly constant soil moisture content from the time
of seeding until the hard-dough stage was reached.”

The results obtained in growing cereals at the Idaho Agri-
cultural Experiment Sub-station at Gooding, likewise showed in-

Formerly ascari . . . N
ﬁg‘)‘"}elly associate in agronomy section of the Colorado Experiment Station,
umbers in parentheses refer to ‘‘Literature Cited.”
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creased yields from an adequate moisture supply prior to the
hard-dough stage. Grain yield was reduced when the crop was
not irrigated during the critical stages of growth, while the qual-
ity was improved. No subsequent waterings could remedy the
damage done. In many cases the application of water 3 weeks,
or less, before harvest tended to lodge the grain.

Tulaikov (9) found, in field and greenhouse experiments,
using Poltavka wheat planted in the spring, that the crop, due
to the high soil-moisture loss in the early growth periods, needed
abundant soil moisture. The period of greatest moisture demand
by grain crops coincided with the period of heading and
blooming.

EXPERIMENTAL METHODS

Studies of the critical periods for irrigation in cereal pro-
duction were started at the Colorado Experiment Station in the
spring of 1917. These studies included corn, beans and wheat.
The experiment was replanned in 1920 and since that date has
been carried in its present form.

So1L.—The soil of the Colorado Experiment Station, at Fort
Collins, is classified as “Fort Collins loam,” by the United States
Bureau of Chemistry and Soils. The soil of the experimental
plats is described by Sweet and Spencer (8), as follows: “The
dark-brown or dark, slightly reddish-brown surface layer ex-
tends to a depth of 12 to 14 inches, where it gives place abruptly
to a lighter-brown material which, when moist, has a slightly
pinkish-brown or salmon-colored tint . . . . .. The second layer is
slightly heavier in texture and has distributed through it small
light-gray spots, from one-eighth to one-half inch in diameter,
which effervesce very freely with acid, indicating a high lime
content. They are normally most abundant between depths of
about 24 and 30 inches. The third layer, beginning at a depth
ranging from 30 to 36 inches, is much like the layer above it in
the upper part, but is practically free of lime spots. Below this
at various depths, but generally within 5 feet of the surface,
reddish-brown, purplish-red, and gray very micaceous soil ma-
terial containing varying amounts of lime, sand, and waterworn
gravel is reached.”

STAGE IN DEVELOPMENT OF WHEAT WHEN IRRIGATED.—The
term, “critical period,” as used in this paper, is the stage of plant
development at which an irrigation will increase the yield, or
when the lack of such an irrigation will decrease the yield. In
order to determine which periods are critical, six stages! in wheat

—

1 . .
sl?agilssmssmg the stages in this publication the above terms will be used to indicate the
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development were chosen arbitrarily as follows: Germination,
tillering, jointing, heading, blossoming and filling. One irrigation
was applied at each stage. Figure 1 shows the development or
stages of the plants when water was applied.

The different stages may be defined as follows: Germina-
tion is when the seed is sprouted, which is usually not over §
days after the grain has been planted ; tillering is when the seed-
lings begin to send out shoots, sometimes called the “stooling
stage”; jointing is when two joints can be clearly distinguished:
heading is when the head is just emerging from the boot: blos-
soming! is when the anthers appear on the head; and filling is
when the grain is in the late-dough stage.

Four checks were included in the experiment, as follows:
Check 1, distributed irrigation, received the same total amount
as put on the eritical-period plats, but in 6 irrigations of 1 inch
at each critical period. Check 2 received no water. Check 3 re-
ceived enough water to produce a crop. Check 4 received 1 inch
of water at germination.

After 1923, one of the no-irrigation checks was changed and
two irrigations of 3 inches each were applied, one at tillering and
one at heading. The no-irrigation and keep-growing plats were
located at the end of the series after 1923. These acted as guard
plats.

PLAN oF EXPERIMENT.—The experiment was carried each
yvear on land which was summer fallowed the previous year.
This was found necessary to approach a uniform moisture con-
tent in the soil. Summer fallow also was necessary to eliminate
volunteer grain and control weeds. Five series of 10 plats were
used in 1921, 1922, 1924, 1925, 1926, 1927 and 1929. Four series
were used in 1923, and three in 1928. The plats were 1/500
acre in size. These were planted in rows (called series) of 10
plats each. No series had two plats which were treated alike.
No two plats receiving the same treatment occupied the same
position in any series, except that in 1923, the plats receiving dis-
tributed irrigation were adjacent in Series C and D. In 1920 apd
1921, two plats receiving the same treatment occurred in Series
A and C. In 1924, the two-irrigation plats were opposite in Se-
ries A and B and the distributed plats were opposite in Series
C and D. The check treatments were alternated in Plats 1 and
10 of all series. The same placing of plats in Series C and D was
used from 1925 to 1928, inclusive. In 1927, the first series was
C and in 1928, the first series was D. In 1924, the placing pf the
plats was the same as in Series A, the other series follonlng In
rotation. The plan for the 1920 and 1921 experiment is given 11

iAt this stage fertilization is usually complete.
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a previous publication by Kezer and Robertson (5), page.87.
The 1923 series arrangement is given in Table 1. Table 2 gives
the plat arrangement for 1924, 1925, 1926, 1927 and 1928.

