Soybean Root Growth and Nutrient Uptake as Affected by Lime Rates
and Plant Age. I. Al, Mn, P, and S!

ABSTRACT

A growth chamber experiment was conducted to deter-
mine the effect of lime rates and time on soil acidity and
nutrient availability, and oa root growth and nutrient uptake
by a determinate soybean cultivar (Glycine max Merr,). The
study consisted of three lime rates (0, 3 and 6 Mg/ha) and
four plant ages (2, 4, 6, and 8 weeks after emergence) in four
randomized complete blocks. Root fength increased linearly
to week 6 and then stopped. Liming at the recommended
rate of 3 Mg/hs was associated with longer and finer roots,
Shoot to root ratios increased with plant age and with Hming
at the recommended rate. The high shoot to root ratios,
based on dry weights, indicate that with adequate liming
soybean roots may perform more efficiently because of
fonger and finer roots, lower Al and Mn toxicities, and higher
nutrient availability in the soil. The effects of lime rates and
plant age on shoot Al and shooi nutrient parameters were
also determined. The parameters consisted of elemental
concentration, total content, sccumulation rate per shoot per
day, and uptake rate per meter of root per day in the shoots.
The elemental concentrations represented the balapce be-
tween rate of nutrient upiake and rate of shoot growth,
where nutrient uptake was conditioned by soil nutrient
availability, root activity and plant requirements; and shoot
growth constituted a diluting factor, The total elemental
content was given by the concentration times the shoot dry
weights, The accumulstion rate represented the net influx
into the shoots and was indicative of the general activity and
nutritional requirements of the plamt. The uptake rate per
meter of roof was refated to root activity as determined by
the balance between rate of root growth and rate of root
aging and by the nutritional demands of the soybean plant.
Shoot Al concentrations decreased with plant age in the
unlimed pots, despite high soit Al. Al uptake per meter of
root decreased with time. Shoot nutrient parameters tor Mn,
P and 8 behaved differently when compared to those of the
non-nttrient Al Shoot P parameters responded well to the
high root length growth rates resulting from adequate liming,
because of low soil P mobility.

1 Received for publication 20 May 1988
Contribution from the Department of Agronemy and
Soils, S8.C. Agric. Exp Sta, Journal Series No. 2387,
Clemson University, Clemson, SC. 29634-0359

* Professer and Graduate Research Assistant, Department
of Agronomy and Socils, Clemson Usniversity, Clemson,
SC. 29634-0359

T A Martini, R G Murrers®

COMPENDIO

El tamafio del sistema radicular aumentd con la edad de la
plasnta pero la tasa de cambio varid con el pardmetro radicular
y el nivel de encalamiento. El {argo del sistema radicular au-
mentd linearmente hasta la sexts semana y después permane-
ei6 constante, Este aumento fue atribuido g que el crecimien-
to fue mayor que fz descomposicidn del sistema radicular du-
rante este perfodo. El encalamiento recomendado resultd en
sistemas radiculares mds largos v con raices mds finas. La
proporcidn tallofraiz aumentd con la edad de lu planta ¥ con
¢l encalado recomendado, Esta alta proporcion de taflo a raiz
indica que, con un encalado adecuado, la planta de soya fun-
ciona mis cficientemente debido al largo y finura de las
raices, a fa baja toxicidad de Al y Mn, vy a ia alta disponibili-
dad de los nutrimentos. El aumento de la proporeidn takiof
raiz también fue debido a sistemas radiculares més eficientes,
lo cual se atribuyd al incremento de la longitud radicular por
unidad de peso de lss raices. La tasa de absorcién de nutri-
mentos en funcion de la edad de iz planta, también varid sig.
nificativarsente segin el parametro nutrimental v el nivel de
encalamiento, Los pardmetros de absorcidn de nutrimentos
utilizados fueron: coneentracion, contenido total en el tallo,
tasa de acumulacitn por tallo por dia, ¥ tasa de absorcion
por metro de rafz por diz. La concentracion elementat repre-
sentd el balance entre Ix tasz de absorcidn de nutrimentos y
Iz tasa de crecimiento del tallo (factor diluyente). El conteni-
do elemental total resultd de Ia concentracion y el peso seco
del tallo. Lz tasa de acumulacion representd el influjo neto en
el tallo ¥ Fue indicativa de ia actividad y requerimientos nutri-
cionales de la planta. La absorcién de nutrimentos por metro
de raiz fue relacionada con Ia actividad radicular, determina-
da por el balance entre la tasa del crecimiento radicular v 1a
tasa de envejecimiento (lignificacion y reduccion en permea-
bilidad) de fas raices. En cuanto a la concentracion, ésta dis-
minuyd para Al y S, pero teadié a aumentar para Mp y P,
ain cugndo el crecimiento del tallo ejercié un efecto diluyen-
te, El contenido elemental totaf siempre sumento con la edad
de 1a planta, debido al incremento del peso seco del tallo,
ain cuando la concentracion del nutrimento pudo disminuir,
La tasa de acumulacion nutrimental por tallo por dia, tendid
a pumentar con fa edad de la planta ¥y generalmente alcanzd
el valor miximo enfre la cuarta ¥ sexta semana. La tasa de
absorcion nutrimental por metro de raiz por dia tendid a dis-
minuir con fa edad de 1a planta debido al crecimiento radicu-
lar 0 menor demanda de absorcidn por cada metro de rafz, ¥
a [z pérdida de la actividad radicular causada por Ia lignifica-
cidn ¥ bajn permeabilidad de lIas raices mds viejas,
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INTRODUCTION

