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© INTRODUCTION

Accurate estimates of soil-water storage capacity, evaporation and
transpiration during the growing season are crucial to the solutlion of
improving efficiency of soil-water-crop management practices., The problem
of water management is fundamentally one of matching water supply with
water requirements of the crop.

During the early stages of the growing season and incomplete cover,
water loss to the atmosphere is primarily through evaporation from the
soil surface, Evaporation rates can be estimated by knowing the character-
istic drying pattern of the specific soil, When the soil surface is wet,
evaporation is primarily controlled by the evaporative demand and when
the surface is dry, evaporation is limited by the transmitting properties
of the soil. Transpiration is dependent upon the energy absorbed and the
availability of water. Water stress causes stomatal closure and transpir-
ation rates are rveduced, The seasonal amount of energy that is intercepted
-ﬁy the canopy is dependent upon the leaf area index or crop cover,

An evapotranspiration (ET) model, which provides separate estimates
of evaporation and transpiration, was developed by the Evapotranspiration
Laboratory for use on several crops on a silt loam soil (Kanemasu et al,,
1976). To extend the utility of the ET model to other soils in Kansas,
the characteristics of their drying curves must be known.

The major purpose of this study is to measure the value of U (the
upper limit of the energy-limiting evaporation) and ¢ (the slope of the
least square evaporation rate versus time% during the soil-limiting stage
of evaporation) for 9 Kansas soils; and to estimate the ET of sorghum

[ Sorghum bicolor (L.) Moench] grown at 3 different planting dates on Muir

silty clay loam and a single planting date on Carwile sand using the ET model.
1 .



CHAPTER 1
EVAPORATION FROM BARE SOIL SURFACES

(A Literature Review)



LITERATURE REVIEW

Fvaporation from Soil Surface

The process of evaporation from a water surface takes place when
certain molecules moving at a higher velocity than the average leave
the active range of the neighboring molecule and form vapor over the
water. Mechanism of soil-water evaporation is similar to evaporation
from free water since the relative humidity of the soil (relatively
free from salts) remains within about 2% of that from free water surface
until the soil becomes drier than the wilting percentage (Hide, 1954),
Since evaporation is the transfer of matter through space, it is dependent
on a driving force and a resistance,

Various procedures have been proposed to calculate evaporative
demand, Semi-empirical energy balance and aerodynamic methods have been
used with various degrees of success (Penman, 1948; van Bavel, 1966;
Tanner and Fuchs, 1968; Slatyer and McElroy, 1961),

Recently, Priestley and Taylor (1972) proposed

E, = o (Rn - 6) [s/(s + v] [1]
where Ep is the potential evaporation; Rn is the net radiation; G is the
soil heat flux, s is the slope of the saturated vapor pressure curve, and
Y is psychrometric constant, When daily fluxes are used, G is usually
assumed to be negligible, Priestley and Taylor (1972) Found an average
overall value of o = 1,28 for several surfaces.

Atmometers also have been used to measure field evaporation (Arkin
and Adams, 1974 and Skidmore and Hagen, 1970); precise measurements
of bare soil-water evaporation in the field have been made mainly by
using precision weighing lysimeters,

Kolyaser and Mel 'mikovo (1949) and Malyagin (1957) show that the

drying rate of different soils does not decline smoothly but has inflection
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points separating one type of soil moisture movement from another, Classical
and present-day concepts,.based on laboratory and field studies, divided
soil evaporation process into three stages (Kolasew, 1941; Hanks, 1965;
Idso et al,, 1974),

The first stage is the energy-limiting stage which is characterized
by a rapid steady rate of evaporation; second stage is the soil-limiting
stage where the rate of evaporation is falling; and the t"“ird stage is a
vapor transmission stage in which the rate of vapor flux ' : axtremely slow,

Energy-limiting stage

In the energy-limiting stage the rate of water loss (Esl) is dependent
upon the net effect of water transmission rate through the soil and the
above ground boundary conditions: wind speed, temperature, relative ﬁumidity
and radiant energy.

Under constant external conditions the gradient of vapor pressure
between the soil surface and the air remain constant; hence, the evapor-
ation rate is constant. Therefore, the evaporation rate in the first
stage is independent of soil moisture content and is entirely determined
by external conditions,

The pores between the soil aggregates are essentially full of water
and the loss of moisture results in the thinning of the water film sepa-
rating the aggregates. In this stage moisture tension is low and the
moisture flow is primarily in the liquid state. Evaporation proceeds
until a critical point (threshold value) when the initial formation of
a dry surface layer begins to impede evaporation and the rate is reduced.
The cumulative amount of water evaporated to this critical point (end of
stage 1) has been referred to as U =T Esl (Ritchie, 1972; Kanemasu et

al,, 1976),



The U value can be estimated by plotting cumulative evaporation
versus time (days or hours). During the first stage, daily evaporation
approximately equals Ep. When the second stage begins, ES and Ep diverge,
and the U value is approximately equal to the corresponding cumulative
evaporation at that point,

The soil-limiting evaporation

The soil-limiting stage starts when there is a dry diffusion barrier
at the evaporating surface; hence, there is a marked decline in the rate
of water loss as the scil-water reservoir is depleted. The atmospheric
factors are no longer as important but the intristic soil factor assumes
the dominant role in governing the rate of moisture flow to the surface,

As the moisture content of the evaporating layer is reduced, the soil
surface forms a dry layer; thus, evaporation occurs below the soil surface
and vapor must diffuse through the dry soil layer, At this stage the
evaporation rate declines abruptly.