In 1923, Plats 3 and 7 were interchanged in Series B. The
changed arrangement was used in the later years.

Table 3 gives the arrangement of plats in 1929.

Table 1.—Plat Arrangement of Critical-Period Experiments in 1923.

Plat
Number Series B Series C Series D Series E Series F
1 Noirrigation Keep growing No irrigation Keep growing No irrigation
2  Germination Blossoming Filling Jointing Tillering-
Heading
3 Tillering~ Distributed Distributed Heading Germination
Heading
4 Jointing Heading Germination Filling Filling
5 Blossoming Tillering- Tillering Distributed Jointing
Heading
6  Tillering Jointing Heading Blossoming Filling
7 Filling Germination Blossoming Tillering Distributed
8 Heading Filling Jointing Tillering- Blossoming
Heading
9  Distributed Tillering Tillering- Germination Heading

Heading

10 Keep growing No irrigation Keep growing No irrigation Keep growing
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Table 3.—Plat Arrangement of Critical-Period Experiments in 1929.

Plat
Number Series D Series E Series F Series G Series H
1 No irrigation Keep growing No irrigation Keep growing No irrigation
2  Jointing Distributed Tillering Tillering- Germination
Heading
3 Germination Heading Filling Jointing Tillering-
Heading
4  Tillering- Filling Germination Blossoming Tillering
Heading
5 Distributed Tillering Jointing Heading Blossoming
6 Tilling Blossoming Tillering- Tillering Distributed
Heading
7  Blossoming Jointing Heading Germination Filling
2 Tillering Tillering- Distributed Distributed Heading
Heading
9  Heading Germination Blossoming Filling Jointing
10 Keep growing No irrigation Keep growing No irrigation Keep growing

METHOD OF PLANTING.—Marquis wheat was planted at the
rate of 90 pounds per acre. One drill width of 16 rows was
planted in each series.

TIME OF PLANTING.—Table 4 gives the dates of planting for
the years 1920 to 1929, inclusive.

The planting was made between April 6 and April 18 and
the covers were placed on the plats between April 11 and April
24. In some years rain fell during the period from planting to
covering. In 1926, more than 1 inch fell, but allowances were
made for this when the plats were irrigated.

METHOD OF CONTROLLING MOISTURE.—The plats were cov-
ered in order to prevent the influence of precipitation. Posts
were set in rows on each side of the series, 1 foot from the edge
of the grain. This left a distance of 10 feet from the center of
the posts on one side to the center of the posts on the other side
of the series. A 4-foot alley was left between adjacent series.
In the center of the series, posts were set between the ends of
plats. This made three rows of posts to each series. The tops of
the posts in each row were set level.
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Table 4.—Date of Planting and Covering Critical-Period Plats, Colorado Experiment
Station, Fort Collins, for the Years 1920 to 1929, Inclusive.

Rainfall on
plats between
Date Date date planted and
Year planted covered date covered
inches
1920 i May 20 June 2 0.30
1921 e April 11 April 13 0.00
1922 e April 10 April 14 017
1028 e, April 11 April 16 0.00
8 April 18 0.03
1925 s April 6 April 11 0.00
1926 (RS, April 15 April 24 1.27
1927 s April 4 April 9 0.00
10928 e April 9 April 14 0.00
1929 s April 8 April 16 0.08

The center row of posts was 5 feet above the ground and 2
feet in the ground. A No. 9 wire was stretched across the tep
of each center row of posts, forming the ridge of a temporary
roof. The outer rows of posts were 2 feet 6 inches above the
ground and 3 feet in the ground. A No. 9 wire also was stretched
across the center of the top of each outer row and formed the
eaves of the temporary roof.

The posts in the outer rows were 4 feet 4 inches apart. In
the middle rows the posts were 13 feet apart. Every third post
in the outer rows was firmly anchored to the opposite post in the
adjacent series by cross wires. The outer rows of the outside
series were anchored by wires to posts buried 3 feet in the
ground. This was found necessary to keep the posts upright when
subjected to the extra strain of wet canvas covers. The No. 9
wire stretched across the top of each row of posts was drawn
tight and anchored to a post buried 5 feet in the ground and at
right angles to the line of pull at each end of the series. Over
the wires were stretched heavy (12-oz. duck) canvas covers
(11 by 14 feet) with snaps on the long sides which enabled them
to be quickly thrown back or stretched at will. Each cover pro-
tected an entire plat and lapped slightly over the adjacent plat
in the series.
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No consistent increase was noticed in any of the samples and in
many cases there was an actual loss which continued thruout the
test. It appears from the data at hand that any difference found
was due to a variation in sampling and that lateral movement
of water was very slight.

