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Extension from Limed Soil into Acid
Subsurface Solutions
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aEMBRAPA-CPAQ C.P. 73301-970 Planaltina, DF, Brazil
bSoil Science Department, North Carolina State University, Raleigh, NC
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ABSTRACT

Alleviation by calcium (Ca) of inhibition of soybean [Glycine max (L.) Merr.
cv. 'Ransom'] root elongation by hydrogen (H) and aluminum (Al) was
evaluated in a vertical split-root system. Roots extending from a limed and
fertilized soil compartment grew for 12 days into a subsurface compartment
containing nutrient solution with treatments consisting of factorial
combinations of either pH (4.0, 4.6, and 5.5) and Ca (0.2, 2.0, 10, and 20 mM), Al
(7.5, 15, and 30 µM) and Ca (2.0,10, and 20 mM) at pH 4.6, or Ca (2, 7, and l2
mM) levels and counter ions (SO4 and Cl) at pH 4.6 and 15 µM Al. Length of
tap roots and their laterals increased with solution Ca concentration and pH
value, but decreased with increasing Al level. Length of both tap and lateral
roots were greater when Ca was supplied as CaSO4 than as CaCl2, but increasing
Ca concentration from 2 to 12 mM had a greater effect on alleviating Al toxicity
than Ca source. In the absence of Al, relative root length (RRL) of tap and
lateral roots among pH and Ca treatments was related to the Ca:H molar activity
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ratio of solutions (R2 0.82). Tap and lateral RRL among solutions with variable
concentrations of Al and Ca at pH 4.6 were related to both the sum of the
predicted activities of monomeric Al (R2 0.92) and a log-transformed and
valence-weighted balance between activities of Ca and selected monomeric
Al species (R2 0.95). In solutions with 15 µM Al at pH 4.6, response of tap
and lateral RRL to variable concentrations of CaSO4 and CaCl2 were related to
predicted molar activity ratios of both Ca:Al3+ (R2 0.89) and Ca:3 monomeric
Al (R2 0.90), provided that A1SO4 and A1(SO4)2 species were excluded from
the latter index. In all experiments H and Al inhibited length of lateral roots
more than tap roots, and a greater Ca:H or Ca:Al concentration ratio was
required in solutions to achieve similar RRL values as tap roots.

INTRODUCTION

Poor plant growth in acid soils is associated with Ca deficiency and toxicities of
H,Al,andMn(Kamprath, 1984; Marschner, 1991). Evidence continues to accumulate
that Al constraints to root growth can be alleviated by Ca additions to soil and
nutrient solutions (Alva et al., 1986; Noble et al., 1988; Horst, 1987; Wright and
Wright, 1987). Within specific concentration ranges of Ca and Al, the effects of Ca
additions on alleviation of Al rhizotoxicity cannot be directly attributed to a Ca
deficiency or a reduction in Al activity through increased ionic strength. Increased
solution Ca concentrations also can reduce root damage caused by excess H+

(Lund, 1970; Moore, 1974; Runge and Rode, 1991).
We have previously investigated elongation of soybean roots exposed to varying

solution concentrations of H and Al in a vertical split-root system in which roots
extended from a limed and fertilized soil compartment into a subsurface solution
compartment (Sanzonowicz et al., 1998). There was a greater inhibition in length of
lateral roots than tap roots by H and Al. The objectives of the present investigation,
using the same vertical split-root system with soybean, were to quantify the
ameliorative effects of Ca on inhibition of tap and lateral root elongation by
rhizotoxic H and Al levels, and to determine the effect of the counter anions from
different Ca salts on Al toxicity to root growth.

MATERIALS AND METHODS

Experiments were conducted in greenhouse facilities at Raleigh, NC, using a
vertical split-root system. Plastic cylinders, with a 10-cm inside diameter and 52-cm
total length, were divided into two compartments separated by a root-permeable
membrane. The 12-cm long surface compartment contained 1.3 kg of loamy sand
taken from the Ap horizon of an Arenic Kandiudults. The soil was limed to pH 5.5
and received 30 mg K kg"1 before transfer to the surface compartment.