Second stage of evaporation has usually been modeled with a square
root of time relationship. Black et al. (1969), Gardner and Gardnmer (1969),
Ritchie (1972) have shown by the solution of the water flow equation that

in this stage the evaporation can be expressed by

5
TE, =ct [2]
and the daily evaporation
po
E = ct% - C(t-1)* 31

where ¢ is a soil parameter dependent on the hydraulic properties of the

soil and t = time (days). The value c¢ can be estimated by calculating the

slope of {27 by least squares during the soil-limiting phase of evaporation,
The magnitude of the ¢ values is approximately proportional to the

magnitude of the measurced values of the hydraulic conductivities of the



soil at ~0.1 bar soil matric potential (Ritchie, 1972).

The factor ¢ is dependent on soil type and season. The seasonal
effect is a result of a temperature dependency; ¢ varying by about a
factor of 2 from winter to summer (Jackson et al., 1976),

Kinje (1973) reported that cumulative evaporation could not be
described by a simple square root of time relationship. He suggested
that when a simple relationship is desired, the cumulative evaporation

during the first 4 days can be approximated by a linear function of t0'67

and during the subsequent 15 to 20 days by a linear function of tO.é' The
so0il-limiting stage ceases at an approximate volumetric water content of

0,06 (Idso et al,, 1974), and then evaporation proceeds to the third stage.

The third stage of evaporation

The third stage of evaporation has usually been typified by a slow
and relatively constant evaporation rate controlled by adsorptive forces
acting over molecular distances at the solid-liquid interfaces in the
soil (Lemon, 1956)., This stage appears to be initiated at a surface
water content that corresponds to a retention of two molecular layers
of water about the soil particles. The drying rate is less than 0.05
times that of soil-limiting stage (Idso, et al,, 1974), This final
stage terminates at air-dryness,

Variation of evaporation rate

In general, the energy- and soil-limiting stages are of greatest
concern in agriculture. Several methods have been used to delineate
the two stages,

The critical moisture content at the transition from the energy-
limiting stage to the soil-limiting stage depends on the mechanical

composition of the soil, its surface structure and constituents. Thus,



it is anticipated that different soils will have different U and ¢
values as shown in Table 1,

Abramora, Bol'shakor; and Rode (1959) studied the relationship
between evaporation and the texture and structure of soil under field
and laboratory conditions., In sandy soils the water is held by capillary
forces at the contact points between particles and is incapable of moving
as free liquid. In loamy soils, the movement of liquid water ceases at
the disappearance of water from the contact point between the micro-
aggregates, corresponding to 60-70% of field capacity. In loamy and
clayey soils with aggregated structure, moisture from the contact points
between macroaggregates move to the evaporating surface by capillarity
through a system of intraaggregates pores corresponding to 90-95% of
field capacity, In loamy and clayey soils with under-developed structure,
the moisture is adsorptively bound, Most of the water is able to move to
the evaporating surface in the liquid form but the rate of movement is
slow and generally declines with diminishing scil moisture content.

Soil with mulch or other surface residue will alter the rate of
evaporation. Bond and Willis (1970) found that the evaporation rate
during the energy-limiting stage decreased with either increasing residue
rates or decreasing evaporation potentials, Total water loss (U) during
the first stage of drying decreased as the rate of the first stage
evaporation increased,

The transition from the energy-limiting to the scil-limiting phase
may extend from 1-5 or more days depending on the time of the year and
the weather conditions., Jackson et al, (1976) proposed a method that
utilized albedo measurements to partition the fractional soil surface

area exhibiting energy-limiting evapcration and the fractional area



Table 1 . Cumulative evaporation during energy-limiting stage (U)
and soil-limiting evaporation coefficient (c¢) for five soils.

Soil
Adelanto clay loam
Yolo loam
Houston black clay
Plainfield sand

Muir silt loam

U
mm

12

10

e ok
mm daz

5.08
4.04
3.50
3.34

3.50

Reference
van Bavel et al (1968)
LaRue et al (1968)
Ritchie et al (1972)
Black et al (1969)

Kanemasu et al (1976)




exhibiting soil-limiting evaporation to calculate the actual evaporation
rates during the transition phase, By denoting the partitioning factor
as P and the slope of least square value of the evaporation rate versus

%

time* (¢), for the soil-limiting phase, the evaporation rate Et for day

n after the soil was wet is
n
- _ ; -%
(BJn=BNE +eZ (B ;-8) (m-1i+1) [4]

i=1

where EP is the energy-limiting rate., The Priestley-Taylor formula was
used to calculate Ep' The partitioning factor varies from 1 for a wet
surface to zero for a dry surface.

Kanemasu et al. (1976) and Ritchie (1972) assumed a one day transi-

tional stage where evaporation at this stage is 0‘6Esl°
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ESTIMATING S011, FACTORS FOR NINE KANSAS SOILS
USED IN AN EVAPOTRANSPIRATION MODEL
ABSTRACT

Soil factors (U and ¢) which quantify the drying rate of soil, are
among the inputs required in modeling evapotranspiration. U is the cumu-
lative evaporation during the energy-limiting stage and ¢ is the least
squares slope of evaporation rate versus time% during the soil-limiting
stage of soil surface evaporation.