Under soil conditions of the experiment station plats at
Fort Collins, water would have to stand over a foot in depth in
the alleys for more than 4 hours before any effect on the soil
moisture of the plats could be noticed from lateral penetration.

Great care was taken in setting the posts and sinking the
anchor posts. All earth removed was returned to the same soil
stratum from which it was taken.

SCHEME OF IRRIGATION.—Irrigation water was applied at
the rate of 6 acre-inches® in the years 1920, 1922 and 1923. In
1921, a slight error was caused by a late snow storm. Sufficient
snow drifted onto the plats soon after planting to make a meas-
urable amount of water. Immediately after the snow storm suf-
ficient waler was added to each plat to make a 1-inch applica-
tion on all plats at germination. Each plat, therefore, received
1 inch of water at germination. The later irrigations in 1921
were at the rate of 5 acre-inches, instead of 6, as in the other
yvears. From 1924 to 1929, all plats, except the no-irrigation
plats, received 1 inch at germination and 6 inches at the later
irrigations. This was found necessary in order to secure a uni-
form stand. The irrigation plats received a total of 7 inches after

Table 5.—-Date of Irrigating Critical-Period Plats from 1921 to 1929, Inclusive.

Year Germination Tillering Jointing Heading Blossoming Filling
1921 April 20 May 23 June 10 June 21 June 27 July 6
1922 April 21 May 16 June 6 June 19 June 26 July &
1923 April 17 May 16 June 2 June 20 June 29 July 10
1924 April 19 May 16 June 13 Jume 24 July 2 July 10
1925 April 14 May 12 June 8§ June 17 June 25 July 6
1926 April 26 May 19 June 10 June 22 June 30 July 8
1927 April 12 May 11 June 2 June 17 June 27 July 12
1928 April 16 May 16 June 7 June 25 July 3 July 16
1929 April 17 May 15 June 18 June 24 July 3 July 15

—_——

—_—

Mnehoe A . .
Inches of rrigation water refer to inches in depth over the area.
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for the late irrigations, as shown in Table 6. The average tem-
peratures for the different treatments were as follows: Germina-
tion, 45.2° F.; tillering, 50.6° F.; jointing, 55.6° F.; heading,
58.5° F.: blossoming, 60.5° F.; and filling, 61.6° F.

SOURCE OF IRRIGATION WATER.—The water used for irriga-
tion was the same as that furnished by the city of Fort Collins
for domestic use. It was taken from the Cache la Poudre River
above the point where the North Fork flows into the main river.

Headden (4) says, “The Cache la Poudre River flows for the
first fifty miles of its course over boulders of schist and granite
and then over gravel and sand of the same character.” The do-
mestic water used in Fort Collins comes from this portion of the
river. There is a slight variation in the solids carried in the
water. In the early part of the season the total solids carried by
the Fort Collins tap water are lower than later in the season
when the river is low. The irrigating was done in the early part
of the season during the flood-water stage. Consequently, there
were less solids than would be found if the plats were irrigated
in August and September.

It is conceded that chemical analyses of the irrigation water
would have been of value. However, it was not considered of
sufficient importance in the present experiment to justify the
increased expense.

AMOUNT OF WATER APPLIED.—Water in the amount of 1
acre-inch applied to 1/500 acre of land equals 54 3/10 gallons
of water. Larger quantities of water were applied in multiples
of this amount.

METHOD OF HARVESTING CROP.—The grain was cut 1 inch
above the ground with lawn shears. The area of the plats har-
vested was 1/871 acre. The 10 center rows were harvested after
3.b0rder rows on each side and 1 foot from each end had been
d.lscarded to eliminate possible border effect. The cut grain was
tied in a sheaf and carefully wrapped in cloth to protect the
heads, leafy material and straw. These sheaves were shocked
under cover and allowed to cure for 8 weeks or more. The
sheaves were then weighed and the grain threshed. The differ-
ence hetween the cleaned grain weight and the total grain and
straw weight was used as the straw yield.
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EXPERIMENTAL RESULTS

DATE oF RIPENING.—The data on ripening dates are pre-
sented in Table 7. The distributed plat ripened later than the
other plats 7 out of 8 years. This plat received a l-inch irriga-
tion at each stage of growth, except at germination, and had suf-
ficient moisture to develop thru the entire season. The plats
receiving 6 inches of water at filling (dough stage) evidently
received the water too late to be utilized fully. The plants usually
dried rather than ripened normally. However, the data indicate
that if water had been applied at the heading and blossoming
periods the later applications of irrigation water retarded rip-
ening somewhat.

Table 7.—Date of Ripening of Wheat Irrigated at Different Stages*.

