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Introduction

Water and nutrients are heterogeneously distributed in both vertical and
horizontal planes in the root zone. Soil heterogeneity in a field causes con-
siderable variability in root growth, which results in a variability in the growth
characteristics of the above ground parts and yield. Soil water availability in-
fluences both the growth rate and spatial distribution of the root system. In turn,
the number and location of active roots in a given soil volume markedly affects
water uptake patterns, and hence the spatial distribution of soil water (HUCK,
1984).

Additionally, as moisture gradients are created by uptake around the roots,
high differences occur between the moisture content of the rhizosphere and that
of the bulk of soil (GARDNER, 1968).

Although nutrient and water uptake are closely related to the development of
the crop root system, which plays a major role particularly if plants are no
longer in an optimum environment, very little information is available currently
on root system establishment and functioning in crop stands.

In the development of crop growth simulation models there is a great re-
quirement for quantifying the influence of variations in water and nutrient con-
tent of the root environment upon root development and functions, since the
sources and consequences of variability in root size and distribution in the soil
profile have mostly been neglected due to methodological difficulties,

Under field conditions it is difficult to obtain accurate data on root growth
interacting with the changing local moisture and nutrients. Minirhizotron meth-
ods have the advantages of requiring no destructive sampling and of allowing
the fate of individual roots to be followed by repeated observations of the same
root system. These methods are suitable for monitoring root growth, however,
the influencing soil properties in the vicinity of roots cannot be accurately esti-
mated on the basis of the bulk soil data because of their areal variability.
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Although it has been possible to quantify some root parameters using mini-
rhizotrons in field, the absence of data on the dynamics of root growth pattern
with interaction of water dynamics in the root vicinity in field conditions has
called for an observational facility. The minirhizotron — capacitannce moisture
meter set has been developed to meet these specific research needs (ANDREN et
al., 1991) as it is a non-destructive technique for studies on root distribution in
relation to soil moisture, resulting data sets with a one-to-one correspondence
between root numbers and soil moisture.

The objective of the present work was to study the vertical density distribu-
tion of maize roots in the soil profile on the basis of local soil moisture avail-
ability as influenced by N nutrition, by using non-destructive minirhizotron—
moisture meter technique.

Material and Methods

The vertical distribution of maize roots affected by soil moisture has been
studied in a long-term fertilization experiment on sandy soﬂ (pH: 7.5-8.0,
CaCOj: 3-6 %, O.M.: 0.9~1.1%, total N: 800-1200 mg kg™, C/N: 7.8-8.0 in
the topsoﬂ) in Central Hungary. Four N fertilization rates (0, 150 300 and 450
kg ha’ 'y were set up. In 1990 and 1991 maize plants were grown in the field.
Previously, starting in 1985 the sequence of the indicator plants was as follows:
maize, maize, spring barley, winter oilseed rape, and winter wheat. More pre-
cise characteristics of the field and the experiment are presented by NEMETH &
BUzZAS (1991) and NEMETH (1996).

In 1990 the 109 cm long, glass minirhizotron tubes were vertically inserted
in the maize rows to measure root growth below the row. The diameter (35
mm) of the tubes was chosen to suit the capacitance moisture probe as access
tube., Roots growing against the walls of the minirhizotrons were observed
weekly, using a viewing unit that contained an illuminated plane mirror + mag-
nifier lens, lowered within the minirhizotron tube in 6 cm deep strata down to
100 cm. Soil moisture was measured immediately after finishing root observa-
tion in a given minirhizotron tube, using a capacitance moisture probe (AND-
REN et al., 1991). By this method the volumetric soil moisture content of a 4 cm
weighted radius soil cylinder around the minirhizotron tube can be measured.
Thus, it was possible to measure root growth dynamics for the same set of
plants over the course of the growing season and, interacting available soil
water located in the particular vicinity of the observed roots could be monitored
as well. Before the installation of minirhizotron soil nitrate and gravimetric soil
moisture samplings were conducted, which were repeated after the experimental
period. In 1991 the procedure was the same, but the observation tubes were in-
stalled at a 30 degree angle from the vertical to limit roots channeling down the
vertical minirhizotron/soil interface.
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Results and Discussion
Environmental conditions