Laboratory and greenhouse experiments were performed for 9 Kansas
soil types to determine percentage saund, silt and clay, moisture content
percentage by weight (Bm) at -1/3 bar and -15 bar water potential, U and
¢. Hydrometer method for mechanical analysis was used to determine the
particle size distribution, and pressure plate method was used to determine
Bm. U and ¢ were obtained from weight losses from soil columns in a
greenhouse experiment,

Results of the experiment indicated that particle size composition
and percentage water-holding capacity (WHC) influenced the values of U and
c obtained, U and ¢ were relatively lower for sandy soil and soil with
lower WHC and higher for soil with greater WHC and percentage silt, The

-3
values of U ranged from 5 to 18,7 mm and ¢ from 1,68 to 3,73 mm day -.
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INTRODUCTION

In a Kansas watershed, evapotranspiration may dominate the water
balance, As much as 80 to 90% of the precipitation is returned to the
atmosphere by evaporation directly from the soil surface or by transpiration
from the plant (Nielsen et al., 1972). To date, evapotranspiration can
be estimated by several evapotranspiration models (Kanemasu et al,, 1976;
Tanner and Jury, 1976; and Ritchie, 1972) which require, among other inputs,
s0il parameters to describe the evaporation rate from the soil surface.

Evaporation from soil surface can generally be distinguished into
energy-limiting stage (Esl).and soil-limiting stagg (ESZ)‘ When the soil
is relatively wet the rate of evaporation is controlled by the energy
available for evaporation; thus, the cumulative water loss is linearly
related to time and the rate of loss is constant provided a uniform energy
supply is imposed. The soil-~limiting stage begins as the soil surface
dries beyoud a certain cumulative threshold value (U). Then, the cumulative
evaporation is approximately proportional to an exponential (0.40 to 0,.67)
function of time (Kinje, 1973); the slope of the curve is defined as c.

For most purposes the evaporation during the limiting stage can be
related to the square root of time (t's) (Rose, 1969; Black et al,, 1969;
Ritchie, 1972),

Provided that values for U and c are available, the evapotranspiration
model given by Kanemasu et al, (1976) can be applied to a variety of crops
at various locations in Kansas,

The purpose of this study is to determine the soil factors, U and c,

for 9 Kansas soils and relate these to soil texture,
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MATERIALS AND METHODS

Representative samples of the surface 30 cm of soil for 9 soil types
were taken at various locations in Kansas in September, 1975 and brought
to the Evapotranspiration Laboratory, Manhattan, Kansas for the experiments
(Table 1),

The soils were dry-sieved through 3,3-mm wire mesh., Percentage
moisture by weight at -1/3 bar and -15 bar were determined using conven-
tional pressure membrane and pressure plate methods., Percentages clay,
silt and sand were estimated by hydrometer method of particle size
analysis.

Soil columns were constructed by packing the air-dried soil into
15.8~cm dia. cylinderical metal containers (30-cm height) to bulk density
of approximately 1.1-1.5 gm cm_3. The columns were placed in a green-
house maintained at 25 + 5°¢. Temperature and relative humidity were
continuously recorded by hygrothermographs. The soils were wet to field
capacity and the surfaces were covered to prevent evaporation for the first
24 hrs, The soil columns were then reweighed at frequent time intervals
using a heavy-duty solution balance.

The first trial was carried out from February 4 to 28, 1976. The
columns were weighed each day. Each soil type contained two replications
(rep. I and rep. II). The second trial was performed during May 14 to
June 5, 1976. During this experiment, rep I was initiated 1 day before
rep. 1I. During the first 4 days the soil columns were weighed twice
daily, from the 5th to 9th day the soil was weighed daily and thereafter
the soil columns were weighed every other day.

The cumulative amount of water loss from each soil column was calcu-

lated, Cumulative water loss versus time (t = days) were plotted using
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Table 1. Soil types and location of sample for the surface 30 cm of

nine Kansas soils,

SOIL TYPE

Colby Silt Loam
(Fine-silty, mixed (calcareous)
mesic, ustic terriorthents)

Carwile Sand
(Fine, mixed, thermic, typic
Agriguclls)

Mansic Sandy Loam
(Fine-loamy, mixed thermic,
Aridic calciustolls)

Harney Silt Loam
(Fine, montmorillonitic, mesic,
typic Argiustolls)

Manter Fine Sandy Loam
(Coarse-loamy, mixed, mesic
Aridic Argiustolls)

Lancaster Clay Loam
(Fine-loamy, mixed, mesic
udic Argiustolls)

Muir Silty Clay Loam
(Fine-silty, mixed, mesic,
Pachic Haplustoll)

Harney Silt Loam
¥ine, montmorillonic, mesic,
typic Agriustolls)

Florence Stony Loam
(Clayey-skeletal, montmorrillinitic,
mesic, udic Argiudolls)

LOCATION

Colby Expt. Sta.

St. John Expt. Sta,

South of Minneola

Hays Expt. Sta.

Garden City

Ellsworth

S. Manhattan Expt, Sta.

Minneola Expt. Sta.

5 miles south of Manhattan

COUNTY

Thomas

Stafford

Clark

Ellis

Finney

Ellsworth

Riley

Ford

Riley
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an average from rep, I and II. At a point where the curves deviated
markedly from constant water loss (usually coincided with the day the
surface of soil column visually appeared dry), the cumulative evaporation
was determined, This critical value is equal to U (i.e. ¥ ESl = U).

