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Field experiments were conducted on aclay soil using three different tillage tools on compacted plots. Observations
were made ofbulk density, soil moisture and soil matric potential patterns in the soil profile as well as depth of the
groundwater table. Meteorological data were used in the calculation of potential evapotranspiration and of evaporation
from the soil. Actual transpiration rates from the plants were calculated from the water uptake by the plant roots atthree
depths ofthe topsoil layer. The results showed that both soil mechanical impedance to root growth and low root oxygen
environment due to inadequate water drainage reduced crop yields up to 40% ofmaximum potential values in aparticular
season.

INTRODUCTION

The influence of tillage methods on
crop growth and yields is manifested
through changes in the soil structure and
soil moisture depletion patterns during the
growing season. Mechanical impedance
to root growth and the soil water stresses
developed in the root zone, as a conse
quence of the differences in bulk density
in the topsoil layer, affect the density and
the depth of the rooting systems of plants,
and therefore the amount of soil water
used by crops (Stibbe and Hadas 1977;
Burnett and Hauser 1967; Lowry et al.
1970). Crop growth and yield are influ
enced directly by the factors contributing
to the plant physical environmentsuch as
solar radiation water, nutrients, oxygen,
temperature andC02 levels. In the caseof
water, crop yields are directly propor
tional to the cumulative transpiration, the
coefficient depending on the latitude and
atmospheric conditions (Standhill 1960;
Viets 1962). The effects of other limiting
factors on potential growth and yield have
been formulated by Rabinowitch (1951),
and later by Visser (1969), and were de
veloped quantitatively by Thornley
(1976). Field tests of such effects were
carried out by some investigators, such as
Sojka et al. (1972). Further information
concerning the effects of soil compaction
and tillage methods on the stresses due to
limiting growth factors in the root zone is
required in order to assess appropriate
land management practices directed to
controlling the limits to crop yields. With
this in mind, field experiments were con
ducted to examine the interactions of the

stresses created by these limiting factors
and their effect on the growth of silage
corn, as well as their ultimate effects on
dry matter yield.

MATERIALS AND METHODS
The experimental site located on the

Macdonald Campus Research Station at
Ste-Anne-de-Bellevue, Que., comprised
a homogeneous soil classified as Ste-
Rosalie clay. Texture and physical prop
erties of the experimentalsite were studied
extensively and described elsewhere
(Douglas et al. 1980). The field was pre
pared initially by plowing in the autumn
of 1979 and disc harrowing in April 1980.
Fertilizer (5-20-20, N-P-K) at a rate of 450
kg/ha was incorporated into the topsoil
during the discing operation. A rotary
tiller was then used to loosen the topsoil
up to a depth of 20 cm. The field was
sprayedwith atrazine at 3 kg/ha and lasso
at 4.5 L/ha. Five 10 x 10-m plots were
laid out for different tillage and compac
tion treatments as indicated in Table I.
Except for the control plot, all plots were
compacted by 15 passes over their entire
area with a tractor exerting an average
ground pressure of 62 kPa to simulate an
intensive cultivation annual machinery
traffic level. Treatment 15 x C entailed
a subsequent chiselling by five curved
shanks 5 cm wide, spaced at 30 cm and
operating at a depth of 25 cm. The 15 x
M plot was plowed at 15 cm depth with

a three-bottom moldboard plow (112.5 cm
wide), followed by disc harrowing. The
15 x S treatment was subsoiled to a depth
of 45 cm at 75-cm spacings, using a
winged subsoiler with a rigid narrow
shank, bottom width 30 cm and wing lift
angle of 30°.

Following the compaction and tillage
treatments, silage corn was seeded on 14
May 1980, at a row spacing of 75 cm;
seeds were spaced at 20 cm in the rows.
Approximately 4 wk after seeding, the
plants were side dressed with ammonium
nitrate (34% N) at a rate of 340 kg/ha.
Two monitoring tubes to measure water
tabledepthwereinstalled ineachplot, and
soil density measurements were taken be
fore and after the treatments with a Troxler
3401 gamma ray density gauge at 5-cm
depth intervals to 30 cm at nine locations
per plot. At the same time the water con
tents of the soil were determined at the
same soil depths gravimetrically. The soil
bulk densities were calculated from the
soil density measurements at each depth
and the corresponding gravimetric water
contents. Two aluminum access tubes
were installed in each plot to measure soil
moisture with a Troxler depth moisture
gauge, Model 1322. Two jetfill tensio-
metersper plot were installedas well. Soil
moisture measurements during the grow
ing season were done in duplicate, in each
plot, at 0.10-m depth intervals up to a
depth of 0.40 m.

