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Abstract. The intensification of the agricultural production in Southern Chile demand the application of P
fertilizers to volcanic ash soils for optimum plant growth and crop yields. Due to the high P sorption capacities of
these soils, high amounts of water-soluble phosphatic fertilizers need to be applied. Therefore, the direct
application of locally available Bahia Inglesa phosphate rock has been utilized to supply P to crops in these acid
soils. Phosphate rock is a very efficient P input for crops with long growth cycles or crop rotations nevertheless
water-soluble P fertilizers must still be applied to crops of short growth cycle. Combined with these strategic P
inputs, the use of acid-tolerant and P-efficient genotypes can further contribute to agricultural sustainability.
Greenhouse studies were undertaken to explore and identify genotypic variations in P efficiency of wheat grown
in Andisols of Southern Chile. 32P isotopic techniques were utilized to measure the uptake of P from triple
superphosphate, a water-soluble P fertilizer and the locally available Bahia Inglesa phosphate rock. Substantial
genotypic variations in P use efficiency were found among the Chilean wheat genotypes tested. The utilization of
the 32P isotopic techniques enabled to quantify the P taken up from the P fertilizer and the assessment of
differences among the genotypes. Significant genotypic differences were obtained in the P uptake from the local
phosphate rock Bahia Inglesa. Much higher applications of phosphate rock were required in Santa Barbara soil
series (Andisol) due to its high P retention. A sustainable strategy for agricultural production in the Andisols of
Chile would therefore, be the combined utilization of those efficient wheat genotypes and the local phosphate
rock Bahia Inglesa. As P efficiency is a multi-faceted trait, which interacts with a range of environmental factors,
further field-testing and validation is required accompanied by in depth studies to assess the relative importance
of the morphological and physiological traits contributing to a better P efficiency.

1. INTRODUCTION

Volcanic ash soils cover extensive areas of land in the southern regions of Chile. Originally forests
and permanent pastures were the predominant land use, but they have been progressively converted
into arable land and cropped mainly to wheat [1]. These volcanic ash soils, however, show several
soil fertility constraints such as low pH, high P retention, and low base saturation. A key factor to
secure agricultural productivity is reducing P deficiency. Therefore, P fertilizers have to be applied to
obtain optimum plant growth and crop yields [2]. As these soils have very high P sorption capacity,
very high rates of water-soluble P fertilizers are required to obtain good crop yields. This practice is,
however, not sustainable and also uneconomic. An alternative approach to supply P to these acid soils
has been the direct application of phosphate rock coming from local deposits. Several studies have
evaluated the agronomic effectiveness of the local phosphate rocks, in particular Bahia Inglesa in
these soils. This PR has good reactivity with crops of relatively long growth cycle and also shows
long residual effect in a crop rotation of annual crops [3, 4, 5]. Nevertheless, water-soluble P
fertilizers are still required for annual crops. Combined with strategic P inputs, the use of acid-tolerant
and P-efficient germplasm can further contribute to agricultural sustainability [6]. It should be noted
here that the use of P-efficient germplasm is not an alternative to P fertilizer applications. Generally,
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the factors that contribute to P efficiency by plants are well established [7, 8]. Crops differ widely in
their ability to grow in soils of iow P status and this has been attributed to several factors [9, 10].

These studies were, therefore, carried out to identify genotypic variation in P efficiency in wheat
grown in Andisols of the Southern Chile. Phosphate-32 isotopic techniques were utilized to measure
the uptake of P from triple superphosphate, an imported water-soluble P fertilizer and the Bahia
Inglesa phosphate rock, coming from Chilean ore.

2. MATERIALS AND METHODS

The greenhouse experiments were conducted at the Nuclear Center La Reina, Santiago, Chile. Several
wheat genotypes (Triticum aestivum, L. and Triticum durum) were chosen from the Chilean wheat
collection [11].

