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Chapter 1 

Overview of Potassium in Tropical Agriculture and Assumptions 
and Constraints of Rubidium Tracer Technique

I n t r o d u c t i o n

Managing fertility of acid, infertile tropical soils is crucial for many low-capital 

intensive farmers in developing countries. Agroforestry has been advocated as an 

alternative farming method to overcome the constraints of these soils with minimal energy 

input. Trees are believed to have beneficial effects on the crops in the agroforestry system. 

However, to date, many of the proposed beneficial effect of trees in agroforestry systems 

are still hypothetical (Young, 1989). Trees may use limited resources complementarity 

(e.g., tapping water and nutrient beyond the root zone of crops) or may compete with crops 

for limited resources. Most of the root biomass of a hedgerow species is concentrated in 

the upper layer of the soil in many hedgerow systems and belowground competition for 

nutrient and water between trees and crops is expected to be most intensive in this region 

(Dhyani et al., 1990). Many studies have shown that the amount of soil water and nutrient 

resources taken up by competing plants is proportional to their effective rooting length 

(Bowen, 1985; Caldwell and Richards, 1986).

Belowground processes play important roles in nutrient cycling and organic turnover 

rates in forest ecosystems. Comparing organic matter and nutrient circulation between 

different forest types using only above ground litterfall may result in a misinterpretation of 

actual cycling rates (Vogt et a i ,  1986). Trees also act as nutrient reserves or sinks. Stone 

(Stone, 1981) reported that K cycling in many forest ecosystems is very tight and K



applied as fertilizer is still available after a prolonged period. How well an artificial 

agroecosystem can simulate the natural ecosystem in terms of K cycling and retention is an 

essential question that will be asked in this study. If a hedgerow tree species behaves like 

trees in the natural ecosystem, alley cropping could enhance potassium retention in the 

system as compared to other cropping systems without trees. In spite of its importance, 

quantitative information and mechanistic understanding of belowground processes in alley 

cropping systems are particularly lacking, mainly because of the difficulties involved in 

observing root systems.

The rubidium tracer technique enables us to study belowground processes with respect 

to potassium cycling more readily and economically. It is one of the least destructive 

techniques and provides us the direct, quantitative information regarding tree-crop-soil 

interaction.

In the greenhouse study, the validity and applicability of the Rb tracer technique to 

study belowground competition in alley cropping systems were tested. The simple index, 

root partition factor r, was introduced to quantify the root competition among crop and tree 

species.

In the field experiment, the root partition factor r was applied to compare competitive 

relationships between crops and three different hedgerow tree species.

S i g n i f i c a n c e  o f  P o t a s s iu m  in  T r o p ic a l  A g r i c u l t u r e

Most acid, infertile tropical soils are very low in available and reserve potassium, but it 

is rarely the primary limiting factor for growth and yield of crops (von Uexkiill, 1985). 

However, K easily becomes limiting as a result of many events. Although K moves



relatively slowly in the soil, mainly by diffusion (Barber, 1962), much K can be lost by 

leaching from soil with low CEC, which is very common in the humid tropics. Increased 

K demand as yield increases due to liming, phosphate application, and so forth may make 

K limiting (Kemmler, 1980). The depletion of reserves of soil K is further intensified by 

continuous cropping, applying N-fertilizer and planting high-yielding varieties. The 

potassium requirement for many crops is much higher than that for phosphorus. Many 

crops such as oil palm, sugar cane, banana, pineapple, and tobacco remove much more 

potassium than phosphorus (Cooke, 1985). Root crops require a large amount of K which 

is mostly contained in the tubers that are eventually removed from the system at harvest. 

Grain crops also demand much K but, unlike tuber crops, the K is mostly retained in the 

straw or the stover. Hence management, particularly residue management, plays an 

important role in the case of grain crops. Returning the crop residue to the field at harvest 

helps retain of K in the system.

Many studies have shown that the full return from N-fertilizer can not be achieved 

unless supplies of K are adequate.

Potassium also plays a substantial role in physiological processes. An adequate supply 

of nutrients increases water use efficiency of the plant. This is particularly true for K, since 

K is responsible for the regulation of the stomatal apertures in leaves.

K  AND R b  M o v e m e n t  in  t h e  S o il  a n d  T h e ir  A v a il a b i l it y  t o  

P l a n t s

Movement and leaching of K in the soil depend on (1) clay mineralogy, (2) buffer 

capacity of the soil and (3) intensity and amount of rainfall.



Rate o f leaching and movement of K vary greatly among different clay minerals. The 

2 : 1  clay minerals such as illites, vermiculites and weathered micas have three different 

adsorption sites. Sites in interlayer space (i-position) and sites at the edge of the layers (e- 

position) have high specificity for K+ compared to sites at the planar surfaces (p-position). 

This is illustrated by a considerable difference in the Gapon coefficient among these three 

positions. The Gapon coefficient of p-, e-, and i-position are 2.21, 102, and infinite 

(mM/l)‘ l/2  ̂ respectively (Mengel and Kirkby, 1987). The i-position has the greatest 

specificity for K+ and largely accounts for K+ fixation in soils.

Therefore, the behavior of K+ in the soil is very much dependent on the clay content 

and types of clay minerals present. Potassium mobility, diffusion rates and leaching are 

generally low in soils rich in K+ specific binding sites. The opposite is true for soils rich in 

kaolinitic clay minerals that are poor in K+ specific binding sites. Highly weathered 

Oxisols and Ultisols in the tropics are good examples. These soils are not only poor in K+ 

specific binding sites but also low in buffer capacity. This combined with high rainfall 

conditions, may allow excessive K leaching from these soils (Dierolf, 1992).

When the major force of K movement in the soil is diffusion, the size o f the diffusion 

coefficient as well as amount of diffusible K is important in determining the amounts of K 

that may reach the root (Baligar and Barber, 1978). Diffusion of Rb in the soil differs 

depending on soil mineralogy. On Kikuyu red loam, ^^Rb did not move farther than 3 -  

6  cm from the point of application after being subjected to leaching with 180 mm of water 

or nitrate solution over a seven hour period (Huxley et al., 1970).

The availability of various forms of soil K to plants is of great agronomic importance 

and has received much attention. When the major force of K movement in the soil is



diffusion, the size of the diffusion coefficient as well as amount of diffusible K is 

important in determining the amounts of K that may reach the root (Baligar and Barber, 

1978). Diffusion of K and Rb in the soil differs depending on soil mineralogy. On 

Kikuyu red loam, did not move farther than 3-6  cm  from the point of application 

after being subjected to leaching with 180 mm of water or nitrate solution over a seven 

hour period (Huxley et a i ,  1970).

When K fertilizer is added to the soil, part of the added K is converted to forms 

unavailable to plants. The amount of K fixed depends on many factors such as the reaction 

time, pH, the form of K applied as a fertilizer (e.g., KPO4  vs. KCl), temperature, drying, 

soil mineralogy, and concentration of K (Martin et a i ,  1945; Schuffelen and van der Marel, 

1955). Some of the fixed K is not permanently fixed and it becomes available to plants if 

conditions change (Dowdy and Hutcheson, 1963; Martin et al., 1945; Schuffelen and van 

der Marel, 1955). Some researchers reported that drying releases K from nonexchangeable 

forms for plant use (Dowdy and Hutcheson, 1963) whereas others reported the opposite 

results (Martin e ta i ,  1945).

When K and Rb are fixed they are not fixed to the same extent and the difference can 

be very large in some soils. The study by 0 ien , Semb, and Steenberg (1959) showed 

significant differences between Rb and K in leaching and fixation rates. The ability of soils 

to fix K and Rb was determined by the wet fixation method of Schuffelen and van der 

Marel (1955). The result showed that Rb is more strongly fixed than K and the fixing of 

Rb is about twice that of K (Table 1.1). About 30% of added Rb is fixed while 15% of K 

is fixed in the medium heavy clay. As a result, Rb is less subject to leaching than K and 

tends to concentrate in the upper layer of the soil profile (0 ien  et a i ,  1959).



Rb is preferentially adsorbed by many soils, because there are exchange sites that are 

initially available to both K and Rb but that have a greater affinity for Rb. A eation with a 

relatively small radius will come eloser to the negative charge of the carrier, and for this 

reason, a stronger attractive force will be established than that for a larger cation.

Therefore, a cation with smaller radius is more hydrated and has larger hydrated radius 

than a larger cation. Before the cation can bind to a negative charge, the surrounding water 

molecules must be removed. This requires energy which is larger or equal to the hydration 

energy. Sinee potassium has a smaller crystallographic radius than rubidium, potassium is 

more hydrated than Rb (Table 1.2), and therefore, it requires more energy to release water 

molecules from K than from Rb (Bergback and Borg, 1989)._ In soil solutions, Rb is more 

easily dehydrated hence more easily adsorbed to the soil exchange sites than K. Once these 

sites are filled up, soils adsorbed K and Rb in a constant ratio in many soils.

A s s u m p t i o n s  a n d  R e q u ir e m e n t s  o f  t h e  R b  T r a c e r  T e c h n i q u e

To be able to use Rb as a tracer for K, ideally, they should behave identically in every 

aspect, hence it is essential to fulfill a series of requirements or assumptions to make the 

technique feasible. First, Rb should behave in an identical manner to K both physically and 

chemically— physical and chemical identity (Vose, 1980). Second, it should be possible to 

recover all the tracer Rb added to the experimental system at zero experimental time 

(Hauck and Bremner, 1976).

In general, potassium and rubidium are similar in their chemistry since they have 

similar ionic radii (anhydrous ions = 1.33 and 1.49 A, respectively; hydrated ions = 2  A).



Their chemical and physical activities are very similar in solution, but using them in the soil 

system requires considerations on differential fixation and leaching of K and Rb.

Potassium mobility, diffusion rate and leaching are generally low in soils rich in K+ 

specific binding sites. The opposite is true for soils rich in kaolinitic clay minerals that are 

poor in K+ specific binding sites. Highly weathered Oxisols and Ultisols in the tropics are 

good examples of the latter.

Selective adsorption of Rb is proportional to clay content and this is particularly a 

problem in micaceous soils (Deist and Talibudeen, 1967). Micaceous soils “fix” 

potassium ions in the interlayer space and these ions are not extracted by an ammonium 

salt solution (Schuffelen and van der Marel, 1955). Besides micaceous soils, Rb is 

adsorbed on the exchange sites of the clay preferentially to K fBaligar and Barber, 1978; 

Deist and Talibudeen, 1967; Franklin and Snyder, 1965). This is because certain low 

energy exchange sites are occupied more by Rb than K (Baligar and Barber, 1978). 

Therefore, the Rb/K ratio of the exchange sites is often greater than the ratio in the soil 

solution. This inevitably causes disproportionate uptake of Rb and K by plants even if 

discrimination does not occur in the uptake process.

We did not expect fixation to be much of a problem with the kaolinitic soil used in our 

study but preferential adsorption might still exist. This has been confirmed in a 

preliminary study. The ratio of recovery rate of Rb to K by IM NH^Cl was 0.97 one week 

after Rb and K spikes were added. Leaching could be a potential problem, since the 

kaolinitic soils are poor in K+ specific binding sites and low in buffer capacity. Even if 

fixation or leaching takes place, as long as Rb and K are affected at the same rate or the 

specific activity of the added material stays constant before and after its addition to the soil.



results will not be affected, otherwiswe we propose that a Rb discrimination correction 

factor (Hafez and Stout, 1973) can integrate Rb discrimination because of 1) leaching, 2) 

preferential adsorption of Rb, and 3) Rb discriminatin by plant.

Third, the plant should be able to distinguish Rb from K only with difficulty— no 

discrimination or fractionation (Hauck and Bremner, 1976). The assumption should be 

tested in a nutrient culture study to isolate the effect of the plant physiology on 

discrimination so it would not to be confounded by the soil properties. Testing the 

assumption in the soil system is extremely difficult if not impossible, since concentration 

of Rb and K in the soil solution cannot be maintained constant. We can safely assume that 

discrimination does not occur during the uptake process based on previous nutrient culture 

studies. Besides having similar ionic radii, both elements use the same biological carrier 

when taken up by plant roots (Epstein, 1972). Therefore, K is equally competitive with Rb 

in solution culture in ion uptake by roots, which suggests that Rb is a good tracer for K 

(Collander, 1941; Epstein and Hagen, 1952; Fried and Noggle, 1958; Karim et a l ,  1971).

K and Rb are absorbed by plant roots indiscriminately so that the Rb/K ratio of absorbed 

Rb and K is the same as the ratio present at the root (Collander, 1941; Deist and 

Talibudeen, 1967; Epstein and Hagen, 1952). However, fractionation tends to occur within 

the plant. Different plant tissues accumulate K and Rb at different degrees and root tissue 

tends to accumulate Rb most. This brings up the specific activity of Rb (i.e., the Rb/K 

ratio) in the root tissue which is the highest of all tissues. We tested this and verify the 

most representative plant tissue in terms of specific activity of Rb in the whole plant. Even 

if Rb discrimination occurs during the uptake process, that can be adjusted by the Rb- 

discrimination correction factor, n as well. Another consideration regarding fractionation is



that fertilization should not alter Rb-K fractionation in the plant. We verified this 

assumption with the low level of Rb + K input used in our study.

Fourth, when two sources of a given nutrient are present in the soil the plant should 

absorb from each of these sources in proportion to the respective quantities available— non- 

discriminatory uptake of different sources (Fried and Dean, 1952). This is the basic 

assumption of the isotope dilution principle. This assumption is not much problem for K 

because there is no known complex of K and Rb that is formed in the soil nor plant, and 

both K and Rb were applied in solutions.

Fifth, isotopic exchange should not happen both in the soil and in the plant: there 

should not be interaction between the two or more sources of nutrients— no isotopic 

exchange between labeled and unlabelled sources (Fried, 1964), and the isotopic exchange 

between Rb and K should not happen during the uptake process and within the plant— no 

isotopic exchange by the plant (Vose, 1980). Experimental procedures must be so 

designed as to minimize the degree of isotopic exchange reactions between fertilizer and 

soil and to maximize free contact between fertilizer and roots (Vose, 1980). To achieve 

this goal, the labeled fertilizer is best applied in a band (Rennie and Spratt, 1960). When 

the labeled P-fertilizer is mixed uniformly through the soil, considerable isotopic exchange 

may take place between the fertilizer-P and soil-P (Russell et a i ,  1954). We applied Rb- 

labelled K fertilizer in a narrow, shallow area to minimize the isotopic exchange in the soil.

Sixth, naturally occurring Rb and K in the soil (i.e., indigenous Rb and K pool) should 

have a constant ratio both in time and space— homogeneous distribution o f native Rb and



K. This is relatively easily attained in a greenhouse pot experiment by mixing the soil 

thoroughly prior to the experiments, but much harder in a field experiment, particularly 

when it involves a perennial plant which has a large, relatively deep root system. The 

assumption is not always valid as shown by 0 ien  et al. (1959). This is best handled by the 

use o f a control (untreated plants), as was done in our greenhouse experiment. Any 

variation in background, both in time and space, can be monitored by control plants under 

the next assumption, that is, treated and control plants have comparable root system 

exploring the same volume of soil, so that specific activity of Rb (the Rb/K ratio) in the 

control plant is an integrated value of specific activity of Rb of the native soil pool in the 

plant rooting volume up to a time of sampling.

The seventh assumption is therefore that when a control is used, both control and 

treated plants explore the same volume of soil and have comparable root systems. This 

was also verified in the greenhouse experiment, but extrapolation of the results will be 

limited by the modified environment and a short experiment time.

Lastly, the choice of Rb/K ratio seems to be important because: (1) there is possible Rb 

toxicity at high Rb concentration (Marschner and Schimansky, 1971), (2) the ratio may 

affect Rb-i- and K+ uptake rate (Marschner and Schimansky, 1971), and (3) the smaller the 

Rb/K ratio in enriching fertilizer the smaller the effect of Rb-discrimination correction 

factor used to correct for Rb discrimination, if any (Hafez and Stout, 1973). Considering 

these and a possible alternation of fractionation due to the high level of Rb and K addition, 

we chose the lowest possible Rb addition rate (i.e., 2% of K by weight) that could be 

detected by our analytical methods.
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C o n s i d e r a t io n s  a n d  C o n s t r a in t s  t o  u s e  R b  a s  t r a c e r  o f  K

Conflicting results are reported for suitability of using Rb as a tracer of K. Results 

from some studies support its successful use (Hafez and Stout, 1973; Stone, 1981; Stone 

and Kszystyniak, 1977), while many others reported that Rb is not a proper tracer for K. 

Generally, the technique has been successfully used for nutrient culture and resin studies 

(Collander, 1941; Epstein and Hagen, 1952; Fried and Noggle, 1958; Karim et al., 1971) 

but studies involving soils have often encountered many difficulties.