Treatment 1921 1922 1923 1925 1926 1927 1928 1929
Germination July 28 July 28 Aug. 2 July 23 Aug. 4 July 31 Aug. 8 July 30
Tillering July 29 July 28 Aug. 2 July 22 Aug. 4 July 31 Aug. 8 Aug 1
Jointing July 28 July 29 Aug. 2 July 23 Aug. 4 Aug. 2 Aug. 8 Aug 1
Heading July 28 Aug. 1 Aug. 2 July 24 Aug. 4 Aug. 1 Aug. 8 Aug 1
Blossoming July 28 Aug. 1 Aug. 2 July 25 Aug. 4 Aug. 2 Aug. 9 Aue. 1
Filling July 28 July 28 Aug. 2 July 24 Aug. 4 July 31 Aug. 8 July 36
Few

Distributed July 30 Aug. 1 days July 26 Aug. 6 Aug. 3 Aug. 9 Aug 2
later

Two irrigations . e July 26 Aug. 6 Aug. 4 Aug. 9 Aug !
Few

No irrigations July 28 July 28 days July 22 Aug. 4 July 31 Aug. 8 July 29
later
Few o

Keep growing July 28 July 28 days July 22 Aug. 4 July 31 Aug. 8 July 20
later

*In 1924, all plats ripened about the same time. The wheat did not ripen normally, but dry

weather dried the grain, causing it to ripen uniformly. No effect of late irrigation waé
noted. In 1927, the filling, no-irrigation and keep-growing plats dried.

YIELDS OF GRAIN.—The yields of grain are given in Table 8.
In comparing the yields, the probable error of a dif’ferencg1 was
used to determine if the differences were significant. .In discuss-
ing the yields, the single-application plats will be considered sep-
arately from the distributed and two-irrigation pla'ts. The high-
est-yielding plats receiving a single irrigation of 6 inches are Fhe
jointing plats. These yielded 67 pounds more than the heading
iHayes, H. K., and Garber, R. J. Breeding Crop Plants. P.E. of a difference =

te
VarFt b2—2r,, X aXb where a and b represent the probable error of the sepﬂrtahe
values being compared and r is the correlation between separate measurements of

quantities being compared.
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plats which ranked next in yield. The difference of 67 pounds is
14.3 times the probable error of a difference. The heading plats
ovtyielded the tillering plats by 39 pounds. The difference in
yield is 11.3 times greater than the probable error of a difference
and may be considered significant.

The next highest in yield are the blossoming plats, which
yielded 32 pounds less than the tillering plats. This difference is
significant in the light of the probable error of a difference. The
blossoming plats outyielded the germination plats by 77 pounds.
Again the difference is significant. The germination plats out-
yielded the plats irrigated at filling by 28 pounds. This difference
is 3.99 times greater than the probable error of a difference, in-
dicating that the germination plats outyielded the plats irrigated
at heading. The data show that the plats yielded in the following
order: Jointing, heading, tillering, blossoming, germination,
filling.

The plats which received a distributed irrigation, 1 inch at
each of the above stages, outyielded all other treatments. The
two-irrigation plats which received 8 inches at tillering and 3
inches at heading gave the next highest yield. The distributed
irrigation, while keeping a supply of moisture available during
the growing season, is impracticable from the farmer’s stand-
point.

YIELDS OF STRAW.—The straw yield will be treated similarly
to the grain yields, as shown in Table 9. The plats yielded in the
following order: Jointing, tillering, heading, blossoming, ger-
mination and filling. The difference in yield between the jointing
and tillering plats is 123 pounds. The probable error of a dif-
ference is 8.37 pounds. The tillering plats outyielded the heading
plats by 121 pounds, which is significantly greater than the
probable error of a difference. The difference in yield between
the heading and blossoming plats is 178 pounds, which is 28.9
times the probable error of a difference, indicating a significant
difference in favor of the heading plats. The difference in yield
between the blossoming and germination plats is 29 pounds. The
difference divided by the probable error is 1.6, indicating that
the difference between the blossoming and germination plats is
not significant. The germination plats outyielded the filling plats
by 100 pounds. The difference is 5.62 times the probable error
of a difference and may be considered significant. The distrib-
uted and two-irrigation plats again outyielded all other treat-
ments. The late and early irrigations, germination and filling
gave low yields of both straw and grain.



22 COLORADO EXPERIMENT STATION

The ratio of grain to straw varies slightly. It decreaseqd
with the delay in irrigation but increased slightly for the lagt
irrigation. The ratio of grain to straw for Marquis wheat in
these studies was about 1:2.

HEIGHT OF STRAW.—The height of the straw is shown in
Table 10. For the plats receiving a single irrigation of 6 inches,
the ranking of the plats for height was slightly different than
for yield of straw in pounds. The following sequence was ob-
tained: Jointing, tillering, heading, germination, blossoming
and filling. The length of straw of the germination plats in-
creased to a greater extent than that of the blossoming and fill-
ing plats. However, the difference in yield between the germina-
tion and blossoming plats was not significant. The data indicate
that the later the irrigations after jointing the shorter the straw.

Table 10.—Height of Straw for Wheat Irrigated at Different Stages Under Cover.