TABLE I. MACHINERY COMPACTION AND SUBSEQUENT TILLAGE TREATMENTS

Code Treatment

•Present address (E.D.) CANMET, Mineral Sci
ences Laboratories, Department of Energy, Mines
and Resources, 555 Booth St., Ottawa, Ont. K1A
0G0.

Control

15 x 0

15 x M

15 x C

15 x S

None after spring preparation.
Compaction by 15 passes overall of a 62-kPa wheel pressure.
Compaction, then moldboard plowing and discing.
Compaction, then chiselling.
Compaction, then subsoiling
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Average soil suction values to 0.40-m
depth were calculated taking into account
the gravitational head. A calibration of the
depth moisture gauge was done by com
paring the measured values with the vol
umetric soil moisture calculated from bulk

density and gravimetric soil moisture
measurements taken in the topsoil to 30-
cm depth in three places around the access
tube in 11 different locations (Fig. 1).

Other observations included the dates

of tasselling and silking of 80% of plants
in each plot and leaf areas and depths of
roots measured five times during the
growing season; all measurements were
done on four randomized plant specimens
per plot. Meteorological data were ob
tained from the Macdonald Weather Sta

tion for calculation of potential evapotran-
spiration and potential soil evapora
tion. Further, saturated hydraulic
conductivity measurements were obtained
by the auger hole method (van Beers
1970) replicated four times per plot. The
portion of the growing season under con
sideration was between 5 June and 27

Aug. 1980, 22 and 105 days after seeding.

ANALYSIS

A cubic spline function was used to ob
tain smoothed values of soil moisture re

tention curves at 0 - 0.20 m, 0.20 - 0.30
m and 0.30 - 0.40 m in each plot from the
soil moisture content and suction meas

urements (Nielsen et al. 1973; Douglas et
al. 1980). Suction values above 1000 cm
H20 were calculated from the following
relation (Campbell 1974; Clapp and Horn-
berger 1978);

/.e(e/8s)-"(cm) (1)

where hc is the matric suction at soil field
capacity, taken as 344 cm H20 suction
(Ahuja 1973), 0S is the soil moisture at
saturation and b is the slope of the water
retention curve between field capacity and
1000-cm suction. Soil moisture values at

field capacity were obtained from the
water retention curves and unsaturated hy
draulic conductivity values were calcu
lated as follows (Hayhoe 1979):

*(9) = ^e/ej^forOOOfCm-sec-') (2)

where kf is the hydraulic conductivity at
field capacity, 9f the soil moisture at field
capacity and 6S the soil moisture at satu
ration. In the range of 9f<0<6s, hydraulic
conductivity values were calculated as
(Hayhoe 1979):

fc(8) = k, (8/6s)2b+3 +

(*,-*,) [(8-ek)/(es-8k)Km-secr') (3)

40

VOLUMETRIC

45

WATER CONTENT, 9r (%)
50

Figure 1. Comparison of measured, 0m, (depth moisture gauge) and calculated, 6C, soil mois
ture from soil bulk density and gravimetric water content measurements.

where ks is the saturated hydraulic con
ductivity.
Water uptake by the plants was introduced
in the flow equation as a volumetric sink
term (Feddes et al. 1974):

ae

dz
{.(-f--l)j

dz
~S(h)

(4)

Water uptake S(h) was considered to be a
function of soil suction (Feddes et al.
1978), where the point hx at which S(h)
= 0, the anaerobiosis point, was taken as
the soil suction value corresponding to an
air-filled porosity of 0.05 m3/m3. In well-
structured soils, this value corresponds to
an oxygen diffusion coefficient of 1.5 X
10"4 cm2/sec, below which the oxygen
demand of plants cannot be met (Feddes
et al. 1978). Soil suction at field capacity
was taken as the limiting point h2 at which
soil water begins to limit plant growth.
Therefore, the water uptake would reach
a maximum value Smax for suction values
hi<h<h2 and decrease linearly for h>h2
to 0 at the wilting point, h3, according to
the equation (Feddes et al. 1978):

sm (-7=*-)
(day-1) (5)

h2-h3

Daily values of S„
culated as:

. for each plot were cal-

(day1) (6)

where T^, (mnrday-') is the potential
transpiration rate, and ERD (mm) is the
effective rooting depth. This effective
rooting depth takes into account the por
tion of the roots in the top 10-cm layer that
become non-active with time. Values of

Tpo, were calculated from the equation:

'pot — ^'pol "" £pot ('/

where ETm is the potential evapotranspir-
ation and £pol is the potential evaporation
from the soil. ETm values were obtained
from latent evaporation calculated accord
ing to Baier and Robertson (1965). Latent
evaporation was converted to potential
evapotranspiration from a water surface,
according to Penman (1948), using a con
version factor (Baier 1971) and corrected
for evapotranspiration from a crop surface
taking into account an aerodynamic term
(£a) (Monteith 1965; Feddes et al. 1978):

£P,
(ea-ed)/ra (kg-m 2-sec ') (8)

In Eq. 8 e is the ratio of molecular weight
of water vapor to dry air, pa the density of
the air (kg.rn3), pa the atmospheric pres
sure (mbar), ea the saturated water vapor
pressure (mbar) at temperature Ta, eA is the
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actual vapor pressure (mbar) of air at the
same temperature above the canopy and
ra is a diffusion resistance calculated as a
function of the crop height and of the wind
velocity (Feddes et al. 1978).
The potential evaporation from the soil,
£pot, was calculated according to Ritchie
(1972):

£po, = Rne-°^x
(8 + 7)*-

0.0352 (nun-day-1) (9)

where 8 = slope of the saturation vapor
pressure curve (mbar-K-1); 7 = psychro-
meter constant = 0.67 mbar-K-1; L =
latent heat of vaporization of water
J-kg-1); LAI = leaf area index; and Rn
= net radiation flux (J-sec_Km_2).
The net radiation flux, Rn (gram-cal.cm-2),
was calculated according to Rosenthal et
al. (1977) from incident short-wave radia
tion flux values, Rs (J'sec-1-m-2), ob
tained by means of an empirical expres
sion proposed by Kimball (1927):

* s = p + q — * stop
N

(10)

where n = duration of bright sunshine in
a day; N = maximum value of n on clear
days; p,q = constants; and Rstop = total
solar radiation flux at the top of the at
mosphere
To take into account the effect of tillage
on the soil physical properties of the top-
soil, the model proposed by Molz and
Remson (1970) and Feddes et al. (1978)
for a homogeneous topsoil layer was mod
ified by calculating the actual transpira
tion rate, T (mm* day " *), as the sum of the
integrals of the water uptake by the plant
roots over the rooting depth for the layers
0-0.20 m, 0.20-0.30 m and 0.30-0.40 m
in the topsoil:

1 = 5^ (Jo200 a(h) dz + J™ a(h) dz +

S™ a(h) dz) (mm) (11)

where a(h) is a dimensionless variable
defined as a(h) = 5(/i)/5max (Feddes et al.
1978).

RESULTS AND DISCUSSION

Soil bulk density values of the topsoil
layer to 0.30-m depth for the various til
lage treatments following compaction are
shown in Fig. 2. The results are compa
rable to those obtained in the same exper
imental field in previous years (Douglas
et al. 1980). A layer of relatively high soil
bulk density at the 0.05- to 0.1-m depth
appears to be common to all plots. Aver
age reductions in soil bulk density due to
the tillage operations after compaction are

%%

5

>
^ 10 / ^Ss .•••"'"
E //

^Zf"N

O 4. <
^

^ **-\ Nx%

X

15 CONTROL ^ "*
" "-COMPACTED ^

-

0.
MOLDBOARD PLOW >* >V*

at

O 20 CHISEL y
" SUBSOILER yS

25 \ V \ -

30

x> V* N

14001000 1100 1200 1300

DRY BULK DENSITY ( kg/m 3)

Figure 2. Soil bulk density versus soil depth for various treatments.