Factors which may restrict the use of Rb as a tracer for K include the ionic 

concentration of Rb and K ions, the Rb/K ratio in the substrate, substrate type, plant species 

and the presence of other monovalent cations, such as NH4 and Na ions. M arschner and 

Schimansky (1971) tested various factors that may affect the rate o f '‘̂ K and “ Rb uptake by 

barley plants grown in nutrient solutions and concluded that using “ Rb as a tracer for K"" is 

often misleading (mostly underestimation) when the actual K'̂  influx is considered (Table 

1.3). In their study, ''^K and “ Rb influx rate was affected by the factors such as length of 

experiment, temperature, total concentration of K'*̂ + Rb"̂ , ratio of K'^/Rb'", and presence of 

other ions, especially Câ "". If total concentration of K^ + Rb'" will alter the uptake rate of 

K”" and Rb”" by plants, the Rb/K distribution factor could change in the field where at least 

total concentration of K and Rb in the soil solution changes overtime. The plant may not 

be able to distinguish between K and Rb in the uptake process, but the distinction can still 

be made in the soil due to fixation of K and preferential adsorption of Rb. Fried and Heald 

(1960) reported that when Rb data are used to calculate the percent K in the plant derived 

from added K, completely erroneous results are obtained. Many investigators suggested



that the distribution factor is constant for a given soil-plant system, but differs from soil to 

soil .

Baligar and Barber (1978) also reported that the level of K in the soil has greater effect 

on the distribution factor (DF), i.e., the ratio of Rb/K in the plant to Rb/K in the soil, than 

varying types of exchange sites present due to differences in clay and amounts of organic 

matter in the four soils investigated. On the contrary, Deist and Talibudeen (1967) found 

that Rb fixed at large carrier levels is directly proportional to the clay content of the soil.

For example, Marschner and Schimansky (1971) suggested that the total amount o f Rb 

and K and Rb/K ratio in nutrient solution affect Rb discrimination. It is difficult to test or 

separate these two effects in a soil study, because the concentration of K and Rb in soil 

solution interfacing with the root at a specific time cannot be determined, in other words, 

total amount of K + Rb and Rb/K ratio in the soil changes both in time and space. As 

roots grow, pools with different total concentration of K + Rb and Rb/K ratio will be 

created in the soil dynamically. This makes it harder to separate the effect of one factor 

from another that may change the degree of Rb discrimination in the soil system. It is 

important to determine the Rb discrimination factor over time in the field by using controls 

in the same field, because in the field, (1) tree and crop roots interface both the native soil K 

pool and the labeled soil K pool (and mixtures of the two) and the proportion of each pool 

interfacing tree roots dynamically changes over time as roots grow or the labeled pool 

expands, (2) total concentration of K and Rb in the soil changes as they are taken up by 

plants, and (3) Rb/K ratio in the soil also continues to change due to Rb discrimination. 

However, if variations of Rb discrimination accounted for factors other than the intrinsic 

nature of soil-plant interactions are small enough or, in other words, if the Rb/K ratio of 

plants grown on unfertilized soils are only the result of native soil properties related to Rb

12



and K (Hafez and Stout, 1973), the discrimination correction factor n obtained from 

controls in a pot study can be used for other situations.

P r e l im in a r y  E x p e r i m e n t s

To develop an appropriate extraction method of K and Rb from plant tissues, we 

conducted several preliminary studies.

Hafez, Brownell, and Stout (Hafez et a l ,  1973) showed that recovery of Rb from plant 

materials is significantly different depending on the ashing method and ashing vessel. In 

their standard addition and recovery experiment, dry ashing recovered 20 to 46.4% of 

added Rb whereas 98.2 to 100.0% was recovered by wet digestion with HNO 3 . They also 

reported different rates of Rb recovery in dry ashing when different ashing vessels were 

used to ash the sample. Using platinum, porcelain, and Pyrex containers, they recovered 

87 to 94%, 26 to 53%, and 45 to 72% of added Rb, respectively.

Since K is quite soluble, even in water, many investigators have studied rapid 

extraction methods that used various kinds of solvent but involve no digestion processes 

(Hunt, 1982; Miyazawa et a i,  1984; Sahrawat, 1980; Sahrawat, 1987; Tubino and de 

Oliveira Torres, 1990). The most popular extractant is dilute hydrochloric acid because it is 

safe and economical, and the method gives comparable values with those by the 

conventional digestion methods and provides better precision (Hunt, 1982; Sahrawat,

1980; Sahrawat, 1987).

We also tested three extractants using the same Calliandra leaf tissue used for the dry 

ashing study with different vessels.

13



R e s u l t s  o f  t h e  P r e l im in a r y  E x p e r i m e n t s

The order of recovery of K from three different vessels (Table 1.4) was consistent 

with results from the study by Hafez, Brownell, and Stout (Hafez et al., 1973). Platinum 

crucibles had the highest extraction of K (0.90% of tissue dry weight) and it was 

significantly different from those from the other vessels.

The IM HCl extracted significantly more K than water or O.IM HCl at 5% level (Table

1.5). The amount of K extracted by IM  HCl (1.18%) was greater than 0.90% of K 

extracted by dry ashing with a platinum crucible (Table 1.4 and Table 1.5). The difference 

was highly significant by the t-test (p<0.008).

The recovery of Rb from leaf tissue of Calliandra by dry ashing was examined in a 

different study (Table 1.6 ). The container used for ashing wa's a Pyrex test tube. Our 71 to 

75% recovery of Rb was a little better than the 45 to 72% recovery of Hafez et al. (Hafez et 

al„ 1973) study, but a 25% loss is still large. The difference between treatments was not 

significant by a t-test (p<0.527).

W e therefore decided to employ the IM HCl wet extraction method to extract K and Rb 

from plant tissues.
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Table 1.1. Percent of added potassium and rubidium extracted 
successively with water and 0.5 N magnesium acetate

Rubidium (%) Potassium (%)

Soil Water 0.5 N Magnesium 
acetate

Total
extracted Water 0.5 N Magnesium 

acetate
Total

extracted
Sand 87.2 10.1 97,3 93.4 7.3 100.7
Medium he a w  clav 42.2 28.0 70.2 64.2 21.1 85.3
Source: modified from 0 ien et al. (1959)

Table 1.2. Difference in Radius, Hydration Energy, and Binding Energy for 
Potassium, Ammonium, and Rubidium

Element
Crystallographic

(Dehydrated)
Radius

Hydration
energy

Binding energy 
(kJ/mol)

(A) (kJ/mol) q=-1.0t  q=-0.1
Potassium (K) 
Ammonium (NH4)

1.33
1.43

- 310 
-290

1046 105 
973 97

Rubidium (Rb) 1.48 - 290 940 94
t  q = charge on carrier

Table 1.3. Effect of Tracer Used on the Calculation of Percentage of Added 
Potassium in the Plant Derived from the Fertilizer

Soil type Mineralogy Isotope used 
k42 (%) Rb86 (0/ N

Decatur (Rhodic Paleudults) kaolinitic 19 4.8
W ooste r (O xyaquic Fragiudalfs) m ixed 18 6.1
Grenada (Glossic Fragiudalfs) mixed 15 4.5
Hagerstown (Typic Hapludalfs) mixed 13 5.9
Herrick (Aquertic Argiudolls) smectitic 13 5.0
Davidson (Rhodic Kandiudults) kaolinitic 12 3.1
Source: Fried and Heald (i960) and modified.
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Table 1.4. K extracted from leaf tissue of Calliandra calothyrsus by dry 
ashing

Method K extracted (%K in plant tissue)
Test tube 0 .66  a
Ceramic crucible 0.61 a
Platinum crucible 0.90 b

* Means followed by the same letter are significantly different at p<0.01 by the LSD.

Table 1.5. K extracted from leaf tissue of Calliandra calothyrsus by wet 
extraction

Method K extracted (%K in plant tissue)
Water 1.10  a
0.1 M HCl 1.08 a
1 M HCl 1.18 b

* Means followed by the same letter are significantly different at p<0.05 by the LSD.

Table 1.6. Rb recovery from leaf tissue of Calliandra calothyrsus by dry 
ashing

Treatment
Rb in 0.5 g leaf tissue 

+ added amount 
(mq Rb/0.5 q tissue)

Rb recovered 

(mg ± SE) (% ± SE)
Control 0.0044 - -

0.5 mg Rb added 0.38 0.38 ± 0.004 75 ±  0.0082
1.0 mq Rb added 0.72 0.71 ± 0.023 71 ± 0.0226
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Chapter 2 

Verification of the Rubidium Tracer Technique and 
Determination of Rubidium Discrimination Factor

A b s t r a c t

The rubidium (Rb) tracer method (Hafez and Stout, 1973) was modified and evaluated 

for use as a prediction tool of potassium (K) uptake. The method was extended so that it is 

applicable to both pot and field studies to investigate belowground competition. The root 

partition factor r, which is an integrated measure of root activity in unfertilized soil, has 

been introduced to help visualize belowground processes more readily.

Three leguminous tree species {Calliandra calothyrsus, Cassia siarnea, and Gliricidia 

sepium) and maize {Zea mays) sowed in pots and fertilized with three levels of K were 

arranged in a randomized complete block with four replications. Rb at 2% of K in weight 

was added to 50 K and 100 K treatments as a tracer of K.

Rb discrimination was observed for all legume species as well as maize, but the degree 

of discrimination, which was most likely caused by preferential adsorption of Rb on the 

surface of the non-micacious soil used in our study, was modest and its range was much 

narrower than previously reported values among soils with different degrees of vermiculite 

contents. Root tissue accumulated Rb most in the control treatments but leaves 

accumulated it most when K and Rb were added to the soil. However, the leaf Rb/K ratio 

represented the whole plant Rb/K ratio best because of its higher biomass than the other 

tissues, which makes the leaf the most suitable tissue to be sampled thereby simplifying



the experimental procedure in the field. Incorporating the Rb discrimination correction 

factor n in calculations, the estimates of K fertilizer uptake by plants {%KdfF) were 

increased as much as three times. Both %KdfF and r were better correlated with root wet 

weight than with root dry weight, most likely because the wet weight is a better 

representation of rooting volume. Calliandra's r  was significantly higher than the others, 

which suggests more root activity in the native-K  pool (i.e., deeper soil profile). M aize’s r 

and its change between two harvests were the smallest suggesting uniform root activity 

across the soil profile. Maize had relatively more root activity in the soil surface than trees. 

Gliricidia and Cassia had intermediate r values, but Gliricidia performed more like maize 

probably because of their similar root structures that consisted of thick, soft roots with 

higher water content than the other two tree species.

The modified Rb tracer technique proved to be a useful prediction tool on belowground 

processes and it could be used under field settings combined with other methods or 

measurements.

I n t r o d u c t i o n

Common methods to study belowground competition involve the use of trenching 

(Willey and Reddy, 1981), root barriers (Singh et al., 1989), root exclusion tubes (Cook 

and Ratcliff, 1984; Reichenberger and Pyke, 1990), and above- and below-ground 

separation plates (Bozsa and Oliver, 1990). Though all the techniques allow separation of 

above- and below-ground competition, the results are often confounded by the modified 

growth environment and by adverse effects on plant growth.
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On the other hand, the Rb tracer technique is one of the least destructive techniques 

with little environmental modification. The technique also provides us the direct, 

quantitative information regarding plant-soil interaction processes, rather than indirect, 

qualitative observation. The use of non-radioactive Rb has many advantages over other K 

tracers. Radio-isotopes of K are expensive and have short half-lives (i.e., ‘*^K=12.4 hours, 

‘®K=22.4 hours). Use of **̂’Rb (t|/2=18.6 days) permits relatively longer experiments but it 

is also radioactive and expensive. High cost and short half-life of *^Rb further encouraged 

the used of non-radioactive Rb as K tracer. The non-radioactive Rb tracer technique is safe, 

economical, hence suitable for a large plot application and long-term field experiments.

Objectives of this study are (1) to test the assumptions of the Rb tracer technique and 

determine the Rb discrimination correction factor, n for each species, (2) to determine the 

plant part (i.e., leaf, shoot, or root) that most closely represents the Rb/K ratio for the whole 

plant, (3) to verify if the Rb discrimination correction factor, n improves the estimate of 

fertilizer-K uptake, (4) to compare the rate of fertilizer-K use (or %KdfF) and the root 

partition factor r among different tree-crop combinations and to evaluate species 

differences in K uptake and competition, and (5) to make a prediction of root growth habit 

or distribution pattern that is unique to a species based on the root partition factor r.

We hypothesized that (1) Rb discrimination takes place mainly due to preferential 

adsorption of Rb by soil, (2) the degree of Rb discrimination differs among species and 

plant tissues within species; roots accumulate Rb most and leaf Rb/K is the best 

representation of the whole plant Rb/K, (3) using the Rb discrimination correction factor n 

increases the estimate of K uptake by plants due to Rb discrimination, (4) the differences in 

K uptake among species are a function of root biomass and the %KdfF  and root partition 

factor r correlate better with root wet weight than the dry weight across the species since
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the wet weight is better representation of rooting volume, and (5) the %KdfF  decreases and 

the root partition factor r increases with age, reflecting the root expansion to the native soil- 

K pool.

In most soil systems, Rb is more tightly held on the soil exchange sites than K.

Thus,
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where is specific activity of Rb with respect to K in untreated plants and is specific 

activity of Rb with respect to K in soil.

To correct Rb discrimination problem, using a correction factor was first suggested by 

Menzel and Heald (1955) and demonstrated by Hafez and Stout (1973) as Rb- 

discrimination correction factor, n. The Rb/K ratios of plants grown on unfertilized soils 

are the result of native soil properties that are related to Rb and K (Hafez and Stout, 1973). 

The n takes into account Rb discrimination associated with the difference in Rb and K 

kinetics in the soil and with the uptake of them by a specific plant. Thus, we can eliminate 

the change in the Rb/K ratio for a specific soil-plant combination by incorporating n into 

the equations.

For a specific soil and plant combination, n is defined as

S.
S^n = or n =

Su

The Rb-discrimination correction factor (n) is the reciprocal of the distribution factor 

(DF). The distribution factor (DF), or sometimes called distribution function k (Menzel, 

1954), is the Rb/K ratio in the plant divided by the Rb/K ratio in the growth medium (Fried



et al., 1959) and chemically equivalent to the selectivity coefficient. DF is an index of 

similarity in the behavior of the two elements toward plant uptake and translocation, so that 

it is specifically used for measuring degree of discrimination, or fractionation, of Rb and K.
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The n needs to be determined only with untreated plants and assuming that the addition 

of Rb and K fertilizer to the system does not alter the degree of Rb discrimination nor root 

growth, n can be successfully used to correct the discrimination found in the treated plants.

The correction that is made by n can be very significant. For example, for four types of 

soils and cotton plant combinations used in the experiment of Hafez and Stout (1973), n 

ranged from 1.4 to 4.6 for NH^OAc extractable Rb and K and from 2.7 to 13.9 for HNO 3 

extrac table Rb and K.

Rb discrimination should be determined for each species since it differs among 

different plant species (Hafez and Rains, 1972) and among different plant parts within 

species (Hafez and Rains, 1972; Marschner and Schimansky, 1971; Menzel and Heald, 

1955; Murphy et a l ,  1955). For example, roots of cotton and barley plants retain Rb 

preferentially over K (Hafez and Rains, 1972). Many investigators suggested that the 

distribution factor is constant for a given soil-plant system, but differs from soil to soil, as 

well. Therefore, n should be determined for each soil-species combination. This can be 

done in a greenhouse pot experiment as demonstrated by Hafez and Stout (1973).



There are several vital assumptions and requirements to be met for the successful use 

of the Rb tracer technique, but the most important assumption is that untreated plants have 

comparable root systems and distribution with treated plants.
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First, Rb should behave in an identical manner to K both physically and chemically- 

physical and chemical identity (Vose, 1980). Second, all the tracer Rb added to the

experimental system should be recoverable at zero experimental time (Hauck and Bremner, 

1976).

We did not expect fixation to be much of a problem with the kaolinitic soil used in our 

study (Deist and Talibudeen, 1967) but preferential adsorption of Rb might still exist.

This has been confirmed in a preliminary study. We hypothesized the Rb discrimination 

occurred due to the preferential adsorption of Rb (Baligar and Barber, 1978a; Deist and 

Talibudeen, 1967; Franklin and Snyder, 1965) and used a Rb discrimination correction 

factor, n, to correct for the discrimination.

Third, the plant should not be able to distinguish Rb from K— no discrimination or 

fractionation (Hauck and Bremner, 1976). We can safely assume that discrimination does 

not occur during the uptake process based on previous nutrient culture studies (Collander, 

1941; Epstein and Hagen, 1952; Fried and Noggle, 1958; Karim a/., 1971). However, 

fractionation tends to occur within the plant. Different plant tissues accumulate K and Rb 

at different degrees and root tissue tends to accumulate Rb most (Hafez and Rains, 1972; 

M arschner and Schimansky, 1971; Menzel and Heald, 1955; Murphy et a l ,  1955). This 

brings up the specific activity of Rb (i.e., the Rb/K ratio) which is highest in the root tissue. 

