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Abstract
In many parts of the world, notably in South Asia, crop intensification is resulting in more crops
being grown on stored soil moisture, under which conditions the topsoil commonly dries out
during crop growth. In the Mediterranean climatic region also, topsoils dry out particularly
during the later part of the growing season. Implications of the drying of topsoils for crop
nutrition in general are poorly understood. Crop intensification in South Asia is also leading to
increased mechanisation and the emergence of minimum tillage sowing of crops. The key
research question for the present thesis is availability of phosphorus (P) for chickpea grown
with stored residual soil water in the context where placement of P fertilizer with the seed is
accomplished by mechanised planters. This study investigated the P nutrition of chickpea
considering uptake from topsoil and subsoil and factors affecting P availability, distribution and
remobilization throughout the growing season when P fertilizer was supplied with the seed or
below the seed (in the subsoil) under well-watered and dry topsoil conditions. Short-term (up
to 12 or 24 days) glasshouse studies assessed the risk of toxicity for seed emergence and early
growth of chickpea when P fertilizers were placed with seed in well-watered soil. In sand,
seed-placed P fertilizers (diammonium phosphate and triple superphosphate) depressed
chickpea germination and seedling growth while seed-placed P was safe in sandy clay loam soil
at rates equivalent to 20 kg P/ha even in the scenario where the seed was sown in wide rows
(up to 60 cm) that results in higher effective P fertiliser concentration around seed. In the field
when chickpea was sown in four soils (sandy clay loam- clay loam texture) with a drying
surface, the seed-placed P fertilizer at 20 kg P/ha as triple superphosphate had no suppressive
effect in the early growth stage of chickpea but the grain yield improvement was very small
(~10% over the nil P). Under a drying topsoil, chickpea accumulated P until late pod filling stage
irrespective of P fertilizer treatments. From the accumulated P, plants remobilized a
substantial amount of P (52% of total in vegetative shoot parts) which contributed the
equivalent of 69% of the total pod P. The remobilization of P from the vegetative parts was not
III

sufficient for the pod P requirement but rather concurrent P uptake from the soil was needed
to complete the P requirements of the pods. These results suggested that continual P uptake
of chickpea depended on uptake from the subsoil P where moisture was available after drying
of the topsoil. To assess the contribution of subsoil P to P uptake by chickpea under dry topsoil
condition, a glasshouse study was setup by supplying P levels in the subsoil (10-30 cm). This
study also showed that chickpea continued to accumulate P until late podding stage when the
topsoil was completely dried; the pod P content was contributed by both remobilized P (70%)
and concurrent uptake of P (30 %), but the level of P in the dry topsoil had no effect on total P
content of the plant or its pods. Fractionation of P in rhizosphere soil showed that chickpea
depleted sparingly-soluble 0.1 M NaOH-extractable inorganic P (NaOH Pi) in addition to labile P
fractions. The drawdown of depleted P fractions was greater in the subsoil than the topsoil.
The response of carboxylate exudation of chickpea under dry topsoil condition was
investigated in the final glasshouse study. Under dry topsoil condition, chickpea exuded
substantially higher amounts of total carboxylates in the well-watered subsoil compared to the
dry topsoil. Malonate was the principal form of carboxylate followed by malate and citrate.
The depletion of sparingly-soluble P forms (NaOH Pi from both the P-supplied topsoil and
subsoil and the 1 M HCl extractable inorganic P from the subsoil without added P) suggests a
link between the carboxylates excreted in the subsoil rhizosphere and the depletion of
sparingly soluble P fractions. In conclusion, chickpea continued to take up P during the whole
period of dry matter accumulation including during pod filling. Under conditions where the
topsoil dried out mostly before flowering, the post-flowering P uptake is most likely to have
been acquired from the subsoil. In this study, substantial root growth and carboxylate
exudation by chickpea into the moist subsoil has been demonstrated suggesting a possible
mechanism for mobilisation of subsoil P reserves for uptake during pod filling. The seed-placed
P fertilizer had limited positive effect on chickpea grain yield in the field possibly due to
shallow depth of fertilizer placement into topsoil which was dry when the plant’s P demand
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was high. Subsoil placement of P fertilizer showed promise for improving P uptake and grain
yield of chickpea under dry topsoil condition. Further studies are required under different soils
and environmental conditions to assess the contribution of subsoil P to the P nutrition of
chickpea.
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134

XIII

Fig. 4.6

Nodule distribution at flowering stage in chickpea in a column of soil
treated with low P in the dry topsoil and high P in the well-watered
subsoil. Arrows point to nodules.
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subsoil and total nodule dry weight at (a) flowering and (b) midpodding stage at different P levels in topsoil and subsoil of
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respectively. Values are means of three replications. Vertical bars
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Phosphorus content of (a) old leaf, (b) old stem, (c) recently matured
leaf and (d) recently matured stem at three different stages of
chickpea under varying P levels in the topsoil and subsoil. Treatment
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Phosphorus lost from leaf and stem from flowering to maturity of
chickpea under different P treatments in topsoil and subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high
P; LP-low P. Values are means of three replications. Vertical bars
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Phosphorus (mg/column, two plants) content in pods subtended on
recently matured leaf (RML) category, stem growth between harvests
1 and 2 (MS-1), stem growth between harvests 2 and 3 (MS-2) and tip
portion of glasshouse-grown chickpea under different levels of topsoil
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P/subsoil P. HP-high P; LP-low P. Values are means of three
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Concentration of resin P in (a) topsoil, (b) subsoil of rhizosphere and
bulk soil of chickpea under different topsoil and subsoil P levels at
flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
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Fig. 4.12

Concentration of NaHCO3 Pi in (a) topsoil, (b) subsoil of rhizosphere
and bulk soil of chickpea under different topsoil and subsoil P levels at
flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
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Fig. 4.13

Concentration of NaOH Pi in (a) topsoil, (b) subsoil of rhizosphere and
bulk soil of chickpea under different topsoil and subsoil P levels at
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flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
Fig. 4.14

Concentration of HCl Pi in (a) topsoil, (b) subsoil of rhizosphere and
bulk soil of chickpea under different topsoil and subsoil P levels at
flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
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Concentration of NaOH Po in (a) topsoil, (b) subsoil of rhizosphere and 151
bulk soil of chickpea under different topsoil and subsoil P levels at
flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
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Concentration of residual P in (a) topsoil, (b) subsoil of rhizosphere
and bulk soil of chickpea under different topsoil and subsoil P levels at
flowering, mid-podding and mature stage. Treatment notations (e.g.
HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are
means of three replications. Vertical bars refer to ± SE.
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Fig. 4.17