Treatments were imposed to 3.0 L of continuously aerated solution in the
subsurface compartment. Three experiments were conducted to evaluate the effects
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TABLE 1. Description of subsurface solution compartment treatments for
each experiment.

Experiment

1

2

3

pH

4.0
4.6
5.5
4.6
4.6
4.6
4.6
4.6

Treatment Variables

Al

ßU

0
0
0

7.5
15
30
15
15

Ca

mM

0.2,2,10,20

0.2,2,10,20
0.2,2,10,20

2,10,20

2,10,20

2,10,20

2, 7,12
2,7,12

Ca Source

CaCl2

CaCI2

CaCl2

CaClj
CaClj
CaClj
CaClj
CaSO«

of Ca and Ca sources on alleviation of root growth inhibition by H and Al (Table 1).
In Experiment 1 treatments consisted of a range of Ca concentrations at each of
three pH values. Treatments in Experiment 2 consisted of a factorial combination
of three levels each of Al and Ca in solutions maintained at pH 4.6. In Experiment
3 treatments consisted of three levels of Ca, supplied as either CaCl2 or CaSO4, in
solutions with 15 uM Al maintained at pH 4.6. A randomized complete block
design with three replications was used in all experiments. Solutions in all experiments
contained 18.5 uM boron (B) as H,BQ, and 0.5 uM zinc (Zn) as ZnO, based on prior
observations that soybean root elongation in the subsurface compartment was
reduced when these nutrients were omitted (Sanzonowicz et al., 1998). Aluminum
was supplied in Experiments 2 and 3 as metallic Al diluted in 5% HC1.

Changes in solution concentrations of Ca (Experiment 1) and Al (Experiments 2
and 3) were monitored in one treatment of each experiment. Treatments selected
were those which had the lowest concentration of the element to be monitored and
the most favorable conditions for root growth among remaining treatment variables.
All solutions were replaced after eight days of root growth. At this time Ca in
solutions for the treatment with 200 uM Ca at pH 5.5 (Experiment 1) had declined to
186 uM. In Experiment 2 Al reacting with ferron within 30 s had declined to 6.7 uM
in the treatment with 7.5 uM Al and 20 mM Ca. In Experiment 3 ferron-reactive Al
had declined to 14.4 uM in the treatment with 15 uM Al and 12mMCaasCaSO4.

Seeds of soybean cv. "Ransom" were pre-germinated, and when their radicle
lengths were 12±2mm seven were planted in each soil container. After two days
each container was thinned to five plants. All experiments were conducted between
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July and October. Natural light was supplemented with 150 microeinsteins m2 s'2

of photosynthetically active radiation from metal halide lamps for 16 hours day1.
Soil moisture was maintained at 80% of container capacity (Cassel and Nielsen,
1982) to avoid water movement from the soil to the solution compartment.

Tap roots began to cross the membrane between compartments on the third day
after planting. At 15 days after planting plant shoots were harvested and dry
weight was determined. Roots in the soil compartment were washed free of soil,
and their lengths and dry weights were determined. Measurements in the solution
compartment at harvest included tap root length, number and length of laterals on
tap roots, and number and length of any other roots extending through the
membrane from the soil compartment. Since we were unable to determine the
specific class (basal, lateral or adventitious) for the latter category of roots, they
were identified as "other" roots. Relative root length for a root class within each
experiment was calculated as the ratio between a given treatment and the treatment
with the greatest length.

Aluminum reacting in 30 s with buffered ferron was determined using a procedure
adapted from Bersillion et al. (1980). Ionic activities of Al species in solution
treatments were computed by the GEOCHEM-PC program (Parker et al., 1995).
Additional details on soil chemical characteristics, root length measurements, ferron-
reactive Al determinations and statistical analyses are reported elsewhere
(Sanzonowiczetal., 1998).