W e will test this and verify the most representative plant tissue in terms of the specific 

activity of Rb in the whole plant. Even if Rb discrimination occurs during the uptake



process, it can be adjusted by the Rb-discrimination correction factor, n as well. We 

verified the assumption that fertilization did not alter the Rb-K fractionation in the plant 

with the low level of Rb + K input used in our study.

Fourth, when two sources of a given nutrient are present in the soil the plant should 

absorb from each of these sources in proportion to the respective quantities available— non- 

discriminatory uptake of different sources (Fried and Dean, 1952). This is the basic 

assumption of the isotope dilution principle. This assumption is not much problem for K 

because there is no known complex of K and Rb that is formed in the soil nor plant, and 

both K and Rb were applied in solution.

Fifth, isotopic exchange should not happen both in soil and in plant: there should not be 

interaction between the two or more sources of nutrients— no isotopic exchange between 

labeled and unlabelled sources (Fried, 1964), and the isotopic exchange between Rb and K 

should not happen during the uptake process and within the plant— no isotopic exchange 

by the plant (Vose, 1980). We applied Rb-labeled K fertilizer in a narrow, shallow area to 

minimize the isotopic exchange in the soil (Rennie and Spratt, 1960).

Sixth, naturally occurring Rb and K in the soil (i.e., indigenous Rb and K pool) should 

have a constant ratio both in time and space— homogeneous distribution of native Rb and 

K. This IS relatively easily attained in greenhouse pot experiments by mixing the soil 

thoroughly prior to the experiments, but much harder in a field experiment, particularly 

when it involves a perennial plant which has a large, relatively deep root system. The 

assumption is not always valid as shown by 0ien  et al. (1959). This is best handled by the 

use of control (untreated) plants. Any variation in background, both in time and space, can 

be monitored by control plants under the next assumption, that is, treated and control plants 

have comparable root system exploring the same volume of soil. Therefore, the specific
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activity of Rb (the Rb/K ratio) in the control plant is an integrated value of specific activity 

of Rb of the native soil pool in the plant rooting volume up to the time of sampling.

So the seventh assumption is that when a control is used, both control and treated 

plants explore the same volume of soil and have comparable root. This was also verified 

in the greenhou.se experiment, but extrapolation of the results will be limited by the 

modified environment and the short experiment time.

Last, the choice of the Rb/K ratio seems to be important because: (1) there is possible 

Rb toxicity at high Rb concentration (Marschner and Schimansky, 1971), (2) the ratio may 

affect Rb+ and K+ uptake rate (Marschner and Schimansky, 1971), and (3) the smaller the 

Rb/K ratio in enriching fertilizer the smaller the effect of the Rb-discrimination correction 

factor used to correct for Rb discrimination, if any (Hafez and Stout, 1973). Considering 

these and a possible alteration of fractionation due to a high level of Rb and K addition, we 

chose the lowest possible Rb addition rate (i.e., 2% of K in weight) that could be detected 

by the Perkin-Elmer Model 3030B,

We chose atomic emission spectrophotometry analysis as the analytical method 

because it is one of the most sensitive and reliable methods of detecting low levels of 

alkaline metals such as Rb and K. The method is more stable and sensitive than atomic 

absorption spectrophotometry to analyze Rb and K and more sensitive than the Inductively 

Coupled Plasma (ICP).
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M a t e r ia l s  a n d  M e t h o d s  

Theoretical Background

The Rb tracer technique is employed in this study. Its theory was first described by 

Fried and Dean (1952) and it has been applied to many studies including Hafez and Stout’s 

study (1973) to determine the labile soil-potassium pool. Their method was originally 

proposed for conditions appropriate to a pot study, where fertilizer was applied to the 

whole root zone. In this study, we investigated the consequences o f non-uniform 

distribution of fertilizer.
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A. Rb Discrimination Factor n and fK dfF

The basic assumption of tracer methods is that plant composition reflects the relative 

contributions of nutrients taken from different sources, in this case native soil K and 

fertilizer K. In the absence of discrimination between Rb and K, the specific activity of Rb 

in plant tissue receiving fertilization (Sj. = Rb/K ^, where Rb and K are concentrations in 

mmole g ' and mole g ' , respectively) would be related to the specific activity of Rb in the 

native available soil pool (S^), and in the fertilizer (S^) and thus the fraction of K derived 

from fertilizer:

( S . - 5 .)

...................................................................

However, Rb and K do differ somewhat in soil exchange characteristics or plant uptake 

kinetics, so a discrimination correction factor, n, has been introduced such that = nSy,



where U refers to untreated plants. Assuming that the same discrimination factor applied to 

the uptake of fertilizer K,

fK d fF  =  P .2 ]

(Hafez and Stout, 1973; Menzel and Heald, 1955). The determination of n requires 

measurement of specific activities of Rb in soil and plant for the specific soil-plant system 

under study.

B. Root Partition Factor r

In cropping systems where fertilizer is mixed uniformly throughout the root zone (e.g., 

pot studies), and where there is no discrimination by the plant between fertilizer and native 

K, plant uptake is dependent only on the concentration ratios,

^  = ^ ....................................................................................... [2.3]
k f K ,

where is the amount of K in the plant derived from soil, is the amount o f K in the plant 

derived from fertilizer, is the concentration of fertilizer K in the fertilized zone, and is 

the concentration of native K in the fertilized zone. The fraction derived from fertilization 

would be

=  ' 2 '"

However, in the system where the fertilizer is not mixed uniformly throughout the root 

zone (e.g., when it is applied to a surface or plowed layer), and where cropping systems 

contain more than one species (e.g., alley-cropping) it is important to determine the relative
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activity o f roots in nutrient uptake from the fertilized versus unfertilized soil zones. W e 

therefore defined a root partition factor, r, such that 

ks _  rK,
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k f K ,
.[2.5]

and therefore

=  P O ’

In this case, and are the concentrations of native soil and fertilizer K in the rooting 

zone to which fertilizer was applied. The index r is thus an expression of root activity in the 

native soil K pool outside of the fertilized root zone relative to that within the fertilized root 

zone. If were constant throughout the soil, r  would be equivalent to the volume o f soil 

outside the fertilized zone relative to the volume of soil in the fertilized zone. We calculated 

r from [2 .6 ] as:

K /r = —- - 1 (calculation formula)................... [2.7]
J K d fF

where fK d fF  was determined by [2.2] and and by determining the initial 

concentration of each in the fertilized zone. Since K / K ^  is constant, r  changes only as 

fK d fF  changes.

Assuming different sources of K behave identically.



= A ...................................................................................P . 8 ,
k ,  K ,

where is the amount of native-K  in plant originated from the soil where fertilizer-K  is 

applied.

Soving [2.5] for r and substituting [2.8] and k ^ = k ^  + k̂ ,„), the root partition factor is 

therefore defined as: 

k + k
^ _  _j{f)-----^  (definition form ula)....................[2.9]

Kif)
or

Total native soil K in plant
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r =
Native soil K in plant of fertilized zone origin

where is the amount of native-K  in the plant that originated from where fertilizer-K is 

not applied. For example, r  = 11 means that 10 times more of the native-K  in the plant 

originated from the native-K  only pool than from the fertilizer applied zone (or soil) and r 

= 2 means that an equal amount of native-K  originated from the native-K  only pool and 

the fertilizer-K  applied soil. The word “origin” or “originating” implies that it does not 

require that tracer (or tracer added fertilizer) remain in one place to calculate r. Potassium 

can leach from the originally applied zone or can be fixed by soil as long as the processes 

affect the different sources of K at the same extent. However, the r works best to reflect 

root activity of the plant in the native-K  only pool in the absence of excessive leaching of K 

from the fertilizer-K applied zone beyond the rooting zone or excessive fixation of K in the 

fertilizer-K applied zone.

The r is an integrated measure of root activity in the native-K  only pool in time and 

space. Therefore it does not reflect the actual root partition between the fertilizer-K pool



and the native-K  only pool at a specific time but rather reflects the cumulative effect (or 

activity) of the active roots from the time of tracer application to the time of a sampling.

Calculating the inverse of r may be sometimes useful because it provides a measure of 

the fraction of native-K originating from the fertilizer-K applied soil. From [2.9],

fN K ofF  = -  = — ........................................ [2.10]

or

% NKofF =  ^  X 100.........................................................[2.11]

where fN K ofF  is the fraction of native-K  that originated from the fertilizer-K applied zone 

(or soil) and %NKofF is the percentage of of native-K that originated from the fertilizer-K 

applied zone (or soil).

C. Verification of Formula for Application to Field Settings

The Hafez and Stout equation [2.2] was originally used in pot studies. W e verified that 

this equation can be used with the root partition factor, r, under field settings (i.e., where 

fertilizer K cannot be applied to the entire rooting zone of plants) as follows.

The basic assumption is that plants take up a nutrient from different sources without 

discrimination and when there is no Rb discrimination, the relationships in [2.5] and [2.6] 

also apply between Rb and K;

^  = ^  = ^  or S , = S , ........................................ [2.12]
K , rK, K ,

^  ^  rRb, + R b, ^  rRb, + R b, ........................
K j rK, + Kp rK, +
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Rb^ -  native-Rb concentration in fertilizer-applied rooting zone of a treated plant 

(mmole Rb g dry soil ' )

R b, = feitilizer-Rb concentration in fertilizer-applied rooting zone of a treated plant 

(mmole Rb g dry soil ' )

Rby = Rb concentration in unfertilized (untreated, control) plants (mmole Rb g dry 

tissu e ')

Ky = K. concentration in unfertilized (untreated, control) plants (mole K g dry 

tissue ■')
Rb

Su = Specific activity of Rb with respect to K in untreated plants (control) = — —

Therefore, if there is Rb discrimination, eq. [2.12] and [2.13] can be corrected with the 

Rb discrimination correction factor n as follows;

Sun = ^  or Syii =  .'....[2.14]

.................................................................
^ rK^ + K ,

Rb
From eq. [2.14], Rb^ = ^ ,S j i  and S , = — -  is rearranged as R b, = K ,S ,.

Substituting these two equations into eq. [2.15], we get

^  rK,Sy,i + K ,S ,

................................................................
K , S y - S ,

Since eq. [2.6] can also be written as:
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%KdfF = \OQ^ — ^ —  =  100x ^
rK,^-K,  rK,  ̂ ^

Kr

Substitute eq. [2.16] to the above, we get

%Kdf F= 100 X   [2.17]

The eq. [2.17] is exactly the same as the one used by Hafez and Stout (1973) for a 

well-mixed pot soil experiment. Theoretically, the equation can be successfully used both 

in the greenhouse experiment and the field experiment; the derivation does not require 

homogeneous mixing of labeled fertilizer with native-K nor Rb.

Greenhouse Experiment

The greenhouse experiment was conducted at the University of Hawaii greenhouse in 

Manoa, Oahu. The soil used in the experiment was taken from the field site at the 

University of Hawaii's Wailua Experiment Station (22°04'30" N, 159°24'45"W, elevation 

162 m) on Kauai and it is a highly weathered, acid Oxisol (Kapaa series: Anionic Acrudox, 

clayey, gibbsitic, isohyperthermic). The Kapaa series consists of well-drained silty clay 

soils developed in material weathered from basic rock. Each of three legume tree species 

{Calliandra calothyrsus, Gliricidia sepium, and Cassia siamea) and maize {Zea mays) 

were separately planted in pots holding approximately 8  kg of dry soil. Initially six seeds 

were planted per pot and they were thinned out to three later on eliminating the largest and 

the smallest seedlings. Thinned plants were returned to the pot. The experimental design 

was a randomized complete block with factorial arrangements of four species, three levels



of potassium and rubidium applications, 0, 50, 100 kg K ha ' (as the Rb/K ratio is held 

constant at 2.5% of K on a weight basis), and two harvests and they were replicated four 

times. Potassium and rubidium were applied as KCl and RbCl solution. To prevent any 

loss of K and Rb by leaching, the bottom of the pots was tightly sealed. To ensure healthy 

growth of the plants the following rates of nutrients were added to all pots including 

controls and mixed thoroughly with the soil; TSP 100 kg P ha ' , Urea 150 kg N ha ' , and 

Granusol 55 kg ha '. All pots were weighed every day and deionized water was applied at 

least once a day to bring the soil to the field capacity (37%) determined by the mud-ball 

technique. To minimize border effect, the pots were rotated once a week by row in both 

directions. All plants were harvested before K became limiting so that the results are not 

confounded by K-deficiency. Tree species were harvested twice when the aboveground 

biomass reached approximately 5 g and 10 g in dry weight basis per plant. Z. mays was 

harvested at 22 and 36 days after planting, C. calothyrsus at 54 and 82 days after planting,

C. siamea at 62 and 82 days after planting, and G. sepium  at 50 and 82 days after planting. 

At each harvest, the entire pot was harvested and the plant and soil samples were taken 

destructively. The plant samples were separated into shoot, leaf, and root. Roots were 

recovered by hand-picking with tweezers and quickly rinsed with deionized water on a 35- 

mesh sieve (0.417 mm opening) to minimize leaching loss of K and Rb from the tissue. 

We verified that approximately 90 to 98% of root biomass was able to be recovered in this 

way by subsampling several pots to recover all roots, though the discarded portion largely 

consists of fine roots. Plant tissues were dried in the oven at 70 °C, dry weight was taken 

separately for each tissue type and extracted for K and Rb with IM  HCl. The soil was 

extracted with \M  NH^Cl. Both plant tissues and soil were analyzed for Rb and K 

concentration by atomic emission spectrophotometry (AES) with Perkin-Elmer Model
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3030B and the Rb/K ratio was determined. Sodium or Cesium in the form of chloride salt 

was added to extracted solution to suppress ionization interference. Biomass data were also 

recorded.

R e s u l t s

All species demonstrated healthy growth without any signs of nutrient deficiency. Even 

after the second harvest, there was still enough K left in the pots to ensure further plant 

growth (Table 2.1). The different rates of potassium application did not induce growth 

differencesw within the same species; total biomass was not significantly different among 

different K application rates at the same harvest date {P < 0.651) and moreover, plants 

developed comparable root systems regardless of K applicatipn rates (P < 0.804 for wet 

weight and P < 0.914 for dry weight) (Table 2.2 and Figure 2.1). The comparable root 

system was also verified by comparing root partition factor r between two K application 

rates. Basically, the differences were not significant for all comparisons except two cases. 

Only r calculated from leaf and stem tissues at the second harvest showed significant 

difference between the K application rates, but the difference was very small for the leaf r  

(P < 0.047) while it was highly significant for stem r  (P < 0.008). Gliricidia contained 

considerably more water than tissues of the other two tree species ranging from 2 . 1 % to 

13.8% depending on the tissue type and harvest (Table 2.2). Visual observation supports 

these data as well. Gliricidia'?, roots were mostly composed of thick cream-colored roots 

similar to maize’s but were somewhat soft, whereas Calliandra and Cassia had firm thin 

black roots. Some of them were very hairy and difficult to be picked up even with very fine 

tweezers. Root biomass of Gliricidia was also highest among tree species following maize
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(Table 2.2). Visually, both maize roots and Gliricidia roots filled up pots and were very 

uniformly distributed in the pots.

Rubidium discrimination was observed in all cases which made the Rb/K 

discrimination factor n greater than 1 (99.9% confidence interval is 2.25 to 2.64). The range 

o f n was 2.0 to 2.9 and the difference in n among species was highly significant (P 

<0.000). The discrimination was confirmed from the soil data alone as well. The Rb/K 

ratio in the soil increased over time from the initial values of 0.52, 2.90, and 4.44 for OK, 

50K, and lOOK treatments, respectively (Table 2.3), suggesting that more Rb was left in 

the soil than K.

Among three tissue types, leaf stem, and root, root tissue accumulated Rb most with 

respect to K in control treatment but in the other treatments (i.e., 50 K and 100 K), leaf 

accumulated Rb most. This resulted in higher Rb/K ratio in the plant tissues (Table 2.4). 

The overall average Rb discrimination factor was significantly different among the three 

tissue types: stem n was the largest, 2.95, followed by le a fs  2.58 and root’s 2.01, while all 

tissue average was 2.45 (Table 2.5). This order was very consistent across species as well 

as harvests. Difference in n among different tissue types was highly significant (P < 0.000) 

and only leaf tissue n was not significantly different from the whole plant n (P < 0.098), 

but between harvests, the difference was not significant for Calliandra and Cassia (P < 

0.094 and P < 0.047, respectively) but highly significant for Gliricidia and maize (P < 

0.000 for both) (Table 2.5).