iming is an essential practice in the southeast-
_ern United States because of the need to reduce
e toXic levels of Al and Mn, and other acidity-in-
duced plant stresses Relationships among liming, soil
acidity and plant growth has been the subject of
much research (2, 3, 8,9, 13, 22, and 26) One of the
conclusions that has surfaced from this work is that
overtiming highly weathered soils should be avoided
because of detrimental effects related to nutrient
availability, incidence of soil-borne diseases and piant
performance (14, 15 and 16)

Although much work has been done with plant
shoots, the limited research ¢haracterizing root devel-
opment and activity has created a vacuum in under-
standing the plant’s performance in developing crop
and soil management models to optimize yields Basic
research conducted during the last few years on root
growth and nutrient uptake has laid the foundation
for more applied work in thisarea (6, 11, 21, 23, 24,
25, and 29) Information on the rate of root growih,
expressed in terms of length rather than weight, has
provided insight into the role plaved by the root
system in relation to crop responses to various soil
properties and treatments (4, 7, 12, 20, 27, and 28)

The main objective of this investigation was to de-
termine the effect of lime rates and time on soil acidi-
ty and nutrient availabifity, and on reot growth and
nutrient uptake by a determinate soybean cultivar
{Glycine max Merr ). Root length, as opposed to root
weight or volume, was selected as the most useful
parameter for characterizing rool growth and its
impact on nutrient uptake and shoot performance

MATERIALS AND METHODS

A growth chamber study was conducted with soil
from the A horizon of a Cecil sandy loam (Fypic
Hapludult). A factorial design in four randomized
complete blocks was used The experimental factors
were: three lime rates (0, 3 and 6 Mg/ha) applied two
weeks before planting and four plant ages (2, 4, 6
and 8 weeks alter emergence) Three Mg/ha was the
recornmended lime rate based on the Adams-Evans
buffer method {1)}. Dolomitlic limestone with a
100% Ca CO, equivalent was applied All pots re-
ceived 25 ug/g of N, 100 ug/g of P and 50 ug/g of K,
applied as 5-10-10 and 0-20-0 at planting time Soil
and materials were mixed in a twin-shell dry blender
to insure uniform distribution The treated soils were
nacked at a bulk density ol approximately 1.15 Mg/
m? in plastic cortainers (PVC pipes) 10 cm in diame-
ter and 60 cm deep The soil columns, open at the

bottom, were placed on sand-filied aluminum plates
and maintained at or near field capacily with distilled
water

Eight inoculated Bragg soybean seeds were planted
per pot and seedlings were thinned to four plants per
pot two days after emergence. The growth chamber
was maintained at 27°C, 50% relative humidity, and
15 h of light per day with an intensity of 2 000 to
3000 cd. Fresh roots were coliected by wet sifting
the soil through stainless steel sieves, washed with
distilled water, blotted dry and weighed Root voi-
ume was measured by water displacerment in a gradu-
ated cylinder The average root diameter was calcu-
lated from the volume equation for a cylinder {V =
mr* L)}, Root length was determined by the root-line
intersection method proposed by Newman (21) and
Tennant (28), using the equation: L = N (#A/2H)
Where L = root length, N = number of intercepts
(average of 50 readings), A = sieve area, and H =
length of intercepting line. Nutrient influx in pmol/m
of roet per day was caiculated using the Williams
equation (6, 29): | ={{U. — Uy )}ty — 1)) [(In Lo/
Ei)(Ls — L], where I = nutrient uptake rate, U =
nutrient content of the plants, t = uptake time, and
L. = root length