RESULTS AND DISCUSSION

Most treatment means for dry weight of shoots, and total length and dry weight
of roots in the soil compartment were not significantly different (p<0.05) within
experiments (Table 2). The sole exception was significantly (p<0.01) less root
length in the soil compartment in Experiment 2 with increasing Ca concentration in
the solution compartment. Root length, averaged across Al treatments, decreased
from 10.0 m plant1 with 0.2 mM Ca to 7.4 m plant1 with 20 mM Ca. Variations in
means for measured plant shoot and soil compartment root parameters between
experiments (Table 2) were attributed primarily to differences in ambient conditions
in the greenhouse between growth periods for each experiment. Similarities in
shoot biomass across treatments within experiments support the presumption that
differences in root growth among subsurface compartment treatments were not
confounded directly with differences in growth of plant tops.

Effects of Variable pH and Calcium in the Absence of Aluminum

Root Growth

Solution pH values and their maximum variation within any 24-h period for each
pH treatment in Experiment 1 were 4.0±0.04,4.6±0.07 and 5.5±0.12. There were
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TABLE 2. Mean values and standard deviations across all treatments in each experiment
for soybean shoot dry weight, dry weight, and total length of roots in the soil compartment
at harvest.

Experiment

1

2

3

Shoot

Dry Weight

0.19
0.25
0.34

SD

— g plan

0.02
0.02
0.02

Dry Weight

i«-' „.,

0.21
0.33
0.18

Root

SD

0.11
0.04
0.04

Length

—mpla

6.43
8.69
12.66

SD

0.68
1.05
2.59

significant (p<0.05) main effects of solution pH and Ca treatments on the length of
tap and lateral roots and on the number of lateral and other roots in the subsurface
compartment. Interaction effects between pH and Ca treatments were significant
only for length of tap and lateral roots.

Elongation of tap and lateral roots, in response to increasing solution Ca
concentration, increased with increasing pH value (Figure 1). In solutions with 0.2
mM Ca and pH 4.0 tap root length was 1.1 cm plant1 and lateral roots failed to
develop. When compared to the 0.2 mM Ca treatment, tap root length among
solutions maintained at pH 4.0 increased by 2.1 cm planf ' with 2.0 mM Ca, 11.3 cm
plant1 with 10 mM Ca, and 13 cm plant1 with 20 mM Ca. Among solutions
maintained at pH 4.6, increases in tap root length relative to 0.2 mM Ca were 12,
13.5, and 15 cm plant1 for 2,10, and 20 mM Ca, respectively. At pH 5.5 there were
no significant differences in tap root length among treatments with Ca^2 mM.

Our results are consistent with the comparisons of growth of soybean tap roots
in a vertical split-root system by Lund ( 1970) who found elongation rates over a 48-
h period for solutions with 1.25 uM Ca at pH 5.6 exceeded the rates obtained with
either 12.5 uM Ca in solutions with pH 4.75 and 4.5 or 125 uM Ca in solutions with
pH 4.O. Noble et al. (1988) reported no response in elongation of soybean tap roots
to increasing Ca concentrations from 0.6 to 10 mM in solutions with pH values
maintained in the range of 4.2 to 4.8. Other cations in their complete nutrient
solutions may have contributed to alleviation of H injury to roots and thus minimized
the response to added Ca.

Response in length of lateral roots to increasing Ca supply and solution pH was
proportionately greater than for tap roots (Figure 1) and involved an increase in
both the number and average length of lateral roots (Table 3). When averaged
across Ca treatments, for each unit increase in solution pH the number of lateral
roots increased by 51 plant1 (r2=0.99) and their average length by 0.4 cm (r2=0.99).
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FIGURE 1. Total length as a function of soybean root classes in the subsurface
compartment after 12 days of exposure to solution Ca and pH treatments. Least significant
difference values are for interaction effects between Ca and pH treatments; ns indicates non
significant at p<0.05.

