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Abstract

Root length density is an important parameter in crop growth simulation and in evaluating consequences of root
pattern on crop water and nutrient uptake. In this study, a scaling model was presented for estimating the profile
distribution of root length density of maize (Zea mays L.). The model inputs are root length data of a reference
profile and bulk densities of soil layers, as well as root length data in the first soil layer of a field profile to be
investigated. Using the root length data of 10 soil profiles investigated over 2 years, the model was examined. The
results show that the proposed scaling approach is effective in estimating the root length density of each layer of
soil in the field profile. The relative root mean square error (RRMSE) of the developed scaling model was 25.28%,
while that of the traditional exponential model was 39.53%. The scaling approach would facilitate determination
of heterogeneous distributions of root length densities in the field.

Introduction

Operational models of crop growth and development
require information on the root density distributions
through space and time. A usual description of root
systems is root profiles (Gerwitz and Page, 1974;
Pages et al., 1989). However, investigation of root
distribution in the field is very difficult, laborious and
costly. So far, available models describing root length
distribution in the field profile belong to two types.
One type describes the distribution of root systems
in the soil profile at any time as a function of some
mathematically generated pattern. For example, the
empirical model of Gerwitz and Page (1974) describes
root length density as decreasing exponentially with
soil depth. This model was later modified by Addiscott
and Whitmore (1987) by linking it to soil water and
mineral nitrogen content of the soil. Another general
type of root growth model, by assuming root growth
rate is constant, generates root length density numer-
ically or algebraically over time from the increase in
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length of individual axes and the density of branching
(Lungley, 1973; Rose, 1983). Porter (1986) developed
a model of this type, but it is based on cumulative
thermal time instead of calendar time.

A problem with both of these models is that they
ignore the heterogeneity of field soil properties. As
is widely acknowledged, root length density varies
with crop genotype, stage of development, depth
of the layer, availability of soil water and nutrients
(Robinson, 1994; Sattelmacher, et al.,, 1993), alu-
minum and manganese toxicity (Hoogenboom and
Huck, 1986; Williams et al., 1984), and soil struc-
ture and strength (Barley and Greacen, 1967; Jakobsen
and Dexter, 1987; Jones, 1983; Rosenberg, 1964).
Furthermore, the potential root morphology is modi-
fied by responses of the crop to environmental factors.
Grossman and Berdanier (1982) have discussed these
effects and suggested that these factors should be con-
sidered in any comprehensive crop root growth model.
However, as Passioura (1996) discussed, the errors
associated with estimating additional parameters eas-
ily outweigh any possible improvements in precision
due to refinement of the model structure. Incorpor-
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ation of soil heterogeneity into one-dimensional root
distribution models will be a continuous challenge, in
particular when they are the basis for water and nutri-
ent uptake under supply-limited conditions (Pages et
al., 2000).

Root length in a specific site or total root
length/mass in the whole field is a very important para-
meter in estimating water and nutrient uptake by the
field crop (Zhuang et al., 2001). However, an effective
approach for estimating root length or root mass in the
whole field with a certain area, and in evaluating the
root growth in the undergoing experimental site is still
lacking, despite the many models that are useful in
simulating root growth. The main problem involved
is that spatial variability precludes precise character-
ization of the root distribution in the field profile, and
as such causes difficulty in comparing root distribu-
tion between individual field sites. Some researchers
have suggested that the root elongation rate should be
simulated as a root-type-dependent rate modified by
various soil conditions (Clausnitzer and Hompmans,
1994; Diggle, 1988; Pages et al., 1989).

Therefore, it is very important to incorporate the
field heterogeneity into the models of root growth or
root length density. However, this is not an easy task.
In our study on root water uptake of maize in the
field, it was found that field profiles of the root length
density distribution were significantly different from
site to site. As a consequence, the water uptake rate
of the roots also varied with the field sites (Zhuang
et al., 2000). Therefore, we tried to address some
responses of root growth to soil heterogeneity by as-
suming that root distribution in the field profiles have
both similarity and non-similarity between sites. The
non-similarity was caused by the modification of soil
heterogeneity to the similarity which arises from the
crop genotype. In this aspect scaling would be a useful
technique, since it has some general advantages when
compared to the regular measurements or modeling
and simulation. Firstly, the scaling process needs a
measured root distribution profile as a reference, and
as such systematic error in measurements can be re-
duced. Moreover, it is not necessary to consider the
factors that are not significantly different between field
sites, although they can impact root growth. Evid-
ently, the number of the parameters involved in the
simulation or in the modeling can also be lowered.
Thirdly, root distribution profile of any field site can be
obtained by scaling the referenced profile of root dis-
tribution, based on some heterogeneous properties of
soil layers. It is, thus, clear that the scaling technique is