The values of soil parameter c were calculated from the least square
slope of evaporation rate vs t:ime'15 during the soil-limiting stage (i.e.
LE, = ct%). Day 0 was taken to be the day after the end of energy-

g2

limiting stage.

RESULTS AND DISCUSSION

Table 2 shows the results of the mechanical analysis of the soils
and the value of the soil parameters U and c. The soil textures included
sand, silt loam, sandy loam and clay loams, Table 3 shows the percentage
(%) water content by weight (em) at -1/3 bar and -15 bar and % water-
holding capacity (%WHC) by weight. The %WHC by weight is the difference
between 6, at -1/3 bar and -15 bar.

The values of U and ¢ were closely related with % particles size

distribution., For loamy soils, U and c may be obtained from the regression

equations:

U = 5,515(%clay) + 6,236 (%silt) + 5,890(%sand) - 584.8 £1]
with R2 = (0,84; and

¢ = 0.374(%clay) + 0.424(%silt) + 0,386 (%sand) - 36,8 [2]
with R2 = 0.81.

It is difficult to assess separately the effect of sand, silt and
clay on the values of U and c. Theoretically the U value is primarily
influenced by the %WHC of the wet soil (water content at -1/3 bar) while
the value of ¢ is largely dependent on the hydrauliec conductivity of the

soil when it is relatively dry (at the soil-~limiting stage), as reported



Table 2,

U and ¢ for the surface 30 em of 9 Kansas soils,

Percentages of clay, silt, and sand and values of

SOIL TYPE

%
CLAY

%
SILT

A
SAND

U

(o

mm mm day_}é
CARWILE SAND 4,0 8.7 87.3 5.0 1.68
FLORENCE STONY LOAM 17.0  31.8  51.2 5.7 2.89
MANTER FINE SANDY LOAM 12,9 19.3 67.8 9.0 2.41
MANSIC SILTY CLAY LOAM  14.3  31.6  54.1 9.2 3.53
MUTR SILTY CLAY LOAM 31,8 52.6  15.6 10.2 3,27
HARNEY STLT LoAM L/ 27,8  46.6  25.6 11,2 3.36
HARNEY STILT LOAM 2/ 26.8  58.0  15.2 12.6 3,53
LANCASTER CLAY LOAM 27.8 48.8 24,4 16,5 3.73
COLBY SILT LOAM 20,6  59.4  20.0 18.7 3.73

l/Sampled from Hays Expt. Station,

E/Sampled from Minneola Expt, Station,



Table 3. Percentage water content (by weight) at -1/3 bar and -15
bar and percentage water holding capacity (WHC).

Soil water content

S0IL TYRE @ -1/3 bar @ -15 bar WHC
% by weight
Carwile sand 4,2 2.3 1.8
Florence stony loam 26,7 17.5 9.3
Manter fine sandy loam 11,8 5.9 6.0
Mansic sandy loam 17.1 8.1 9.0
Muir silty clay loam 28,0 14,8 13,2
Harney silt loam L/ 24,0 13.4 10.6
Harney silt loam 2/ 28,7 12.3 16.4
Lancaster clay loam 27.9 13.5 14 .4
Colby silt loam 27.9 14,2 13.7

1
—jSampled from Hays Expt. Station.

2
—/Sampled from Minneola Expt, Station.
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by Ritchie (1972), Sand generally has a relatively low %WHC and hydraulic
conductivity (at low moisture contents)., Carwile sand with 87% sand had
the lowest %WHC, U and ¢ ﬁalues (1.8%, 5Smm and 1,68 mm day_%, respectively)
as anticipated. Colby silt loam with the highest %silt (59.4) and 20%
clay had the highest U (18,7mm) and ¢ (3.73 mm day-%), Muir silty clay
loam with the highest % clay (31.8%) and 52,6% silt had a medium value of
U (10.2 mm) and ¢ (3.27 mm day_%) which could be attributed to the higher
water retention property of clay,

Ritchie (1972), in comparing the U and ¢ values obtained by other
workers, reported U ranges from 12 to 6 mm and ¢ values of 5.08 to 3.34
mm day -%. A high c was consistently associated with a high U value.
Those observations are consistent with this study except the c values
were generally lower (range 3,73 to 1.68). These inconsistencies may be
associated with a labeoratory versus field study; however, when we compare
with the previous estimates of U and ¢ on Muir silty clay loam obtained
in the field by precision lysimetry, there is excellent agreement. The
U and ¢ are 10 mm and 3.5 mm day-% from the lysimeter and 10.2 mm and 3.3

%

mm day > from the soil column.

Mechanical analysis of the surface 30 cm of Crete silt loam from
Scandia, Kansas resulted in 32% clay, 54% silt and 14% sand composition.
Using the equations [1] and [2], U and c were estimated at 10.9 mm and
3.53 mm day-%, respectively. Using laboratory soil columns, Rosenthal,
Kanemasu, Raney, and Stone (1977) reported U and ¢ values of 11 mm and

%

3.6 mm day °, respectively for the same soil,
The laboratory method described for estimating U and ¢ has some
disadvantages. The precise end of the energy-limiting stage is not well

defined; therefore, the U value can only be estimated graphically. U can

be affected by several factors, noteably atmospheric demand, surface
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residue, and tillage conditions (Bond and Willis, 1970). The value of
¢ is dependent on soil type and season, The seasonal effect is a result
of temperature dependency; c varying by about a factor of 2 from winter
to summer (Jackson et al., 1976).