By incoiporating n to the calculation, %KdfF increased by as much as two to three 

times. This was, for example, translated to more than 15% of increase in fertilizer-K 

uptake, from 16% to 38% in one case of maize (Table 2.5).
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The %KdfF was more closely correlated with root wet weight than dry weight (Figure 

2.2). Likewise, root partition factor r  is more closely related with wet root weight than dry 

root weight (R^ = 0.651 and 0.194 for the second harvest, respectively), but the 

relationships differed among species (Figure 2.4). The difference is particularly 

pronounced between maize and three tree species. The slopes of linear regression line of r 

on root wet weight (g) for C. calothyrsus, G. sepium, C. siamea and Z. mays are 0.106, 

0.061, 0.016, and 0.006, respectively (Figure 2.4). The relationship between the total 

potassium uptake and root partition factor is also unique to a specific species. At the same 

level of potassium uptake, different plant had different root partition factor (Figure 2.5). In 

general, the root partition factor was greater in order of C. calothyrsus, C. siamea, G. 

sepium  and Z. mays at the same level of potassium accumulation in plant tissues (Figure

2.5).

D is c u s s i o n

The fact that application of K fertilizer did not alter the growth of any species satisfies 

one of the assumptions of the study to determine Rb discrimination, that is fertilization 

should not alter plant growth, particularly its root growth. Since all the plants did not show 

any symptoms of nutrient deficiency and had comparable root systems, n can be applied to 

all K treatments in this experiment, assuming that further addition of Rb and K did not 

affect the degree of Rb discrimination.

Rb discrimination was observed in all the plant-soil combinations in our study. The 

range of the n, 2.0 to 2.9 (Table 2.5), agrees with the reported value by Hafez and Stout 

(1973) for the least micaceous soil in their study (Table 2.6). Though the n in our study
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varies from species to species, the difference is much smaller than the range of 1.4 to 4.6 

reported by Hafez and Stout (1973) among different soil types (Table 2.6). We think a 

large part of discrimination is attributed to the nature of soil, though n is still species 

specific. If we compare the same species on the different soils, differences in n would be 

much larger than that we observed among species. Micaceous soils fix more Rb than K in 

the inter-layer spaces, exhibiting stronger Rb discrimination due to differential fixation of 

Rb and K. Non-micaceous soils, including the one used in our study, do not do this but 

demonstrate preferential affinity towards Rb, which resulted in the modest Rb 

discrimination factor of 2.0 to 2.9.

Rb and K fractionation occurred in the plant tissues as well and Rb -i- K level affected 

the fractionation. For the control treatment, Rb concentrated most in root tissue, as we 

expected, but when K and Rb were added to the soil, all species accumulated Rb most in 

leaf tissue (Table 2.4). This seems to suggest that leaf tissue is not a proper tissue to 

sample to determine Rb discrimination factor. However, comparison of n turned out to be 

otherwise and leaf was the only tissue which represented the whole plant n (Table 2.5).

This is because the whole plant n was mostly determined by leaf tissue n due to its larger 

biomass accumulation than any other tissue for all tree species but maize (Table 2.2). 

Therefore, it is false to determine the representative tissue by just looking at the closeness 

of the Rb/K ratio in tissues. The fact that the leaf most closely represents and showed no 

significant difference with all tissue n is convenient in the field study since the leaf is the 

most readily sampled plant part in the field. Using other plant tissues to calculate n causes 

either an underestimation (in the case of root tissue) or an overestimation (in the case of 

stem tissue) of %KdfF  (Table 2.5).
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Gliricidia roots are very soft because the C/N ratio of Gliricidia roots is very low 

compared to roots of other legume tree species and the ratio was not different between 

coarse and fine roots (Schroth et al., 1996). Both visual observation and wet root weight 

data suggest that roots of Gliricidia and maize filled up growing space in their pots 

relatively uniformly. Though their dry matter yields were not much different from other 

two species, their roots required more space to grow because of the nature o f thick, 

succulent roots. These succulent roots filled up the pot faster creating a uniform root mass 

within the pot and made Gliricidia's r significantly smaller than the other tree species, 

particulai’ly at the second harvest (Figure 2.4). However, this does not necessarily mean 

that their roots were more efficient in water and nutrient uptake. It is known that live root 

length (Lv) is correlated with nutrient uptake and the root mass/length ratio is species- 

specific (Schroth and Zech, 1995). Though Gliricidia has similar root appearance and 

growth form to maize, it requires approximately 3.5 times more biomass to produce a unit 

length of fine roots than maize (Schroth and Zech, 1995). Root length per mass of maize is 

141.0 to 290.0 m g ' (Nielsen and Barber, 1978), hence one for Gliricidia could be 

between 40.3 to 82.9 m g '.

Since r represents activity of roots or uptake of K from the soil, it makes sense that 

root partition factor r is more closely correlated with root wet weight than its dry weight 

because the wet weight represents rooting volume better than the dry weight (Figure 2.2).

Assuming that there had been no excessive leaching or fixation of K in the fertilized 

soil, species used in our study can be roughly grouped into three groups according to their 

r values: uniform (or surface) rooting, deep (or vertical) rooting, and intermediate (Table



2.7). Maize had not only low r values both at the first harvest (1.5 average) and the second 

harvest (2.2 average) but also its change was the smallest of all (0.7 in two weeks).

Between first harvest and second, the biomass of maize increased by 28 dry wt g/pot and 

total K uptake by 791 g K/pot. Though maize had the highest K accumulation rate, change 

in r  was the smallest of all species in this period. This suggest that maize maintained higher 

root activity near the soil surface than tree species. Compared to deep rooting species, 

Calliandra, maize roots maintained fairly uniform growth and activities at the soil surface 

and deeper layers. The deep rooting species, on the other hand, more aggressively explored 

deep soils, probably sending out vertical roots at the early stage of establishment. Root 

activities of Calliandra in the native pool increased by the factor of 2 to 3 over a month. In 

the intermediate group, Gliricidia maintained relatively constant root activities in two pools 

in a manner somewhat similar to maize. Its ratio of root activities in the fertilized pool to 

the native pool changed only slightly from 1:3 to 1:4 over a month.

The Rb discrimination factor occurred in our soil-plant combinations. It was species- 

specific but observed range of n was so small (2 . 0  to 2 .6 ) that it presumably was caused 

mostly by adsorption of Rb on the soil. Leaf tissue was the most appropriate tissue to 

determine the Rb discrimination of the whole plant, which makes the Rb tracer technique 

even more applicable to a field study. Without using n, %KdfF is greatly underestimated. 

We devised the root partition factor r to make the Hafez and Stout method applicable to a 

field study, which also helped to visualize belowground processes more easily. Though 

root biomass is not the best indicator of root competition, root wet weight showed a good 

correlation with %KdfF as well as r and the correlation was much better than one with root 

dry weight because root wet weight reflects rooting volume more closely than dry weight.
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Use of live root length in place of root wet weight may further improve the correlation. 

Calliandra has grown vertical roots quickly at the very early stage of its establishment 

showing increasingly higher root activities in deeper layers of the soil than the other 

species. On the other hand, maize had the most uniform root distribution in the pot and 

maintained high root activities at the very surface of the soil. Though Cassia and Gliricidia 

were categorized into the same group as intermediate, they had distinctively different root 

architecture and K demand (Table 2.4). Because of these, we expect that they perform 

differently in the field.

There are two important assumptions that were not addressed in depth in this study but 

worth being investigated in future studies. Since this technique works best to represent root 

activity in the native-K only soil in the absence of leaching, fixation or adsorption of 

applied Rb and K, any means that can separate or explain these effects are useful to 

improve predictive ability of the technique. The untested assumptions are the effect of (1) 

Rb -I- K concentration and (2) intra-aggregate pores on adsorption, fixation, or leaching of 

Rb and K.

The n may change with the addition of K or Rb -t- K or as the total concentration of 

those in the soil solution changes, since the n or the selectivity coefficient could be strongly 

influenced by the total concentration of Rb and K in the soil system (Baligar and Barber, 

1978a; Baligar and Barber, 1978b). The r overestimates root activity of a plant in the 

native-K  only soils if K depletion in the fertilized soil is caused by anything but plant 

uptake itself The r represents root activity in the native-K only soil most closely in the 

absence of leaching, fixation or adsorption of applied Rb -i- K.

The n calculated for the different levels of fertilizer K addition into soils in the Hafez 

and Stout experiment (1973) suggests the concentration effect but the n seems to be
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affected more by soil mineralogy than the level of K additions (Table 2.6). The Kapaa soil 

used in our study does not have micaceous minerals (Wang, 1997) so that the n may not 

be affected greately by K addtition. The Kapaa soil is also known to form very stable 

aggregates which may adsorb a large quantity of phosphorus (P) in the intra-aggregate 

pores (Wang, 1997). Though the study was done for P sorption, there is a possibility that 

K or Rb -I- K is also adosorbed in the mtra-aggregate pores. At sufficient levels of K in our 

experiment, however, K sorption may not have been a problem.

To apply this method to a field study, we need to consider more factors. For example, 

in the alley cropping system, hedgerow tree species are usually established prior to the 

planting of a crop, so that the tree species already has a root system at the time of crop 

planting. Or prunings are commonly performed during a cropping cycle, which results in 

the death of tree roots (Nygren and Campos, 1995). However, the principle o f the study 

method itself is readily applicable and field sampling is very easy and almost non

destructive, except sampling of crop tissues in the middle of the growing season. With a 

proper use of control to determine soil-species specific Rb discrimination factor n, the Rb 

tracer technique would be a useful addition to the existing methods to study belowground 

processes. The method requires certain technicality, particularly to determine trace level of 

Rb, but the field sampling required for the analysis is much easier than other methods.
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Table 2.1. Fate of K after the second harvest.
Figures are expressed as means of 4 replications ± standard error.

K Treatment 
(kg K ha-')

Species K taken up by plant 
(mg K pof^)

K left in soil 
(mg K pof')

0 CAL 528 ± 14 326 ± 28
0 CAS 633 ± 72 256 ± 17
0 GS 680 + 8 190 ± 9
0 MZ 698 ± 34 253 ± 36

50 CAL 617 + 40 455 ± 13
50 CAS 656 ± 82 422 ± 55
50 GS 823 ± 42 222 ± 23
50 MZ 908 ± 112 354 ± 63

100 CAL 619 ± 30 623 ± 31
100 CAS 583 ± 95 635 ± 103
100 GS 901 + 43 345 ± 50
100 MZ 928 ± 51 474 ± 48
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Table 2.2. Biomass of plant parts of three legume species {Calliandra
caiothyrsus, Gliricidia sepium, and Cassia siamea) and Zea mays at two
harvests.

(a) Wet weight (g)
Species K Treatment 

( k g K h a ’ )
First Harvest

Leaf Stem Root Aboveground
total

Total

Calliandra calothyrsus 0 8.3 3.4 10.1 11.7 21.8
50 7.0 3.1 7.0 10.1 17.1

100 9.0 3.9 9.1 12.9 22.0
Cassia siamea 0 14.0 3.4 7.6 17.4 25.0

50 16.3 4.4 8.3 20.7 29.0
100 20.6 5.1 11.0 25.7 36.7

Gliricidia sepium 0 22.9 8.1 13.3 30.9 44.2
50 22.2 7.7 11.7 29.9 41.6

100 28.2 10.3 17.2 38.5 55.6
Zea mays 0 7.9 4.9 18.4 12.8 31.2

50 8.0 5.2 19.5 13.2 32.8
100 7.6 4.7 18.2 12.3 30.5

Species K Treatment 
(kg K ha-')

Second Harvest
Leaf Stem Root Aboveground

total
Total

Calliandra calothyrsus 0 45.8 35.6 56.2 81.4 137.6
50 48.6 38.4 58.5 87.0 145.5

100 47.4 38.8 57.6 86.2 143.8
Cassia siamea 0 78.6 21.5 72.4 100.0 172.4

50 76.9 22.9 62.4 99.8 162.2
100 66.7 18.9 59.6 85.6 145.2

Gliricidia sepium 0 98.5 42.8 97.9 141.3 239.1
50 102.8 42.9 94.7 145.6 240.3

100 94.8 39.4 93.0 134.2 227.2
Zea mays 0 53.9 53.1 114.8 106.9 221.7

50 56.6 50.4 118.6 107.0 225.6
100 54.6 52.4 118.5 107.0 225.5
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Table 2.2. (Continued) Biomass of plant parts of three legume species
{Calliandra calothyrsus, Gliricidia sepium, and Cassia siamea) and Zea
mays at two harvests.

(b) Dry weight (g)
Species K Treatment First Harvest

(kg K ha-1) Leaf Stem Root Aboveground
total

Total

Calliandra calothyrsus 0 2.6 0.9 1.8 3.5 5.2
50 2.2 0.8 1.4 3.0 4.3

100 2.7 1.0 1.8 3.7 5.5
Cassia siamea 0 3.3 0.6 1.5 3.9 5.4

50 3.8 0.7 1.8 4.5 6.4
100 4.8 0.9 2.2 5.8 8.0

Gliricidia sepium 0 3.9 1.4 1.8 5.3 7.1
50 3.7 1.3 1.8 5.1 6.9

100 4.8 1.7 2.3 6.5 8.8
Zea mays 0 1.0 0.4 1.9 1.4 3.3

50 1.0 0.4 1.9 1.4 3.3
100 0.9 0.4 1.6 1.3 2.9

Species K Treatment Second Harvest
(kg K ha-1) Leaf Stem Root Aboveground Total

total
Calliandra calothyrsus 0 15.2 10.8 10.4 26.0 37.3

50 16.3 10.7 11.0 27.1 38.0
100 15.6 10.7 11.3 26.3 37.6

Cassia siamea 0 21.4 6.0 13.8 27.3 41.1
50 20.8 6.2 12.5 27.0 39.5

100 18.3 5.2 11.6 23.5 35.1
Gliricidia sepium 0 23.4 13.3 17.2 36.7 53.9

50 23.9 12.9 17.1 36.8 53.9
100 19.5 10.8 15.4 30.3 45.8

Zea mays 0 8.3 4.1 15.8 12.4 28.3
50 8.3 3.8 20.5 12.1 32.6

100 8.0 3.9 17.6 11.9 29.5
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Table 2.2. (Continued) Biomass of plant parts of three legume species
{Calliandra calothyrsus, Gliricidia sepium, and Cassia siarhea) and Zea
mays at two harvests.

(c) Water content (weight % of wet weight)
Species K Treatment First Harvest

(kg K ha-1) Leaf Stem Root Aboveground
total

Total

Calliandra calothyrsus 0 69.1 73.6 82.6 70.4 76.1
50 69.0 73.9 80.6 70.5 74.6

100 69.5 74.7 80.3 71.1 74.9
Cassia siamea 0 76.4 82.9 80.0 77.7 78.4

50 76.6 83.1 78.1 78.0 78.0
100 76.5 81.4 79.6 77.5 78.1

Gliricidia sepium 0 82.9 82.5 86.7 82.8 84.0
50 83.1 82.9 84.5 83.1 83.5

100 83.1 83.0 86.7 83.1 84.2
Zea mays 0 87.2 92.2 89.9 89.1 89.6

50 87.6 92.4 90.5 89.5 90.1
100 87.9 92.3 91.0 89.6 90.4

Species K Treatment Second Harvest
(kg K ha-1) Leaf Stem Root Aboveground Total

total
Calliandra calothyrsus 0 66.7 69.6 81.5 68.0 72.9

50 66.4 72.1 81.3 68.9 73.9
100 67.0 72.5 80.4 69.5 73.9

Cassia siamea 0 72.8 72.2 80.9 72.7 76.1
50 72.9 72.9 80.0 72.9 75.6

100 72.6 72.5 80.5 72.6 75.8
Gliricidia sepium 0 76.3 68.8 82.4 74.0 77.5

50 76.8 69.9 81.9 74.8 77.6
100 79.4 72.5 83.4 77.4 79.9

Zea mays 0 84.6 92.2 86.2 88.4 87.3
50 85.4 92.4 82.7 88.7 85.6

100 85.3 92.5 85.2 88.8 86.9
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Table 2.2. (Continued) Biomass of plant parts of three legume species
{Calliandra calothyrsus, Gliricidia sepium, and Cassia siamea) and Zea
mays at two harvests.

(d) Average water content (weight % of wet weight)
Species First Harvest

Leaf Stem Root Aboveground
total

Total

Calliandra calothyrsus 69.2 74.1 81.2 70.7 75.2
Cassia siamea 76.5 82.5 79.2 77.7 78.2
Gliricidia sepium 83.0 82.8 86.0 83.0 83.9
Zea mays 87.6 92.3 90.4 89.4 90.0

Species Second Harvest
Leaf Stem Root Aboveground

total
Total

Calliandra calothyrsus 66.7 71.4 81.1 68.8 73.5
Cassia siamea 72.8 72.5 80.5 72.7 75.9
Gliricidia sepium 77.5 70.4 82.6 75.4 78.3
Zea mays 85.1 92.4 84.7 88.6 86.6



Table 2.3. Rb and K concentration and Rb/K in soil of three legume species (Calliandra calothyrsus, 
Gliricidia sepium, and Cassia siamea) and Zea mays at two harvests. The initiai Rb/K ratio in the soii was 
0.52, 2.90, and 4.44 for untreated control, 50K and 100K treatments, respectively.