useful in reducing the cost and time of investigations,
and simultaneously allows us to make root investiga-
tions for a large field area or for more field sites. The
main objective of this work was to develop a scaling
approach for estimating the field profile of the root
length density distribution in different field sites, in
addition to showing the heterogeneity of vertical or
horizontal distribution of roots in the field.

Scaling approach

Root length density, R(Dy), generally decreases expo-
nentially with soil depth, Dy, in the field profile. A
simple formulation for this (Gerwitz and Page, 1974)
is

dR(D)n) _
Dy ¥y R(Dy) (D

where y represents the decreasing rate of R(Dy) with
depth Dy. This parameter can be fitted by Eq. (1) us-
ing the root data of the reference profile. Moreover,
by considering that root growth rate (which results in
different R(Dy,)) in the field profile is highly respons-
ive to physical, chemical and biological environmental
conditions of the soil, two modification functions are
combined to Eq. (1), leading to

dR(Dn)
dDy

where th (pb, Nc Se) is a responsive function of root
growth rate or R(Dy) to soil environmental conditions,
such as, soil bulk density, pp; available nutrient con-
tent, Nc; saturation degree of soil water, S.. However,
it is difficult to determine a specific expression for
this modification function. In order to simplify the
simulation, in this study only soil bulk density was
considered as a factor responsible for the heterogen-
eous distribution of roots in the field. For this, based
on the notion that root amount in a particular soil layer
(Dfl) is significantly impacted by the bulk densities

= —rR(Dn fp, (pb, NeSe)E(Dp) — (2)

of the immediate upper (Dli_l) and lower (Dl"fl) soil
layers, we assume a formula like

b, i
Py i Pb,; Pr.i=1
For (oo, = [ 14 In =2 — in—p ] (3)
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where pp,; and pp ;—1 are bulk densities of the ith
i — lth layers of the investigated soil profile, respect-
ively. pp,i+1 and Pt?,i i denote bulk densities of the
i + 1th soil layer of the investigated and referenced



field profiles, respectively. For the first layer of the soil
profile,

o (Pv1) = (1 ~In %) @)
h Py2

Eq. (3) relates the root length data not only to bulk

densities in different soil layers but also to the bulk

density in the corresponding layer of the reference

profile.

Besides soil environment, growth of the above-
ground part of the crop also impacts underground root
growth significantly due to carbon allocation and eco-
logical strategy. Thus, it is necessary to further modify
the effectiveness of the function of fp,(op ,Nc, Se)
where only soil factors are considered. In Eq. (2),
E(Dy) represents such an effective coefficient of re-
sponse of R(Dy) to soil environmental conditions. For
a particular soil layer (Dfl), this effective coefficient
in the study was calculated with an empirical formula
like

; 1.2
E Dh = pmax Di (5)
1+ Be 7Pa =Dy

with
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where R(Dﬁ), RO(Dﬁ) are root length densities in the
first soil layer of the investigated and referenced field
profiles, respectively. The symbol of Dllldenotes the
depth of the first layer of soil from the ground surface,
and D" in Eq. (5) is the maximum depth of the in-
vestigated field profile. The maximum value of E (Df;)
should be unity, and the minimum value 1.2/(1+8).
Due to the value of D™~ Di not being infinitely
large, selection of the value of 1.2 in Eq. (5) allows
us to get a maximum value E (Df;) that approximates
to unity.

The integral form of Eq. (2) for a particular layer
(D) is

i

ot 7, EPRIDY

R(Dil) =ce (7
The integral constant ¢ is given as
; (1 In ?2) o}
P
c = R(D})e b,2 (8)

where pp 2 and pg’z denote bulk densities of the second
soil layer of the investigated and referenced field pro-
files, respectively. Thus, based on the data of root
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length distribution of the reference profile, and the data
of soil bulk densities as well as the root length data
of the surface layer of soil profile to be investigated,
root length distribution of soil profile for investigation
could be estimated by means of Eq. (7).