For each mM increase in solution Ca, lateral root number increased by 2 plant1

(1^=0.92) and average length increased by 0.05 cm (^=0.90) when averaged across
pH treatments. There were no consistent trends among treatments in average
number of lateral roots per unit length of tap root (lateral root density) other than
a decline from 2.5 cm1 to 2.1 cm1 with increasing pH levels. Since the average
length of a lateral root did not remain constant across treatments, increased total
length of lateral roots with increasing solution Ca concentration and pH value
could not be solely attributed to increased elongation of tap roots.

Root Length Response Functions

Variations in relative length of both tap and lateral roots among subsurface
compartment treatments were nonlinearly related to the Ca:H molar activity ratio
(Ca/H) of the solutions, but the functions were different for tap and lateral roots
(Figure 2). These relations indicated that maximum length of lateral roots required
a greater (Ca/H) value than for tap roots, which is consistent with our observations
of greater H inhibition of length in lateral roots than tap roots (Sanzonowicz et al.,
1998). Relations between root length and (Ca/H) values also support the observation
by Lund (1970) that minimum solution Ca concentrations required for elongation
of soybean cv. 'Lee' tap roots depended on the pH of the solution in which roots
were grown.
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TABLE 3. Measured and calculated characteristics of lateral and other roots
at harvest in the subsurface solution compartment as a function of pH and Ca
treatments in Experiment 1.

Treatment

PH

4.0

4.6

5.5

Ca

mM

0.2
2
10
20

Mean

0.2
2
10
20

Mean

0.2
2
10
20

Mean

0.2
2
10
20

LSD 0.05:
PH
Ca

pHxCa

Root Number

Lateral Other

-number plant"1-

0
9
25
39
18
11
59
42
68
45
71
79
109
121
95

27
49
59
76

2
3
ns

17
14
12
10
13
18
11
8
5
11
6
6
8
4
6

nmmmmm - „ , „ 1

14
10
9
6

1
1
ns

Averaee Length1

Lateral

cm

_
0.12

0.42

1.28
0.61
0.30

0.61
1.32

1.35

0.90

0.56

1.08

1.74
1.74

1.28

0.29

0.43

1.16

1.46

Other

0.45

0.76

1.92

2.84

1.49

0.74

2.44

3.58

4.83

2.90

4.55

4.35

5.02

5.34

4.82

1.91

2.52

3.51
4.34

Lateral Root*

Density

number cm'1

. .

2.7
2.0
2.7
2.5
1.1
2.7
1.8
2.7
2.1
2.6
1.8
2.6
2.3
2.1

1.2
2.4
2.1
2.6

5Derived from mean treatment values for root length and number,
dumber of lateral roots/length of tap root.
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FIGURE 2. Observed (symbols) and predicted (lines) relative length of soybean (a) tap
and (b) lateral roots in the subsurface solution compartment as a function of Ca:H molar
activity ratios for treatments in Experiment I.

Effects of Variable Calcium and Aluminum at pH 4.6

Root Growth

The relative contributions of specific root classes to total length of roots in the
subsurface compartment were influenced by solution concentrations of both Ca
and Al (Figure 3). Among treatments with 2 mM Ca, length of tap roots in solutions
with 15 and 30 uM Al decreased by 84 and 88%, respectively, relative to the
solution with 7.5 uM Al. Reductions in length of tap roots for similar comparisons
among 10 mM Ca treatments was 25% for 15 uM Al and 78% for 30 uM Al. Among
treatments with 20 mM Ca, length of tap roots declined only between solutions
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FIGURE 3. Total length as a function of soybean root classes in the subsurface
compartment after 12 days of exposure to solution Al and Ca treatments at a fixed pH of
4.6. Least significant difference values are for interaction effects between Al and Ca
treatments; ns indicates non significant at p<0.05.

with 15 and 30 uM Al. Length of lateral roots exhibited a greater response to Ca
and Al treatments than tap roots. At 10 mM Ca, for example, tap root length
decreased by a factor of 4.6 between solutions with 7.5 and 30 uM Al, whereas
lateral root length decreased by a factor of 44. Increasing Ca concentration from 10
to 20 mM in solutions with 15 uM Al increased tap root length by 39% and lateral
root length by 285%.