Concentration of total P (un-fractionated) in (a) topsoil, (b) subsoil of
rhizosphere and bulk soil of chickpea under different topsoil and
subsoil P levels at flowering, mid-podding and mature stage.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high
P; LP-low P. Values are means of three replications. Vertical bars refer
to ± SE.
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Fig. 5.1

a) Total root dry weight/column, and b) root dry weights in topsoil (010 cm), subsoil (10-30 cm) and below-subsoil (30-60 cm) of
glasshouse-grown chickpea at flowering at different levels of subsoil P
under dry topsoil condition. Each soil column had 2 plants. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ±
standard error (n = 3). Least significant difference (lsd 0.05) for total
root dry weight was 0.77; for root dry weights at 0-10 cm, 10-30 cm,
was 0.20, 0.22, respectively. Root dry weights in the 30-60 cm section
of columns were not significantly different (P = 0.05).
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a) Total root dry weight/column, and b) root dry weights in topsoil (010 cm), subsoil (10-30 cm) and below-subsoil (30-60 cm) of
glasshouse-grown chickpea at flowering at different levels of subsoil P
under dry topsoil condition. Each soil column had 2 plants. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
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topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ±
standard error (n = 3). Least significant difference (lsd 0.05) for total
root dry weight was 0.77; for root dry weights at 0-10 cm, 10-30 cm,
was 0.20, 0.22, respectively. Root dry weights in the 30-60 cm section
of columns were not significantly different (P = 0.05).
Fig. 5.3

Total carboxylates (μmol per g root dry mass, extracted using a 0.2
mM CaCl2 solution) in the rhizosphere of chickpea in dry topsoil (0-10
cm) and well-watered subsoil (10-30 cm) grown in different soil
phosphorus levels. Each soil column had 2 plants. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ±
standard error (n = 3). Among the P treatments, total carboxylates in
the topsoil was significantly different (lsd(0.05) = 43.8), in the subsoil
total carboxylates were not statistically different (P = 0.05).
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Fig. 5.4

Carboxylates composition (fraction of total, μmol per g root dry mass,
extracted using a 0.2 mM CaCl2 solution) in the rhizosphere of
chickpea in a) dry topsoil (0-10 cm) and b) well-watered subsoil (10-30
cm) grown in different soil phosphorus levels. Each soil column had 2
plants. Treatment notations refer to: low P in the topsoil and high P in
the subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low
P in the topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate
± standard error (n = 3). In the topsoil the lsd (0.05) for citrate was
13.1, the malate and malonate were not significantly different (P =
0.05). In the subsoil, the lsd (0.05) for malate and citrate was 22.5 and
14.0, respectively; the malonate was not significantly different (P =
0.05).
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Fig. 5.5

Total carboxylates (μmol per g soil dry mass, extracted using a 0.2 mM 181
CaCl2 solution) in the rhizosphere of chickpea in dry topsoil (0-10 cm)
and well-watered subsoil (10-30 cm) grown in different soil
phosphorus levels. Each soil column had 2 plants. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ±
standard error (n = 3). Total carboxylates in the topsoil was
significantly different (lsd (0.05) = 14.9) while in the subsoil they were
not significantly different (P = 0.05).

Fig. 5.6

Fractions of carboxylates (μmol per g soil dry mass, extracted using a
0.2 mM CaCl2 solution) in the rhizosphere of chickpea in a) dry topsoil
(0-10 cm) and b) well-watered subsoil (10-30 cm) grown in different
soil phosphorus levels. Each soil column had 2 plants. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
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(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ±
standard error (n = 3). In the topsoil the lsd (0.05) for citrate was 3.9,
the malate and malonate were not significantly different (P = 0.05). In
the subsoil, the lsd (0.05) for malate and citrate was 5.1 and 3.7,
respectively; the malonate was not significantly different (P = 0.05).
Fig.5.7

Resin P of rhizosphere and bulk soil of glasshouse-grown chickpea.
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Rhizosphere soil collected from the a) topsoil (0-10 cm) and b) subsoil
(10-30 cm) of soil column at flowering stage of plant. Rhizosphere
resin P was compared to their respective bulk soil P (high, 90 mg/kg or
low, 45 mg/kg) in each soil layer, topsoil or subsoil. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Rhizosphere resin P in the
topsoil was not significantly different (P = 0.05) among the P
treatments. In the subsoil, the lsd (0.05) for resin P was 3.0. Vertical
bars indicate ± standard error (n = 3).

Fig.5.8

NaHCO3 Pi of rhizosphere and bulk soil of glasshouse-grown chickpea.
Rhizosphere soil collected from the a) topsoil (0-10 cm) and b) subsoil
(10-30 cm) of soil column at flowering stage of plant. Rhizosphere
NaHCO3 Pi was compared to their respective bulk soil P (high, 90
mg/kg or low, 45 mg/kg) in each soil layer, topsoil or subsoil.
Treatment notations refer to: low P in the topsoil and high P in the
subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in
the topsoil and no P in the subsoil (LP/Nil P). Rhizosphere NaHCO3 Pi
in the topsoil was not significantly different (P = 0.05) among the P
treatments. In the subsoil, the lsd (0.05) for NaHCO3 Pi was 4.2.
Vertical bars indicate ± standard error (n = 3).
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Fig.5.9

NaOH Pi of rhizosphere and bulk soil of glasshouse-grown chickpea.
Rhizosphere soil collected from the a) topsoil (0-10 cm) and b) subsoil
(10-30 cm) of soil column at flowering stage of plant. Rhizosphere
NaOH Pi was compared to their respective bulk soil P (high, 90 mg/kg
or low, 45 mg/kg) in each soil layer, topsoil or subsoil. Treatment
notations refer to: low P in the topsoil and high P in the subsoil
(LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Rhizosphere NaOH Pi in the
topsoil was not significantly different (P = 0.05) among the P
treatments. In the subsoil, the lsd (0.05) for NaOH Pi was 6.4. Vertical
bars indicate ± standard error (n = 3).
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Fig. 5.10

HCl Pi of rhizosphere and bulk soil of glasshouse-grown chickpea.
Rhizosphere soil collected from the a) topsoil (0-10 cm) and b) subsoil
(10-30 cm) of soil column at flowering stage of plant. Rhizosphere HCl
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Pi was compared to their respective bulk soil P (high, 90 mg/kg or low,
45 mg/kg) in each soil layer, topsoil or subsoil. Treatment notations
refer to: low P in the topsoil and high P in the subsoil (LP/HP), low P in
both the topsoil and subsoil (LP/LP), low P in the topsoil and no P in
the subsoil (LP/Nil P). Rhizosphere HCl Pi in the topsoil was not
significantly different (P = 0.05) among the P treatments. In the
subsoil, the lsd (0.05) for HCl Pi was 4.3. Vertical bars indicate ±
standard error (n = 3).
Fig. 5.11

Roots in dry topsoil (0-10 cm) of chickpea grown in a column. Roots
are mainly representing thick branches. Topsoil drying treatment was
imposed 38 days before harvest of the plant (at flowering stage).
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Chapter 1.
1.1.

