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Daily observations of soil water content were made in container plant-soil systems of corn maintained in a controlled
environment and these observations were compared with soil moisture budget estimates. Root density measurements
were used to develop crop coefficients which replaced the generalizedempirical coefficients used in previous budget
applications. A method for adjusting crop coefficients, derived under well-watered conditions, to water stress conditions
was also tested. The results suggestthat observations of root growthpatternscould be used to developcrop coefficients
for a variety of crop and growth conditions.

INTRODUCTION

Soil water content and the availability
of water is an important parameter in ag
ricultural research and management.
There is, therefore, a need to estimate soil
water distribution over time and area. One

approach is computer estimation of soil
water distribution by a multi-zone budg
eting technique (Baier et al. 1979). A crit
icism of this technique is that to predict
changes in soil water distribution tabu
lated crop coefficients had to be developed
empirically through trial and error to ac
count for soil water loss, including ex
traction by roots. In this paper we describe
the derivation of crop coefficients from
measured corn root densities in container

plant-soil systems. These coefficients are
assumed to reflect changes in root extrac
tion over time and depth. Estimations of
soil water distribution in these systems
using crop coefficients in a computer
budget are compared to volumetric soil
water measurements obtained by a re
cently developed nondestructive electro
magnetic technique (Topp et al. 1980).

The basic drying relationship used by
Baier et al. (1979) in the versatile soil
moisture budget (VB) is:

ae = 2

7=1

PE (1)

where AE is the daily actual evapotran-
spiration, PE is the daily potential eva-
potranspiration, Zs is the value from a se
lected drying curve for the7th zone, k){ is
the crop coefficient for root extraction in
the7th zone and /th crop growth stage, S}
is the plant-available water (PAW) for the
7thzone at the start of the day and C} is the
PAW capacity for the7th zone.

Recently, a set of tests on the VB
showed that both the number and distri

bution of zones can be flexible and that

sets of ^-coefficients derived for a stand

ard pattern of soil zones can be adapted to
new zone patterns (Dyer and Baier 1980).
This study also suggested that new ^-coef
ficients can be derived from observed root

distribution since these coefficients sim

ply allocate fractions of AE to each zone.
Baier (1969) found that during droughts

relatively more water was extracted from
lower depths than under well-watered
conditions. A procedure was, therefore,
devised to adjust the ^-coefficients to ac
count for increased root extraction in the

lower zones, when moisture in upper
zones was depleted. The adjustment func
tion is as follows:

rv j /Cj ACj

m=j— 1

(.--H (2)

where

k'j = adjusted ^-coefficient for the yth
zone

Sm = available soil water in the mth
zone on the previous day

Cm = capacity for available water in the
mth zone.

The aim of the present study is to derive
crop coefficients (£•) from measured root
densities and use them in simulating water
uptake under both stressed and well-
watered conditions. To do this, soil water
content predictions are compared with soil
water measurements in a controlled envi

ronment. The numerical procedure (Eq.
2) used by Baier et al. (1979) is also used
here to adjust crop coefficients obtained
under well-watered conditions for appli
cation during periods of water stress.
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METHODS

Plant-soil Systems

Single inbred corn plants (CO 106)
were grown in large open-ended cylindri
cal containers in a growth chamber. The
containers, 30 cm in diameter and 90 cm
deep, were made from sections of heavy
waxed-cardboard cement forms (Sonna
tubes). The soil was a complex horticul
ture mixture consisting of two parts field
soil (approximately clay loam texture) to
one part each of sand and peat. Pairs of
stainless steel rods, 0.06 cm in diameter
and 40 cm long, were inserted horizon
tally into the tubes and spaced 5 cm apart
at depths of 4, 14, 33 and 64 cm from the
soil surface and acted as coaxial transmis

sion lines. A portable cable tester (Tektro
nix 1502) monitored the dielectric con
stant of the soil between the paired
transmission lines and these time domain

reflectometry readings were converted to
volumetric soil water content (Topp et al.
1980).

A total of 48 cylinders were set up at
the start of the experiment. For the first 4
wk all containers received 460 cm3 of
water daily and 690 cm3 of nutrient solu
tion once a week. Five weeks after plant
ing the containers were divided into two
watering schedules. Twenty-four of the
planted cylinders were watered 6 days a
week with 920 cm3 of water and 1 day a
week with 690 cm3 of nutrient solution.
The other 24 containers were allowed to
dry and were only watered with 690 cm3
nutrient solution once a week. All water
was added from the top and 2 cm of perlite
covered all soil surfaces to reduce evap
oration.



Roots were hand-sorted from a total of

24 cylinders (10 well-watered, 14
stressed) over a period of 8 wk. Root
lengths were estimated in each zone,
(Tennant 1975) and densities calculated
(centimetre of root length per cubic cen
timetre of soil).

Measurement of Soil Water Content

Measurements were usually made three
times a week on all cylinders. Soil water
content was determined at the midpoint of
four soil zones, 0-8 cm, 8-20 cm, 20-46
cm and 46-82 cm. As the experiment pro
gressed, some of the planted cylinders
were destructively sampled to measure
root density. Consequently, the number of
replicates in each watering treatment de
creased with time to a minimum of 10 rep
licates.