In 1990 the season was extraordinarily dry, the total precipitation was only
52 mm for the observation period (5 July-7 Sep), with the major part falling at
the end of August. In the following year summer was relatively wet with a con-
siderable amount of precipitation in July. The total precipitation for the obser-
vation period in the second year was 252 mm (Figure 1). The distribution of
precipitation had a great effect on the amount of water available to the plant.
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Precipitation during the observation period in 1990 and 1991

In 1990 plant growth was inhibited by water deficiency, whereas in 1991 an
optimum water supply in the top soil guaranteed an undisturbed development of
the whole plant. The sufficient water supply resulted in increasing yields (by
35, 42 and 55%) with increasing N rates (Nysp, N3y and Nyso, respectively)
(Table 1).

In 1990, in the N, treatment the nitrate content was very low along the pro-
file, while in the over-fertilized treatment (N,4sp) a very high nitrate accumula-
tion was found in the topsoil. By the time of harvest the accumulation zone
shifted down to the 40-60 cm depth, resulting in similar nitrate contents as in
the 0-20 cm layers of the different N treatments. As a consequence of drought
the downward movement of nitrate was slow in the profiles (Figure 2).
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Table 1
Grain yield In the N ireatments in 1990 and 1991

Treatment Grain yield (i ha)
1990 1991
N 2.35 5.08
Nisg 249 6.77
Naoo 2.33 7.21
Nisp 2.70 7.89
LSDyy 0.738 1.109
NO3-N {mg.kg™"] NO;-N [mgkg ']
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Nitrate-N content in the soil profile in 1990 (upper part) and 1991 (lower part of the
figure) in May (left) and September (right)
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In 1991 wet conditions resulted in a rapid downward movement of nitrate in
the sandy soil profile and plants adapted well with the rapid extension of roots
into the deeper layers.

Root distribution

Vertical root distribution reported as total root numbers with depth observed
in each 6 cm (1990) and 5 cm (1991) deep layer of the 0-90 cm soil horizon are
presented in Figures 3 and 4. Figure 3 compares root countings with depth at
the stage of rapid vegetative growth, at silking and at grain filling (full dent
stage) obtained in the N, and N5, treatments.
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Vertical root distribution in N, (A) and N5, (B) treatments in 1990

In the 1990 root distribution (Figure 3 and Table 2), each nitrogen treatment
resulted in root numbers lower than those in N control (Ng) plots (p < 0.05). On
average there was a marked decrease in root number with increasing N rates.
This is in accordance with the results of AUGUSTIN & MERBACH (1992), who
reported that N deficiency caused a strong enhancement of the root growth of
wheat plants in quartz sand culture, whereas root growth was inhibited by high
N supply.

In contrast, in 1991, the observed root numbers for the N1y treatment were
the highest throughout the season. No comparison was made between the abso-
lute values of roots counted in 1990 and 1991 because of the difference in mini-
rhizotron installation (vertical and angled) between the 1990 and 1991 studies.
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In both years in each treatment the maximum root density zones at first ob-
servation shifted downwards during the vegetation period, from 40 cm to 70 cm
and from 50-60 cm to 70-80 cm in the first and second year, respectively.

In 1990 during the rapid vegetative growth 64, 77, 70 and 63% of all roots
were found in the 30-60 cm depth increment for Ny, N)sp, Nagp and Nysg treat-
ments respectively. In 1991 the value was similar for the Ny treatment (67%),
but only 57, 47 and 52% for Nso, Nygy and Nys treatments, suggesting that in
an earlier phase, a more rapid downward extension of the root system had oc-
curred, resulting in deeper root penetration.

Generally, root density in the topsoil (plough layer) has a great importance
in the nutritional status of the plant, as the concentration of available nutrients
is much higher than in the subsoil, and soil aeration is more advantageous for
the root activity. Root densities in the 0-30 cm soil layer varied greatly between
the years and among N treatments, as indicated in Table 2. When the topsoil
dried out, nutrient transport and root activity ceased, no beneficial effect of high
root density could be observed.