Soil pH was determined in water (1:1) potentio-
metrically; exchangeable Al was extracted with 1 M
KCl and measured colorimetrically using the alumi-
non method {19); Mn and P were extracted with the
Mehiich I solution (0 G5 M HCl and 0 013 M H,50,),
Mn was measured by atomic absorption spectropho-
tometry, and P was determined colorimetrically with
the molybdenum blue method using SnCl, as a re-
ducing agent (10) 504-S was extracted with neutral,
IM NHsOAc and determined colorimetrically by the
BaCl; turbidimetric method (5) Plant tissues were
digested using the double acid (HNQO; and HCIO4)
method and element concentrations were determined
as indicated for soil samples

Table 1. Shoot dry weights as affected by lime rates and
plant age.

Lime Applied Plant Age — Weeks
(Mg/fha) 2 4 6 8
{g/plant)
o 125 294 6.34 16.61
3 .51 307 764 1217
G 119 21715 505 8§19
18D (0.05) = 018 0 56 1.2} 211
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RESULIS AND DISCUSSION

Shoot weight (Table 1) changed slowly early in the
plant life cycle but increased rapidly after week four.
Liming at the recommended rate of 3 Mg/ha (1X)
increased shoot weight but liming with twice the re-
commended rate (2X)} and not liming (0X) reduced it.

Root measurements (Fig. 1) also increased with
plant age, but the rate of change during the growth
period varied with root parameter and lime treatment.
Root length increased linearly up to week six and
then remained constant up to week eight when the
plants were harvested (Fig. 1b). The increase in root
length up to week six meant that root growth rates
were greater than the root decay rates At week eight,
these two parameters were the same and consequent.
ly net growth was zero. Root systems produced in
the growth chamber lacked well-defined taproots,
relative to field-grown soybean plants (37, 18).
Liming at the recommended rate resulted in longer
root systems and also finer roots at week six and eight
(Fig. 1). Liming at twice the recommended rate was
generally detrimental to root growth, partly because
of P deficiency as shown by soil analysis (Fig. 3c) and
shoot composition (Fig. 6)

As indicated by the low root density values, the
root systems were never poti-bound Average root
densities at week eight were 0.70,0.78 and 0.59 Mcm/
m? of soil in the 0X, 1X and 2X treatments, respec-
tively.
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Fig. 1. Root growth parameters as affected by lime rates
and plant age

Shoot to root ratios (Table 2) increased with plant
age, regardless of lime treatment, Liming at the re-
commended rate resulted in the highest ratios during
the experiment. These high ratios (based on dry
weights) indicate that with adequate liming the
soybean root system performs more efficiently
because of its longer and finer roots, lower Al and Mn
toxicities, and higher nutrient availability. It is well
known that one of the symptoms of Al toxicity is the
development of short and stubby root systems (9, 15
and 16).

The increase in shoot to root weights with plant
age (Table 2) suggests an increase in the efficiency of
the soybean plant or an increase in shoot size at the
expense of the roots, which may lead to higher yield
potentials. The increase in shoot to root ratios with
time is also indicative of a more efficient root system
due to an increase in root length per unit of root
weight, up to week four or six, particularly when soils
were limed (Tabie 3).

The effects of lime rates and time on selected soil
properties are depicted in Figs. 2 and 3. Soil proper-
ties responded as expected. Liming at the recommen-
ded rate raised soil pH to adequate levels, reduced the
extractable soil Al and Mn, and increased the avail-
ability of P and S. Liming with twice the recommen-
ded rate reduced the amount of available soil P, pos-
sibly due to the formation of some tricalcium phos-
phate. Most of the lime-induced adjustments on soil
praperties took place by week two. This was particu-
farly significant in reducing Al toxicity and promo-
ting the development of long and fine root systems.
The effect of time on the amounts of available nu-
trients in the soil was similar in all cases Nutrient
supply first increased due to fertilization and the
impact of liming and then decreased as 2 result of nu-
trient uptake and other soil-nutrient interactions.
The decrease of extractable soil nutrients began at
week six for Mn, week four or six for P, 2nd week two
for 8.