2.1. Experiment I

The first study was designed to explore differences in P efficiency between Chilean wheat genotypes.
The soil utilized was an Andisol from Pemehue soil series (Typic Hapludand). The soil characteristics
have been described elsewhere [12]. Phosphorus fertilizers tested were a water-soluble source, the
triple superphosphate (16.2% total P), and the Bahia Inglesa phosphate rock (8% total P). They were
applied at rates of 500 and 1000 mg P kg"1 soil, respectively. The indirect isotope method was used to
assess
the P availability from the phosphate rock. The triple superphosphate was labeled with 32P with
a specific activity of 18.5 MBq g P"1 [13, 14], Nineteen cultivars of contrasting characteristics were
selected (Table I). The experiment comprised 38 treatments, which included a factorial of 19
genotypes,
and two P fertilizers. Each treatment was replicated 3 times in a completely randomized design.

TABLE I. CHILEAN WHEAT GENOTYPES UTILIZED IN
EXPERIMENT I

Cultivar
1. Cisne
2. Lilen
3. Nobo
4. Reihue
5. Talhuen
6. Onda
7. Saeta
8. Canelo
9. Maqui

10. Patagua
11. Perquenco
12. Peumo
13. Quillay
14. Candela
15. Laurel
16. Lautaro
17. Chagual
18. Chonta
19. Lican

Growth cycle
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Alternative
Alternative
Alternative
Alternative
Alternative
Alternative
Winter
Winter
Winter
Spring
Spring
Spring

Wheat type
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Bread
Durum
Durum
Durum
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The plants were harvested at 12 weeks after planting by cutting the plant material above the ground.
After sample preparation the 32P activity was measured using the Cerenkov effect in a Liquid
scintillation counter Beckman 5000 TD and total P was determined by colorimetry with a spectro-
photometer Spectronic 20.

The calculation of the isotopic parameters was done according to Zapata and Axmann (1991) [14].
Physiological utilization of P efficiency (g dry matter/nig P'1) was also calculated. The agronomic
evaluation of genotypes with reference to their P uptake from Bahia Inglesa PR compared to TSP was
made using the substitution ratio in terms of kg P as PR equivalent to 1 kg P as TSP [13].

2.2. Experiment II

This experiment was a follow-up study to confirm the results of the first experiment and to get
an insight on the rooting characteristics of the genotypes [15, 16].

The soil utilized was Santa Barbara soil series (Typic Haploxerand), which had a higher P retention
capacity [17]. The number of genotypes under study was limited to twelve (Table II). The 32P labeled
triple superphosphate was applied at a lower rate of 250 mg P kg"1 soil. The experiment included
24 treatments comprised of a factorial of 12 genotypes and two P fertilizers. Each treatment was
replicated 5 times. Two replicates of each treatment were sown without 32P addition for studies on
root biomass and P content.

Harvest was performed at heading stage, which occurred 125 days after planting on average.
The precise time was variable for the cultivars, depending on their growth cycle. Other procedures
were similar to those described for experiment I.

TABLE H. SELECTED WHEAT CULTIVARS UTILIZED IN EXPERIMENT II

Cultivar Growth cycle Wheat type
1. Lilen
2. Nobo
3. Reihue
4. Saeta
5. Maqui
6. Canelo
7. Perquenco
8. Peumo
9. Lautaro

10. Chagual
ll.Chonta
12. Lican

3. RESULTS AND DISCUSSION

3.1. Experiment I

Significant differences among the genotypes were obtained for the agronomic assessments (dry matter
yield and total P uptake) and the isotopic parameters [12]. Considering the dry matter and P uptake
the spring and alternative flour wheat cultivars were more efficient than the summer and winter wheat
ones for both P fertilizer treatments. The PR treatments showed lower dry matter and P uptake data
than the TSP treatments (Data not shown).
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The isotopic parameter Pdff (Phosphorus in the plant derived from the fertilizer) that is yield-
independent was the most sensitive criterion to assess differences among the genotypes. For the
treatment with TSP, the Pdff data are shown in Table m. The values ranged from 64.4 to 74.7%. The
spring and alternative cultivars showed the highest values while the summer types had the lowest
values and the winter ones were intermediate. For the treatment with Bahia Inglesa phosphate rock,
the Pdfr (Phosphorus in the plant derived from the rock) showed large differences between genotypes.
The values ranged from 9.7 to 42.4% with no particular cultivar type able to predict performance