Germi- Tiller-  Joint- Head- Blossom- Fill- Distri- i:;“:;;l
Year nation ing ing ing ing ing buted heading
in. in. in. in. in. in. in. in.
1921 33 30 30 29 26 24 30
1922 26 29 30 28 24 23 34
1923 et 33 35 37 35 31 31 41 38
32 38 38 36 34 34 40 39
26 27 28 27 24 25 28 31
28 32 33 28 29 27 34 33
33 39 41 35 36 34 42 42
34 36 37 36 32 32 40 40
1929 34 30 34 35 34 36 32 33
Average ... 31 33 24 32 30 30 36 31

WEIGHT PER 1,000 KERNELS.—The weight per 1,000 kernels
was determined on a representative sample from the different
treatments. Table 11 gives the data obtained on weight per 1.000
kernels. The heaviest kernels were obtained in the heading plats.
The different treatments are ranked as follows: Heading, b]’”S-
soming, jointing, filling, tillering and germination. The heading
and blossoming kernels are well filled. The plats irrigated at
jointing have long kernels but they are not as well ﬁllgd as the
heading or blossoming kernels. The kernels from the filling plats
are plump and well filled, but small. The kernels from the earl?’
irrigated plats are poorly filled, somewhat shrivelled. The ker-
nels from the distributed and two-irrigation plats are plump but
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not as heavy as those from the plats irrigated at heading. The
following differences in weight per 1,000 kernels were obtained
for the plats receiving single irrigations: Heading, 26.14 grams;
blossoming, 25.62 grams; jointing, 23.84 grams; filling, 23.71
grams; tillering, 22.95 grams; and germination, 22.57 grams.

WEIGHT PER MEASURED BUSHEL.—The weight per measured
bushel is given in Table 12. The plats receiving a single irriga-
tion may be ranked as follows: Blossoming, 60.8; heading, 60.3;
filling, 60.0; tillering, 59.1; germination, 58.9; and jointing, 58.8.
The characteristics of the kernels mentioned in the previous
paragraph evidently had a similar effect on bushel weight.

SOIL MOISTURE

Soil-moisture samples were taken at planting (April) to
determine whether the moisture condition of the plats was uni-
form. Three sets of samples were taken in each series, one at
each end and one in the center between Plats 5 and 6. These
samples were taken in 1-foot sections to a depth of 5 feet, except
the first foot, which was taken in 6-inch sections. Samples also
were taken in the growing season and as soon after harvest as
possible. The last samples were taken from each plat in each
series.

Table 13 shows the soil moisture at the beginning of the
season. When this is compared with the table showing the mois-
ture at the end of the season, it is apparent that very little mois-
ture had been taken from the fifth foot. About 1 percent had
been removed from the fourth foot. Varying amounts have been
removed from the other depths.

Table 13.—Spring Soil Moisture in Critical-Pericd Plats from 1921 to 1929, Inclusive.

Year 1-6 in. 6-12 in 12-24 in. 24-36 in, 36-48 in. 48-60 in.
pet. pet. pet. pet. pct. pet.
1921 10.093 13.832 15.165 13.625 12.389 10.933
14.827* 15.698 13.976 12.017 11.665
16.109 17.187 17.867 15.586 13.600 12.907
15.077* 18.705 17.676 15.175 14.962
1925 10.789 15.974 17.060 15.329 13.752 13.755
1926 . 16.781 18.614 18.516 17.486 15.742 15.201
1927 14.874 18.409 19.440 17.930 14.820 14.550
1828 14.254 17.129 17.576 16.246 14.178 13.210
19290 15.749 18.290 18.514 16.156 13.670 13.662
Average ... ... 14.090 17.062 17.660 16.001 13.927 13.427

—_—

*Seil moisture in the first 12 inches was not used in determining the averages.
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MoisTURE USED DURING THE SEASON

In 1926, the weight per cubic foot of soil used in the critical-
period studies was determined in the following plats: Series G,
Nos. 2, 8, 5, 8 and 10. The series was used for root penetration
studies and a trench was made to a depth of 5 feet the entire
length of the series. The volume weight of soil was determined by
using a thin brass cylinder 3 15/16 inches in diameter and 6
inches deep. The volume of the cylinder was 72.6 cubic inches.
The cylinder was driven into the soil and the surrounding soil re-
moved. A thin sharp plate was used in cutting the soil column
even with the bottom of the cylinder. The sample then was
weighed and the moisture content and the weight per cubic foot
of soil determined. Samples were taken to a depth of 5 feet in
6-inch sections. These data are shown in Table 14.

While there is some variability between the plats, the prob-
able errors as determined by the deviation-from-the-mean
method are about 1 percent, the greatest variability being found
in Plat 8 at the 4-foot depth.

Table 14.—Weight of Seil per Cubic Foot.