Table 2. Shoot to root ratio as affected by lime rates and

plant age*,
Lime Applied Plant Age — Weeks
(Mg/ha) 2 4 6 8
] 3166 382 4.28 431
k| 4.21 441 5.58 691
6 3.35 4.17 4 .95 6.77

L3D(0.05) =05

* Shoot to root ratios based on dry weights.
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Fig. 2. Effect of lime rates and time on soil pH.

The effects of lime rates and plant age on shoot
Al and shoot nutrient parameters are presented in
Figs. 4 through 7. The parameters consisted of ele-
mental concentration, total content, accumulation
rate per shoot per day, and uptake rate per meter of
root per day in the shoots. The elemental concentra-
tions represented the balance between rate of nu-
trient uptake and rate of shoot growth, where nu-
trient uptake was conditioned by soil nutrient avail-
ability, root activity and plant requirements; and
shoot growth constituted a diluting factor. The total
elemental content was given by the concentration
times the shoot dry weights. The accumulation rate
represented the net influx into the shoots and was
indicative of the general activity and nutritional re-
quirements of the plant. The uptake rate per meter
of root was related to root activity as determined by
the balance between rate of root growth and rate of
root aging and by the nutritional demands of the
soybean plant.

Table 3. Ratio of root length to root weight as affected by
lime rates and plant age*,

Lime Applied Plant Age — Weeks
(Mg/ha) 2 4 6 8
0 3.05 5.67 4.19 3.30
3 3.83 6.19 6.21 5.29
6 2.74 6.15 6.49 6.44

LSD (0.05) = 0.5

* Root length in meters per unit of fresh root weight per
plant.

Shoot Al concentrations (Fig. 4a) were negligible
in the limed pots, regardless of plant age, because of
reduced soil Al activity (Fig. 3a). Shoot Al concentra-
tions in the unlimed pots were high but decreased
with plant age due to dilution by shoot growth (Table
1) and decreasing uptake rates (Fig. 4d) in spite of
high soil Al (Fig. 3a).

Total shoot Al (Fig. 4b) in limed pots was much
lower than in unlimed pots. Total shoot Al in the
unlimed pots increased with plant age, despite de-
creasing shoot Al concentrations (Fig. 4a), because
of fast shoot growth rates (Table 1) and high soil Al
activity (Fig. 3a).

The rates of Al accumulation (Fig. 4c) and Al
uptake per meter of root (Fig. 4d) were similar and
followed the same general trend of shoot Al concen-
trations (Fig. 4a). Shoot Al accumulation rates were
high in the unlimed pots but decreased with plant age
because of dilution by shoot growth and lack of plant
demands. Aluminum uptake per meter of root per
day was also high in the unlimed pots but decreased
with plant age. This reduction in Al uptake per meter
of root with time represents the normal trend and is
due to dilution by shoot growth and decreasing root
activity. The decrease in root activity per unit length
was attributed to aging of roots and increasing length
of young roots, which reduced the uptake demands
by each meter of root.

(a) (b) 0X= 0 Mg/ha
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Fig. 3. Effect of lime rates and time on soil Al, Mn, P, and
S.
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Shoot parameters for Mn (Fig. 5), P (Fig. 6) and S
(Fig. 7) were different when compared to those of Al
(Fig. 4) in that increases were larger and decreases
were smaller with time. These results were attributed
to the nutritional requirements of the soybean plant
and the high availability of these nutrients in the soil
(Fig. 3).

Shoot Mn concentrations (Fig. 5a) in the limed
pots were lower than in the unlimed pots, regardless
of plant age and despite the longer root systems (Fig.
1b). These results were attributed to reduced soil Mn
activity (Fig. 3b). Shoot Mn concentrations increased
with age for all treatments up to week six and then
decreased at week eight. Shoot growth failed to dilute
concentrations during the first six weeks because of
the relatively large plant nutrient requirements (Fig.
5c), high uptake rates (Fig. 5d) and high soil Mn avail-
ability (Fig. 3b).

Total shoot Mn (Fig. 5b) increased with plant age,
regardless of treatment and particularly after week
four, because of fast shoot growth rates (Table 1) and
high shoot Mn concentrations (Fig. 5a).