When averaged across Al treatments, each mM increase in Ca concentration
increased lateral root number by 6.3 plant1 plant (^=0.98) and their average length
by 0.04 cm (f=Q.9S; Table 4). Increasing solution Al concentration increased the
number of other roots but decreased their average length in the subsurface
compartment, whereas increasing Ca concentration had opposite effects.
Consequently, the contribution of the other root class to total root length in the
subsurface compartment was constant (32.3 cm plant"1) across all treatments (Figure
3). These results are consistent with our previous observations that branching or
elongation of existing roots in the surface soil compartment was stimulated with
increasing severity of the constraint in root growth of solutions, and that more
roots crossed the membrane into the subsurface compartment (Sanzonowicz et al.,
1998).

Effects of Treatments on Solution Aluminum

Increasing Ca concentration in solution treatments increased ionic strength and
decreased predicted activities of the sum of monomeric Al species (Table 5). The
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TABLE 4. Measured and calculated characteristics of lateral and other roots
at harvest in the subsurface solution compartment as a function Ca and Al
treatments in Experiment 2.

Treatment

PH

4.0

4.6

5.5

Ca

mM

0.2
2
10

20
Mean

0.2

2
10

20
Mean

0.2
2

10
20

Mean

0.2
2
10
20

LSD 0.05:
pH
Ca

pHxCa

Root Number

Lateral Other

-number planf1-

0
9

25
39
18

11

59
42

68
45
71
79
109
121
95

27
49
59
76

2
3
ns

17
14
12

10
13
18

11
8
5
11
6

6

8
4

6

14
10

9

6

1
1

ns

Average Length1

Lateral

cu

—

0.12
0.42

1.28
0.61

0.30
0.61

1.32

1.35
0.90

0.56

1.08
1.74
1.74
1.28

0.29

0.43
1.16
1.46

Other

ti""™""1"""

0.45
0.76
1.92

2.84
1.49

0.74
2.44

3.58

4.83
2.90

4.55

4.35

5.02
5.34

4.82

1.91
2.52

3.51
4.34

Lateral Root1

Density

number cm'1

—

2.7
2.0

2.7
2.5
1.1
2.7
1.8
2.7
2.1
2.6
1.8
2.6

2.3
2.1

1.2
2.4
2.1
2.6

§Derived from mean treatment values for root length and number.
fNumber of lateral roots/length of tap root.
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TABLE 5. GEOCHEM-predicted ionic strength and activities of Al species, and ferron-
reactive Al as influenced by solution Ca and Al concentrations in Experiment 2.

Treatment

Ca

mM

2

10

20

Al

7.5
15
30
7.5
15
30
7.5
15
30

Ionic

Strength

6023

6052

6109

30000

30030

30090

59760

59790

59860

Al3+

2.7
5.4
10.6

1.4
2.9
5.7
1.0
2.0
3.9

Predicted

A1(OH)Î+

.¡/KA

1.1
3.0
4.3
0.6
1.2
2.3
0.4
0.8
1.5

1 Activities

Al(OH)j+

0.3
0.7
1.3
0.2
0.4
0.7
0.1
0.2
0.5

LAU.«

4.1
9.1
16.3
2.2
4.4
8.7
1.5
3.0
5.9

Ferron

Al«

5.6
11.7
23.9
7.3
13.5
25.9
7.5
14.0
27.6

5XAlmono=AP+Al(OH)2++Al(OH)2
++Al(OH)3°+Al(OH)4\

lAl reacting with ferron by 30s.

TABLE 6. Prediction equations for relative length of tap and lateral soybean
roots in the subsurface solution compartment of Experiment 2, based on molar
activities of different chemical parameters of the Ca and Al treatments.