shown in Fig.3. The tillage tools used ap
peared to affect the depth at which soil
loosening was the greatest in each plot.
Chiselling and plowing did not seem to
alleviate dense soil conditions in the 0.15-

to 0.20-m depth layer. Moreover, both of
these treatments apparently created a layer
of relatively high soil bulk density at 0.15-
to 0.20-m depth (Fig. 2) which restricted
water movement. Root growth was also
hampered in all plots, as compared to the
control plot, in the 30 days after seeding,
as shown by the effective rooting depth in
Fig 5a. In the chiselled plot hydraulic con
ductivity values at field capacity were
lower in the 0.20- and 0.30-m layer than

in the 0.30- to 0.40-m layer by approxi
mately one order of magnitude (Fig. 4a,
b; Table II) while soil moisture was ap
proximately 35-55% higher in the 0.20-
to 0.30-m layer for soil suctions between
1000 and 5000 cm, respectively (Fig. 4b).
In general, soil layering due to the tillage
tool resulted in higher soil moisture at
higher suction in the denser layer, as is
shown in Fig. 4b, for the chiselled plot
and in Fig. 4c for the compacted plot.
These results are consistent with those

cited by other researchers (Warkentin
1971). The subsoiled plot exhibited a den
ser soil layer in the top 10 cm, 60-130 kg/
m3 more dense than in the remainder of
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Figure 3. Reduction in soil bulk density due to tillage operations.
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the profile, which did not seem to have
affected drainage conditions in the plot
(Fig. 4a-c).

The pattern of relative root activities in
the soil profile is shown in Figs. 5a-c,
where root extraction rate was plotted
against effective rooting depth at different
times. Compared to the control plot the
effective rooting depth, after the non-ac
tive rooting depth reached 0.10 m, was
about 10% higher in the compacted un-
tilled plot, where the bulk density re
mained practically uniform in the 0- to
0.30-m topsoil, and about 15% lower in
the plowed plot, where a 150-kg*m-3 dif
ference in soil bulk density between the 0-
to 0.10-m and the 0.10- to 0.20-m layers
was found. Greater uptake in the upper
soil layer occurred in the chiselled and in
the subsoiled plots 30 days after seeding,
when the transpirational demand was high
(Fig. 5a), which compensated the plant
somewhat for the shallower and tempo
rarily decreasing effective rooting depths
in these cases. Figure 5b shows the root
extraction rate 57 days after seeding,
when transpirational demand was the
highest and water table depth close to the
maximum value attained in the growing
season. Root activity was uniform in the
10- to 25-cm depth in the plowed plot
while in the chiselled plot the root extrac
tion rate was maximum only between 0.20
and 0.35 m deep. Figure 5b and c shows
deeper root activity in the compacted plot.
High soil bulk density in the topsoil prob
ably hindered upward flow from the water
table when transpirational demand was
high and forced root growth towards
higher moisture soil strata.

Figure 6a and c illustrates calculated
results of variations in actual transpiration
rates with time in three soil layers up to
0.40 m deep as a function of the effective
rooting depth.

In the plowed plot, the contribution to
actual transpiration, AT, from the upper
layer was much greater relative to the con
tribution from the same layer in the other
three tillage treatments (Fig. 6a). This was
most probably due to the 150-kg/m3 den
sity difference between the 0- to 0.20-m
and the 0.20- to 0.30-m soil layers. There
fore, an abrupt change in soil bulk density
resulting in mechanical impedance to root
penetration appeared to force the activity
of roots above the denser layer. Contri
bution to actual transpiration (Eq. 11),
from roots in the 0.30- to 0.40-m layer of
the chiselled plot began only around 60
days after seeding while in the plowed plot
roots became active at the same depth at
silking time (Fig. 6c). The decline in tran
spiration rates between 65 and 85 days

50

TABLE II. SOIL MOISTURE AND HYDRAULIC CONDUCTIVITY AT FIELD CAPACITYt

Treatment Depth (m) 6 (m3-m-3) /:(6)(m-sec-1)

Control 0-0.20

0.20-0.30

0.30-0.40

0.468

0.495

0.399

6.70x10-8

2.59x10-8

4.50x10-8

Compacted 0-0.20

0.20-0.30

0.30-0.40

0.377

0.356

0.398

5.62x10-9

0.66x10-8

1.20x10-8

Chiselled 0-0.20

0.20-0.30

0.30-0.40

0.440

0.461

0.490

5.02x10-8

1.30x10-8

9.90x10-8

Moldboard

plowed
0-0.20

0.20-0.30

0.30-0.40

0.336

0.462

0.452

1.50x10-9

8.62x10-9

6.25x10-9

Subsoiled 0-0.20

0.20-0.30

0.30-0.40

0.374

0.385

0.425

7.21x10-9

4.25x10-9

1.00 x 10-9

tFrom Fig. 4a, b, c.

after seeding, when the crop reached its
critical growth stage was due to heavy
rainfall that kept the water table level
above the rooting depth for extended pe
riods of time (Fig.7).