(a) F irst harvest

Pot K Treatment Rb K Rb/K
(kg Rb ha T (gg K/g dry soil) (kg K h a '') (mmole Rb/mole K)

Calliandra 0 0.133 0.266 112.15 224 0.546
calothyrsus 50 0.711 1.422 134.88 270 2.416

100 1.282 2.564 155.61 311 3.768
Cassia 0 0.245 0.489 100.75 202 1.125
siamea 50 0.745 1.491 128.70 257 2.642

100 1.382 2.764 143.82 288 4.434
Gliricidia 0 0.330 0.659 89.59 179 1.668
sepium 50 0.769 1.537 113.89 228 3.093

100 1.260 2.521 131.31 263 4.403
Zea mays 0 0.214 0.428 103.36 207 0.950

50 0.793 1.585 127.27 255 2.843
100 1.173 2.346 152.91 306 3.506

(b) Second harvest
Pot K Treatment Rb K Rb/K

(kg K h a ') (ug Rb/g dry soil) (kg Rb ha ') (|j,g K/g dry soil) (kg K ha ')  (mmole Rb/mole K)
Calliandra 0 0.144 0.287 46.81 94 1.433
calothyrsus 50 0.631 1.262 65.38 131 4.416

100 1.137 2.274 89.08 178 5.929
Cassia 0 0.247 0.495 36.57 73 3.131
siamea 50 0.778 1.555 60.28 121 6.188

100 1.206 2.413 90.97 182 6.448
Gliricidia 0 0.112 0.224 26.75 54 2.092
sepium 50 0.480 0.960 31.72 63 7.052

100 0.861 1.722 49.06 98 8.679
Zea mays 0 0.193 0.385 35.99 72 2.411

50 0.493 0.986 50.35 101 4.842
100 0.897 1.795 67.43 135 6.268

OJ



Table 2.4. Rb and K concentration and Rb/K in plant tissues of three legume 
species {Calliandra calothyrsus, Gliricidia sepium, and Cassia siamea) and 
Zea mays at two harvests, and calculated %KdfFand rubidium 
discrimination factor (r). %KdfFand r were calculated by using n and Rb/K 
obtained from each tissue. The values of r followed by the same letters 
were not significantly different for each tissue type at a harvest at P <  0.05 
by Fisher's LSD. Since only leaf r and stem r at the second harvest showed 
significant difference between two K levels, mean comparison was made 
between species average by tissue type at a harvest.
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(a) Leaf
S pec ies K

Treatm ent
(kg K ha ') '

First Harvest

Rb K
(gg Rb/g tissue) (%)

Rb/K 
(mmole Rb/mole K)

%KdfF

Calliandra 0
calothyrsus 5 0

 100
Cassia 6

siam ea  50
 100
Gliricidia 6
sepium  50

 100
Zea mays 0

50 
100

6.4 
30.4 
47.0

 o^o"
46.6 
11A

 j'syg"
70.6

117.5 
 22^3’
223.6 
295.8

1.86
1.91
1.98
2.17 
2.20
2.18 

"3.78" 
4.02 
4.05 

"4^21" 
4.37 
4.57

0.158
0.728
1.090

"oTi'sg"
0.967
1.618

0.805
1.326

2.336
2.954

- 0.8
17.4
28.9

■"-0"3"
19.6
36.2

 b".'6"
15.1 
28.0 

""-0.4" 
41.0
53.2

3.4
3.4 a

2.8 
2.4 b

3.9 
3.5 a

1.0 
1.2 c

S pec ies K
Treatm ent
(kg K h a ')

Second Harvest

Rb K
(ug Rb/g tissue) (%)

Rb/K 
(mmole Rb/mole K)

%KdfF

Calliandra 0 6.4 1.34 0.220 0.3 -

calothyrsus 50 15.4 1.39 0.506 6.5 9.6
100 26.5 1.39 0.871 14.4 8.0 a

Cassia 0 8.3 1.69 0.226 0.1 -

siamea 50 23.9 1.67 0.652 9.1 6.7
100 44.1 1.67 1.188 20.4 5.4 b

Gliricidia 0 8.4 1.62 0.239 0.0 -

sepium 50 33.2 1.95 0.738 10.9 5.6
100 67.4 2.65 1.181 18.9 5.8 b

Zea mays 0 13.4 3.25 0.190 -0.9 -

50 89.3 3.43 1.192 24.6 2.0
100 140.5 3.75 1.717 38.0 2.2 c



Table 2.4. (Continued) Rb and K concentration and Rb/K in plant tissues of 
three legume species {Calliandra calothyrsus, Gliricidia sepium, and Cassia 
siamea) and Zea mays at two harvests, and calculated %KdfFand rubidium 
discrimination factor (r). %KdfFand rwere calculated by using nand Rb/K 
obtained from each tissue. The values of rfollowed by the same letters 
were not significantly different for each tissue type at a harvest at P <  0.05 
by Fisher's LSD. Since only leaf r and stem r at the second harvest showed 
significant difference between two K levels, mean comparison was made 
between species average by tissue type at a harvest.
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(b) Stem
S pec ies K

Treatm ent
(kg K ha ')

First Harvest

Rb
(M9 Rb/g tissue)

K Rb/K
(%) (mmole Rb/mole K)

%KdfF

Calliandra 0
calothyrsus 50

 100
Cassia 0
siamea 50

100
Gliricidia 6
sepium  50

 100
Zea mays 6

50 
100

10.0
30.5
46.6 

 ^2)'5"
59.7 
87.4

 u T
47.0
79.8

 29(7'
263.1
346.2

2.46
2.43 
2.50

"3 J 4 '
3.83
3.43

0.189
0.580
0.856

0.715
1.157

0.2
11.6
19.6

'" T s "
16.3
30.3

5.5
5.5 a

3.15
3.24
3.46

■■5 .9 0 "'
6.20
6.52

0.161
0.662
1.060

1.944
2.426

-0.9
14.0
25.9

- 0.6
35.1
45.2

3.5 
3.2 b

4.2 
3.9 b

1.3 
1.7 c

S pec ies K
Treatm ent
(kg K ha ')

Second Harvest

Rb
(|iq Rb/q tissue)

K
(%)

Rb/K 
(mmole Rb/mole K)

X K dfF r

Calliandra 0 6.7 1.95 0.159 -1.4 -

calothyrsus 50 16.3 2.02 0.370 5.1 13.0
100 29.2 2.07 0.642 13.4 8.9 a

Cassia 0 6.4 1.62 0.182 -1.0 -

siamea 50 20.8 1.85 0.510 7.6 8.2
100 41.6 1.93 0.952 19.4 5.8 b

Gliricidia 0 4.9 1.10 0.209 -0.7 -

sepium 50 20.9 1.32 0.744 12.0 5.2
100 41.5 1.76 1.118 20.8 5.3 c

Zea mays 0 21.3 5.41 0.181 -1.2 -

50 137.1 6.25 1.004 20.8 2.5
100 219.5 6.84 1.472 33.3 2.7 d



Table 2.4. (Continued) Rb and K concentration and Rb/K in plant tissues of 
three legume species {Calliandra calothyrsus, Gliricidia sepium, and Cassia 
siamea) and Zea mays at two harvests, and calculated %KdfFand rubidium 
discrimination factor (r). %KdfFand rwere calculated by using nand Rb/K 
obtained from each tissue. The values of r followed by the same letters 
were not significantly different for each tissue type at a harvest at P < 0.05 
by Fisher's LSD. Since only leaf r and stem r at the second harvest showed 
significant difference between two K levels, mean comparison was made 
between species average by tissue type at a harvest.
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(c) Root
S pec ies K

Treatm ent
( k g K h a ') '

F irs t Harvest

Rb K
(ug Rb/g tissue) (%)

Rb/K
(mmole Rb/mole K)

%KdfF

Calliandra 0
calothyrsus  50

100
Cassia 6
siam ea  50

 100.
Gliricidia 0
sepium  50

1 0 0

6.4
16.6
27.7

 f.o'
20.7 
36.0

 9"'6'
26.3
52.6

 18d"
162.8
207.9

1.28
1.06
1.22

1.00
1.12.............

1.67
2.03

3.46
3.40

0.229
0.712
1.015
0"346"'
0.952
1.515

••q"226"
0.728
1.178

2.157
2.817

1.0
11.0
17.3 

 2" .2 "

11.2
19.6 

 0".'7"
11.2
20.6  

 6^5"
31.3 
42.2

5.6
6.7 a

5.4 
5.7 a

Zea mays 0
50

1 0 0

5.4 
5.2 a

1.5 
1.9 b

S pec ies K
Treatm ent
(kg K h a ')

Second Harvest

Rb
(gg Rb/g tissue)

K
(%)

Rb/K
(mmole Rb/mole K)

%KdfF r

Calliandra 0 7.0 1.33 0.241 0.7 -

c a l o t h y r s u s 50 17.6 1.57 0.511 6.0 12.0
100 28.9 1.65 0.796 11.6 10.6 a

Cassia 0 6.6 1.30 0.233 0.2 -

siamea 50 19.6 1.49 0.602 7.8 8.0
100 40.6 1.67 1.119 18.5 6.1 b

Gliricidia 0 5.2 0.93 0.257 0.4 -

sepium 50 23.7 1.22 0.905 12.5 4.8
100 45.0 1.52 1.393 21.6 5.0 c

Zea mays 0 9.0 1.32 0.317 1.4 -

50 79.5 2.08 1.750 22.9 2.2
100 116.5 2.16 2.507 34.3 2.6 C



Table 2.4. (Continued) Rb and K concentration and Rb/K in plant tissues of 
three legume species {Calliandra calothyrsus, Gliricidia sepium, and Cassia 
siamea) and Zea mays at two harvests, and calculated %KdfFand rubidium 
discrimination factor (r). %KdfFand rwere calculated by using nand Rb/K 
obtained from each tissue. The values of r followed by the same letters 
were not significantly different for each tissue type at a harvest at P < 0.05 
by Fisher's LSD. Since only leaf r and stem r at the second harvest showed 
significant difference between two K levels, mean comparison was made 
between species average by tissue type at a harvest.
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(c) Whole plant
S pec ies K

Treatm ent
(kg K ha ')

F irs t Harvest

Rb K
(gq Rb/g tissue) (%)

Rb/K
(mmole Rb/mole K)

%KdfF

Calliandra 0 7.0 1.76 0.182 0.0 -

calothyrsus 50 26.1 1.74 0.687 13.3 4.6
100 40.6 1.82 1.018 22.0 4.9 a

Cassia 0 8.8 2.02 0.200 0.0 -

siamea 50 40.5 2.03 0.912 17.1 3.3
100 66.9 2.02 1.517 31.5 3.0 b

Gliricidia 0 13.3 3.18 0.192 ' 0.0 -

sepium 50 54.4 3.25 0.766 14.2 4.1
100 93.0 3.41 1.249 26.2 3.8 ab

Zea mays 0 20.7 3.64 0.260 0.0 -

50 193.9 4.07 2.181 35.2 1.3
100 251.9 4.14 2.788 46.3 1.6 c

S pec ies K
Treatm ent

Second Harvest

(kg K ha-') Rb
(uq Rb/q tissue)

K
(%)

Rb/K
(mmole Rb/mole K)

%KdfF r

Calliandra 0 6.7 1.50 0.204 0.0 -

calothyrsus 50 16.3 1.62 0.457 5.9 11.0
100 28.0 1.66 0.767 13.2 9.0 a

Cassia 0 7.5 1.55 0.222 0.0 -

siamea 50 22.0 1.64 0.613 8.4 7.3
100 42.5 1.70 1.128 19.6 5.7 b

Gliricidia 0 6.5 1.27 0.236 0.0 -

sepium 50 27.2 1.56 0.806 11.5 5.3
100 53.8 2.06 1.220 20.0 5.5 b

Zea mays 0 12.1 2.48 0.224 0.0 -

50 88.1 2.93 1.377 24.6 2.0
100 137.2 3.23 1.953 36.9 2.3 C



Table 2.5. Rubidium discrimination factor n calculated for different parts of 
plant and difference in %/CdfFestimation calculated with n and without. 
%KdfFior a particular tissue sample was calculated using n and Rb/K taken 
from the relevant tissue but for %/CdfFfor all tissue sample, relevant 
tissue's n and the average Rb/K for the whole plant were used. Values of n 
followed by the same letters are not significantly different (F<0.05) by 
Fisher's LSD for a species within a single harvest, except the average n 
which was calculated and analyzed for n from all species at both harvests.
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Harvest Species Tissue 
type

%KdfF ior a particular 
tissue sample

%KdfF \or all tissue sample

n 50K 
treatment 

without with 
n n

100K 
treatment 

without with 
n n

50K
treatment

100K
treatm ent

without
n

with
n

without
n

with
n

CAL leaf 3.4 a 4.9 17.4 8.1 28.9
stem 3.1 a 3.6 11.6 6.0 19.6
root 2 .3 a  4.7 11.0 7.4 17.3
all 2.9 a 4.5 13.3 7.5 22.0

”'CAS.........lea f 2."8 b ........ 6".9....l ’9."6....... l'2".7...36.’2"
stem 3.4 a 4.6 16.3 8.6 30.3
root 1.6 c 6.7 11.2 11.7 19.6
all 2 .6 c  6.4 17.1 11.8 31.5.

" g S ........... lea f 2"7 b ........ 5 .5 ....1 5 " l........ f o r t ...28"o"
stem 3.2 a 4.2 14.0 7.7 25.9
root 2.3 c 4.8 11.2 8.8 20.6

................  all 2 ,7 b 5.1 14.2 9.4 26.2
M Z........... lea f....2"‘i  "a.......... 18.6 ....4 l"b ...... '24"2...53"2"

stem 2.3 a 15.1 35.1 19.5 45.2
root 1.8 c 17.0 31.3 23.0 42.2
all 2.0 b 17.3 35.2 22.7 46.3

4.5 16.0
4.5 14.7
4.5 10.5
4.5 13.3

 6"4...... j ' 8 ' 2 '
6 .4 22.6
6.4 10.6
6.4 17.1

 5 4 ..........14^2 "
5.1 17.1
5.1 12.0
5.1 14.2

"i'7"3...... 36.0
17.3 40.1
17.3 31.7
17.3 35.2

7.5
7.5
7.5
7.5

"Ti"8 " 
11.8 
11.8 
11.8 

 9."4”
9.4
9.4
9.4

22.7
22.7
22.7

26.6
24.3
17.3 
22.0

41.7
19.6
31.5 ..... ... ... .

31.6 
22.1 
26.2 
'50 .0 '
52.7
41.7
46.3

CAL leaf
stem
root
all

2 .4 be 
3.3 a 
2.2 c
2.5 b

2.7 
1.5
2.7 
2.3

CAS leaf 2.3 b 3.9
stem 2.9 a 2.6
root 2.2 b 3.4
all 2 .3 b 3.5

"g 's ............lea f......2 "2 a b .......4 ’’9"
stem 2.5 a 4.5
root 2.0 b 6.0
all 2.2 ab 5.1

MZ............lea f......2 "7 a ......... 8 .7
stem 2.9 a 7.0
root 1.7 c 13.7
all 2 .3 b 10.3

6.5 
5.1 
6.0 
5.9

 9 4 "

7.6 
7.8 
8.4

’lO.’g”
12.0
12.5
11.5 
24;6" 
20.8  
22.9
24.6

6.0
3.9 
5.3
5.0 

 8 . 6"

6.5
8.0 
8.1

 8 . 5 '

7.9 
10.4

8.8

14.4
13.4 
11.6
13.2

19.4
18.5
19.6 

" i8 "9 "
20.8
21.6 
20.0

" W .'o
33.3
34.3 
36.9

2.3
2.3
2.3
2.3

""s 's "
3.5
3.5
3.5

” " 54 "'
5.1
5.1
5.1

Tb"3"
10.3
10.3
10.3

5.5
7.7
5.0 
5.9

■■■■8"3"
10.4
8.1
8.4. . . .. .. .. . .. ..

13.4 
10.6
11.5

30.8
17.3
24.6

5.0 12.2
5.0 17.3
5.0 11.0
5.0 13.2 

" "8 4 .....i ' 9 4 ”
8.1 24.0
8.1 18.7
8.1 19.6 

 8"8 l'9 "7 '
8.8 23.2
8.8 18.4
8.8 20.0 

"Ts'.’s 44.'b"
15.5 46.2
15.5 26.0
15.5 36.9

13.4 
11.2
20.4
15.5

AVG leaf 
stem 
root 
all

2.6 b 
2.9 a 
2.0 c 
2 .4 b
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Table 2.6. Rb discrimination correction factor (n) calculated for cotton 
plants grown in pots. Treatments were five soils with different mineralogy 
with 3 levels of potassium fertilizer applied. Data necessary for calculating 
n were taken from Hafez and Stout (1973).