Materials and methods

Experimental site

Root data were collected from a field site near Tokyo,
Japan (latitude 35° 46’N, longitude 139° 54E, altitude
7.9 m). The soil is a Kanto sandy loam with averaged
physical properties given in Table 1. Maize (Zea mays
L.) was planted on May 25, 1998 and 30 April 1999
at a rate of 35 715 seeds ha~! with 0.7-m row spacing
and 0.4-m inter-row spacing.

Investigation method of root length

In 1998, immediately after completion of the field ex-
periments, on 19 and 20 August, roots in 12 soil layers
(each layer 70x40x5 cm) for each of the five sites
(Site 1, Site 2, Site 3, Site 4, Site Ref) were collected
down the soil profile to 0.60 m depth using a knife.
At the same time, three soil samples were taken for
determination of bulk density and particle-size distri-
bution of each layer. In 1999, the same investigations
were conducted twice. Once on 21 and 22 July for
soil profiles labeled as E-1, M-1, W-1, and Ref-1, and
again on 13 and 14 August for soil profiles labeled as
E-2, M-2, W-2, and Ref-2. A line-intercept sampling
method (Tennant, 1975) was used to obtain total root
length in each soil layer.

Index for model evaluation

Two statistical properties, root mean square error,
RMSE, and relative root mean square error,RRMSE
were calculated to evaluate the differences between
the measured and estimated root length density. The
formulas are

1
n—1

1/2
RMSE = [ Z(Yest - Ymea)2:| (9)

RRMSE = 100RMSE /Y mea (10)

where n is the number of pairs of data, Yes represents
the estimated values, Ymea and Y nea are the measured
values and their mean values, respectively.
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Table 1. Symbols used in the equations

Symbol

Definition

Root and soil parameters

R(Dy)
R(D})
RO(D})
Dy

D}
D}r]nax
b
Pb,i
0%,
Ne

Se

Symbols in the model
Y

£Dy(Pb-Ne. Se)
E(Dy)

¢,

Statistical parameters
RMSE

RRMSE

Yest

Ymea

Ymea

R2

n

root length density (cm cm3)

root length density in the first soil layer of the investigated field profile (cm cm73)
root length density in the first soil layer of the referenced field profile (cm cm™3)
soil depth (m)

soil depth of the ith layer in the field profile (m)

maximum depth of the investigated field profile (m)

soil bulk density (Mg m~3)

soil bulk density of the ith soil layer of the investigated field profiles (Mg m~3)
soil bulk density of the ith soil layer of the referenced field profiles (Mg m~3)
available soil nutrient content (mg kgfl)

saturation degree of soil water

decreasing rate of R(Dy,) with depth Dy,

response function of root growth rate or R(Dy,) to soil environmental conditions
effective coefficient of response of R(Dy) to soil environmental conditions
integral constants

root mean square error (cm cm*3)

relative root mean square error (%)
estimated values (cm cm_3)

measured data (cm cm*3)

mean value of the measured data (cm cm_3)
determination coefficient

number of the pairs of data

Table 2. Some basic properties of soils in the experimental field*

Soil depth Sand Silt Clay Bulk density K [CH Or
(cm) (%) (%) (%) (Mgm~3) (10~*em s~ ) (mm~3) (mm~?)
0-5 26.79 33.53 39.68 0.806 1.56 0.661 0.264
5-10 26.21 30.71 43.09 0.728 4.05 0.689 0.284
10-15 25.63 27.88 46.49 0.753 2.95 0.680 0.304
15-20 27.60 27.79 44.61 0.799 1.68 0.663 0.294
20-25 29.57 27.70 42.72 0.675 8.31 0.707 0.281
25-30 31.25 25.12 43.63 0.695 6.33 0.700 0.286
30-35 32.92 22.54 44.54 0.785 1.99 0.668 0.293
35-40 38.48 22.94 38.58 0.616 20.01 0.729 0.255
40-45 44.20 23.36 32.44 0.684 7.39 0.705 0.219
45-50 46.98 23.56 29.46 0.672 8.74 0.709 0.201
50-55 49.75 23.76 26.48 0.729 4.01 0.689 0.184
55-60 49.75 23.76 26.48 0.694 6.45 0.701 0.183

*The data listed are the averaged values of field soil. K, saturated hydraulic conductivity; ® and ®; are saturated and residual soil
water contents, respectively.
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Figure 1. Root length density measured (solid line) and estimated (dashed line) by means of the scaling model in 1998.