The rate of drying during the soil-limiting stage is not precisely
a square root of time relationship (Kinje, 1973). During the transitional
stage between ESl to EsZ’ which can vary from 1 to 5 days, (Jackson et al.,
1976) the rate of water loss is faster than predicted by the soil-limiting
stage, Fig. 1 shows typical results for Carwile sand, Manter fine sandy
loam, and Lancaster clay loam, These soils have a short transitional
period (one day) and the soil-limiting stage evaporation followed the

square root of time relationship (Fig. 2).

SUMMARY
The laboratory method described for estimating U and ¢ provides
reasonable values when compared to those reported in the literature.
Good agreement was observed between the laboratory- and lysimeter-obtained
values. When U and c values are not available, mechanical analysis of

the soil can provide estimates.
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Fig. 1. Cumulative evaporation from three different textured soils
after wetting to near field capacity. Asterik on the curve
denotes the end of the energy-limiting stage (U).
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WATER-USE EFFICIENCY OF GRAIN SORGHUM AS AFFECTED
BY PLANTING DATES AND SOIL TYPES
ABSTRACT

Different planting dates and soil types may affect the water-use
efficiency (WUE) of crops by affecting yield and/or evapotranspiration (ET).

Experiments were conducted to determine the WUE of sorghum [ Sorghum
bicolor (L.) Moench] as affected by 3 different planting dates (May 13,
May 29, and June 9) on Muir silty clay loam at Manhattan and a single
planting date (June 10) on Carwile sand at St. John, Kansas. Rate of dry
matter accumulation and grain yield were obtained at Manhattan and only
grain yield was obtained at St. John., Daily ET was estimated using an

ET model.

The data suggest that WUE of sorghum was affected by date of planting
and soil types. At Manhattan the early planted sorghum had the lowest
grain yield and medium planted sorghum had the highest grain yield (17%
more than the mean of treatments) and dry matter yield. Sorghum grown
on Carwile sand had the highest grain WUE of 0,176 mg mm-l (17% more than

the mean of treatments).
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INTRODUCTION

Water use efficiency (WUE) is defined as the amount of dry matter
produced per unit of water used., Various management factors may influence
the efficiency of water-use of crops. To increase the WUE the entire crop
enviromment must be considered since both soil and crop management affect
the photosynthesis and evapotranspiration (ET).

In order to match water supply with water required by the crop, the
crop growth pattern should coincide with the available soil moisture
pattern; therefore, planting date, choice of crop species or varieties
and crop management practices should be manipulated to maximize WUE.

There are substantial interactions among soil moisture supply capacity,
planting dates and crops. Stewart et al. (1975) found that differences
in yield of nomnirrigated grain sorghum depends primarily on the soil
characteristics and soil water conteant at planting times, Total water-use
by a sorghum crop depends on climatic conditions as well as on plant
factors. Planting date may affect the water use of crops either through
the direct effect on the plant or through the indirect effect on seasonal
climates prevailing during the plant growth. Cadell and Weibel (1971)
reported that the effect of planting dates on growth and development of

sorghum [ Sorghum bicolor (L.) Moench] was associated with response to

photoperiod and temperature. 1In the U. S. late planting of most common
temperate genotypes caused a reduction in the number of days to floral
initiation, heading and physiological maturity. Early planting in the
Midwest increased grain sorghum yield through increased tillering and
number of heads per unit area (Stickler and Pauli, 1969),

In order to calculate WUE, both dry matter (and/or grain yield)

and BT must be estimated, While dry matter is relatively easy to obtain,
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ET data throughout the season can present difficulties. However, recently
Kanemasu et al. (1976) reported an evapotranspiration model for sorghum
which can provide daily estimates of water loss,

The objective of this study was to estimate the ET and evaluate the
WUE of sorghum grown at 3 different planting dates on Muir silt loam
and a single planting date on Carwile sand using the model developed by

Kanemasu et al. (1976).

METHODS AND MATERIALS
The study was conducted at the Evapotranspiration Research Farm 14
km southwest of Manhattan, Kansas and at the Sandyland Experiment Statiom,
St. John, Kansas,

Manhattan experiment,

At Manhattan sorghum (ACCO 1090) was planted on three dates; May
13 (sorghum I), May 29 (sorghum II) and June 9, 1976 (sorghum III).
These were done under cultural practices favorable for high vield
(135,6 kg N/ha and 3,36 kg Milogardl//ha). The seeds were planted in
N-S rows at 76.2-cm row spacing on 10 m X 140 m plots, Uniform stand
was obtained by hand thinning at 3 leaf-stage (approximately 240,000
plants/ha) and irrigating (1.9 cm) on June 16 (sorghum II and IIT).