(a) Based on NH^OAc-exchangeable Rb and K
K-fertilizer Treatment Rb discrimination (n = Sg/Sy or Sg/S,)

Kg K ha ' ppm K source* Calhi Panoche Foster Grangeville
0 . 0 0 - 1.5 2.4 1.9 4.6

82.5 50 KCI 1 . 2 2.5 1.9 2 . 0

165.0 1 0 0 KCI 1.3 2.5 2 . 0 1.5
330.0 2 0 0 KCI 1.3 3.1 2.4 1.3

82.5 50 K2 SO4 1 . 1 2.5 1.7 2 . 1

165.0 1 0 0 K2 SO4 1.4 2.5 1.9 1 . 6

330.0 2 0 0 K2 SO4 1 . 2 3.0 2 . 2 1.3

(b) Based on HNO^^-extractab e Rb and K
K -fe rtilize r Treatm ent Rb d isc rim ina tion  (n = Sg/Sy o r Sg/S,)

Kg K h a ' ppm K source* Calhi Panoche Foster Grangeville
0 . 0 0 - 7.0 2.7 13.9 7.0

82.5 50 KCI 10.7 3.0 16.3 6 . 8

165.0 1 0 0 KCI 16.7 3.2 2 0 . 0 7.3
330.0 2 0 0 KCI 25.2 4.2 29.3 10.4

82.5 50 K2 SO4 1 0 . 0 3.0 15.2 7.1
165.0 1 0 0 KjSO^ 18.9 3.2 2 0 . 0 7.8
330.0 2 0 0 KjSO^ 23.6 4.1 29.3 10.4

(c) Soil properties
Soil type Classification Dominant clay species Surface area CEC

in 2  to 0 . 2  pm^ (m^ g-’ ) (cmole kq ')
Calhi Typic Xeropsamments mt++, vr++ 15.3 3.1
Panoche Typic Haplocambids mt+++ , vr+, ka+ 251.8 26.5
Foster Aquic Haploxerolls mt++, vr+++, ka+ 132.3 16.0
Grangeville Fluvaquentic Haploxerolls mt++, vr++, ka+ 93.9 1 1 . 0

* KCI : S . = 0.016 mmole Rb/mole K and K2 SO4 : Sp = 0.001 mmole Rb/mole K.
 ̂ mt = montmorillonite, vr = vermiculite, ka = kaolinite.
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Table 2.7. Biomass and potassium accumulation in plants and change in 
root partitioning.

K level 
(kg K ha ')

Rooting
pattern

Species
1st Harvest

Biomass K in tissue %NKofF  
(dry g pot ')  (mg K pof')

50
1 0 0

...50"
1 0 0

50
1 0 0

50
1 0 0

deep
deep

intermediate
intermediate
intermediate
intermediate

uniform
uniform

Calliandra calothyrsus

Cassia siamea 
Cassia siamea 
Gliricidia sepium

Zea mays
Zea mays___________

4.6
5.5

8.0
6.9 
8.8

'"3 .3 '
2.9

75
1 0 0

162
225
299
■1 3 3 "
1 2 2

21.7
20.4

"3 0 .3"
33.3
24.4 
26.3

62.5

4.6 
4.9

3.0
4.1 
3.8

1.6

K level Rooting 
(kg K ha ' ) pattern

Species
2nd Harvest

Biomass K in tissue %NKofF 
(dry g pot ' ) (mg K p o t ' ) (%)

r

50 deep Calliandra calothyrsus 38.0 617 9.1 1 1 . 0

1 0 0 deep Calliandra calothyrsus 37.6 619 1 1 . 1 9.0
50 intermediate Cassia siamea 39.5 - 656 13.7 7.3

1 0 0 intermediate Cassia siamea 35.1 583 17.5 5.7
50 intermediate Gliricidia sepium 53.9 823 18.9 5.3

1 0 0 intermediate Gliricidia sepium 45.8 901 18.2 5.5
50 uniform Zea mays 32.6 908 50.0 2 . 0

1 0 0 uniform Zea mays 29.5 928 43.2 2.3

Change between Harvests
K level Rooting Species Biomass K in tissue r

(kg K h a ' ) pattern (dry g pot ')  (mg K poU)

50 deep Calliandra calothyrsus 33.4 542 6.4
1 0 0 deep Calliandra calothyrsus 32.1 519 4.1

50 intermediate Cassia siamea 33.1 527 4.0
1 0 0 intermediate Cassia siamea 27.1 421 2.7

50 intermediate Gliricidia sepium 47.0 598 1 . 1

1 0 0 intermediate Gliricidia sepium 37.0 603 1.7
50 uniform Zea mays 29.3 776 0 . 8

1 0 0 uniform Zea mays 26.6 806 0.7
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Leaf Stem Root

OK 50K 100K OK 50K 100K OK 50K 100K OK 50K 100K 

CAL CAS GS MZ

OK 50K 100K OK 50K 100K OK 50K 100K OK 50K 100K 

CAL CAS GS MZ

Figure 2.1. Effect of potassium application on dry weight of 
Calliandra calothyrsus (CAL), Cassia siamea (CAS), Gliricidia 
sepium (GS), and Zea mays (MZ) at two harvest times.
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Root Dry Wt. (g)

Root Wet Weight (g)

Figure 2.2. Correlation between root weight and %KdfF\or all species 
in the second harvest.
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(a)

Root Wet Weight (g)

(b)

Ln (Root Wet Weight)

Figure 2.3. Relationship between root wet weight and Root Partition

Factor (r) for the second harvest, (a) Exponential curve (r^ = 0.657) 
fits best (b) so natural log-transformed values are fitted with linear

curve (r^ = 0.651).



64

■ Calliandra calothyrsus ▲ Gliricidia sepium

•  Cassia siamea ♦  Zea mays

Root Wet Wt. (g)

Figure 2.4. Change in root partitioning between first and second 
harvest. It varies among species and the difference is particularly 
pronounced between trees and maize. The slopes of regression lines 
for Callinandra, Cassia, Gliricidia, and Zea mays are 0.106, 0.061, 
0.016, and 0.006, respectively. Gliricidia behaved more like maize, 
which demonstrated relatively uniform root growth in all depths and 
had more active surface roots than the other two tree species.
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Total K in tissue (mg)

Figure 2.5. K uptake from two pools (fertilized vs. native). Three 
tree species Calliandra calothyrsus (CAL), Cassia siamea 
(CAS), and Gliricidia sepium (GS), and Zea mays (MZ) took 
up K from two pools at different degrees. The difference is 
particulaly pronouced between tree species and maize.
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Chapter 3

Application of Rubidium Tracer Technique to Study Belowground 
Competition in Alley Cropping System

A b s t r a c t

Understanding belowground processes is a key to a successful management of alley 

cropping system. Tree-crop belowground competition is evaluated using a modified 

Rubidium (Rb) tracer technique (Chapter 2). The experiment was carried out in an alley 

cropping field under cultivation for several years. Rb tracer and potassium (K) fertilizer 

were applied in maize rows to predict tree root invasion into maize rows and resulting 

competition with maize. Belowground competition with maize and possible root growth 

nature o f three legume species, Calliandra calothyrsus, Cassia siamea, and Gliricidia 

sepium, are discussed.

The Rb/K ratio in soil was relatively constant in both 0 to 20 cm and 20 to 40 cm 

profiles except in the early stage of the experiment but showed a little increase over time 

reflecting modest Rb discrimination of this soil.

The root partition factor (r) of maize and the fraction of native-K  originated from the 

fertilized soil (JNKofF) of trees showed a good correlation since both factors represent root 

invasion into or root activity in root growing space of the competing species. Cassia 

siamea was least competitive to maize, which was indicated by the lowest root activity of 

Cassia root in fertilizer-K pool and the highest root activity of maize in Cassia plot in 

native-K  pool. Though Calliandra and Gliricidia exhibited the same degree of 

competitiveness to maize, Gliricidia appears to perform best under the wet environment.



Calliandra was not only the strongest belowground competitor but had the highest 

aboveground biomass.

However, these differences in root competition for K did not affect maize yield, 

probably because of adequate supply of K (and other nutrients), small size of control plots 

and restricted root growth or modified, similar root distribution of tree species by repeated 

pruning.

Rb tracer technique provides us more information on belowground processes and it is 

one of the least destructive methods to study root competition. Combined with other 

methods of study, this technique proved to be a good diagnostic tool.

I n t r o d u c t i o n

A number of studies have suggested the possibility of root competition between 

hedgerow trees and crops (Dhyani et a i ,  1990; Jonsson et al., 1988; Ruhigwa et a i ,  1992; 

Singh et a i ,  1989). The rubidium (Rb) discrimination correction factor n (Hafez and Stout, 

1973) enables us to use Rb tracer technique to study belowground interactions between 

crop and hedgerow trees in alley cropping system. Placing Rb-labeled K fertilizer at a 

certain position in a field, we can monitor root growth or activity of a particular species and 

can gain direct information on belowground competition. Furthermore, the use of %KdfF 

and root partition factor r, which is an integrated measure of root activity in unfertilized 

soil, enables us to quantify root activities of competing plants under study.

The general objective of this study was to examine tree-crop belowground interaction 

and competition for potassium (K) fertilizer in the alley cropping system by quantifying the 

amount of fertilizer-K uptake by trees and maize, or more specifically to compare percent
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of K derived from fertilizer {%KdfF) and root partition factor r among different tree-crop 

combinations to make prediction on root growth habit of each species and resulting root 

competition with maize.

The fraction of native-K  originated from the fertilized soil (%NKofF) or inverse root 

partition factor 1/r calculated for the hedgerow tree species in this experiment represents 

“cumulative root activity in fertilizer-K pool (Chapter 2).” Since fertilizer-K  was applied 

over maize rows, trees’ 1/r can be used as the relative indices of root activity of trees in or 

under maize rows or how competitive the tree species are to maize. The larger the tree 1/r 

the greater the competitiveness of the species. Likewise, maize’s r can be used as the 

relative index of its root activity in tree rows or root zone. The r approaches unity, as the 

relative root activity of plant in the soil where labeled fertilizer-K is present. This 

comparison can be made only among the species grown with the same competing species 

under the same condition. This seems a limitation but it is in fact biologically sound 

considering “competitiveness” can be only defined in relative terms.

We expected that both total K uptake and %KdfF would be greater for maize than for 

trees, because (1) maize is a K demanding species, (2) K was not limited— native K level 

(160 kg K ha ‘ to 200 kg K ha” ) plus added fertilizer K, and (3) K fertilizer was placed in 

the maize rows. Total K uptake, %KdfF, root partition factor r, and %NKofF (-1 /r)  were 

calculated as parameters. Considering high rainfall (Figure 3.1), maize root systems are 

likely to be concentrated in the upper layer of the soil profile. This may also contribute to a 

higher fertilizer-K recovery rate of maize than trees.

We hypothesized that (1) the %KdfF decrease with age, reflecting the root expansion to 

the native soil-K pool, root aging in the fertilized zone, and/or leaching of fertilizer-K from 

the rooting zone, (2) the %KdfF was smaller for a tree species with less root biomass.
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suggesting that the tree species is less competitive to maize than the other tree species, so 

that it absorbs relatively more K from the native soil-K pool than from the fertilizer-K 

pool, and (3) root partition factor r of maize and inverse of r, 1/r, of hedgerow trees have a 

good correlation since both factors are gross representation of root competition or of root 

invasion into the root growing space of the competing species. Yield of maize may or may 

not be affected since K was not limited in this experiment.

The %KdfF and root partition factor r change over time for three reasons: (1) growth 

and expansion of roots from fertilizer-K pool to native-K only pool or vice versa, (2) 

depletion of K in fertilizer-K pool caused by K uptake in that pool by invaded roots of 

competing species (this can be thought as a shrink of fertilizer-K pool, though what has 

actually happened was dilution or exhaustion of K in the fertilizer-K pool by competing 

species), and (3) leaching of K from the fertilizer-K pool beyond the rooting zone. K 

fertilizer was applied over maize rows in our experiment, so that tree roots started growing 

from native-K  pool and gradually invaded the fertilizer-K pool but maize roots started 

from fertilizer-K pool and advanced to native-K  pool. Therefore, tree’s %KdfF tends to 

increase and r to decrease over time, while maize’s %KdfF and r tend to exhibit the 

opposite trend.

There are two important points to be mentioned. First, r does not necessarily reflect the 

actual size of plant roots, though it does represent cumulative root activity in native-K  only 

pool. This IS particularly true when labeled fertilizer-K is applied away from the plant root. 

By the time the plant root reaches to the labeled fertilizer-K, it must have already 

accumulated a large quantity of unlabeled native-K in the tissue and this makes the specific 

activity of Rb in the plant tissue even lower. Thus, the longer the plant root takes to reach

69



fertilizer-K, the larger the r, even if the actual root system is not so large. Therefore, in our 

field experiment, r  is a better representation of the actual root size for maize than for trees. 

The fact that r represents cummulative root activity but not root biomass or root length in a 

field is an advantage of the tracer method over other methods to study root competition, 

since it gives us direct information on root activities and resulting competition. By 

measuring root biomass or root length, we can predict possible competition but it is not 

direct evidence. Second, in a competitive situation, it is difficult to tell which species is 

more responsible for the dilution of the fertilizer-K pool by just looking at r obtained from 

a single species. It is essential to sample tissues from both species competing each other 

and calculate r for both. Prediction derived from tissue samples from a single species could 

easily lead to a false conclusion, since there are three path ways that can cause dilution of 

fertilizer-K  pool: uptake of K by that plant itself, uptake of K by competing plant, or 

leaching beyond root zone of both species (or fixation of K). Therefore, it is preferable that 

this technique is used with other study methods or parameters. Rb tracer technique and root 

partition factor analysis alone will not make other methods to study root competition 

obsolete.

Pruning branches is usually performed in the field and this alters root distribution 

patterns of hedgerow trees as well as root partition factor r. Pruning induces fine root death 

and repeated pruning dramatically alters the root growing pattern of hedgerow trees 

(Fownes and Anderson, 1991; Ruhigwa et a i ,  1992). When the main stem is cut, a plant 

loses apical dominance and lateral growth is promoted and repeated cuttings produce 

shrub-like growth forms. The same loss of apical dominance and branching are observed 

below ground as well (Van Noordwijk et a l,  1991) and pruning, particularly repeated 

cuttings, produces shallower, finer, and more branched root systems due to loss of apical
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dominance (Rao et a i ,  1993). This is a major reason why roots, fine roots in particular, of 

hedgerow trees tend to concentrate near the soil surface. This could be the case for our 

hedgerows, considering they had been under cultivation for several years and had gone 

through over 1 0  cuttings.

Meanwhile, since K and Rb are expected to be relatively mobile in the field, because of 

high, intense rainfall, a small %KdfF (or a large r) may indicate leaching of applied K from 

the root zone.

This information will provide us a direct measurement of belowground competition for 

fertilizer K among different tree-crop combinations under the same field conditions.

71

M a t e r ia l s  a n d  M e t h o d s  

S ite Description

The field experiment was conducted at the University of Hawaii's Wailua Experiment 

Station (22°04'30" N, 159°24'45"W, elevation 162 m) on the island of Kauai. The soil in 

the area is a highly weathered, acid Oxisol (Kapaa series: Anionic Acmdox, clayey, 

gibbsitic, isohyperthermic). The soil has 0.1 cmolc/kg extractable K and pH 5.6 (KCl) 

(SCS and USDA, 1976). The Kapaa series consists of well-drained silty clay soils 

developed in material weathered from basic rock. The annual rainfall is 2,0(X) mm to 

3,000 mm. Mean annual rainfall is 2,490 mm. The average daily temperature ranges from 

20 °C (minimum) to 25.6 °C (maximum). Mean annual soil temperature is about 22 °C 

(Ik aw ae ta /., 1985).



Field Experiment

The experiment was carried out at the existing hedgerows that were planted on March 

21, 1988 and had been under cultivation for several years. The experimental design was a 

randomized complete block with four hedgerow species and four blocks. The same three 

legume tree species {Calliandra calothyrsus, Gliricidia sepium, and Cassia siamea) and 

maize {Z£a mays) as used for the greenhouse experiment (Chapter 2) were used for this 

field study. Dimension of a hedgerow plot was 9 x 6  m consisting of three rows of hedges 

spaced 3 m apart between rows with 0.5 m intrarow spacing. The maize only plot was half 

of this size (4.5 x 6  m) (Figure 3.2). Downhill plots were assigned as sampling plots and 

excluded border rows, maize, trees, and soil cores were sampled or harvested from the 

2 X 3 m plots. The sampling plot contained 4 measurement trees in a hedgerow plot. Three 

rows of maize were interplanted between tree hedgerows with 60 cm interrow spacing and 

25 cm intrarow spacing. Therefore distance between the hedgerow and the nearest row of 

maize was 90 cm.

The hedgerow trees were pruned to knee height (approximately 1 m above ground) on 

July 6  and 7, 1993 prior to the experiment and biomass data were recorded.