TABLE m. PHOSPHORUS IN THE PLANT
DERIVED FROM THE 32P-LABELLED TSP (Pdff). (EXPERIMENT I)

Genotype Pdff(%)
Spring, bread
1. Cisne
2. Lilen
3. Nobo
4. Reihue
5. Talhuen
6. Onda
Alternative, bread
7. Saeta
8. Canelo
9.. Maqui

10. Patagua
11. Perquenco
12. Peumo
13. Quillay
Winter, bread
14. Candela
15. Laurel
16. Lautaro
Spring, hard (durum)
17. Chagual
18. Chonta
19. Lican

Means followed by the same letter are not significantly different at P < 0.05.

These differences can be attributed to several factors including differences in root system morphology
and root hair density [10], and more important to the specific rhizhosphere effects such as the root
exudates, that may play a role in several mechanisms leading to an increase in P acquisition [9, 18].
These root-soil interactions may have contributed to an enhanced utilization of P from the phosphate
rock in the Pemehue soil.

Combining the isotopic data, the agronomic evaluation of the PR compared to superphosphate was
calculated (kg P as PR equivalent to 1 kg P as TSP) for the genotypes. The genotypes have been
grouped arbitrarily in four efficiency classes based on these values (Table IV). In the Pemehue
Andisol, a five-fold difference was found between contrasting genotypes. One kg P as TSP was
equivalent to2 kg P as PR for the most efficient genotypes and more than 10 kg P as PR for the less
efficient ones.

159

73.0
73.7
74.4
73.7
69.9
74.7

71.3
73.4
74.2
74.1
68.8
64.5
66.6

67.5
68.3
64.4

64.5
64.5
65.6

c
c
d
c
b
d

b
c
d
d
ab
a
ab

ab
ab
a

a
a
a



TABLE IV. AGRONOMIC EFFECTIVENESS OF WHEAT CULTIVARS GENOTYPES
GROWN IN THE PEMEHUE ANDISOL (EXPERIMENT I)

Wheat cultivars
(Type, name)

Spring, bread
l.Cisne
2.Lilen
3.Nobo
4.Reihue
5.Talhuen
6.0nda
7.Saeta

Alternative, bread
8.Canelo
9.Maqui
lO.Patagua
ll.Perquenco
12.Peumo
13.Quillay
Winter, bread
14.Candela
15.Laurel
16.Lautaro
Spring hard (durum)
17.Chagual
18.Chonta
19.Lican

Agronomic evaluation
kg P as PR equivalent to
1 kg P as TSP

2.4 a
2.1a
3.4 b
5.0 b
7.4 e
3.9 b
5.9 d

3.7 b
4.8 c
4.2 c
12.8 f
4.1c
5.6 d

6.6 d
5.5 d
3.7 b

8.7 e
3.8 b
4.9 c

Efficiency class

High
High
Medium
Medium
Low
Medium
Low

Medium
Medium
Medium
Very Low
Medium
Low

Low
Low
Medium

Very Low
Medium
Medium

Means followed by the same letter are not significantly different at P< 0.05.

3.2. Experiment II

In this experiment, the dry matter and P uptake were recorded separately for roots and tops [15].
Although there were some significant differences among the genotypes, the magnitude of the response
was lower due to the higher extractable Al [15] and very high P retention of the Santa Barbara
Andisol. The spring and summer cultivars were the most efficient in terms of physiological efficiency
(g dry matter mg P'1). Besides, the cultivars that showed the highest dry matter yield were not
necessarily
the most efficient in utilization of the absorbed P. It should be noted that growth cycle of the
genotypes contrasted greatly among them varying from 105 to 180 days. Thus, large differences in
total P requirements of the cultivars were expected as well as in their demand with time. Differences
between wheat cultivars in P acquisition and utilization were related to reduced sensitivity to P
deficiency in formation of the yield components such as flower initiation and grain setting [19]. Also,
the plants have different mechanisms to access to poorly available soil phosphorus [8, 10].