Variables

Dependent

Tap root

length

Lateral root

length

Independent

LAlmono

Ca'VEAU,,
Ca2+-Al Balance1

XAlmono

Ca 1 + / lAl m o n o

Ca2+-Al Balance

Equation

Y=13.3+149.5e-°15X

Y=103.2-97.2e-OMOiX

Y=48.9-18.2X+2.2X2-0.06X3

Y=1.5+450.0e- |OIX

Y = 1 6eo.ooo9x

Y=0.11e0 J 0 X

R1

0.92

0.84

0.97

0.99

0.79

0.95

5£Almono=AP+Al(OH)2++Al(OHy+Al(OH)/+Al(OH)4-.
iCa-Al activity balance ={21og(Ca2t) - [31og(Al3+) + 21og(AlOH2+) +
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FIGURE 4. Observed (symbols) and predicted (lines) relative length of soybean (a) tap
and (b) lateral roots in the subsurface solution compartment as a function of the sum of
monomeric Al activities for treatments in Experiment 2.

monomeric species A1(OH)3° and A1(OH)4
- were present at <0.02 uM activity in all

treatments. Predominance of the Al3+ and A1(OH)2+ species is consistent with the
fixed solution pH value of 4.6. Although the proportion of monomeric Al in the
Al+3 form decreased with increasing Ca, collinearity among species was high. All
simple correlation coefficients between monomeric Al species were >0.98. Increased
values for ferron-reactive Al with increasing Ca concentration suggested a matrix
effect on this measurement of solution Al. Mean values of ferron Al among
solution Ca levels differed by 20%. Similar cation interferences with Al measurements
have been reported (Wright et al., 1987; Davenport, 1949).
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FIGURE 5. Observed (symbols) and predicted (lines) relative length of soybean (a) tap
and (b) lateral roots in the subsurface solution compartment as a function of the Ca-Al
activity balance for treatments in Experiment 2. Ca-Al activity balance = {21og(Ca) -
[31og(AP+) + 21og(AlOH2+) + log(Al(OH)2

+)]}.

Root Length Response Functions

Relative lengths of tap and lateral roots among Ca and Al treatments in the
subsurface solution compartment were related to the sum of monomeric Al activities
(Enmono) (Table 6; Figure 4). The high collinearity among monomeric Al species
resulted in similar relations between relative root length and individual monomeric
Al species. Inclusion of the variation in Ca activities among treatments, as a Ca/
£Almono molar activity ratio, did not improve prediction of relative root lengths.
The Ca effect on root elongation was included in the relation with £A1 , since
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Root Class LSD 0.05
400r

2 7 12
<-Chloride—>

7 12 Ca (mM)
-Sulfate—> Source

FIGURE 6. Total length as a function of soybean root classes in the subsurface
compartment after 12 days of exposure to solutions with 15/̂ M Al, a fixed pH of 4.6, and
variable Ca levels supplied as either CaCI2 or CaSO4. Least significant difference values are
for interaction effects between Ca level and Ca source treatments; ns indicates non significant
at p<0.05.

the latter decreased with increasing Ca concentration (Table 5). The
corresponding to a 50% reduction in tap root elongation was 5.7 uM for all solution
Ca concentrations. Alva et al. ( 1986) found that the EAlmono associated with a 50%
reduction in elongation of soybean tap roots decreased from 12 to 17 uM as
however, on 30 min reactions of solution aliquots with an aluminon buffer solution,
whereas our estimates of £Almono were calculated by GEOCHEM-PC based on pH
values and ionic composition of solutions.

Noble et al. (1988) found that differences in the relative length of soybean tap
roots among solutions with variable pH value and concentrations of Al and Ca
were related to a log-transformed and valence-weighted balance between activities
of Ca and selected monomeric Al species. The formulation of the index, which they
defined as Ca-Al balance, was:

21og(Ca) - [31og(Al3+)+21og(AlOH2+) + log(Al(OH)2
+)].