A characteristic difference among the 1990 profiles was found in deep root-
ing intensity consistentdy throughout the season. The greatest percentage of
roots (12-45%) below the 70 cm soil depth was observed for Ng, while the
lowest (5.5-25%) for the N5 treatment (Table 2). In case of the N, treatment,
approximately 30% of the total root number was found in this depth interval at
silking, while this value was 20% for N, and N3 and only 10% for Ngsp
treatments. These values increased with plant age and almost half of all roots
were found below 70 cm at the grain filling stage in the N, plots.

Where N was deficient, increased root development led to an increase in N
uptake, because larger soil volumes could be exploited. In the early season in
the presence of a more or less sufficient water supply, root proliferation was
much higher in each soil layer in the control than in the over-fertilized soil.

No such marked differences could be noticed in 1991, when rooting pro-
files were similar for the four treatments (Figure 4). A marked increase was ob-
served in root numbers below 50 cm in all treatments between 11 June and

Table 2
Root density in the 0-30 cm and 70-90 cra soll layers (% of total root number
in the 0-100 cm profile) at lowering stage

No N:so Nsoo N4su
1950
0-30 cm 10 13 16 46
70-90 cm 32 17 20 10
1991
0-30 cm 22 24 22 26
70-90 cm 42 36 41 41
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Vertical root distribution in Ng (A), Nysq (B), Nago {C) and N, (D) treatrnents in 1991

11 July, in the vegetative growth, then root growth increased in the rewetted
upper layers. Root profiles for Ny and Nys, treatments were very similar to each
other, except for a more expressed lowering of root number for N5, at the end
of the growing period. From the beginning of the growing period, the Njy,
plants formed more roots than the others, mainly below 40 cm depth. In the
Nsq0 treatment an extended profile of maximum root number could be found be-
low 70 cm depth, showing a deep rooted zone enlarged beyond the soil depth
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that was studied. In general, a deeper root penetration has been found in each
plot in 1991 as compared to the dry 1990 season.

Another difference between the 1990 and 1991 profiles is the decrease in
root density for the later dates in 1991, which indicates a higher rate of root
decay. Root number reached its maximum at about the time of flowering, then
decreased markedly in each treatment, as shown in Figure 4. In 1990 the first
rains in August after the long dry period led to new root formation, thus no re-
duction could be observed in root number after silking (Figure 3).

Soil moisture

In 1990 the contrasting root growth patterns in the N treatments affected the
response of the crop to available soil water supply. SCHMIDHALTER et al.
(1992) reported that mild water stress enhanced root growth in maize seedlings.
In our studies N fertilization hindered root growth when water stress became
more severe during the season. In the N, treatment roots reached deeper soil
layers earlier and a density high enough to satisfy the plant minimum water
demand was produced. In the N control plot the available water content of the
deep soil layers was reduced markedly by the crop water uptake during the ob-
servation period, as shown in Figure 5. But under the dry conditions of the up-
per soil horizon both root surface area and nutrient transport were reduced and
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Soil moisture profiles (% of field capacity) around the minirhizotron tubes in the
Np (A) and N, o (B) treatments in 1990
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this combined effect led to a reduced yield due to the insufficient water and nu-
trient supply.

Similar distribution of soil moisture was found in the N, 5, and Njqq plots. It
is noticeable that, although below 70 c¢m root density was much lower in the
Njso and Nigg treatments than in N, (see Table 2) the moisture content was
somewhat higher in the vicinity of observed roots in the deep layers of the N
control plots, suggesting that the water use of plant increased with increasing N
supply.

On the contrary, in the over-fertilized soil of the Nys, treatment, high soil ni-
trate retarded root growth from the early vegetative stage. As a consequence,
roots reached the deep subsoil later and being there in low density could not ex-
ploit much water from it (Figure 3 and Table 2.). Thus over-fertilization — due
to its retarding effect on root development — increased the severity of the water
stress on plant growth. Under these conditions the influence of moisture stress
was dominant and no beneficial effect of applied N came out on the yield which
was similarly low in each treatment (Table 1). In case of all treatments nitrate
in the 0-100 cm profile was not depleted even by the harvest stage (Figure 2).