PLATS
Depth No. 2 No. 3 No. 5 No. 8 No. 10 Average
in. 1bs. lbs. 1bs. Tbs. lbs. Ios.
0 to 6 34.68 85.81 88.86 83.46 81.78 84.92 + 0.7
6 to 12..... ... ... 89.99 87.87 92.03 93.71 91.10 90.94 + 0.84
12 to 24 87.18 84.47 88.85 88.92 04.43 88.77 + 0.82
24 to 83.54 24.99 83.83 84.93 84.26 + 0.7
36 to 84.01 83.66 76.26 86.58 82.94 4 0.76
48 to 82.58 83.69 85.17 82.29 83.74 + 0.7

Table 13 was used in calculating the moisture used by the
differently treated plats showing the average moisture content
at the beginning of the season. The moisture in the 5-foot sec-
tion of soil was calculated in acre-feet. (Table 15, column 2.)
The water added also was calculated in acre-feet, which amounted
to 0.5833 acre-feet per plat. The average soil moisture at the end
of the season for each treatment was calculated in acre-feet. The
amount used or lost during the season was taken as the difference
between the total amount and that left in the soil at the end of
the season. This amount, calculated as a fraction of an acre-foot,
was divided by the total yield per acre, which gave the pounds of
water per pound of air-dry matter produced. Figure 6 shows the
amount of water per pound of air-dry matter used by the dif-
ferently treated plats.
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Fig. 6.—Amount of water per pound of air-dry matter used by the differently treated
plats: I, Germination; II, jointing; III, tillering; IV, heading; V, distributed; VI, blossom-
ing; VII, filling. Numbers on graph refer to pounds of water per pound of air-dry matter.

The total yield includes the straw and grain weighed on an
air-dry basis. The straw was cut 1 inch above the ground. The
fact that an inch of the straw was not harvested, will reduce the
yield slightly. However, this should be more than counterbal-
anced by the moisture left in the straw and grain. Under Colo-
rado conditions, this is low.

The last column of Table 13 shows that the plats receiving
the earlier irrigations made less efficient use of the water applied
than those receiving the later irrigations. The jointing plats
made the most efficient use of the water applied in the single-
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irrigation treatments. The distributed plats receiving small
amounts at frequent intervals made the most efficient use of the
water applied. The late irrigations leave more moisture in the
soil than the earlier applications. Therefore, the crop uses less
of the moisture applied but the unused moisture is retained and
used by the crop grown the following year. The most efficient
use of water from a single irrigation is obtained by applying the
water between the jointing and heading stages.

RESIDUAL EFFECT

In an earlier paper (7), the authors discuss the residual ef-
fect of previous irrigations on the succeeding crop of Marquis
wheat. The data for the period of the study, 1921 to 1925, inclu-
sive, showed a marked carryover on the later-irrigated plats.
This was shown by increased grain and straw yields. The rank-
ing of the plats in grain yield from highest to lowest was as fol-
lows: Filling, heading, blossoming, jointing, tillering and ger-
mination. The ranking of the plats for straw yield was the same
as for grain yield.

METHOD oF CONDUCTING EXPERIMENT

The plats which were treated were sown again to Marquis
wheat the following year. No irrigation water was applied from
the time the previous year’s plats were treated until after har-
vest of the second year’s crop. Thus, any moisture used by the
second crop was obtained either from moisture left in the soil by
the previous crop or from the precipitation falling from the time
the covers were removed until after the harvesting of the second
crop. A square yard from each plat was harvested and the yields
determined from this material.

DI1SCUSSION OF YIELDS.—The grain yields of the differently
treated residual plats are given in Table 16.

The relationship of the plats is practically the same as that
reported previously. The difference between the plats receiving
an irrigation at filling the previous year and one receiving an
irrigation at blossoming is 107 pounds. The difference divided by
the probable error of a difference! is 7.42, indicating that there
18 a significant carryover effect from late irrigations. There is
very little difference between the heading and blossoming plats.
However, there is a difference of 138 pounds between the jointing
and heading plats. The difference is in favor of the heading plats.
The difference is significant again, being 10.28 times greater than
the probable error of a difference.

_—
1

Probable error of a difference = Va4 b?—2r X aXb where a and b represent the
probable error of the separate values being compared and r is the correlation hetween sep-
arate measurements of the quantities being compared.
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The difference between germination and jointing plats is
72 pounds. The difference is slightly significant when compared
with the probable error of a difference. The difference between
the germination and tillering plats is small and cannot be con-
sidered significant. These results indicate again that there is a
carryover effect from previous irrigation. The later the appli-
cation of water the greater the carryover of moisture and the
higher the grain yield the next year.

STRAW YIELDS.—Straw yields which are given in Table 17
show the same trend as the grain yields. The plats may be
ranked from highest to lowest as follows: Filling, blossoming,
heading, jointing, tillering and germination. The difference be-
tween the blossoming and heading plats is not great, but may
be considered significant when compared with the probable
error of a difference. The heading and jointing plats differ sig-
nificantly as do the jointing and tillering plats. The difference
between the tillering and germination plats is too small to be
significant.