The soil was a Muir silt loam (fine-silty, mixed mesic, Pachic
Haplustoll) which was developed from alluvial deposits. The surface
silt loam extends to the l4d-cm depth; silty clay loam from 14 cm through
50 em; silty clay from 50 cm through 81 cm; and silt loam below 81 cm,

The maximum water-holding capaéity of the soil was 33,0 cm,

ifTradename: Milogard 80W, common name: propazine and chemical name:
2-chloro-4, 6 bis (isopropylamin)-s-triazine,
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Two neuttron tubes were placed in each treatment. Soil moisture
was determined weekly by the neutron attenuation method in the 15 to
150-cm layer and surface i5-cm by gravimetric sampling,

Physiological stages were estimated as described by Vanderlip and
Reeves (1972), Above ground dry matter (DM) and leaf area index (ILAI)
were determined from 6 plant samples on each treatment taken every
7-10 days. Stalks, leaves and panicles were dried at 70°C and the dry
weights were measured., Leaf area (LA) was determined by an optical area
meter—g-!-'/ .

Solar radiation, maximum and minimum temperature, and rainfall were

obtained at the research field.

St. John experiment.

At St. John the same wvariety of sorghum (ACCO 1090) was planted on
June 10 in Carwile sand (fine, mixed, Thermic, Typic, Agriquolls). Treat-
ment corresponded to Manhattan sorghum III treatment, The maximum water-
holding capacity for 150-cm profile was 267 mm, as estimated from the
moisture-release curve, The surface 100 cm was predominantly sand to
sandy loam and the remaining 50 cm was sandy clay, The plot size was
18 x 64 m. Planting rate and row spacing were similar to sorghum grown
at Manhattan, except 146 kg N/ha and 51.65 kg PZOS/ha were applied.,

Soil moisture for 150-cm profile was gravimetrically measured at
15-cm increments on June 3, July 15, and August 20, 1976. Two samples
were Laken each time, in the middle row about 30 m and 60 m from the south
border,

LAI during the growing season was determined every 7-10 days from 15
randomly selected plants within the plot, Because an area meter was not

available at this location, leaf area was estimated by measuring maximum

ifLambda Instr, Corp., Lincoln, Nebraska.
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length (Li) and width (Wi) of each leaf and computed as

n
LA = 0.73,%, (L, x W) [1]

where 1A is the total plant leaf area and n is the total number of leaves
on each plant, LAT was determined from equation [1] and plant population.
Although the seeding rate was similar to the Manhattan study, plant density
was 150,700 plants/ha.

Solar radiation was recorded by a pryanometerél with printing inte-
grator&/. Maximum-minimum temperature and relative humidity were recorded
by hygrothermograph.

Because of the low water-holding capacity of the sandy soil, the crop
was irrigated by sprinkler on July 26, August 9, 17, and 31, 1976,

The amount of water use and soil moisture content for each treatment

was determined from the ET model., A detailed description of the model

was given by Kanemasu et al. (1976).

RESULTS AND DISCUSSION

So0il moisture.

At the 95% confidence interval, the soil moisture content in the
150-cm profile as estimated by the ET model was within -11,0 mm to +14.5
mm of neutron attenuation measurement. The favorable agreement between
the model and neutron measurement is consistent with results reported by

5/
Rosenthal et al, (1977)=".

Fig. 1 shows the soil moisture content estimated by the model and

rainfall during the season for sorghum I, II and III at Manhattan. The

g/Mndel 645-48, Eppley Laboratory, Newport, R. I., U.S.A.

ﬁlScience associates, Box 230, Princeton, N, J. 08540

5/

=" Rosenthal, W. D.,, E. T. Kanemasu, R, J. Raney, and L. R, Stone. 1977,
An evaluation of an evapotranspiration model for corn, Agron. J. (in press)
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medium planted sorghum depleted more water from the soil., The depletion
percentage at physiological maturity for sorghum I, II and III was 87%,
94% and 71%, respectively.

Total seasonal (planting to physiological maturity) rainfall and
irrigation received by sorghum I, II and III and St. John sorghum were
282 mm, 265 mm, 358 mm and 459 mm, respectively. About 73% to 83% of the
water received by sorghum I, II and III came between planting time to
stage 3; amounts received after stage 3 to physiological maturity were
47 mm, 65.7 mm and 60 mm,

Evapotranspiration,

Figs, 2 and 3 show the estimated cumulative evapotranspiration (ET)
and transpiration (T) for the 4 treatments during the growing season,
Gradual decline in ET and T may have been partially caused by moisture
depletion and senescence of the lower leaves which resulted in a decline
in LAI during the later part of the growing season (Fig. 4). The cumulative
ET and T for sorghum I and II were parallel to each other. The ET and T
of sorghum III was greater than St. John except at maturity because of the
greater LAI (Fig. 4).

Table 1 shows potential evapotranspiration (Ep) and the partitioning
of ET into evaporation from the soil surface (E), T and advection (A).
In Manhattan sorghum III had the highest Ep of 618 mm and sorghum IT had
the lowest Ep of 603 mm, The difference in Ep was due to the longer growing
season for sorghum III. Total ET from planting to physiological maturity
was greatest for sorghum I (460 mm) while St. Jochn sorghum had the lowast
ET (422 mm) and the highest Ep of 630 mm, Sorghum III and St. John, which
were planted at about the same time, have approximately the same seasonal
ET. Percentage (%) T from all treatments were about 77% of total ET except

in sorghum IIT which had 69%, Approximately 19 to 28% of ET was directly
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evaporated from the soil surface. Sorghum III had the highest %E (120 mm),
This was due to the wet soil condition during planting and less ground cover
during the early stages of growth. The sandy soil (St. John) had the

lowest evaporation due to lower water-holding capacity and a slower water
transmission property when the surface is dry. A higher advection (3,5%)

at St. John was associated with the high potential evapotranspiration of

630 mm during the season.

