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Abstract : The development of two-dimensional root distribution was studied with the generally-used profile wall
method for field-grown cereal plants. Root length density was determined in each 5X5cm area of a 1 X1 m
profile wall transverse to plant rows. Foxtail millet had a type of root system in which the root length density
decreased exponentially with distance from row both vertically and horizontally. Barnyard millet had a shallow
and broad rooting zone in which the root length density was high and considerably uniform. The other species
fell in between these extremes. The order of foxtail millet, maize, common millet, pearl millet, adlay, barnyard
millet, based on root distribution patterns, was in accordance with the decreasing order of sensitivity to

waterlogging. The possible relationship of root spatial distribution to ecological habits was indicated.
Key words : Maize, Millet, Profile wall method, Root distribution, Root length density, Waterlogging.
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Root spatial distribution is important
because it influences on the uptake of water
and nutrients®. Although the vertical distribu-
tion of roots is of great concern in agricultural
practices and has been well studied®, two- or
three-dimensional distribution should be
investigated to understand root ecology!?.

Tillage, irrigation and N fertilization can
affect root distribution*1%. Root distribution
is determined not only by these environmental
factors but also by genetic factors. Some maize
and foxtail millet cultivars differ in the depth
and width of root system'".

In Japan’s Kanto plain, cereal crops are
sometimes injured by a long rain in early
summer. It has been generally known and
partly supported by experiments” that cereal
species differ in sensitivity to waterlogging.
Sensitivity decreased in the order of foxtail
millet, common millet, barnyard millet, which
belong to the Tribe Paniceae. Pearl millet, also
Paniceae, is considered to be as sensitive to
waterlogging as common millet. In the Tribe
Maydeae, adlay is less sensitive than maize.

fyxEway,

There is a possibility that the sensitivity (or
tolerance) to waterlogging is related to the
pattern of root distribution, which has hardly
been studied.

The objectives of this investigation are to
determine the specific development of root
spatial distribution in cereal crops and to
discuss its possible relationship to ecological
habits.

Materials and Methods

This experiment was conducted at the
Experimental Farm of the University of Tokyo,
Tokyo, in 1991. The soil used was volcanic ash
of the Kanto loam type (Humic Andosol). Soil
strengths measured by a penetrometer (25° 20/
cone, strength of spring 8kg/40 mm) at
depths of 10, 20, 30, 40, 60, 80 and 100 cm
were 0.26, 0.34, 0.59, 0.58, 0.58, 0.71 and 0.90
MPa, respectively. Gravimetric water contents
were 30-409, in topsoil (0-30 cm in depth)
and 40-459, in subsoil (30-100 cm) and were
confined within these ranges during the exper-
iment. Chemical fertilizer (8 g N, 12 ¢ P,O;,
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10g K,O per m?) was applied on the soil
surface before sowing. Precipitation, average
temperatures at 10 cm and 50 cm in depth
were 60 mm, 18.8°C, 15.9°C (May 1-May 31),
190 mm, 22.8°C, 19.3°C (June 1-June 30) and
94 mm, 24.5°C, 21.7°C (July 1-July 23).

On April 30 the seeds of foxtail millet
(Setaria italica BEAUV. cv. Rikuu 8), common
millet (Panicum miliaceun L. cv. Shinano 1),
barnyard millet (Echinochloa frumentacea LINK
cv. Touya), pearl millet (Pennisetum typhoideum
RicH. strain MIH-IN), adlay (Coix lacryma-
Jjobi L. var. frumentacea MAKINO cv. Okayama-
zairai) and two maize cultivars ({ea mays L.
cv. Nagano 1 and cv. DK 789) were planted
in rows 1.8 m wide. After emergence, plants
were hand-thinned to 8.3 plants m™' row
(0.12 m interhill space). Weeds were com-
pletely removed.

The widely-used profile wall method?® was
employed to determine the two-dimensional
distribution of roots. Six and 9 weeks after
planting and at heading (11 weeks after plant-
ing for barnyard millet, pearl millet and maize,
12 weeks after planting for the other three
species), two pits per cultivar were dug. Each
profile wall was transverse to a row and right
in the middle of two plants in the row (Fig. 1).
The profile wall was smoothed with a trowel
and scissors and a soil layer 5 mm thick
(marked with pins) was removed from the
working profile wall with the use of a water
sprayer. There was no need for a scraper,
which has often been used for hard soil
layers?, since the soil was soft and homogene-
ous. After the roots were exposed, a 1 X1 m
frame with 400 5X 5 cm grids was placed on
the profile wall so that its top was positioned at
the soil surface and its center below the row.
The length of roots which were fresh and light
in color was estimated by counting the num-
ber of 5 mm length units in each grid area.
Since there was no reason to discriminate
between the right and left halves of the 1 X1 m
working area, each 1 m (deep) X 0.5 m (from
below row towards interrow) area was treated
as a replicate and four replicates were thereby
obtained. Data were given as root length
densities (cmecm™3) and the two-dimensional
distribution of roots was examined by drawing
contour lines (Fig. 2) and complementarily,
by calculating mean root length density in
each 5 cm thick horizontal (Fig. 3) or vertical

(Fig. 4) soil layer.
Results

By 6 weeks after planting the species had
differed in the shape of their root systems.
While the root system of foxtail millet
extended mainly in a vertical direction, that of
pear]l millet and of barnyard millet extended
horizontally (Fig. 2). Two maize cultivars
rapidly developed a deeper and wider root
system than the others (Fig. 3, 4). The region
of root length density >0.1 cm « cm™ reached
at a depth of 30 cm extending the whole width
studied (Fig. 2).