Literature review
Introduction

In the High Barind Tract (HBT), covering about 2,200 sq. km of northwestern Bangladesh (Edris
1990), chickpea (Cicer arietinum) has proved to be a suitable rabi (winter season) crop that can
exploit residual soil moisture after the harvest of transplanted aman (rainy season) rice (Musa
et al. 2001). This area was traditionally left fallow mainly because of the lack of irrigation
potential and the hard-setting nature of the soil (Johansen et al. 2008a). Technology to permit
chickpea establishment after rice and its growth on residual soil moisture and winter rain was
developed in the 1980s and implemented over the subsequent decade. Chickpea production
area in this region has increased ten-fold from a base of around 1,000 ha (Kumar et al. 2007).
The soils of this region are formed on alkaline alluvium but have developed an acidic surface
layer in the humid tropical climate (pHwater 5.0-6.0 at 0-20 cm depth but pHwater 6.0-7.5 below
20 cm) (Brammer 1996). Chickpea yields are usually low (0.5-1.0 t/ha) (Johansen et al. 2008a)
even though the yield potential for the region, obtained under constraint-free conditions, is >2
t/ha (Johansen et al. 2007b). The major constraints to chickpea in the HBT are drought stress,
pod borer (Helicoverpa armigera), deficiencies of nitrogen (N), phosphorus (P) and
molybdenum (Mo) (Johansen et al. 2007b; Johansen et al. 2008b), and reduced fertilizer use
efficiency and poor crop establishment due to rapid drying of the surface soil (Johansen et al.
2008b; Bell and Johansen 2011). It is possible to alleviate drought effects on chickpea
establishment through seed priming (Musa et al. 2001) (overnight soaking of seeds in water
prior to sowing), sowing within a few days of the rice harvest when the topsoil is still moist,
early harvesting of rice through the use of short-duration rice varieties or the direct seeding of
rice and using chickpea varieties whose duration better matches the period of soil moisture
(Johansen et al. 2007a). It is also possible to minimize pod borer damage through integrated
pest management (Musa et al. 2007). Johansen et al. (2007b) showed that the severe N
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deficiency of chickpea can be effectively alleviated by applying Mo and Rhizobium inoculum
with priming water. The unresolved major constraint for chickpea in the HBT is thought to be
the reduced efficiency of P fertilizer due to topsoil drying.
For speedy crop establishment during the short turnaround time between rice harvest and
chickpea sowing, two-wheel tractors (2-WT) (known locally as power tillers) have been
introduced over the previous two decades, replacing the traditional bullock-drawn plough.
However, the shallow tillage depth achieved by the 2-WT on hard-setting soils prevents
appropriate placement of seed and fertilizer, hastens evaporation of surface soil moisture, and
increases vulnerability of legumes crops to drought (Johansen et al. 2008a; Bell and Johansen
2011). The invention of 2-WT tractor-drawn minimum till planters fitted with fertilizer and
seed boxes could alleviate these problems by placing seed and P fertilizers together, deeper
into the soil (Johansen et al. 2008a; Haque et al. 2010). These planting devices are now
available in the HBT region and are gaining popularity among farmers there and in some other
areas of Bangladesh (Johansen et al. 2012). But the P fertilizer requirement of crops sown by
these planters was not assessed. As these planters place seed such as chickpea and P fertilizer
in furrows below the surface this might increase P fertilizer efficiency but that was not
assessed in the HBT. There is a concern that placing P fertilizer with the seed might create
toxicity to the early growth of chickpea which needs to be tested for chickpea.
Triple super phosphate (TSP) is the most commonly used P fertilizer for chickpea and other
crops in Bangladesh, including in the HBT region. However, farmers in the HBT usually do not
apply P fertilizer to chickpea, and the crop relies on the residual P fertilizer of the previous rice
crop, although chickpea does respond to directly-applied P fertilizer (Ali 2003). There is a
concern that if P fertilizer is applied, it becomes relatively unavailable due to drying of the
acidic surface soil and the plants suffer from P deficiency. Phosphorus is transported to the
root principally by diffusion (Barber 1995) and the soil drying restricts P uptake by restricting

2

its diffusion (Tinker and Nye 2000). On the other hand, the subsoil, particularly below the hard
plough pan (10-15 cm below the surface, Johansen et al. 2008a) contains a substantial amount
of water and deep-rooted chickpea can easily reach that water and meet its water
requirement for growth (Ali et al. 2003). But how chickpea acquires P from this dynamic soil
environment is still unknown.
In P-deficient conditions, some plant species are able to secrete carboxylates (Gardner et al.
1983; Marschner 1995; Neumann and Rӧmheld 1999), some of which (e.g., citrate, malate) can
mobilize sparingly-soluble P in the soil (Gerke 1992). Chickpea is known to secrete large
amounts of carboxylates and also to mobilize soil P (Ae et al. 1991; Veneklaas et al. 2003;
Wouterlood et al. 2004b; 2005). But it is not known how the carboxylate exudation of chickpea
responds to dry topsoil conditions. As chickpea proliferates roots deeper (> 1 m, Ali et al. 2003)
into soil under the dry topsoil condition, it is not also known whether carboxylate exudation is
effective in the subsoil to increase P acquisition.
Apart from increased P acquisition from soil, P-efficient plant species may utilize internal P
(already acquired P) efficiently by remobilizing P from vegetative parts to the grains and pods.
This phenomenon was observed in soybean (Hanway and Weber 1971a, 1971b; Lauer and
Blevins 1989a), pea (Garz 1966), wheat (Batten et al. 1986; Papakosta 1994), bean (Snapp and
Lynch 1996) and lupin (Hocking and Pate 1978). There have been no studies on remobilization
of P in chickpea grown under P-deficient conditions particularly under dry topsoil conditions.
The present project was carried out to enhance understanding of the P nutrition of chickpea,
with the particular purpose of determining an optimum P fertilization strategy for chickpea
sown by mechanized planters in the HBT of Bangladesh. The following questions were
addressed:
1. To what extent is P toxic to chickpea seed germination and early seedling growth when
P fertilizer is placed close to the seed?
3

2. How can P toxicity (if any) be avoided during chickpea germination and establishment?
3. What is the requirement of P fertilizer for chickpea under mechanized sowing
conditions in the HBT?
4. What is the pattern of P uptake, distribution, remobilization and use by chickpea?
5. How flexible (plastic) is chickpea in acquiring P from different placement depths?
6. Which rhizosphere modification processes assist P uptake by chickpea under dry
topsoil conditions?