The influences of the effective rooting
depth and rate of water uptake by roots at
different growth stages upon crop growth
are shown in Fig. 8. Maximum values of
leaf area index, LAI, prior to and during
tasselling and silking, i.e. between 67 and
82 days after seeding, were achieved in

the control and subsoiled plots. Leaf area
index in the compacted plot began to de
crease prior to the critical tasselling stage
while in the chiselled plot a maximum
value of LAI was attained only at the silk
ing stage. For a plant growing under sub-
optimal conditions, the effect on growth
rates of soil moisture limitations and soil

bulk density, as affected by tillage, can be
interpreted in terms of a stress whose mag
nitude is determined by the differences
between maximal and actual efficiency
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(Visser 1969). The stress due to the
growth factor water was calculated as:

S(w) = Aw - tf'ac/AEp! (12)

where Aw = maximum efficiency, taken
as the initial slope of the crop growth ver
sus actual transpiration curve (Feddes
1978); #'act = actual crop growth rate (kg/
ha-day);and A£pl = gradientof the actual
crop transpiration over a fixed time inter
val.

Similarly, the stress due to soil density,
expressed in terms of effective rooting
depth, ERD, was calculated as:

ST = AT
AERD

(13)

where Ar is the initial slope of the q vs.
AERD curve.

The variation in soil moistures stresses

for each tillage treatment is shown in Fig.
9 while stresses due to soil mechanical

impedance at intervals of time starting 22
days after seeding are shown in Fig. 10.
As compared to the control plot, the plot
which was compacted but not tilled
showed a sharper increase of water and
rooting stresses in the period 22 to 30 days
after seeding. The effect of stress due to
soil impedance in the period between 22
and 51 days was maximum for the plowed
and subsoiled plots in which a yield re
duction of approximately 25% was ob
served as compared to the control plot.
Stresses in the chiselled plot were less than
those of the control plot but yield reduc
tion was approximately 40%, probably
caused by deficient aeration during the
extended periods of time in which the
water table depth was above the rooting
depth (Fig.7).

Yield reductions that result from

stresses and lack of aeration, affecting
plant growth, have been illustrated as a
relation between dry matter yield and the
average soil bulk density of the topsoil
layer, as affected by the compaction and
the tillage treatments (Fig. 11).

CONCLUSIONS

A summary of the combined results
(Table III) indicated that low crop yields
in the compacted untitled, plowed and
subsoiled plots could be explained fairly
readily by delayed root growth as a result
of differential soil bulk densities, or lay
ering. The effect of soil mechanical
impedance can be expressed quantita
tively as soil rooting stress. It is shown
that differences in soil density of about
160 kg/m3 between layers in the topsoil
result in high values of rooting stress in
the plowed plot.



Although soil bulk density was not the
only limiting growth factor, yield reduc
tions in the various plots compared to the
control were generally inversely propor
tional to the average soil bulk density in
the top 0.20 m of topsoil (Fig. 2). Com

bining the effects of the various growth
factors, it must be observed that when the
water supply in the soil is not a limiting
factor, then the rooting stress due to soil
bulk density and layering in the soil can
cause yield reductions of approximately

25%, as in the cases of the plowed and
subsoiled plots. In the chiselled plot, a
combination of soil layering (Fig. 2) and
waterlogging of the roots caused a 40%
shortfall in yield as compared to the con
trol plot. It has been concluded that the
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In general, the results have shown that
the detailed modification of soil structure
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and its effect on hydraulic and mechanical
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TABLE III. SUMMARY OF THE RESULTS

Bulk Water

density uptake Yield

Treatment pattern pattern Stresses (kg/ha)

Control Low at all depths 40 cm at 57 days Water medium

Soil low

12 280

15x0 Highest of all 40 cm at 57 days Water medium

Soil high
8 700

15xM High at 15-20 cm 25 cm at 57 days Water low

Soil high
9 490

15xC Medium 35 cm at 57 days Water low

Soil low

7 370

15XS High at 0-10 cm 30 cm at 57 days Water low

Soil high
9 630

than 2 or 3 days, seems to be an essential
element in crop production management.
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