The Pdff in the TSP treatment are shown in Table V. They were, on the average 70-75 % for most of
the genotypes with no significant differences among them. The highest (88.6%) and the lowest
(57.9%) values corresponded to two genotypes of the alternative type. The PR showed very low
effectiveness as demonstrated by the Pdfr values. They ranged from 0.9 to 19.6% (Fig. 2). These
values are much lower than the ones reported in the experiment I, confirming the higher P retention of
this soil, thus affecting to a greater extent the availability of P to the plants [17]. Nevertheless,
significant differences were observed among the genotypes. The summer cultivars were the best
genotypes and the worst werethe alternative ones.
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Table VI shows the data from the agronomic evaluation. Much higher values are required in the Santa
Barbara Andisol to replace 1 kg P as TSP than the ones previously reported for experiment I, with
significant differences for the genotypes under study.

TABLE V. PHOSPHORUS IN THE PLANT DERIVED FROM THE 32P-LABELLED TSP
(Pdff). EXPERIMENT II

Genotypes Pdff(%)
Spring, bread
l.Lilen 71.1b
2.Nobo 71.2b
3.Reihue 73.0 b
4.Saeta 73.1 b
Alternative, bread
5.Maqui 72.6 b
6.Canelo 88.6 a
7.Perquenco 74.8 b
8.Peumo 57.9 c

Winter, bread
9.Lautaro 72.8 b

Spring, durum
lO.Chagual 74.7 b
ll.Chonta 70.8 b
12.Lican 71.6 b

Means followed by the same letter are not significantly different at P<0.05.

TABLE VI. AGRONOMIC EVALUATION OF WHEAT CULTIVARS GROWN IN
THE SANTA BARBARA ANDISOL EXPERIMENT II

Wheat cultivars

Spring, bread
LLilen
2.Nobo
3.Reihue
4.Saeta
Alternative, bread
5.Maqui
6.Canelo
7.Perquenco
8.Peumo

Winter, bread
9. Lautaro
Spring, durum
lO.Chagual
ll.Chonta
12.Lican

Agronomic evaluation
kg P as PR equivalent to 1 kg
P as TSP

126.3 a
34.8 cd
108.6 a
19.4 d

291.6 a
99.6 b
329.0 a
10.2 e

64.3 b

35.5 cd
15.7 de
11.8e

Efficiency class

Very low
Low

Very low
Medium

Very low
Low

Very low
High

Low

Low
Medium

High

Means followed by the same letter are not significantly different at P< 0.05.
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Fig.l. Phosphorus in the plant derived from the rock (Pdfr)in Chilean wheat genotypes. Experiment I
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Fig. 2. Phosphorus in the plant derived from the rock (Pdfr) in selected wheat genotypes.
Experiment II.

4. CONCLUSIONS

From these preliminary studies it was found that there was significant genetic variation in P uptake
efficiency in wheat genotypes of Chile. The utilization of the 32P isotopic technique enabled a
quantitative measurement of the P taken up from the P fertilizer thus allowing the assessment of
differences among the tested genotypes. Significant genotypic differences were obtained in the P
uptake from the local phosphate rock Bahia Inglesa. Much higher P applications were required in the
high
P-fixing Santa Barbara Andisol. A sustainable strategy for agricultural production in the Andisols of
Chile would, therefore, be the combined utilization of those P-efficient genotypes and the local
phosphate rock Bahia Inglesa. As P efficiency is a multi-faceted trait, which interacts with a range of
environmental factors, further field experiments and validation are required accompanied by in depth
studies to assess the relative importance of the morphological and physiological traits determining
a better P efficiency.
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