1.2.

Phosphorus status of Bangladesh soils
1.2.1. National overview

In general, the P fertility level of the soils of Bangladesh is highly variable. Bangladesh is
broadly categorized into 30 agroecological zones (FAO 1988) and the natural fertility of these
zones varies considerably. The small fragmented land holdings and management variation of
the individual fragments intensifies this variability. According to Miah et al. (2005), available P
status (based on critical P limit for yield) of Bangladesh varies ranging from very low (< 7.5
mg/kg, Olsen P) to very high (>37.5 mg/kg), while most of the soil’s P status falls between low
(7.5-15.0 mg/kg) and medium (15.1-22.5 mg/kg) (see Appendix 1 for the interpretation of P
status). However, the average P status of all zones has little meaning as it can give only a gross
P status for the whole country. The assessment of P status (i.e., high, medium or low P levels)
differs with soil texture, crop species and land type (e.g. upland crop, low-land crop, etc.) and
management practices including fertilizer history. For the sandy soils, the critical values are
slightly lower. Nearly 80% of the cultivated soil of the country is under floodplain soil where
rainfed or irrigated rice is the predominant crop. The topsoil of most floodplain soils is thought
to less P-deficient due to the repeated application of P fertilizer to the rice crop (Egashira et al.
2003).
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1.2.2. Phosphorus status of the HBT, with particular reference
to rainfed rabi cropping after T. aman rice
The grey terrace soil (Aeric Haplaquept) of the HBT is low in natural fertility, organic matter,
and deficient in zinc (Zn) and sulphur (S) (Brammer 1996). Very little published work is
available on the soil’s P status. However, Kumar (undated) reported most soils of the HBT were
very low in available P (<1 mg /kg, Olsen P) although high levels of Olsen P have been recorded
in some fields (>10 mg/kg). According to Miah et al. (2005), the P level of HBT soil lies between
very low (<7.5 mg/kg) and low (7.5-15.0 mg/kg) (Olsen P, see interpretation in the previous
section and in Appendix 1) which indicates variability but also that they are generally low in P.
With the introduction of irrigation facilities in the early 1980s, and regular application of P
fertilizer to rice, the P status of the surface soil has probably increased but this has not been
quantified. On the other hand, cultivation of rabi crops, including chickpea, with little or no
application of P fertilizer would deplete soil P. Furthermore, addition of organic fertilizer from
crop residue and farmyard manure has been reduced due to the ever increasing need for
cooking fuel and reduction of farm cattle numbers (Hossain 2001). Thus, the fertility status of
the HBT soil has become more vulnerable to depletion of nutrients or unbalanced nutrient
supply. This is particularly true in the fields where legumes are grown. In some areas where
irrigation facilities are available and vegetables are grown, farmers apply fertilizer to those
fields. In those areas the P fertility might be at least maintained or even increased. However,
the overall fertilization practice in the HBT is more variable than in the rest of the country,
making the situation more vulnerable for sustainable cropping.
In the HBT, chickpea is cultivated in fields that usually remain flooded for several months and
then dry out after the rice harvest. Alternate wetting and drying changes nutrient availability,
including P, for the subsequent crops (Willett 1982). When an unsaturated soil is flooded, the
exchange of gases between the soil and the atmosphere is virtually stopped. Oxygen is rapidly
respired and exhausted by the microbial population and there is a change from aerobic to
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anaerobic metabolism. Anaerobic bacteria cause the sequential reduction of nitrate,
manganese (Mn) (III, IV), iron (Fe) (III) and sulphate (Takai, 1969).
During drying of reduced, flooded soils, oxygen re-enters the pores. The ferrihydrite (Fe (III)
oxides) formed on oxidation is not identical to the Fe (III) oxides present in the same soils
which have not been recently flooded. This ferrihydrite is more poorly ordered and more
active in sorbing P than those Fe oxides in soils not recently flooded (Willett and Higgins 1978;
1980). The consequences of the transformations of iron for the P nutrition of upland crops are
twofold. Firstly, any labile P or P present in the soil solution during flooding is co-precipitated
with ferrihydrite formed on oxidation. This markedly decreases the availability of P to
subsequent crops (Willett 1982) and raises the requirement for fertilizer P. Secondly,
ferrihydrite is able to sorb P applied after oxidation and reduces its effectiveness to upland
crops (Willett 1979). Phosphorus sorptivity decreases with time after initial oxidation and
drying and corresponds with decreases in extractable Fe, which indicate that ferrihydrite may
become more crystalline with time (Willett and Higgins 1980).
The effect of flooding of rice on P deficiency in subsequent upland crops depends on the
amount of Fe (III) reduced during the flooding (Brandon and Mikkelsen, 1979; Sah and
Mikkelsen 1986; Willett, 1989). It is not practicable to minimize the extent of Fe (III) reduction
during rice cropping to minimize problems with the P nutrition of upland crops. In practice, it
has been found that banding P fertilizer below the seeds of upland crops largely overcomes P
deficiency in the upland crop (Willett and Muirhead 1984). In a field experiment, Willett and
Muirhead (1984) applied P fertilizer to an upland crop (maize) at two sites, one where rice was
cultivated 18 months before and the other site where rice had never been grown. Phosphorus
was applied either by spreading on the soil surface and then incorporation, or by banding at
various depths below the surface. The chemical characteristics of the two soils were similar
except that the P sorption capacity of the rice site was at least 30% higher than at the non-rice
site. The fertilizer placement treatments on the non-rice site had no significant effect on the
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plant size six weeks after emergence. On the previous rice site, mixing the P fertilizer in the soil
produced plants of similar size to those growing where no fertilizer was applied. However,
when the P fertilizer was banded 10 cm below the surface, the plant size doubled and the P
content increased by about 50%. This trend was also evident in grain yield but the difference
was not statistically significant. This result supports the view that rice culture can decrease the
effectiveness of P fertilizer when applied to an upland crop grown after a rice crop by
increasing the P sorption capacity of the soil. In the flooded rice soil P availability is increased
because of the reduction of ferric phosphate to the more soluble ferrous form and the
hydrolysis of phosphate compounds. This may be more pronounced in acidic soils where P is
immobilized by Fe and Al oxides. Similarly, P uptake in flooded alkaline soils also improves
because of the liberation of P from Ca and calcium carbonate resulting from the decrease in pH
(Ponnamperuma 1976, 1977; Fageria et al. 2011).
Information regarding the chemical changes of the HBT soil during and after rice cultivation
and their subsequent effect on the P availability in the next upland crop was not found. It can
be postulated from the above discussion that the soil P and applied P after rice cultivation will
be less available to the next upland crop like chickpea.