Shoot Mn accumulation (Fig. 5¢) increased with
age up to week six because of the high nutritional de-
mands of the soybean plant, high root activity, and
high soil Mn availability (Fig. 3b). The increase in Mn
uptake per meter of root up to week six (Fig. 5d),
despite increasing root length (Fig. 1b), indicated
high root activity, largely induced by the high nutri-
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Fig. 4. Shoot Al parameters as affected by lime rates and
plant age.

SE = 6.1 (a) SE = 0,04

entration (my/ly) 10

) 4 6 8 o . 6 8
80 - - 20—
SE = 3.4 () C0x = 0 sg/ha (9 SE = 0.01
|, ma "
=E R

Plant age (veeks)

Fig. 5. Shoot Mn parameters as affected by lime rates and
plant age,

tional demands of the plant. The increase in shoot to
root ratios with time (Table 2), in spite of increasing
root length up to week six (Fig. 1b), was partly res-
ponsible for the large nutritional demands and high
root activity. The decrease in Mn uptake per meter
of root after week six (Fig. 5d), without an increase
in root length (Fig. 1b), was attributed to reduced
nutrient demands, less root activity and lower soil Mn
availability (Fig. 3b).

Shoot P concentrations (Fig. 6a), accumulation
rates (Fig. 6¢), and daily uptake per meter of root
(Fig. 6d) increased with plant age up to week six or
eight, depending on the variable. The increases in
shoot P, as opposed to the decreases noted for shoot
Al, were largely attributed to high nutritional de-
mands, large root activity, and high soil P availability
(Fig. 3c). Shoot P parameters (Fig. 6) benefitted from
fast root length growth rates up to week six (Fig. 1b),
particularly when liming at the recommended rate.

Liming at the recommended rate was beneficial to
all shoot P parameters because of the longer (Fig. 1b)
and finer (Fig. 1d) root systems and higher soil P
availability (Fig. 3c). Liming with twice the recom-
mended rate was detrimental to the various shoot P
parameters (Fig. 6) because of reduced root length
(Fig. 1d) and lower soil P activity (Fig. 3c).

Shoot S concentrations (Fig. 7a) did not increase
with plant age as was the case with P and Mn but they
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did not decrease as fast as shoot Al concentrations
because of the S required by the soybean plant. Plant
S demands became evident with the increasing shoot
S accumulation rates up to week six (Fig. 7c). The
general reduction of shoot S uptake per meter of root
with plant age (Fig. 7d) was attributed to decreasing
plant S requirements after week six (Fig. 7¢), dimi-
nishing root activity with aging, and lower soil S avail-
ability (Fig. 3d). Shoot S concentrations (Fig. 7a) co-
rrelated better with S uptake per meter of root (Fig.
7d) than with S accumulation rates (Fig. 7c). These
results were attributed to the strong role played by
roots on nutrient uptake rates.

Total shoot S (Fig. 7b) also increased with plant
age. Liming at the recommended rate was beneficial,
but liming with twice the recommended rate was gen-
erally detrimental to total shoot S.
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Fig. 6. Shoot P parameters as affected by lime rates and
plant age.

CONCLUSIONS

It is well known that liming acid soils produces
higher crop yields because of greater nutrient avail-
ability, enhanced N fixation, and elimination of ele-
mental toxicity problems. Data presented in this
paper showed that when a soil was limed at the re-
commended rate, the soybean root system performed
more efficiently. These results were attributed to
longer and finer roots particularly in the older plants,
elimination of Al and Mn toxicities, and higher nu-
trient availability in the soil.

SE = 36 (@) SE = 0,19 ®

Ve
Tocal § tmg/uhwot)

Plant age (veeks)

Fig. 7. Shoot S parameters as affected by lime rates and
plant age.

Liming also produced higher shoot to root ratios.
These data suggest an improvement in plant efficien-
¢y, i.e., an increase in shoot weight at the expense of
the roots, which may be conducive to higher yield
potentials, particularly under low stress conditions.
The increase in shoot to root ratios was also associ-
ated with a more efficient root system, which was
attributed to an increase in root length per unit of
root weight. Root length increased rapidly during the
first six weeks and then remained constant up to
week eight. The increase in root length was attributed
to a high rate of root growth relative to the rate of
root decay.
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