Differences in root proliferation into the subsoil due to differences in NO;-N
content of soil may influence the effects of water stress. Greater root explora-
tion of soil volume will lead to greater water and nutrient absorption, thereby
reducing the risk of water and nutrient stress.
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Soil moisture profiles (% of field capacity) around the minirhizotron tubes in the
N, (A) and N, (B) treatments in 1991
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In 1991 the greater summer rainfall resulted in a much higher soil moisture
content and an earlier root extension to the deeper layers, presumably caused by
the rapid downward movement of water and nitrate in the sandy soil. No re-
tardation of root growth was observed in the overfertilized treatment as com-
pared to the N control, which indicates the decrease of soil nitrate content be-
low the harmful level under the wet conditions of 1991 in the upper root zone.

Soil moisture was higher after silking, due to higher rainfall recorded after
11 July. Soil moisture content increased similarly in the 0-60 cm layers of N,
and N, 5o plots, but markedly differed below the 70 ¢m depth in the subsoil lay-
ers, which indicates that plants used higher amounts of water from the deeper
layers in the N fertilized plots than in the control (Figure 6).

In the case of N, there was only a slight reduction of water content in deep
layers (mostly between 65 and 70 cm) by early September, while in the N fer-
tilized plots the moisture content at 65-85 cm depth decreased markedly. The
first two N rates (N;5p and Njgp) resulted in higher water deficit as a con-
sequence of greater root activity in the deeper layers. Water deficit was the-
highest for the Njoo treatment with the highest root density in the deeper lay-
ers.

Conclusions

Vertical distribution of the root systems varied markedly over the course of
the growing season with N treatments and climatic conditions as well.

With progressive production the increased evaporative demand must be met
by water supplied from the root system. Under dry conditions, root growth oc-
curs primarily in the deeper, wetter soil horizons. In 1990 - under dry condi-
tions — more time was required for roots to penetrate into deeper layers in N fer-
tilized treatments than in the N control plots.

If water is deficient, maize plants with vigorous root growth are more likely
to grow continuously and be productive, since an extended, deeply penetrating
root growth can help to avoid dehydration by continuous uptake of water and
nutrients. In the extreme dry season of 1990 water deficit was too high and the
duration of drought was too long to produce normal yield by this adaptation
strategy, as it could be shown for N, plants.

In 1991 N fertilization influenced the vertical distribution of roots in a dif-
ferent way. Root density reached its maximum in the N;p treatment, with the
deepest root extension. Overfertilization caused a marked reduction in root
number and root depth as well, while grain yield was the highest in this treat-
ment. In all treatments most of the new root extension occurred in deeper soil
layers, where conditions for root growth were more favourable, stored water
and N were available for uptake.

N fertilization (with the exception of Nyso in 1990) increased water use from
the subsoil, where more available water was stored.
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These results are useful in the assessment of the importance of different
factors in growth, water and nutrient uptake, and can be utilized in simulation
studies when predicting spatial distribution of active roots over the course of
a growing season and accounting for variation in soil water content.

Summary

Expansion of the root system determines the volume of soil available for
water and nutrient supply.

A non-destructive technique for studies of root distribution in relation to
soil moisture in the immediate vicinity of the observed roots has been used in a
long-term N fertilization trial. N fertilization greatly affected the growth and
vertical distribution of roots. However, these effects were modified by drought
stress conditions.

In 1991 — when water supply was satisfactory — increasing nitrogen rates in-
creased root density and root depth, which reached their maximum value in 300
kg N ha' treatment, and declined in the 450 kg N ha™ treatment. Under such
conditions there is a high risk of accumulation of leached nitrate in the subsoil,
where root density is low.

Under drought conditions (in 1990) in the N control treatment water from
the deeper soil Iayers could be exploited by plant due to the high root prolifera-
tion in the subsoil, thereby the risk of water stress was reduced. In overfer-
tilized plots high soil nitrate content inhibited root growth, so the severity of
the effects of water stress on plant growth increased.

Nitrogen fertilization increased water use from the subsocil, where more
available water was stored, with the exception of the Nys, treatment in 1990.

The results can be utilized in simulation studies when predicting spatial dis-
tribution of roots over the course of a growing season and accounting for varia-
tion in soil water content.
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