1.3.

Phosphorus requirements of chickpea
1.3.1. Field responses to P and P requirements

Legume crops usually respond well to P fertilizers (Shukla 1964) while the response of chickpea
is variable (Saxena 1980). Many studies found a positive yield response of chickpea to P
fertilizer but the rate of P required varies according to growth conditions. The optimal rate of P
application for chickpea appears to be in the range of 15-30 kg/ha but mostly in the vicinity of
20 kg P/ha (Johansen and Sahrawat, 1991). In India and elsewhere, chickpea yield response at
or around this rate of 20 kg P /ha was reported in several studies (Chowdhury et al. 1975;
Sharma et al. 1975; Rathi and Singh 1976; Chundawat et al. 1976; Panwar et al. 1977; Saxena
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1980, 1984; Rawal and Bansal 1986; Tandon 1987; Joshi et al. 1988; Wally et al. 2005). Soils
with high P sorption capacity require more P fertilizer for optimal chickpea yield. Riley (1994)
found the yield response of chickpea at up to 50 kg P/ha in a high P sorbing newly-cleared clay
soil in northwestern Australia. In a Vertisol of northeastern Australia, a much lower rate (10 kg
P/ha) increased chickpea grain yield by 25% (Lester et al. 2008)
In contrast, numerous studies found little or no response to applied P fertilizer even under low
soil available P (Srivastava and Singh 1975; Saxena and Sheldrake 1976). As chickpea is usually
grown under rainfed conditions where the topsoil often dries out during the growing season,
reduced surface soil moisture might have contributed to the low response of chickpea to P
fertilizer (Johansen and Sahrawat 1991). Studies under irrigated conditions also showed no
response (Saxena and Sheldrake 1976; Saxena and Singh 1977) although some studies (Singh
and Sharma 1980; Kulhare et al. 1988) found a positive response to P fertilizer under irrigation.
In most of the above mentioned studies, P was broadcast onto the surface layer of the soil,
which might have contributed to the non-responsiveness. However, applying P fertilizer
following different methods with varying P application time, for example, soil incorporation of
P in the previous rainy season crop and then deep banding of P during sowing of chickpea, also
had no effect on yield when even grown in a low soil P (2-5 mg/kg Olsen P) (Saxena and
Sheldrake 1976). High P-sorbing capacity of the soil might also be the cause of nonresponsiveness of chickpea to low rates of P fertilizer. In a high P-sorbing, continuouslycultivated clay soil, Riley (1994) found that application of 100 kg P/ha had no effect on yield.
Dusting the crop with powdered rock phosphate also had no stimulatory effect (Saxena and
Sheldrake 1977). In none of the studies mentioned above regarding non-responsiveness to P
were there any visible symptoms of P deficiency. At the International Centre for Agricultural
Research in the Dry Areas (ICARDA) where other legumes such as lentil and broad beans
(Saxena 1980) responded to P, chickpea did not, nor did it show any visible symptoms of P
deficiency. The non-responsiveness of chickpea to applied P was also found by Arihara et al.
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(1991) at the International Crop Research Institute for the Semi-Arid Tropics (ICRISAT). In a low
P (≤5 mg Colwell P /kg) sandy soil in southwestern Australia, Bolland et al. (1999) found that
grain yield response of chickpea to current P was much less than that of wheat and faba bean.
On a Vertisol at the ICRISAT in central India, even in soils with as low as 2 mg of available P /kg
(Olsen P), chickpea did not show any signs of P deficiency (Saxena 1984). This suggests that the
crop’s external requirement of P is low and that this requirement was accessed from low soil
available P, or that the plant is extremely efficient in absorbing and utilizing P from soil (Saxena
1984). These findings support the need to investigate the mechanism(s) involved in P nutrition
of chickpea from the residual or applied P on soils with low extractable P levels.