Computer Estimation of Soil Water
Content

Inputs to the basic drying relationship
of the VB (Baier et al. 1979) included a
daily estimate of PE, as well as root and
soil water retention coefficients. PE was
obtained from leaf chamber measurements

(Sinclair et al. 1979), modified to account
for shading and extrapolated over the total
leaf area and a constant 16-h light period.
The daily PE was computed to be 11.0
mm in the controlled environment facility.

Cropcoefficientsfor corn growth stages
and soil zones were obtained from root
densitymeasurements.For a growthstage,
each crop coefficient (k) represents the
fraction of the total root system in the jth
soil zone. The average of the measured
root densities in each zone during each
stage was scaled to the sum of root dens
ities from all zones. The sum over depth
(zones) for each stage was made equal to
the consumptive use factor (Baier and
Russelo 1968) for that stage. The sum of
kj over depth, or theconsumptive usefac
tor (CU), is not necessarily equal to 1 and
is dependent on the crop growth stage(/).
The computation of k} for each growth
stage andthecorrection forCUweredone
as follows:

Four stages of development were de
fined here. Four postemergence stages
were also defined for corn by Baier et al.
(1979). Our stage dates start 11 days after
emergence and divide the growth period
into 8-, 30-, 15- and 5-day stages. The k-
coefficients used to simulate water con

tents for both well-watered and stressed

treatments are shown in Table I.

Initial soil water contents (as PAW) in
the four soil zones were obtained from

volumetric soil water content measure

ments. A plant-available water capacity of
19% volumetric was selected, based on
the work of Clapp and Hornberger (1978)
to represent the loamy sand texture of the
horticulture mixture. A drying curve used
for both watering schedules (well-watered
(WW) and stressed (St)) was generated
from the index of Dyer and Baier (1979).
The curve was of the upward concave type
(/i = 0) with AE= PE at 80% relative
water content. Initial moisture contents

and soil water-holding property inputs to
the VB are shown in Table I.

RESULTS AND DISCUSSION

Figures 1 and 2 present measured and
computer-estimated soil water contents at
four depths for well-watered and stressed
conditions, respectively. Day 1 is the first
day of soil water content measurements
and computer estimation but it is the 21st
day after planting and the 11th day after
emergence.

Measured water contents in Figs. 1 and
2 representmeansfrom up to 24 cylinders
± 1 standard deviation. Standard devia
tions are presented for each time interval
because sample size was reduced by de
structive sampling for root densities as the

experiment progressed. It can be seen
from these figures that variability in
creases with depth. We hypothesize that
this is due to differences in the amount of

water which passes through the top zones
(1 and 2) and reaches zones 3 and 4, and
is indirectly a function of the distribution
of plant water uptake throughout the cyl
inder. An analysis of variance of soil
water contents in the fourth zone indicated

that their variability was associated with
random differences among containers
rather than within a container over time.

This analysis and the smooth shape of the
measured soil water curve over time (Figs.
1 and 2) indicate that measured spatial var
iability is a function of real physical and
biological processes and represents actual
variation in water contents among repli
cates. In spite of the large variation, all
cylinders were considered to be useful ex
perimental replicates, since they reflect
random differences within a corn plant
population.

Model predictions approximate meas
ured soil water contents at the end of the

experiment better than in the early stages.
Three factors were identified. First is the

effect of growth stage on the corn's po
tential evapotranspiration rate, relative to
atmospheric demand. AE appears to be
about half PE in a well-watered situation

for the last 5 days of the first growth stage
used here and the change in response of
the ratio of AE to PE as the plant matures
is more dramatic than the change in the
consumptive use factor suggested by Baier
et al. (1979). In our situation, setting the
sums of kj (the consumptive use factor)
lower in the early stages and higher in the
later stages would have improved the fit.

TABLE I. CONTROL COEFFICIENTS USED IN THE COMPUTER SOIL MOISTURE BUDGET
TO DESCRIBE SOIL WATER HOLDING PROPERTIES AND CROP WATER UPTAKE IN WELL-

WATERED (WW) AND STRESSED (St) PLANT-SOIL SYSTEMS

= \ x><

n

1 x

7=1
.,) • CU, (3)

Zones (/')

1 2 3 4

Field 20.0 30.0 65.0 90.4

capacity (mm)

Permanent 4.8 7.2 15.6 21.6

wilting point (mm)

Thickness of 80 120 260 360

each zone (mm)

WW/St WW/St WW/St WW/St

Initial moisture 18.7/19.3 31.0/21.9 70.8/69.0 42.0/50.1

content (mm)