Between 9 weeks and 11/12 weeks after
planting, specific features became increasingly
clear. In foxtail millet the contour lines of root
length density 10, 3, 1, 0.3 and 0.1 cm + cm™—3
formed concentric circles round a plant row
and the contour lines were positioned at regu-
lar intervals (Fig. 2), namely root length
density decreased exponentially with distance
from row. Mean root length density decreased
gradually both with depth (Fig. 3) and dis-
tance from row (Fig. 4).

The root distribution of maize was very
similar to that of foxtail millet (Fig. 3, 4),
except that the root system of maize developed
well in a horizontal direction as shown by
some horizontally orientated contour lines
(Fig. 2).

Barnyard millet, on the other hand, had a
large area of root length density >3 cm » ¢cm™3
although the root length density closest to the
row base was not very high and did not exceed
10 cm * cm™® even at heading (Fig. 2). The
horizontal contour lines of 1, 0.3 and 0.1
cm « cm”~? were densely stacked. Eleven weeks
after planting its roots were uniformly dis-
tributed in the 0-30 cm soil layer (Fig. 3, 4).
In brief, barnyard millet showed superficial
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Fig. 1. Sampling scheme for the profile wall
method.
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Fig. 2. Development of two-dimensional root distribution. Contour lines
of root length densities of 10, 3, 1, 0.3 and 0.1 cm » cm™3 are obtained

by the profile wall method.

rooting.

The other three species were in between
foxtail millet and barnyard millet (Fig. 2).
Judging from both the vertical and horizontal
distribution of roots in 11/12 weeks (Fig. 3, 4),
adlay was more similar to barnyard millet and
common millet to foxtail millet.

Discussion

This field experiment was conducted under
favorable soil conditions using conventional
methods (except for planting density). Soil
hardness, soil water and nutrient contents,

although not uniform in a vertical direction,
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Fig. 3. Vertical distribution of roots. Mean root length density is calculated

in each 5 cm thick soil layer.

were supposed to impose little restrictions on
root growth. Root distribution observed in this
study can thus be specific and genotypic.
Being based on a root distribution pattern,
six species can be arranged into a series ;
foxtail millet, maize, common millet, pearl
millet, adlay and barnyard millet. In the root
systems of foxtail millet and maize, root length
density gradually decreases with distance from
row, both vertically and horizontally. Barn-
yard millet has a shallow and wide rooting
zone, where root length density is considerably
uniform. Foxtail millet and maize have higher
root length densities than barnyard millet in
deep soil layers (> 50 cm in depth). The other

species are ranked between these extremes.
The series of species is in accordance with the
decreasing sensitivity to waterlogging?. It is
quite probable that the species, such as barn-
yard millet and adlay, are advantageous
because their roots, distributed broadly
beneath the soil surface, will have a fair
chance to escape submergence or stresses
caused by a lot of rain. Barnyard millet and
adlay are known to have large air spaces in the
cortex of nodal roots. Although having such
nodal roots rich in aerenchyma may be mor-
phologically more effective in tolerating water-
logging, barnyard millet’s type of root distribu-
tion is more or less beneficial for plants grow-
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Fig. 4. Horizontal distribution of roots. Mean root length density is
calculated in each 5 cm thick vertical soil layer to a depth of 100 cm.

ing in moist habitats. Rice, which develops
many but short nodal roots®, is supposed to
have a similar root distribution. Meanwhile
there is only partial knowledge about the
sensitivity of the cereal species to drought in
Japan. Foxtail millet and maize, which are
more tolerant to drought than the other
Paniceae and adlay, respectively, have a less
partially distributed root system. This fact
agrees with the general view that deep rooting
is advantageous under dry soil conditions. The
relationship between the interspecific differ-
ence of root distribution and of drought toler-
ance is a subject awaiting more study in cereal
plants.

Specific root spatial distribution of cereal
plants is determined by the morphological
characteristics of nodal and seminal roots,
such as length, elongation direction and bran-
ching intensity. We still know little about the
specific root distribution and related parame-
ters although great progress has recently been
made by studies on the simulation model of
three-dimensional root distribution’? and on
the trajectory of nodal roots'®. These parame-
ters are difficult and laborious to estimate
under field conditions because (1) the nodal
roots of cereal plants are heterogeneous. That

is, the morphology of nodal roots varies
according to the position of internodes from
which they originated.’® (2) The elongation
direction'*!'® and branching intensity!”!8)
change much along a nodal root axis even
under little environmental constraints.

A disadvantage of the profile wall method is
that obtained root length densities are often
lower than those with monolith washing
methods'®. The factor that indicates the dif-
ference between the two methods is 2.06 in
oat® and variable with time in sugar beet?.
The main reason for the difference seems to be
that some roots on the profile wall adhere to
each other and are not distinguished. We have
noticed, however, the profile wall method has
its own advantage. Many roots of cereal
plants, above all of foxtail millet, are measur-
able only in situ since they are too thin and
easily broken to be separated from soil without
any loss. Careful consideration must be taken
if we intend to examine the interspecific differ-
ence of total root length because it is some-
times doubtful whether the root lengths of
different species can be measured on the same
base, no matter what the sampling method
might be. The study in which the distribution
pattern of roots is a main issue is saved from
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this skepticism. It is rewarding to elaborate the
profile wall method and to apply it extensively
to root study.
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