1.3.2. Critical P levels for chickpea in soil and plant
Soil: Chickpea responses to P vary, among many other plant and soil factors, with soil P status.
There is a lack of information on the critical level of P that is applicable to field-grown chickpea
in the various types of soils, although many soil tests have been done for this crop (Johansen
and Sahrawat 1991).
As a broad generalization based on experience on Alfisols and Vertisols at ICRISAT, Johansen
and Sahrawat (1991) stated that topsoil (0-15 cm) Olsen P values above 5 mg/kg would
indicate a P response of chickpea to be highly unlikely; 2-5 mg/kg would be a range of
uncertainty; and a response would be probable below 2 mg P/kg. In a clay soil with high
residual P level of 24 mg/kg (Colwell P), no improvement in chickpea yield was found at a rate
of up to 100 kg P/ha while in a low P virgin soil, chickpea responded to applied P even at much
lower rates (Riley 1994). Studies mentioned here indicate that critical soil P level for chickpea
is variable. To assess the critical soil P level for chickpea, research should be done including
different soil types in different locations.
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Plant: Plants stressed by drought have reduced P uptake (McLachlan 1984; Smith and
Loneragan 1997; Bolland 1992), and as a consequence, plant analysis for diagnosis of nutrient
deficiency is not recommended for drought-affected crops (Jones 1967). Usually chickpea is
grown in climates where terminal drought is a common feature (Siddiqui et al. 2000) and P
uptake might be reduced at later stages. Riley (1994) stated that chickpea shoot P
concentration at an early stage of growth (4 weeks after sowing) may be a better indicator of
yield than at a later stage and 0.38-0.45% was suggested to be adequate at this stage
(vegetative stage). However, maximum seed yield of chickpea in Pakistan was observed when
the whole shoot P concentration was 0.18-0.27% at the vegetative stage when plants were 30
cm tall (Din et al. 1999). BY contrast, at the vegetative stage, 0.24 % P in the whole shoot was
reported to be deficient for maximum growth (Reuter et al. 1997).
In young mature leaf of chickpea, 0.39% P was the critical concentration at flower initiation
stage (Memon et al. 1992); at vegetative stage 0.24% was marginal and 0.29-0.55% was
reported to be adequate in the young mature leaf (Weir and Cresswell 1994). The critical P
concentration in the grain at mature stage was found to be 0.37% in a number of studies
(Memon et al.1992; Rashid and Bughio 1993; Din et al. 1999; Lester et al. 2009), or 0.28-0.42%
in another study (Riley 1994).
While chickpea has a reputation for a low requirement of P in the soil, the requirement of P by
the leaf for maximum growth is comparable to that of other legume crops, i.e., it does not
have a low internal P requirement. Care needs to be exercised in applying a critical value of P
of a crop to the same crop grown in different locations, soils and environmental conditions as
the critical values are strongly influenced by plant part sampled, plant growth stage,
interaction with other nutrients, and genotypes (Bates 1971; Smith and Loneragan 1997).
Furthermore, in the case of chickpea, its indeterminate growth habit makes it difficult to
standardise sampling time and plant part sampled (Johansen and Sahrawat 1991). So
interpretation of the critical P values for chickpea is not straightforward.
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Total uptake of P by chickpea: Total uptake of P by chickpea (whole shoot including grain) has
been estimated from 5 to 15 kg/ha which is much lower than the total uptake of N (60-200
kg/ha) and K (60-170 kg/ha) (Saxena 1980; Saxena and Sheldrake 1980). The grain P removal is
variable and the range is also wide, as is the total uptake of P. Riley (1994) found the grain P
removal was 2.5 kg/ha at nil P supply while with highest level of P (100 kg/ha) it was 6.5 kg
P/ha. Whereas in a site with regularly applied P, grain P removal under nil P applied was 10.2
kg/ha and under highest P applied was 11.3 kg/ha. Grain P under nil P was 2.5 and 2.6 kg/ha
and at highest level of P (nearly 40 kg/ha), grain P was 3.2 and 4.9 kg/ha (Idris et al. 1989; Arya
et al. (2007). Chickpea requires 3.2 kg P to produce a tonne of grain (Bell et al. 2010). However,
it can be noted that the content of grain P when no fertilizer P is applied is substantial,
sometimes nearly equal to the highest level P applied. This suggests that P requirement of
grain is high.

1.3.3. Phosphorus requirement of chickpea with particular
reference to Bangladesh and the HBT
In Bangladesh, farmers allocate their relatively fertile land to cereal crops while pulse crops,
including chickpea, are usually relegated to marginally fertile land where deficiency of plant
nutrients including P is probable. In the HBT, the soil P level is very low to low (<7.5 – 15.0
mg/kg Olsen P, classed as low (see Appendix 1) (Miah et al. 2005). Although, studies on P
requirement of rabi crops in the HBT including chickpea are scarce, Ali et al. (2003) showed
that chickpea responds to added P. This indicates that the low yield of chickpea in the HBT
(0.5-1.0 t/ha) might be increased by effective P fertilizer management. Phosphorus fertilizer is
also recommended for chickpea for the HBT region at 20 kg P/ha (Miah et al. 2005), but is not
necessarily applied directly to chickpea crops by the resource-poor farmers, perhaps because
of the high risk of crop failure. As it is generally agreed that P fertilizer applied in the dry
topsoil reduces its efficiency, this opinion might hold true for chickpea in the surface drying
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HBT soil. Although definitive studies are yet to be done in the HBT, it has been established
elsewhere that placing P in the deeper soil zone, particularly using minimum-till planting
devices, increases the efficiency of P fertilizer, so that a lower rate of P fertilizer can meet the
crop’s requirements (Jarvis and Bolland 1991).

1.4.

Mechanisms of P acquisition by plants

1.4.1. Chemistry of P -brief background
Phosphorus is the most important nutrient element, after N, limiting agricultural production in
most regions of the world. It is extremely chemically reactive in soils, and more than 170
phosphate minerals have been identified (Holford 1997). The total P content of the earth’s
crust is about 0.12% (Cathcart, 1980) and the soil P may vary from 0.02 to 0.50%, with an
average of approximately 0.05% (Barber, 1995). Phosphorus present in the soil may be divided
into: (i) P ions and compounds in soil solution; (ii) P adsorbed on the surface of inorganic soil
constituents; (iii) P minerals, both crystalline and amorphous; and (iv) P as a component of soil
organic matter (Holford 1997). In all its natural forms, including organic forms, P is very stable
or insoluble, and only a very small proportion exists in the soil solution at any one time. Thus in
any soil condition, the soil may contain a relatively large amount of P but little will be available
for plant uptake and the rest will be bound in an unavailable form (Holford 1997). Figure 1.1
shows the typical sources and the fate of soil P.
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Fig. 1.1. The phosphorus cycle in soils (after Moody and Bolland 1999)