Table 18.—Rainfall on Residual Plats from Time That the Canvas Covers Were Removed
to Harvest the Following Year.

1921 1922 1923 1624 1925 1926 1927 1928 1929

Month 1922 1923 1924 1925 1926 1927 1928 1929 1930
in in in in in. in in in in

September ... . R 1.73 0.02 1.10 0.09 2.13
October 0.53 0.50 3.55 ... 3.12 1.00 1.06 1.50 0.9¢
November 0.24 1.37 0.10 0.09 0.89 0.36 1.00 1.16 0.93
December 0.89 0.26 0.25 0.74 1.50 0.83 025 0.06 0.09
January 0.35 0.19 0.51 0.27 0.25 0.04 0.26 0.21 0.45
February 0.53 1.39 0.54 0.08 0.28 0.40 0.52 0.70 0.07
March 0.32 2.74 1.83 0.39 1.54 1.87 1.38 1.78 0.70
April 2.95 2.18 0.93 0.06 2.88 2.17 1.02 2.37 0.58
May 0.46 3.60 3.90 6.97 1.67 0.83 3.01 1.08 3.92
June 1.03 5.72 0.22 1.99 1.66 1.96 2.95 0.64 1.50
July 0.83 5.26 0.16 1.06 0.71 1.96 0.79 0.46 1.04

August - .05 0.05 ... /

Total 8.13 23.26 12.04 5.64 16.23 12.03 13.33 10.04 12.40
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RAINFALL

The rain falling on the various plats from the time they
were uncovered until harvested is given in Table 18. There is
quite a variation in the total amount of rainfall. The influence
of a very dry season is shown in the 1925 yields. The heavier
precipitation in 1922 to 1923 and 1925 to 1926 also increases
the yield. The residual effect in 1926 was reduced because of
heavy rainfall in October, 1925. The other years, with the ex-
ception of 1927, showed the normal trend. The 1926 to 1927
precipitation was high in March, April, June and July and this
evidently helped to reduce the carryover effect to some extent.
The data seem to indicate that the rainfall during the growing
season has less effect than heavy fall rains in reducing the car-
rvover effect.

SOIL MOISTURE LEFT FROM PREVIOUS TREATMENTS

When the soil-moisture content is examined in the fall,
after harvest, varying moisture contents are found in the
treated plats. Table 19 gives the soil moisture at the end of the
season for differently treated plats.

The data show some variation within the years. There is
little difference in the fifth foot for any of the treatments with
the exception of the two-irrigation plats. The moisture con-
tent of the surface 6 inches is reduced in the germination, til-
lering and jointing plats. Water applied later at the heading
to filling periods increases the moisture content of the surface
6 inches. The plat which received a distributed irrigation has a
slight reserve. The second 6-inch section has a higher moisture
content than the first 6-inch section and shows the same gradual
increase in moisture as the irrigations are applied at progres-
sively later dates.
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The second foot shows the same moisture trend as the sec-
ond 6-1pch section. The third foot varies less. The third foot is
lowest in moisture content in the tillering plats, followed closely
by the germination plats. There is a slight increase in the joint-
ing plats, which continues with the advance in seasonal treat-
ments. The fourth foot remains very stable in the first three
stages, but increases slightly at heading and holds uniform in
the two later stages. This indicates that some moisture had been
taken from the fourth foot by plats irrigated earlier than the
heading stage. The relation of soil moistures at the end of the
season to the yields the following year is very noticeable and is
depicted graphically in Fig. 7. The highest-yielding plat had the

YIELD , _ MOISTURE
POUNDS OERMINATE TILLERING JOINTING HEADING BLOSSOM FILLING DISTRIBUTED pERCENT
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Fig. 7.

most soil moisture. The yield decreased with a lower soll-mois-
ture supply. The tillering and germination plats had the lowest,
soil moisture and produced the lowest yields. The soil moisture
in the distributed plats was very low.

Ro0T PENETRATION STUDIES

Root penetration studies were made on one series in 1926,
1927 and 1928. A trench was dug the entire length of the series.
A section of the soil was removed carefully from the side of the
trench. The removal was accomplished by using an ice pick and a
fine stream of water from a hose having a special nozzle. This
section was 1 foot wide and 6 inches deep. A row of grain was
in the center of the 6-inch section. Root maps were made on
cross-section paper as the soil was removed.

The root penetration in the germination and tillering plats
was about the same. In the first and second feet the roots were
intermingled rather abundantly in the soil. They were more nu-
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Fig. 8.—Root penetration at end of season in a section of soil 1 foot by 6 inches by 5
feet. The plats were irrigated at tillering.

merous in the first foot than in the second foot. About one-half
of the roots penetrated from the second foot to the third foot
and a few penetrated the fourth foot. An occasional one pene-
trated the fifth-foot section. (See Fig. 8.)