Growth and development,

Fig. 5 shows the above ground dry matter accumulation and the growth
stages during the growing season for sorghum I, II and III. Sorghum I and
IT had approximately the same rate of dry matter accumulation up to
physiological maturity. Rate of dry matter accumulation for sorghum III
was parallel to sorghum I and II until soft dough stage, At this stage
dry matter accumulation in sorghum III leveled off, probably due to lower
temperature during the later part of the growing season.

The mean crop growth rate (CGR) from growing point differentiation
(stage 3) to physiological maturity are shown in Table 2, The CGR was

calculated using the formula suggested by Radford (1967):

W, - W
2 1
CGR = +——¢~ | [2]
2 1
Wl and W2 were above ground dry matter weight and times t1 and t2 correspond

to when Wl and W, were measured., Sorghum II had the highest dry matter
=2 - -
accumulation of 312 mg cm  with a CGR of 4.91 mg cm s day 1. Sorghum I
-2 -1 & =
and III had CGR of 4,36 mg em day = and 3.13 mg cm 2 day 1, respectively.

Grain vield,

The mean grain yield for different treatments show that grain yield
of sorghum II was significantly higher than other treatments (Table 2),

Yield differences among sorghum I, sorghum III and St. John sorghum were
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Table 2. Grain yield, weight of 1000 seeds, and mean crop growth
rate (CGR) from stage 3 to physiological maturity; and
total above ground dry matter at physiological maturity,

Weight
Sorghum Yield of 1000 seeds ?gR -1 Tardl ?ﬂ
Treatment kg/ha (gm) (mg cm day ) (mg c )
*
1 5641° 17.62 4.36 298
11 7483° 25.84 4,91 312
111 6486° 20.00 3,13 240
St. John 5922 28.16 ———- -

*Means within a column followed by a common letter does not differ at

5% level of significance by Duncan's multiple range test.
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not significant. Differences in yield among sorghum I, IT and IIT could

be associated with different grain weight (Table 2). High grain weight

for sorghum II may be dué to high LAI during the grain-filling period,
while high grain weight for St. John sorghum may be due to lower plant
population (150,700 plants/ha), Low grain yield for sorghum I was probably
due to lack of available water during the grain-filling period.

Water-use efficiency (WUE).

Fig. 6 shows the dry matter and grain WUE (yield/ET). Low grain WUE
in sorghum I (0,100 mg u:m-2 mm-l) was attributed to low grain yield and high
ET. A relatively high grain WUE for sorghum II of 0.174 mg cm-2 mrn“1 was
the result of high grain yield (74.8 mg cm_z)° A high WUE for St. John
sorghum (0.176 mg c:m-2 mm_l) was due to relatively low ET (422 mm). WUE
for sorghum IIT was 0,151 mg cm-z mm-l. WUE at various growth stages
reflects the dry matter accumulation and ET up to that stage of growth,
Generally WUE increased consistently from stage 3 to physiological maturity.
Low WUE during the earlier growth stages was partially due to high evapor-
ation and lower LAI., There was no increase in WUE at boot stage for sorghum
I because of slow growth probably due to lack of water at that period.
Summary,

In summary it appears from this study that different planting dates,
soil types and different water management practices affect the ET of sorghum
crop during the growing season. Where rainfall and soil water storage is
limited, the distribution of rain, especially during the critical growth
stages, will significantly determine the yield and WUE. 1In this particular
year, the later plantings were able to take advantage of the rainfall and
cooler temperatures in the latter part of the season. However, it must
be realized that the growth of sorghum crop and its WUE may change with
nutrient status of the soil, soil z2eration, soil temperature, sorghum

varieties, climatic factors and cultural practices.
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Table A3a . Results of laboratory measurement of water retention
for the surface 30 cm of 9 Kansas soils.

SOIL TYPE Water retention-
@-1/3 bar @-5 bar @-10 bar @-15 bar
7 by weight

Carwile sand 27,93 17.15 15.14 14,20
Florence stony loam 4,16 2,60 2,43 2,34
Manter fine sandy loam L7 gl2 9.45 8,56 8.13
Mansic sandy loam 24,02 15.33 14,08 13.41
Muir silty clay loam 11.84 6,58 badd 5.86
Harney silt loam:/ 27.94 16.25 14,47 13,52
Harney silt loama’ 28.01 17.34 15.69 14.79
Lancaster clav loam 28.65 14,85 13,22 12.30
Colby silt loam 26,73 18,58 17,98 17.48

l/Sam.pled from Hays Expt. Sta.

E/Sampled from Minneola Expt. Sta,



Table A3b . Summary of the results of trial I and trial II: Values
of U and ¢ for the surface 20 cm of 9 Kansas soils,

SOIL TYPE U1 U2 Ui ¢ c, Co
~mm— mmn day ®

Carwile sand 5.0 4.9 5.0 1.6% - 1.66 1.68
Florence stony loam 6.7 4.6 5.7 2,68 3,10 2,89
Manter fine sandy loam 8.9 9.1 9.0 2,17 2,65 2.41
Mansic sandy lpam 9.5 8.9 8.2 388 Be#3 3.53
Muir silty clay loam 9.7 10.7 10.2 3.94 2,60 3.27
Harney silt loam 1/ 10.7 11.6 11.2 3,35 3.36 3.36
Harney silt loam 2/ 13.1 12,0 12.6 4.0l 3.05 3.53
Lancaster clay loam 14,7 18.3 16.5 4,22 3,24 3,73
Colby silt loam 18,5 18,9 18,7 3,50  3.95 3.73

1/ Sampled from Hays Expt. Sta.