Fertilizers and Rb tracer were applied on July 8 , 1993. The same rate of blanket 

nutrients (TSP 100 kg ha ' , Urea 326 kg ha ' or 150 kg N ha ' , and Granusol 55 kg ha ' ) as 

the greenhouse experiment was applied by broadcasting over the maize rows. Potassium 

was broadcast as Muriate of Potash at the rate of 158 kg K ha ' . RbCl was dissolved in 

water and applied to each treatment plot separately by hand sprayers at the rate of 2.5 kg Rb 

ha ' (1.58% of K). Spraying was divided into several applications to ensure uniform 

application to the whole area of the treatment plots. After all fertilizer and tracer were
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applied, approximately the top 20 cm of the soil was plowed by a tractor. Maize was 

planted on July 19, 1993 or 11 days after Rb tracer and K fertilizer application (DAA) in 

three rows between hedgerows (60 cm interrow spacing) with 25 cm intrarow spacing, but 

due to a heavy bird damage, it was plowed under and replanted on August 11 and 12, 1993 

(34 and 35 DAA). The hedgerow was pruned with machetes and hand clippers at 6 6  days 

after the first maize planting (77 DAA or 42 days after the second maize planting). Pruned 

branches were not returned as mulch but removed out of the field after biomass data were 

collected.

Tree shoot samples ( 6  shoots per plot) were harvested every two weeks during the 

growing season and the branches were marked for the next sampling so as to get only new 

growth. Meanwhile, eight soil cores were sampled in each plot at two depths ( i. e., 0 -  

20 cm and 2 0 ^ 0  cm) with a 2 cm -diameter soil probe. In general, the sampling and 

spatial variability in the soil are less problematic with K than with N due to nitrogen 

transformations related to soil water content and movement (Vose, 1980). The sampled 

tree shoots were dried in the oven at 70 °C, ground and extracted for K and Rb with IM 

HCl. The soil was extracted with IM NH^Cl. Both plant tissues and soil were analyzed 

for Rb and K concentration by atomic emission spectrophotometry (AES) with Perkin- 

Elmer Model 3030B and the ratio of Rb/K was determined. Sodium or Cesium in the 

form of chloride salt was added to the extracted solution to suppress ionization interference.

At the end of the experiment (142 days after the first maize planting), trees and maize 

were harvested and analyzed for Rb and K concentration and biomass in the same manner 

described above. Meantime, meteorological data (i.e., daily minimum, maximum, and 

average temperature; rainfall; and radiation data) were collected at the weather station 

throughout the experiment.
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Calculations of Parameters

In the greenhouse experiment, we concluded that Rb discrimination occurs for our 

soil-plant combinations. Untreated control plants are required to adjust for the variations of 

native Rb and K distribution both in time and space and to determine Rb-discrimination 

correction factor n but because of the existing field design, we were unable to have the 

untreated controls. As the next best alternative under this restricted condition, we made 

approximations by adopting n obtained from the greenhouse experiment for each species to 

derive 5^ (specific activity or Rb in untreated plant with respect to K) and %KdJF in the 

following calculations. We also substituted native Rb and K level (5^) with the average of 

relevant values taken from a nearby plot.

S^n = Ss thus  [3.1]
n

lA

% KdfF = 100 X   [3.2]
Su-Vn

where

Rb
Sy -  Specific activity of Rb with respect to K in untreated plants (control) = — -

Rb
Sj- = Specific activity of Rb with respect to K in treated plants (fertilized) = ^

Rb
-  Specific Activity Rb with respect to K in soil = — -

Sp = Specific Activity Rb with respect to K in fertilizer =
Kp

S,
n = Rb-discrimination correction factor = —

%KdfF = the percentage of K in the plant derived from fertilizer

Kr

Rbp
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Since the value of n was significantly different over time for some cases, we assumed 

that n tends to increase over time and used different values of n for the calculations before 

and after pruning.

R e s u l t s

Total rainfall and average temperature (minimum, mean, and maximum) during the 

experiment were 924 mm, 19.6 °C, 22.5 °C, and 26.5 °C, respectively (Figure 3.1).

Yield and total biomass harvests of maize were not significantly different among 

hedgerow species {P < 0.909 and P < 0.485 for grain and total biomass, respectively; 

Figure 3.3), but the trend reflected Rb/K in hedgerow tree shoots (Sj.) and maize in Cassia 

plots had the highest yield followed by Calliandra, Gliricidia, and maize only plots (Table 

3.1). However, maize in Cassia plot took up the largest amount o f K, though the 

difference was statistically significant only at pruning, and a significantly larger portion of it 

originated from the native-K  p o o l, at pruning (Table 3.2). For maize in the Calliandra 

plot, on the contraiy, a significantly higher percentage of K was fertilizer origin at pruning 

(Table 3.2).

Calliandra consistently showed best aboveground growth for the entire period of the 

experiment, both before and after pruning, having the highest biomass and height and the 

largest canopy width, followed by Gliricidia and Cassia (Table 3.1, 3.3 and Figure 3.4 and 

3.5).

The same trend as in the pot experiment was observed for the field soil for all species. 

Potassium concentration in the soil always declined faster than Rb for all species (Table 3.4



and Figure 3.6, 3.7, 3.8 and 3.9). Concentration of applied K at the surface horizon (0 - 

20 cm) rapidly declined at the early stage of the experiment (Table 3.4 and Figure 3.6b, 

3.7b, 3.8b and 3.9b). Approximately a half of applied K was either leached below the 

sampling depth, became non-exchangeable, or taken up by plants by 27 to 34 DAA. 

Potassium concentration at the depth of 0-20 cm decreased to approximately 250 kg K ha ‘ 

level for all species, which was the same K concentration as at the 20-40 cm depth. After 

34 DAA, K concentration of the two depths were similar and showed the same declining 

trend until the end of the experiment.

On 27 DAA or 16 days after the first planting, maize was still small showing poor 

growth. The rapid decline of K in the soil did not occur after the second maize planting (34 

DAA).

On the other hand, Rb concentration did not decline as rapidly as K (except Gliricidia 

and maize plots). Its concentration at two depths remained significantly different 

throughout the experiment (Table 3.4 and Figure 3.6a, 3.7a, 3.8a, and 3.9a).

However, the Rb/K ratio in the soil profiles remained relatively constant except the 

early stage of experiment but gradually increased in both profiles, which indicates Rb 

discrimination (Figure 3.6c, 3.7c, 3.8c, and 3.9c). The slope of change in Rb and K 

concentration and the Rb/K ratio in both profiles were similar for each species, which 

suggests Rb and K are taken up by plants at the same rate from both depths (Figure 3.6, 

3.7, 3.8, and 3.9).

Change of the Rb/K in tree shoots (Sj) was different among species (Figure 3.10). 

Gliricidia had maintained the highest Sj- throughout the whole growing season, while the 

other two species, Calliandra and Cassia, showed significantly lower S j  but similar 

patterns of change. Before the planting of maize and application of fertilizer K, tree shoot
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S j was lowest at 0.20 to 0.28 on July 6 , 1993. It increased rapidly until pruning date (77 

DAA), September 22, 1993 (0.70, 0.58, 0.55 for Gliricidia, Calliandra, and Cassia, 

respectively). For about 4 weeks after pruning, Sj was relatively stable showing almost no 

change. This trend continued for Calliandra for a long time, or about 7 weeks, until right 

before the final harvest, while the other two species, Gliricidia and Cassia , showed a 

declining trend during the same period, though the decline was not statistically significant. 

However, S j  of maize at pruning was several fold greater than the one for trees in all plots 

(Figure 3.11). While tree Sj- was grouped into high-5^ Gliricidia and low-S'^ Calliandra 

and Cassia, maize Sj- was significantly lower in Cassia plots (1.5) than any other plots. 

Maize in Calliandra plots showed highest Sj. (3.2) followed by Gliricidia and maize only 

plot (Figure 3.11).

Percent of K in plants originated from K fertilizer {%KdfF) and root partition factor (r) 

were calculated from specific activity of Rb in tree shoot samples (Table 3.5). Until 62 

DAA, %KdfF  trees rapidly increased but the rate of increase gradually became smaller and 

peaked out on a day before pruning (76 DAA), and then it started declining (Figure 3.10). 

Gliricidia maintained the highest %KdfF among the hedgerow tree species, showing the 

highest 12.4% uptake at 76 DAA, but the difference became insignificant as the growing 

season approached the end. Calliandra also took up significantly more K from fertilizer, 

most of the time, than Cassia did, which was the poorest performer in this regard. 

Gliricidia, which had the highest root biomass in pots (Figure 2.1), had significantly higher 

%KdfF  at pruning. The trend of root partition factor mirrored one of %KdfF  (Figure 3.10).
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D i s c u s s i o n

Since the initial rapid decline of K in the soil was consistent for all species including 

maize only plots, this could be due to leaching loss from the sampling depth (> 40 cm) or 

K sorptioin within intra-aggregate pores of the highly aggregated Kapaa soil (Wang, 1997) 

but trees and maize did not play a significant role in this rapid decline. However, this rapid 

decline of K in the upper sampling layer did not affect the Rb/K ratio (specific activity of 

Rb) in this layer very much, which was mainly caused by preferential adsorption of Rb 

over K to the soil surface.

Since Rb is more tightly held on the soil surface (Bergback and Borg, 1989) and is less 

subject to leaching than K, it tends to concentrate on the surface horizon (0ien et al., 1959) 

giving a higher Rb/K ratio than deeper horizons (Table 3.4 and Figure 3.6c, 3.7c, 3.8c and 

3.9c). The differences were relatively constant in all plots throughout the experiment, 

except the early stage of the experiment when leaching loss of K exceeded Rb loss, so that 

K and Rb were either lost or taken up by plants at relatively constant ratio (Table 3.4 and 

Figure 3.6c, 3.7c, 3.8c and 3.9c). This satisfies the one assumption of the Rb tracer 

technique.

In Calliandra and Gliricidia plots, maize roots did not grow into native-K  only pool (i. 

e., tree rows and deeper horizons) where tree roots are pre-dominant as much as in Cassia 

plots. This made specific activity of Rb in maize plant relatively higher in these plots than 

in Cassia plots. Maize tissue in Gliricidia plots had slightly lower specific activity of Rb 

than in Calliandra plots, though it was not statistically significant. Gliricidia seems to be 

the most K demanding species among the three. Tissue K level of Gliricidia was 

significantly higher than Calliandra and Cassia (Table 3.5). Relative root activity of
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Gliricidia in the fertilizer-K pool and in the native-K only pool, however, was not different 

from that of Calliandra (Table 3.2).

Maize in Cassia plots experienced the least belowground competition, most likely 

because o f Cassia's poor root growth (or regrowth after the initial pruning). In a previous 

N-15 study conducted in the same field. Cassia, which was used as a reference tree, took 

up N-15 more slowly than Calliandra and Gliricidi (Friday and Fownes, 1992). This 

indicates either that Cassia has slower root regrowth after pruning or a deeper root system 

than the other two species. The specific activity of Rb in maize tissue in Cassia plot was 

low which indicates relatively higher native-K uptake by the maize in this plot than the 

other plots. Therefore, Cassia is likely the weakest competitor so that more maize roots 

invaded the native-K  pool than those in other species plots where tree roots were 

dominant. Meantime, though Cassia is a weak competitor, its roots obviously invaded 

maize rows taking up some fertilizer-K (5.8 to 7%), which made the amount of K in the 

fertilizer-K pool less, ending up with lower specific activity of Rb in the maize plant than 

that in maize only plot. But given adequate level of K supply for both tree and maize 

growth, these differences did not affect maize yield (Table 3.1 and Figure 3.3).

These belowground competitive relationships between trees and maize can be explained 

more readily by looking at r and inverse of r, 1/r (= %NKofF). Tree’s 1/r can be used as 

the relative index of root competition of trees with maize, since it increases only when tree 

roots take up native-K  more from the fertilized soil (i.e., maize rows) than from the 

unfertilized soil (i.e., tree rows and deeper soils). In contrast, maize’s r increases as maize 

roots absorb native-K  more from the unfertilized soil (i.e., tree rows and deeper soils) than 

from the fertilized soil (i.e., maize rows).
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Since fertilizer-K was applied over the maize rows, relatively away from the tree rows, 

tree roots started to grow back from the native-K  only pool and then gradually grew into 

the feitilizer-K  pool under maize rows. Therefore, the trees’ 1/r represents a degree of root 

activity in the maize rows. Likewise, maize’s r reflects a degree of maize root activity in 

tree rows, in addition to the vertical root growth beyond the fertilizer-K  applied pool (Table 

3.3 and Figure 3.11). As r or 1/r gets larger, possible root competition with the other 

competing species becomes more intense. The trend of tree r (or inverse r) in this field 

experiment was primarily driven by lateral root growth or regrowth of trees’ fine roots in 

laterally divided pools, while, in the pot experiment (Chapter 2), vertical root growth in 

vertically partitioned pools was a major determinant.

M aize’s r in C. siamea plot was 9.04 and was as much a^ twice larger than C. 

calothyrsus's  4.81 and G. sepium's 5.34, and the difference was even greater at pruning 

(Table 3.3). This clearly shows that competitive advantage of maize in C. siamea  plot. Tree 

data supports this prediction as well. C. siamea was least competitive with maize among 

tree species having smallest 1/r of 0.033 (Table 3.3), therefore it is most likely that maize 

roots in C. siamea plots more freely grew in the native-K  pool and tree rows. This is also 

suggested by a relatively large amount of native-K  uptake by maize in C. siamea plot (66.4 

kg K ha ' or 8 6 % of total K uptake) compared to maize in other plots (Table 3.2). This 

difference was also pronounced at pruning. Approximately 87.5% of K originated from 

native-K  pool in maize in C. siamea plot whereas 48 to 65% in other plots (Table 3.2).

These findings of ours are different from Rao’s (Rao et a i ,  1993). He found that 

Leucaena leucocepluila roots filled the alley very densely and those of G. sepium were 

sparse, particularly in the middle of the alley, while rooting density of C. siamea  was 

intermediate. A different moisture regime may be responsible for the different outcomes.
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Our site is much wetter than theirs with annual rainfall of 2490 mm and 740 mm, 

respectively. Gliricidia's root growth is presumably most affected by moisture, since the 

species requires much more biomass to produce a unit length of root (or the same live root 

length) than other woody species (Schroth and 2^ch, 1995). Given adequate water supply, 

Gliricidia is a better competitor than Cassia. Our pot experiment showed Gliricidia has 

somewhat similar root distribution and root partition factor r to maize’s and significantly 

higher K demand than the other tree species (Chapter 2), which suggested that root 

competition between Gliricidia and maize is much more possible.

Both the inherent nature of the rooting habit of each species and the cultural practices 

affected these differences in belowground competition.

Though differences in degree of competition for K were observed among tree species, 

they did not affect maize growth and yield. Even yield of maize in control plots was not 

greater than other plots either, which suggests that maize in control plots also experienced 

root competition from trees in adjacent plots. A-half-size maize plot was so small that 

could not prevent tree root invasion from adjacent plots. Horizontal root propagation of 

hedgerow species into adjacent treatments can be so large that can significatly affect 

perfomance of no-tree control plots (Hauser, 1993). In their alley cropping experiments, 

rooting depth of Cassia siamea exceeded 1.6 m and its lateral propagation was 15 m from 

the hedgerows and C. siamea was taking up water and nutrients from the area 6 .1 times 

larger than allocated plot size (Hauser, 1993). Cultural practice seems to be able to control 

belowground competition quite well. The initial pruning and pruning in the middle of the 

growing season controlled trees’ height and canopy width well preventing aboveground 

competition (Figure 3.5) and they must have induced a large volume of fine root death of 

trees as well (Nygren and Campos, 1995; Van Noordwijk et al., 1991). Live root length
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density fluctuates dramatically due to (repeated) cuttings or prunings (Schroth and Zech, 

1995). A long cultivation histoi7  of this hedgerow field and repeated pruning of the trees 

must have promoted shallow, branched, fine root systems of the trees (Van Noordwijk and 

Purnomosidhi, 1995). Fine root death upon aboveground shoot pruning must have eased 

belowground competition and should have resulted in higher yield of maize (Nygren and 

Campos, 1995) but, in our experiment, the effect was not significant among different tree 

species plots most probably because both trees and crops had adequate supply of K 

regardless of its source thus K was not limited, or the root death took place somewhat at 

the same extent in all plots.

The pruning can prevent above- and belowground competition of trees with crops but it 

also prevents tree roots from growing into deeper layers of thg soil, hindering 

complementary use of resources or “pumping effect” of deep tree roots. Rao et al. (1993) 

have reported that above-ground pruning restricted the roots of hedges to a depth o f 1.5 m, 

although roots of different hedges spaced 5 m apart intermingled freely in the alley space. 

Thus, very first cutting of hedgerow trees should be delayed until the main tap root is well 

established if the main concern is complementary resource use. This management option, 

however, is not a proper choice if we are more concerned with fire wood harvests, which 

favors more branched growth form of trees.

Our study demonstrated that belowground competition can be quantified using Rb 

tracer technique. As our experiment showed, the tree species which exhibited vigorous 

aboveground growth (i.e., Calliandra) tended to have vigorous root activity in maize rows 

as well. Though we still can not judge whether the belowground competition for K we 

observed was the cause or result of aboveground competition, the technique will provide a
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better picture of one side of the mirror. Besides, a cause-and-effect question may not be 

much concern to farmers, since they are most concerned with which species is likely to 

compete with their crop.