Application of this index to our data accounted for similar amounts of variation in
relative lengths of tap and lateral roots as did E A l ^ (Table 6 and Figure 5). The
sigmoidal shape of the relation between length of tap roots and Ca-Al balance also
was apparent in the data of Noble et al. (1988), but maximum root growth in their
study occurred at index values >28.

Relative root length relations with both £Almono (Figure 4) and the Ca-Al balance
index (Figure 5) indicate a greater reduction in length of laterals than in tap roots to
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TABLE 7. Measured and calculated characteristics of lateral and other roots at
harvest in the subsurface solution compartment as a function of Ca levels and
sources in Experiment 3.

Treatment

Ca Source

mM

2 Chloride

7
12

Mean
2 Sulfate

7
12

Mean

2
7
12

LSD 0.05:
Ca

Source
Ca x Source

Root Number

Lateral Other

—number plant"1—

40
330
266
212
42
347
401
263

41
338
334

4
ns
ns

50
12
10
24
27
10
9
15

38
11
10

2
ns
ns

Averaee Length1

Lateral

ci

0.17

0.33
0.41
0.30
0.40
0.35
0.56

0.44
PaMt

*~~ "•"%•* a iv i c

0.28
0.34

0.48

Other

1.29

3.69
3.81
2.93
2.04
4.35
6.09

4.16
k A f l f l , „ _ . .

1.66
4.02

4.95

Lateral Root*

Density

number cm"1

3.2
6.0
5.3
4.8
2.9
5.1
5.3
4.4

3.0
5.6
5.3

§Derived from mean treatment values for root length and number.
•Number of lateral roots/length of tap root.

a given level of solution Al or Ca:Al ratio. A 50% reduction in lateral root length
occurred with 2.2 uM J^Al,^ and a Ca-Al balance index of 20.4. A similar reduction
in tap root length required 5.7 uM ^ A l ^ ^ and a Ca-Al balance index of 14.0.

Effects of Calcium and Counter Ions on Aluminum Rhizotoxicity

Root Growth

Although elongation of tap and lateral roots with CaSO4 was superior to CaCL, at
15 uM Al, concentration of Ca had a greater effect on alleviating inhibition of root
growth than the Ca source (Figure 6). The combined length of tap and lateral roots
averaged across Ca sources increased by 214 cm plant1 between 2 and 12 mM Ca,
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but averaged across Ca concentrations the difference in the sum of tap and lateral
root length between Ca sources was 60 cm plant1. The greater response to Ca
concentration than to Ca source in alleviating Al toxicity to root elongation supports
previous reports that Al injury to elongation of soybean tap roots was reduced
whether Ca was supplied as either Ca(NO3)2 (Alva et al., 1986) or CaSO4 (Noble et
al., 1988).

When averaged across Ca sources, elongation of tap roots increased significantly
between 2 and 7 mM Ca, but length was not different between 7 and 12 mM Ca
(data not shown). Likewise, number of lateral roots or lateral root density on tap
roots did not increase above 7 mM Ca (Table 7). Each mM increase in Ca root by
concentration to subsurface solutions increased the average length of a lateral
0.02 cm (1^=0.92). When averaged across Ca levels, root length of treatments with
CaSO4 exceeded those with CaCl2 by 32% for tap roots and 60% for lateral roots
(data not shown). Solutions with CaSO4 had 24% more lateral roots, and the
average length of these laterals was 47% greater, than in CaCl2 solutions (Table 7).
The number of lateral roots per unit length of tap root, however, differed by only
9% between Ca sources. The number of other roots crossing the membrane
decreased from 38/plant in solutions with 2 mM Cato lOplant1 in solutions with 12
mM Ca. The average length of other roots increased 0.34 cm (^=0.94) with each
mM increase in Ca concentration in solution. These opposing trends in other root
characteristics among solution Ca concentrations led to a constant total length by
this root class (50 cm plant1) in all treatments (Figure 6).