In the jointing plats the roots were numerous in the first
foot and were fairly numerous in the second foot. There were
ffewer roots in the third-foot section of this treatment. An occa-
slonal root penetrated into the fourth foot.
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In the heading plats the roots were less numerous in the
first foot, but were as numerous in the second foot. However,
there are more roots in the third foot of the heading plats than
in the jointing plats. A few roots entered the fourth foot. (See
Fig. 9.)

The plats irrigated at blossoming showed about the same
root distribution as those irrigated at heading. The roots in the
third foot were less numerous than in any of the treatments al-
ready discussed.

In the filling plats the roots were fairly numerous in the
first foot. The roots were more numerous in the filling than in
the blossoming plats in the second foot and third foot. A few
penetrated the fourth foot. (See Fig. 10.)
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Fig. 9.—Root penetration at end of season in a section of soil 1 foot by 6 inches by
feet. The plats were irrigated at heading.
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Plats irrigated at filling.

The roots in the distributed plat were very numerous in the
first and second feet. In the lower half of the second foot they
?‘e.zcame less numerous. A few penetrated the third foot. (See

ig. 11.)

In making the root studies it was noticed that many of the
roots followed earth-worm holes or other openings in the soil.
In all of the plats studied a great profusion of roots was noticed
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Fig. 11.—Root penetration at the end of the growing season in a profile 1 foot by §
inches by 5 feet. Plats received distributed irrigation.

in the cultivated part of the soil. They accumulated in great
numbers just above the plow sole. There were fewer fine roots
below this area. The penetration of the roots was associated
closely with the amount of soil moisture in the fall. A similar
condition was found by Conrad, J. P., and Veihmeyer, F. J.,
with grain sorghum in California.

There was very little root penetration into the fifth foot
and the moisture content at this depth was very unmiform fot
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all treatments. The third-foot section for the early irrigations
waz reduced in moisture content and the root penetration was
extensive in the early treatments. The third foot had numerous
roots in all treatments, but the carryover was greater in the
late-irrigated plats. The roots in the third foot were fewer, but
the moisture content was higher. It seems from these studies
that the roots are most numerous in the upper sections and tend
to stay where the moisture is plentiful. The late-irrigated plats
had less roots in the lower depths, indicating that little root
growth occurred at this late stage of plant development.

DiscussioN

The yield data in the critical-period studies are similar to
those previously published by Kezer and Robertson (5). They
emphasize the necessity of a sufficient amount of water at the
jointing and heading stages. This agrees with studies reported
previously and with some recent studies cited in the literature
review. Sufficient moisture is required to bring the plants to
the critical stages and an abundance is required at that time to
obtain the highest yield. However, Moliboga (6) showed that a
deficiency at the critical stage was detrimental to yield, even
tho sufficient moisture was applied previous to, and following,
the critical stage.

The residual studies emphasize several important points
relative to soil-moisture content and yield of grain. When the
moisture reserve is high in the fall, the chances of obtaining a
good yield are better than when the moisture reserve is low.
These findings, while referring to spring wheat under irriga-
tion, should have some relation to dryland production. The soil-
meisture reserve in the spring might be a good indication of
the grain yield that year. However, water applied early in the
season to a crop which is still vigorous and healthy is not an
economical use of water. A more efficient use is to store the
water and irrigate nearer the critical period.

The pounds of water required to produce a pound of dry
matter is a measure of the efficient use of water.

The root-penetration studies show the relation between
moisture and root development. The results indicate that the
roots of wheat under competition do not penetrate the soil be-
yond the available moisture supply. This is shown most clearly
In the plat receiving a distributed irrigation. The soil moisture
m the first 2 feet of all treatments was lower than the wiltine
coefficient as calculated from moisture-equivalent determina-
tions. A similar condition is discussed by Conrad and Veihmeyer
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(1). In such cases the plants evidently drew some of their mois-
ture from lower depths. The moisture-content and root-pene-
tration studies of the germination and tillering plats showeqd
an abundance of roots in the third foot with a lower moisture
content than in plats irrigated later. The later-irrigated plats
have less roots in the third foot, but a higher moisture content,

SUMMARY

Marquis wheat required sufficient moisture thruout the
season to produce normal growth. The highest yield and most
efficient use of water was obtained by irrigating at the jointing
or heading stage when only a 6-inch irrigation was used. A
higher yield and more efficient use of water was obtained when
a small amount of water was applied at frequent intervals, or
distributed. However, application of water at frequent inter-
vals is not feasible in field practice.

Irrigations made one year have a carryover effect on the
crop the following year.

When no irrigation was applied the second year, the high-
est yield was obtained from Marquis-wheat plats upon which
irrigation had been made at the filling stage the first year; the
second highest yield was obtained from irrigation at heading;
the third highest at jointing; and the lowest at germination.

The residual yield was correlated with the soil moisture of
the preceding fall.

Root-penetration studies indicated that the root develop-
ment varied with the treatments. There were fewer roots in the
third- and fourth-foot sections of the heading, blossoming and
filling plats than in the germination, tillering and jointing plats.
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