The Rb tracer technique combined with root partition factor analysis is probably one of 

the least destructive ways to study and quantify belowground competition. The technique 

provides the relative index of root activity in different pools that can be used to evaluate 

belowground competition of a particular crop-tree combination under study. The technique 

is relatively easy except that it may require, in most cases, the determination of a Rb 

discrimination factor for a given plant-soil combination. More precise estimates or 

prediction can be made if untreated controls, which mirror the root distribution of treated 

plants, are used.
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Table 3.1. Yield of maize and Rb and K concentration in tissue by tissue 
type

(a) Yield
Yield (tons ha ')

Plot Stover Husk Stover+Husk Grain Cob Ear
(Grain+Cob)

Abovegroud
Total

Calliandra 2.53 ab 0.45 a 2.98 ab 3.99 a 1.44 a 5.43 a 8.41 a
calothyrsus
Cassia 3.01 a 0.50 a 3.50 a 4.00 a 1.35 a 5.35 a 8.85 a
siam ea
Gliricidia 2.36 ab 0.43 a 2.79 ab 3.68 a 1 . 0 1  a 4.69 a 7.48 a
sepium  
Zea mays 2 . 0 1  b 0.41 a 2.42 b 3.64 a 1.26 a 4.90 a 7.31 a
only

* Figures followed by different letters are significantly different within the same tissue at 
p<0.05 by LSD.
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Table 3.1. (Continued) Yield of maize and Rb and K concentration in tissue 
by tissue type

(b) Rb in tissue
Rb in tissue (nq Rb g tissue ' )

Plot Stover Husk Stover+Husk Grain Cob Ear Average
(Grain+Cob)

Calliandra 53.35 a 26.12 a 48.97 a 10.89 a - 27.47 a
calothyrsus
Cassia 29.73 b 10.11 c 27.12 b 4.65 b . 15.20 b
siamea
Gliricidia 45.72 a 18.64 b 41.49 a 8.43 a - 22.66 a
sepium  
Zea mays 43.82 a 23.54 ab 41.00 a 8.23 a 22.35 a
only

(c) K in tissue
K in tissue (%)

Plot Stover Husk Stover+Husk Grain Cob Ear Average
(Grain+Cob)

Calliandra 1.94 a 0.89 ab 1.77 a 0.32 a - 0.95 a
calothyrsus
Cassia 1.81 a 0.79 b 1.66 a 0.32 a - - . 0.95 a
siamea
Gliricidia 1.83 a 0.78 b 1.67 a 0.33 a - 0.91 a
sepiumi 
Zea mays 2.04 a 0.97 a 1.85 a 0.32 a 0.94 a
only

(d) Rb/K in tissue
RB/K in tissue (mmole Rb mole K'^

Plot Stover Husk Stover+Husk Grain Cob Ear
JGrain+Cob)

Average

Calliandra 1.26 a 1.35 a 1.27 a 3.39 a - - 2.63 a
calothyrsus
Cassia 0.78 b 0.62 b 0.77 b 1.46 b . . 1.18 b
siamea
Gliricidia 1.13 ab 1.11 a 1.13 a 2.55 a - - 2.03 ab
sepium  
Zea mays 1.03 ab 1.11 a 1.03 a 2.61 a 2.05 a
only

* Figures followed by different letters are significantly different within the same tissue at 
p<0.05 by LSD.



Table 3.2. Aboveground biomass, %KdfF, r, and K uptake and sources by 
(a) hedgerow tree species {Calliandra calothyrsus, Cassia siamea, and 
Gliricidia sepium) and (b) maize at pruning (66 DAP) and at the final harvest 
(142 DAP).

(a) Hedgerow trees
Aboveground K uptake (kg K ha ’ )

Species biomass Total K from from %KdfF r
(tons ha ’ ) uptake fertilizer-K native-K

Pruning
Calliandra 2.0 a 38.4 a 4.0 a 34.3 a 10.4 ab 11.8 ab
calothyrsus
Cassia 1.0 b 21.1 b 1.9 b 19.3 b 8.3 b 16.5 a
siamea
Gliricidia 1.2 a 45.1 a 5.5 a 39.7 a 12.4 a 9.6 b
sepium

Harvest
Calliandra 2.5 a 44.6 a 3.2 a 41.5 a 6.7 a 21.4 a
calothylsus
Cassia 0.6 c 13.2 c 0.6 b 12.6 c 4.1 a 32.0 a
siamea -

Gliricidia 0.8 b 29.0 b 1.7 ab 27.3 b 6.0 a 21.5 a
sepium

Figures followed by different letters are significantly different at p<0.05 by LSD.
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Table 3.2. (Continued) Aboveground biomass, %KdfF, r, and K uptake and 
sources by (a) hedgerow tree species {Calliandra calothyrsus, Cassia 
siamea, and Gliricidia sepium) and (b) maize at pruning (66 DAP) and at the 
final harvest (142 DAP).

(b) Maize
Aboveground K uptake (kg K ha ')

Plot biomass Total K from from %KdfF r
(tons ha ') uptake fertilizer-K native-K

Pruning
Calliandra 52.5 a 1.2 b
calothyrsus
Cassia . . . . 22.5 c 5.0 a
siamea
Gliricidia - - - - 43.7 ab 1.8 b
sepium  
Zea mays 
only

- - - - 35.1 b 2.8 b

Harvest
Calliandra 8.4 a 64.8 a 15.1 a 49.7 a 23.0 a 4.8 a
calothyrsus
Cassia 8.9 a 77.2 a 10.8 a 66.4 a 13.9 a 9.0 a
siamea
Gliricidia 7.5 a 72.7 a 15.2 a 57.4 a 20.6 a 5.3 a
sepium  
Zea mays 
only

7.3 a 67.9 a 11.8 a 56.1 a 19.2 a 6.3 a

Figures followed by different letters are significantly different at p<0.05 by LSD.
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Table 3.3. Aboveground biomass and relative root activities of Zea mays 
and three hedgerow tree species {Calliandra calothyrsus, Cassia siamea, 
and Gliricidia sepium) at pruning (66 DAP) and at the final harvest (142 
DAP).

Aboveground 
biomass (tons ha '')

Relative root activity

Species tree maize tree roots in 
fertilizer-K pool

m

maize roots in 
native-K only pool 

(A)
Pruning

Calliandra 2.04 a 0.090 ab 1.18 b
calothyrsus
Cassia 0.96 b . 0.070 b 4.98 a
siamea
Gliricidia 1.16 a _ 0.109 a 1.77 b
sepium  
Zea mays 
only

- - - 2.77 b

Harvest
Calliandra 2.50 a 8.4 a 0.055 a 4.81 b
calothyrsus
Cassia 0.57 c 8.9 a 0.033 a 9.04 a
siamea
Gliricidia 0.83 b 7.5 a 0.049 a 5.34 b
sepium  
Zea mays 
only

- 7.3 a - 6.27 ab

Figures followed by different letters are significantly different at p<0.05 by LSD.



Table 3.4. Change in specific activity of Rb in plant tissues and in soil

(a) Plant Tissue________________________________________________________
DAA Specific activity of Rb in plant tissue (mmole Rb mole K'̂ )

(days a fte r______ In tree shoots_________________ In maize leaf___________
application) C. C. G. C. C. G. Z. mays

calothyrsus siamea sepium calothyrsus siamea sepium  only

91

0 0 .242 0 .2 5 7 0 . 2 2 1 - - - -

2 7 0 .3 2 0 0 .324 0 .376 - - - -

3 4 0 .392 0 .3 2 2 0 .605 - - - -

6 2 0 .499 0 .4 5 9 0 . 6 8 6 - - - -

7 6 0.581 0 .545 0 .692 3 .6 4 5 3 .6 3 6 3 .5 1 3 3 .6 6 6
104 0 .5 2 5 0 .549 0 .717 - - - -

118 0 .5 4 8 0 .465 0 .645 - - - -

132 0 .5 5 2 0 .5 0 3 0 .616 - - - -

153 0 .4 8 9 0 .409 0 .532 0.771 0 .8 7 3 0 .9 6 4 0 . 8 8 8



Table 3.4. (Continued) Change in specific activity of Rb in plant tissues and 
in soil

(b) Soil____________________________________________________
DAA Specific activity of Rb in soil (mmole Rb mole K ')

92

(days after 0 to 20 cm
application) C. ca lo thyrsus C. s ia m ea G. sepium Z  mays only

0 4.086 2.606 4.864 5.202
27 5.418 4.385 5.299 6.246
34 6.264 4.263 6.433 6.168
62 5.893 4.891 6.638 6.223
76 7.700 6.086 7.487 6.920

104 - - - -

118 - - - -

132 11.046 6.190 8.527 7.620
153 6.457 5.794 8.137 7.110

DAA Specific activity of Rb in soil (mmole Rb mole K ')
(days after 20 to 40 cm

application) C. ca lo thyrsus C. s ia m ea G. sepium Z  mays only
0 3.484 2.236 3.321 ■ 2.918

27 2.006 2.228 2.270 2.625
34 2.209 1.806 2.569 2.951
62 3.460 2.467 3.360 3.580
76 3.716 2.647 4.012 3.374

104 - - - -

118 - - - -

132 5.046 3.011 4.168 3.942
153 4.566 3.173 4.089 5.767

DAA Specific activity of Rb in soil (mmole Rb mole K~')

application) C. calothyrsus C. siamea G. sepium Z. mays only
0 3.785 2.421 4.093 4.060

27 3.712 3.307 3.785 4.435
34 4.236 3.034 4.501 4.559
62 4.677 3.679 4.999 4.902
76 5.708 4.366 5.749 5.147

104 - - - -

118 - - - -

132 8.046 4.601 6.347 5.781
153 5.511 4.484 6.113 6.439
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Table 3.5. Change in (a) Rb, (b) %K and (c) Rb/K in plant tissue, (d) %KdfF,
(e) rand (f)//r  of hedgrow trees {Calliandra calothyrsus, Cassia siamea, and
Gliricidia sepium) and Zea mays.

(a) Rb
DAA Rb concentration in plant tissue (pq Rb q tissue’ )

(days after tree shoot maize leaf
application) C. C. G. C. C. G. Z  mays

calothyrsus siamea sepium calothyrsus siamea sepium
27 12.55 16.62 31.75 - - - -

34 15.71 15.43 53.79 - - - .

62 18.87 21.25 59.44 - - - _

76 24.06 26.37 58.45 249.40 117.44 204.12 174.61
104 24.02 27.42 57.51 - - - _

118 23.94 23.63 52.12 - - - _

132 24.01 25.06 49.13 - - - -

153 19.06 20.53 40.85 22.12 17.62 23.11 21.27

(b) %K
DAA K concentration in plant tissue (%)

(days after tree shoot maize leaf
application) C. C. G. C. C. G. Z  mays

calothyrsus siamea sepium calothyrsus siamea sepium
27 1.80 2.34 3.85 - - - -

34 1.83 2.20 4.14 - - - -

62 1.75 2.13 4.00 - - - -

76 1.89 2.22 3.89 3.65 3.64 3.51 3.67
104 2.09 2.28 3.70 - - - _

118 2.00 2.32 3.70 - - - -

132 2.00 2.27 3.65 - - - -

153 1.79 2.29 3.50 0.77 0.87 0.96 0.89

(c) Rb/K
DAA Rb/K in plant tissue (mmole Rb mole K ’ )

(d ays  a fte r tre e  s h o o t maize leaf
application) C. C. G. C. a G. Z. mays

calothyrsus siamea sepium calothyrsus siamea sepium
27 0.32 0.32 0.38 - - - -

34 0.39 0.32 0.61 - - - -

62 0.50 0.46 0.69 - - - -

76 0.58 0.55 0.69 3.14 a 1.49 c 2.66 ab 2.18 b
104 0.53 0.55 0.72 - - - .

118 0.55 0.46 0.64 - - - -

132 0.55 0.50 0.62 - - - -

153 0.49 0.41 0.53 1.29 a 0.92 b 1.09 ab 1.11 ab

Figures followed by different letters are significantly different at p<0.05 by LSD.
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Table 3.5. (Continued) Change in (a) Rb, (b) %K and (c) Rb/K in plant tissue, 
(d) %KdfF, (e) rand (f) 7/r of hedgrow trees {Calliandra calothyrsus, Cassia 
siamea, and Gliricidia sepium) and Zea mays.

(d) %KdfF
DAA K in plant tissue derived from fertilizer, %KdfF {%)

(days after tree maize
application) C. C. G. C. C. G. Z  mays

calothyrsus siamea sepium calothyrsus siamea sepium
27 3.62 2.99 4.56 - - -

34 5.51 2.93 10.21 - - -

62 8.32 6.20 12.22 - - -

76 10.45 8.26 12.37 52.52 22.49 43.73 35.10
104 7.51 7.06 9.74 - - -

118 8.04 5.24 8.29 - - -

132 8.13 6.07 7.70 - - -

153 6.65 4.05 6.00 22.96 13.85 20.60 19.20

(e) r
DAA Root partition factor, r

(days after tree maize
application) C. C. G. a  c. G. Z  mays

calothyrsus siamea sepium calothyrsus siam ea sepium
27 36.30 42.32 31.07 - - -

34 23.20 44.10 14.85 - - -

62 15.32 22.95 10.80 - - -

76 11.85 16.49 9.57 1.18 4.98 1.77 2.77
104 18.54 19.01 13.59 - - -

118 16.70 24.10 14.79 - - -

132 15.86 21.34 16.06 - - -

153 21.42 31.99 21.46 4.81 9.04 5.34 6.27

(f) 1/r
DAA Inverse of root partition factor, 1/r

(days after tree maize
application) C. C. G. a  a G. Z  mays

calothyrsus siamea sepium calothyrsus siamea sepium
27 0.03 0.02 0.03 - - -

34 0.04 0.02 0.07 - - -

62 0.07 0.04 0.09 - - -

76 0.08 0.06 0.10 0.84 0.20 0.56 0.36
104 0.05 0.05 0.07 - - .

118 0.06 0.04 0.07 - - -

132 0.06 0.05 0.06 - - -

153 0.05 0.03 0.05 0.21 0.11 0.19 0.16
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Figure 3.1. Monthly precipitaion and the average of maximum, 
mean, and minimum temperatures from July 6, 1993 to 
December 6,1993. July and December figures are for 26 days 
and 6 days, respectively.



96

hedgerow tree

maize

Figure 3.2. Hedgerow tree plot layout
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Figure 3.3. Yield of Z e a  mays. Standard error is used for the error bar.
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Figure 3.4. Harvested tree biomass on (a) September 23, 1993 
(pruning), and (b) December 8, 1993 (final harvest). Error bars 
showing standar error (n=4) are calculated for total aboveground 
biomass (leaf + twig) .
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Days after application (days)

Figure 3.5. Change in height and width of hedgerow trees 
{Calliandra calothyrsus (■), Cassia siamea (• ) , and 
Gliricidia sepium (A)).
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Days After Rb and K Application

Figure 3.6. Change in (a) K, (b) Rb, and (c) Rb/K in soil in 
Calliandra calothyrsus plots. The values are the 
average of four replications and the standard error is 
used for error bar.
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Days After Rb and K Application

Figure 3.7. Change in (a) K, (b) Rb, and (c) Rb/K in soil in 
Cassia siamea plots. The values are the average of 
four replications and the standard error is used for error 
bar.
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Figure 3.8. Change in (a) K, (b) Rb, and (c) Rb/K in soil in 
Gliricidia sepium plots. The values are the average of 
four replications and the standard error is used for error 
bar.



103

Days After Rb and K Application

Figure 3.9. Change in (a) K, (b) Rb, and (c) Rb/K in soil in 
Zea mays only (control) plots. The values are the 
average of four replications and the standard error is 
used for error bar.
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Figure 3.10. Change in (a) specific activity of Rb in plant tissue (b) 
%KdfF and (c) Root Partition Factor r of hedgerow tree shoots, 
Gliricidia sepium (A), Calliandra calothyrsus (■), and Cassia siamea 
( • ) . Error bar denotes standard error (n=4).
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Figure 3.11. Specific activity of Rb in maize leaf tissue at pruning 
(65 DAP) and at final harvest (142 DAP). Error bar denotes 
standard error.
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Figure 3.12. Linear regression of maize rand 7/r of three 
hedgerow tree species {Calliandra calothyrsus, Cassia 
siamea, and Gliricidia sepium). Each data point represents the 
average of 4 replications either taken at side-dressing (66 
DAP) or at the final harvest (142 DAP). The regression was 
highly significant (p<0.002).
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Dry weight of aboveground biomass of tree (ton ha’’')

Figure 3.13. Linear regression of maize rand dry weight of
aboveground biomass of three hedgerow tree species {Calliandra 
calothyrsus, Cassia siamea, and Gliricidia sepium). Each data point 
represents the average of 4 replications either taken at side- 
dressing (66 DAP) or at the final harvest (142 DAP). The regression 
was not significant (p<0.065).