Stages

Crop
coefficients

(ty

1 0.60/0.60 0.10/0.10 0.07/0.07 0.03/0.03

2

3

4

0.70/0.65

0.56/0.65

0.54/0.62

0.14/0.15

0.37/0.36

0.36/0.34

0.03/0.08

0.22/0.16

0.21/0.15

0.03/0.02

0.05/0.03

0.04/0.04

where jcj = total root length inzone j.
The range inthe consumptive use factor

means that newly emerged plants transpire
at less than the potential rate, even under
well-watered conditions, but transpire at
greater than the potential rate when they
mature, because of the increase in leaf
area. The range used here was from 0.8
to 1.2, based on the range used by Baier
etal. (1979).
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Figure 1. Measurements and computer budget estimates of volumetric soil water contents in well-watered plant-soil systems.
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This represents a greater range in con
sumptive use factor than used by Baier et
al. (1979). Furthermore, the consumptive
use factor used by Baier et al. (1979) took
into account surface evaporation as well
as root extraction, particularly before and
immediately after emergence. In this ex
periment, the surface was covered by a
layer of perlite which reduced surface
evaporation.

The second factor is reflected by the
sharp spikes in the top zone of the stressed
cylinders on water-application days. This
is most apparent once water content has
dropped below field capacity. Estimated
soil water contents are significantly larger
than measurements because only water in
excess of that held at field capacity is al
lowed to drain to the next zone. The

budget estimates did not account for the
possible downward diffusion of plant-
available water or the drainage of free
water through cracks and large pores.

The third factor which prevented the
versatile soil moisture budget (VB) from
accurately estimating soil moisture on a
day-to-day basis was the limited number
of crop development stages used. Baier et
al. (1979) chose stages according to the
development of reproductive tissue. In
corn this meant a prolonged second stage
which included most of the vegetative
growth. Consequently, a stage in which
the root system is expanding rapidly is
simulatedwith a fixed set of ky Thus, VB
estimates are insensitive to changes in root
extraction rates caused by root growth
within each stage. This effect suggests
that the VBcouldbe improvedfor corn by
using a greater number of crop develop

25

^p 20

ment stages and by defining stages ac
cording to vegetative as well as reproduc
tive development.

A linear regression analysis was done
of budget predictions and measurements
made in both treatments and at all four

depths at the end of each of the four
growth stages. The analysis yielded an r2
of 0.84. Figure 3 shows the scatter among
these data points. This fit indicates that
soil water contents were reasonably well
predicted at the end of each stage, al
though day-to-day fluctuations resulting
from variability in soil structure and plant
development were not well simulated.
Since the crop coefficients for each stage
represent the average root growth and ex
traction during that stage, they are most
applicable at the end of each stage. The
over-estimation of root density at the be
ginning of the stage by kSi is then compen
sated by under estimation of root density
at the end of the stage. Similarly, the best
overall agreement was near the end of the
experiment, once rapid vegetative growth
was past.

In Fig. 2, two methods were used to
estimate soil water contents during stress.
In the first method water extraction coef

ficients, &j, were derived from measure
ments of root density under stress. In the
second method the adjustment function
(Eq. 2) was used to modify k} coefficients
derived from well-watered soils for appli
cation under water stress. Since the ad
justment function integrates k-} from the
surface down it has no effect on zone 1,
only a small effect on zone 2, but consid
erable effect on zones 3 and 4. Figure 2
shows that the estimate using the adjust-

6 8 10 12 14 16 18 20 22 24

Estimated soil water content (% volumetric)

26 30

Figure 3. Comparison of measured and estimated volumetric soil water contents at the end
of each growth stage.

CANADIAN AGRICULTURAL ENGINEERING, VOL. 24. NO. 2, WINTER 1982

ment function was a slightly better fit to
soil water content measurements in zones

3 and 4. We suggest that this is because
the adjustment function better simulates
continuous root growth as soil water is
depleted.

CONCLUSIONS

The agreement obtained between esti
mated and measured soil water contents

indicates a reasonable model response to
differences in available water over time

and depth. It is particularly encouraging
that the differences are similar at all four

depths and that they are small relative to
the response of both measured and esti
mated soil water contents to the two water

ing schedules. This is of importance to fu
ture application of the VB since it suggests
that the crop coefficients can be obtained
for new crops and a variety of soil types
by analysis of root growth. The successful
use of the adjusted well-watered crop
coefficients in Fig. 2 (dashed line) shows
that coefficients derived from root meas

urements under well-watered conditions

can be modified to apply to water stress
conditions.

Root distribution with depth provides
a good indication of the required crop
coefficient distribution over zones, partic
ularly under well-watered conditions. It
should be cautioned that the root density
observations and the set of derived kyi de
scribed here were the result of a controlled

environment experiment and are not nec
essarily transferable to the field. More
work is required to determine the response
of consumptive use patterns to differences
in root and canopy development under
both controlled and field conditions.

Our results suggest two ways in which
the VB performance could be improved.
First, a surface evaporation term applica
ble to the top layer or zone(s) should be
added to the VB to reduce the amount of

PE attributed to root extraction. This
would improve the correlation between k}
and root distribution. Second, the number
of crop development stages should be in
creased so that fcjj accounts for root growth
during the vegetative period. However,
present results show that there is a strong
relationship between the crop coefficients
required by the VB in its present form and
observed root distributions, which should
be exploited in future application of the
VB.
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