2/ Sampled from Minneola Expt. Sta.
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Table Bla . The value of moisture content (fraction by volume)
at maximum water-holding capacity (emax)’ of minimum water-

- holding capacity (Bmin)'and initial water-holding capacity

(eval) for Muir silty clay loam,

B, 0 ¢
Layers min max val
:Cm) sT sTT sITT
0 - 50 0.13 0.35 0.25 0.29 0.32
50 - 250 0.13 0.35 0.25 0.33 0.35
300 - 600 0,13 0,35 0,30 0.33 0.35
600 - 900 0,13 0.35 0.32 0.33 0.35

900 - 1500 0.13 0.35 0.30 0.35 0.35




Table Blb ,

holding capacity (emin) and initial water-holding (eval) for

Carwile sand.

The value of moisture content (fraction by volume)
of maximum water-holding capacity (Bmax)’ at minimum water-

Layers
_(em)

0- 50
50 - 250
300 - 600
600 - 900
900 - 1500

min

0.05
0.05
0.05
0.10

0.13

max

0.18
0.18
0.27
0.36

0.27

eval

0.14
0.18
0.27
0.36

0.27
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Table Ble . Adjustment made to evaluate the water content (fraction
by volume) of maximum water-holding capacity for Carwile
sand.

Layers Top 300 cm 300-600 cm 600-900 cm 900-1500 cm

Tension 75 em 50 em 25 em 330 cm

% WHC by volume

10,32 31.75 35.47 0.27
16,81 21.67 37.14 0.28
25.71 - - -
Average 1761 26,71 36.31 0.27
0.18 0.27 0.36 0.27

max
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Table B2a_. Statistics of the model's estimate of soil moisture in
the 150 cm compared to gravimetric and neutron attenuation

measurement,
Statistics Conpated i
Gravimetric Neutron
deg. of freedom (n - 1) 36 . 32
Std. deviation (SD) 35.34mm 35.95mm
Std., deviation of differences (Sﬁ) 5.81mm 6.25mm
Mean of differences (D) -20, 34 mm* 1.75mm
t = (ﬁ/SB) - 3.62mm 0.28mm

* Significant difference at 0.001% level,
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Table B3a (i), Grain yield: Statistical Analysis

Treatment Sorghum I Sorghum IT Sorghum ITI St. John

------------------- Yield in bufA-eeccccamccmanaaaaa
Sample 1 95,2 120.9 102.9 98,9
Sample 2 87.4 121,3 103.9 92.9
Average 91.3P* 121.18 103.4P 95,9

Means within a row followed by a common letter does not differ
at 5% level of significance by Duncan's multiple range test.

Table B3a (ii), Analysis of Variaunce,

Degree
of
Source of Variation Freedom S.S M.S F
Among Treatment 3 993,59 331.2 15.49%
Error 4 85.51 21.38

Total 7 1079.10
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Different planting dates and soil types may affect the water-use
efficiency (WUE) of crops by altering yield and/or evapotranspiration
(ET). Effects on ET may be due to evaporation from the soil surface and
transpiration from plant surfaces. 1In order to estimate ET using the
model developed by Kanemasu et al. (1976) for different soil types, soil
factors U and ¢ which quantify the drying rate of scil must be known.

U is the cumulative evaporation during thelenergy-limiting stage and c

5

is the least squares slope of evaporation rate versus time® during the
soil-limiting stage of soil surface evaporation,

Laboratory and greenhouse experiments were performed for 9 Kansas
soils to determine percentage sand, silt and clay, moisture content
percentage by weight (Qm) at -1/3 bar and -15 bar water potential, U
and c. Hydrometer method for mechanical analysis was used to determine
particle-size distribution and pressure-plate method was used to determine
Gm. U and ¢ were obtained from weight losses from soil columns in a
greenhouse experiment,

Field experiments were also conducted to determine the WUE of

sorghum [ Sorghum bicolor (L.) Moench] as affected by 3 different planting

dates on Muir silty clay loam at Manhattan and a single planting date
on Carwile sand at St, John, Kansas. Rate of dry matter accumulation
and grain yield were obtained at Manhattan and only grain yield was
obtained at St. John.

Results of the laboratory and greenhouse experiments indicated that
particle size composition and percentage water-holding capacity (WHC)
influenced the values of U and ¢ obtained. U and c were relatively
lower for sandy soil and higher for soil with greater percentage silt

and clay. The values of U ranged from 5 tc 18.7 mm and ¢ from 1,68 to



3.73 mm day‘%. For loamy soils, U and ¢ may be obtained from the equations:

U = 5,515(% clay) + 6.236(% silt) + 5.890(% sand) - 584,8

|}

and

¢ = 0.374(% clay) + 0.424(% silt) + 0,386(% sand) - 36.8.
Results of field experiments show that at Manhattan the early

planted sorghum had the lowest grain yield and medium planted sorghum

had the highest grain and dry matter yield., Sorghum grown on Carwile

sand had the highest grain WUE of 0.176 mg cmuzmm-l. - These data suggest

that WUE of sorghum was affected by date of planting and soil Eypes.