Table 3. Statistical parameters of the scaling model for estimating root

length density

Sampling time Sampling sites RMSE RRMSE
(cm/cm?) (%)
August 19, 20 Site 1 0.051 31.13
1998 Site 2 0.041 26.32
Site 3 0.075 21.71
Site 4 0.040 16.15
July 21, 22 E-1 0.019 20.28
1999 M-1 0.019 17.11
W-1 0.028 26.83
August 13,14 E-2 0.047 22.67
1999 M-2 0.024 12.15
W-2 0.030 23.52

Results and discussions

Results presented in Figures 1 and 2 show that the
distribution of root length density in the field profile
which was estimated by means of the scaling approach
agreed well with the investigated situation. The statist-
ical results given in Table 3 indicate that the estimated
deviations of the scaling model were acceptable. Also,
from the figures, it can be seen that roots of maize
plantations were not distributed evenly throughout the
soil profile due to the inherent nature of maize rooting
habits and the heterogeneity of the soil profile. Surface
soil horizons have greater root length densities than
subsurface horizons, and different soil profiles have
different amounts of roots. These data suggest that,
in addition to genetic influences, soil environment
and physiological condition of plants also affects root
growth. Roots are opportunistic, taking advantage of
features within the soil profile where physical, chem-
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Figure 2. Root length density measured (solid line) and estimated (dashed line) by means of the scaling model in 1999.

ical, and biological factors are favorable for growth where
3 1
and survival. o= R(D }11 )eVDh

An integral form of Eq. (1) for a particular soil
layer (Dy) is

i

(12)

We refer to this equation as the exponential model in
this study. Based on the data of root length density of
' b all of the 10 field profiles, the exponential model (Eq.
R(Dil) = cpe ""h (11) (11)) and its modified scaling model (Eq. (7)) are com-
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Figure 3. Comparison of the scaling model (Eq. (7)) and the exponential model Eq. (11)) in estimating root length density of all of the 10 soil

profiles investigated in the two years.

pared in Fig. 3. From the statistical parameters listed
in the figure, such as determination coefficient (R2),
RMSE and RRMSE, it is easily seen that the scaling
model behaved better than the exponential model.

However, in the formulation of the scaling model
as Eq. (7), we only considered the most common phys-
ical property, soil bulk density. This does not mean
that other factors, for example, soil water and nutrient
contents in individual soil layers, were not exerting
significant influence on root growth. The reasons for
doing this are that the experiments were conducted un-
der no water stress and that the scaling approach could
be simplified, since it is very difficult to distinguish
between the roles of soil mechanics and soil nutri-
ents. Nonetheless, to reduce the estimation deviation
of the proposed model and increase its applicability,
we still hold that the nutrient distribution in the field
profile and soil water condition should be included in
the scaling model for future improvement. At present,
to determine the amount of roots in the field still re-
mains a thorny problem for most agronomists. The
scaling method, as shown in this study, is an efficient
tool to identify heterogeneity of the field. Through this
approach, many influential factors could be avoided
from the simulation, resulting in the simplification of
modeling or assessment of the root distribution. We
believe that the combination of the growth model of
roots based on the accumulative thermal time during
crop growth and the developed scaling model as in Eq.
(7) would increase our ability to precisely estimate the
dynamics of root growth in field conditions.

Concluding remarks

The physical properties of soil have significant effects
on root distributions in the field profile. By incorpor-
ating these physical factors of soil into the scaling
model, the heterogeneity of root length density in the
field profile could be effectively identified with an ac-
ceptable estimation deviation. The developed scaling
model (Eq. (7) in the study) showed its feasibility
for estimating root profile, based on a reference root
profile and bulk densities of the soil layers in the in-
vestigation site. By conducting experiments of root
growth in relation to nutrient distribution in the field
profile and water stress, the developed scaling ap-
proach in this study would be expected to be improved
and more complete.
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