Inorganic P (Pi)
It is well known that plants absorb P in the form of orthophosphate ions, namely as H2PO4- and
HPO42- from the soil solution. The concentration of these ions varies greatly depending on the
soil properties. Numerous attempts have been made to determine the minimum soil solution P
concentration that will coincide with maximum crop yield (e.g. Peveril et al. 1999). From 0.01
to 0.30 mg P/L in the soil solution has been recorded as the minimum P for a variety of crops
(Fox 1981).
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As phosphate ions are highly chemically reactive, they are immobile in most soils and
frequently form complexes with other soil constituents. Studies on pH-dependent Pi uptake in
higher plants have found that the uptake rates are highest between pH 5.0 and 6.0 where the
H2PO4- ion is the dominant P specie in solution (Ullrich et al. 1984; Furihata et al. 1992). In
acidic soil, the solubility of Fe and aluminium (Al) oxides increases (and they sorb P), and the
trivalent Fe and Al can occur in high concentration in the soil solution while they are present at
minimum concentration in alkaline soil. Conversely, in neutral and calcareous soil, calcium (Ca)
and to lesser extent magnesium (Mg) are the dominant cations in the soil solution (Holford
1997; Hinsinger 2001). In the both extremes of pH, P uptake is reduced by the plant.
Organic P (Po)
Compared to inorganic P, relatively less research has been done on soil Po even though this
fraction of P may constitute 20-80% of the total P in the surface soil (Dalal 1977). Soil Po may
accumulate from addition of plant residue (Sanyal and De Datta 1991), animal manure and
inorganic fertilizer P (Oniani et al. 1973; Zhang and McKenzie 1997a). The amount of soil Po in
mineral soils normally decreases sharply down the profile, whereas in the case of peat soils, Po
increases with the soil depth (Sanyal and De Datta 1991). It is higher in clay soils than in coarse
textured soils (Dalal 1977). Other factors that influence Po in soil are: drainage (poorly drained
soil contains less Po); soil pH (Po content generally increases with the decrease in soil pH); soil
cultivation (cultivation increases mineralization of organic matter); and Pi content of the
parent materials (Dalal 1977). According to Anderson (1980), soil Po compounds can generally
be classified into three groups, namely, (i) inositol phosphates, the major constituent with
inositol hexa- and pentaphosphates, (ii) nucleic acids and (iii) phospholipids.
Inositol phosphates: Among the P compounds that have been identified so far inositol
phosphates comprise up to 60% of soil Po and they are primarily of plant origin (Tate 1984).
Inositol phosphates in soil exist in complex forms with carbohydrate and protein, often
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referred to as ‘soil phytate’ or ‘soil phytin’ (Probert 1983) and have been reported to be much
less mobile than, for instance, the phospholipids in soil (Cole et al. 1977). Inositol phosphate is
sorbed to clay and sesquioxides so it tends to accumulate in the soil (Stewart and Tiessen
1987).
Nucleic acid: Nucleic acids are found in all living cells, and they are synthesized by soil microorganisms during degradation of plant and animal residues (Stevenson 1986). Only a small
portion (up to 3%) of soil Po exists as nucleic acid (Dalal 1977). Nucleic acids are rapidly
mineralized in most soils and incorporated into microbial biomass, and therefore comprise a
small quantity in soil (Condron et al. 1985).
Phospholipids: Phospholipids are insoluble in water and soluble in organic solvent. The total
quantity of phospholipids is small, usually 0.6 to 3 per cent of the Po.
Phosphorus in soil microbial biomass: In cultivated soil, 2-5% of the Po is present as microbial
biomass. Microbial biomass is more labile than other organic P fractions in soil, so it is
expected that microbial biomass P will be more available to plants. The P content in the
microbial cell is higher (e.g. 1.5-2.5% in bacteria, 4.5% in fungi) than that of plant residue (0.10.5%). Owing to microorganism’s higher requirement of P, they often compete for P with
plants, which may reduce plant growth, especially under P-limited conditions (Stevenson
1986).
Plant uptake of Po: As plant roots absorb P as orthophosphate ions, organically-bound P must
be mineralized to release inorganic phosphate ions before uptake. Phosphatases produced by
living organisms and enzymes present in soil are usually considered to be the means by which
Po in soil is mineralized. Soil contains a wide range of microorganisms capable of
dephosphorylating all known organic compounds of plant origin (Cosgrove 1967). It is well
known that enzymatic activity is greater in the rhizosphere than in the bulk soil, and moreover

15

P deficiency increases the phosphatase activity that in turn increases the mineralization of Po
(Probert 1983).
Among Po forms, phosphate di-esters (mainly nucleic acid and phospholipids) are often
considered to be a more readily available Po form (after mineralization to form Pi) to plant
absorption, because of their relatively rapid turnover in the soil (Harrison 1982). By contrast,
phosphate monoesters (inositol phosphates) are considered to be of limited availability to
plants, owing to their strong association with soil minerals (Celi and Barberies 2007; Turner et
al. 2007).

1.4.2. Mobility of P in soil – reliance on diffusion
The prerequisite for uptake of plant nutrients is the contact of root with the nutrients in soil.
Contact of nutrients with a plant’s root occurs in two ways. Either the root itself grows and
locates the nutrients (root interception) or nutrients are transported to the root surface. The
movement of nutrients to the root surface occurs either by mass flow (movement with water)
or diffusion (Barber 1995). If nutrients (e.g. N, Ca) are present in high concentration in soil
solution, mass flow might be the principal mechanism of nutrient transfer to the root. In the
case of P, most of the nutrient in soils is located in less available pools rather than soil solution;
the soil solution concentration is generally too low to provide sufficient P to the root by mass
movement of soil solution. Barber et al. (1963) calculated that mass flow would supply only 1%
of P used by the plant, and that diffusion is the predominant mechanism of P movement to
roots (Barber 1995). The driving force of diffusion is a concentration gradient. In soil-grown
plants, when roots absorb P (also K) at a faster rate than the replenishment of the ions to the
soil solution, a concentration gradient is formed between the root surface and the bulk soil,
which results in ion diffusion (Tinker and Nye 2000). The concentration of Pi in the soil solution
is very low (1 µM) compared to 2000 µM in the plant cell (Bieleski 1973; Schachtman et al.
1998). So plant P uptake has to overcome this concentration gradient and energy is required
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for that.

1.4.3. Movement of P into root
When Pi reaches the root surface, principally by diffusion (Comerford 1998; Hinsinger 2001),
root uptake of Pi rapidly results in a Pi depletion zone (0.2-1.0 mm) around the root (Barber et
al. 1963; Holford 1997). This concentration gradient is the driving force for the diffusion of Pi
towards the root (Hinsinger 2001). To overcome this concentration difference as well as the
negative membrane potential of the root, active transport across the root plasmalemma is
required (Bieleski 1973; Raghothama 1999). Moreover, kinetic analysis of Pi uptake shows that
plants have both low- and high-affinity uptake systems (Bieleski 1973; Smith et al. 2000). The
high-affinity system operates at low Pi concentrations while the low-affinity system operates
at high Pi concentrations (Nandi et al. 1987; Furihata et al. 1992). The low-affinity system
appears to be constitutive in plants (Raghothama 1999). However, as discussed below most of
the above studies and conclusions were reached without consideration of the profound
influence of mycorrhiza and rhizosphere carboxylates on P availability and uptake.