Effects of Treatments on Solution Aluminum

Increasing concentrations of both Ca sources in solution increased ionic strength
and decreased predicted activities of Al3+, A1OH2+ and Al(OH)/ (Table 8). The
predicted £Almono activities also decreased with increasing CaClr With CaSO4 the
proportion of monomeric Al in A1SO4

+ and A1(SO4)2' forms increased with solution
Ca concentration, but the predicted EAlmono activities remained relatively constant.
Several investigators have presented evidence that A1SO4

+ is either non-toxic
(Pavan and Bingham, 1982; Cameron et al., 1986), or considerably less toxic to root
elongation than Al3+ (Alva et al., 1991; Kinraide and Parker, 1987; Tanaka et al.,
1987). Ferron reactive Al values ranged from 13.2 to 14.7 uM among treatments.
Similarities in ferron Al values among CaSO4 treatments are in agreement with
previous observations (Kinraide and Parker, 1987; Alva et al., 1989) that Al
complexed with SO4 reacts with ferron to the same extent as other monomeric
species.

Root Length Response Functions

Relative length of tap and lateral roots among Ca concentrations and sources
were not closely related to activities of individual monomeric Al species or £A1



TABLE 8. GEOCHEM-predicted ionic strength and activities of Al species, and ferron-reactive Al as influenced by solution
Al and Ca concentrations, and Ca source.

Treatment

Ca

mM

2
7
12
2
7
12

Source

Chloride

Sulfate

Ionic

Strength

6052

20960

36080

6842

20750

33800

Al*

5.4
3.4
2.6
2.0
0.9
0.6

A1OH2+

3.0
1.3
1.0
0.8
0.3
0.2

Predicted Activities1

A1(OH)2
+

0.7
0.4
0.3
0.3
0.1
0.1

A1SO4
+

-uM

-

-

7.7
8.0
7.6

A1(SO4),-

—
-
-

0.7
1.9
2.5

EAU.«

9.1
5.1
3.9
11.5
11.2
11.0

Ferron

Al»

13.2
13.5
14.1
14.5
14.3
14.7

Predicted activities of A1(OH)3° and A1(OH)4" were <0.02 /JM in all treatments.
5XAlinono=Al3++Al(OH)2++Al(OH)2

++Al(OH)3°+Al(OH)4-+AlSO/+Al(S04)2
+.

SA1 reacting with ferron by 30s.
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FIGURE 7. Observed (symbols) and predicted (lines) relative length of soybean (a) tap
and (b) lateral roots in the subsurface solution compartment for Experiment 3 as a function
of the molar activity ratio between Ca and Z A l ^ excluding Al ion pairs with SO4 (AIS).

Relative lengths of both root classes were related to molar activity ratios between
Ca and XAlm[)iio, provided monomeric Al complexed with SO4 was subtracted from
the latter (Figure 7). The greater sensitivity to Al inhibition by lateral roots than by
tap roots is evident in Figure 7 by comparing the Ca-Al activity ratios required to
achieve 50% maximum length in each root class. Since collinearity among Al3+ and
mononuclear hydroxy-Al species was high, the Ca/Al3+ molar activity ratio also
was closely related to relative lengths of tap and lateral roots among treatments.
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Regression equations similar to those in Figure 7 for Ca/Al3+ activity ratios had R2

values of 0.92 for tap roots and 0.89 for lateral roots.

CONCLUSIONS

Results from these experiments indicate that increasing Ca concentration in
solutions alleviated the inhibitory effects of H and Al on soybean root elongation.
Response in root length to Ca additions decreased with increasing severity of the
H or Al constraint, indicating that Ca only alleviates H and Al injury within a given
range of these toxic element concentrations. Ionic activity ratios between Ca and
either H or monomeric Al were suitable indicators of conditions for a root growth
response to added Ca. The need for a higher Ca level to increase length of lateral
roots relative to tap roots, at similar levels of toxic H and Al, supports our previous
observations that both H and Al affected elongation of lateral roots more by than
elongation of tap roots (Sanzonowicz et al., 1998).
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