1.4.4. Root growth in relation to P sources in soil
Roots are the primary organs for acquiring all the mineral nutrients needed by the plant. The
growth of roots is very plastic and varies greatly in response to nutrient availability (Lynch
1995; McCulley 1995; Charlton 1996) and other soil characteristics. Under P deficiency, root
growth is much less inhibited than that of the shoot (Marschner 1995). Plants respond to P
deficiency typically by allocating more carbon to the root. This deficiency (P) increases root
growth in general, but limits the primary root, apparently by impairing cell division in the
primary root meristem. Phosphorus deficiency stimulates initiation of lateral root primordia
and elongation of newly emerged lateral roots (Malamy 2005; Nacry et al. 2005; Fukaki and
Tasaka 2009), and causes greater exploration of the surface soil. Phosphorus deficiency also
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stimulates production of root hairs, enhances expression of P transporters, and exudation of
constituents (organic acids, acid phosphatases) that increase P availability (Vance et al. 2003).
Plant adaptation that enhances P uptake from the topsoil is generally considered important
because of the immobility of this element in the topsoil, and highest concentrations are usually
found in the topsoil. This is particularly true with adequate soil moisture. Under P deficiency
common bean plants modify their root architecture, with more proliferation in the topsoil to
facilitate P uptake from there (Ge et al. 2000; Liao et al. 2001; Lynch and Brown 2001). On the
other hand, under water stress (e.g. dry topsoil) conditions, plants produce more roots below
the topsoil in order to obtain water and nutrients. The significance of root growth below the
topsoil for yield has been studied in various crops. For example, a deep rooting system in
sorghum increased yield by 20% under drought conditions (Jordan et al. 1983). Although the
stimulation of deep rooting is primarily due to the drought stress, not for P stress, it may
facilitate P uptake substantially if the subsoil contains available P.

1.4.5. Hydraulic redistribution
Hydraulic redistribution is the root-uptake of soil water from areas of high water potential,
usually the subsoil, and subsequent release into areas of low water potential, particularly in
the topsoil, by roots at night (Caldwell et al. 1998). The root system forms a pathway for water
transport and redistribution between the soil layers (Richards and Caldwell, 1987). The reabsorption of this water in the topsoil combined with uptake of subsoil water may allow plants
to maintain higher transpiration rates than those that would have been possible if only subsoil
roots had access to water (Caldwell et al. 1998). Another theoretical benefit of hydraulic
redistribution is that it may maintain the presence of functioning fine roots in dry soil and
prolong the uptake of nutrients until soil conditions become too unfavourable (Huang 1999).
Hydraulic redistribution has been reported in several economically important field crops,
including wheat (Blum and Johnson 1992; Valizadeh et al. 2003), maize (Wan et al. 2000),
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cotton (Baker and van Bavel 1988) but its role in nutrient uptake was not quantified in any of
these studies. The capacity of plants to utilize hydraulic lift in response to individual nutrient
deficiencies is also unclear. Wheat plants reportedly lift more water in response to increased
localized supply of P fertilizer (compared with nil fertilizer), thus improving P uptake (Valizadeh
et al. 2003). Rose et al. (2008) studying canola and Wang et al. (2009) studying cotton found in
sandy soil that P uptake from dry topsoil was aided by hydraulically-lifted water. In clay soil,
cotton plants lifted water hydraulically but this made no substantial contribution to P uptake
(Wang et al. 2009). So the benefit of hydraulically lifted water on P uptake may depend on soil
texture.
Although no reports of hydraulic redistribution by chickpea plants could be located, under P
deficiency chickpea is known to increase root exudation of organic acid anions and facilitate P
uptake (Marschner et al. 1986; Ae et al. 1991; Neumann and Römheld 1999; Veneklaas et al.
2003; Wouterlood et al. 2004a, b, 2005). The link between hydraulic redistribution and root
exudation by chickpea has not been examined.

1.4.6. Rhizosphere modification by root exudates
Carboxylic acids are organic compounds that possess at least one carboxyl group. This
definition includes a large and structurally diverse group of compounds (fatty acids, amino
acids, secondary metabolites). This section focuses mainly on the low molecular weight, nonamino organic acids such as citrate, malate, oxalate, and malonate. In the plant, some of these
organic acids are involved in energy production as intermediates in the tricarboxylic acid (TCA)
cycle (e.g. citrate, malate); others are mainly present in cells for cation charge balancing or for
maintaining osmotic potential (e.g. malate, malonate, oxalate) (Jones 1998).
Causes of carboxylate exudation: The release of carboxylates from plant roots is well
documented (Curl and Truelove 1986). From a theoretical standpoint, it is known that release
of organic acids into the rhizosphere must always be occurring. The reason is that the
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concentration of organic acids in the cytosol (0.5-10 mM) is about 1000-fold greater than that
present in soil solution (0.5-10 µM). In addition, the large electrical potential gradient across
the plasma membrane greatly favours the passive movement of organic acids out of the cell
(Ryan et al. 2001). Enhanced root exudation of carboxylates is associated with three
environmental stimuli: nutrient deficiency (particularly P); exposure to toxic cations (principally
Al3+); and anoxia (Bar-Yosef 1991; Marschner 1995; Ma 2000; Neumann and Rӧmheld 2000).
This section deals with carboxylate exudation under the condition of P deficiency. Discussion of
exudation in response to the other two factors can be found in other sources (Xia and Saglio
1992; Rivoal and Hanson 1993; Xia and Roberts 1994 and Ryan et al. 2001).
P deficiency and exudation: There is evidence that some plants can directly modify the
rhizosphere in order to gain access to previously applied or soil P reserves. The modification
can include increased root length, high root hair density and length, the development of
specialized root structures such as cluster roots, and mycorrhizal symbioses, as well as the
exudation of compounds such as phosphatases or carboxylates, or the release of H+
(Raghothama 1999; Trolove et al. 2003; Vance et al. 2003). The release of carboxylates is
considered one of the key mechanisms for P uptake when P is deficient or sparingly soluble in
soil.
Phosphorus deficiency is predominantly associated with changes in the activities of enzymes
involved in carbon metabolism (Duff et al. 1989; Johnson et al. 1994; Neumann et al. 1999;
Watt and Evans 1999). Some of the changes may be general responses to stress, but others
may initiate metabolic adjustments that ultimately enable plants to cope with P deficiency. For
example, organic acid release from the cluster roots of Lupinus albus and other species has
been associated with the enhanced activities of phosphoenol pyruvate carboxylate (PEPC),
malate dehydrogenase, and citrate synthase (Dinkelaker et al. 1995; Johnson et al. 1994;
Johnson et al. 1996; Watt and Evans 1999). These enzymes have an important role in the
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synthesis of citrate and malate, and changes in their activities could have a marked effect on
carbon supply and organic acid metabolism. Among other nutrients the synthesis of
carboxylates in plant and its subsequent exudation is also affected by a form of N supplied as
nitrate (NO3-) or ammonium (NH4+) (Marschner 1995). Imas et al. (1997b) found that larger
amounts of citrate, malate, and fumarate were exuded by tomato plants when they were fed
with NO3- than when fed with NH4+. The excreted carboxylates not only benefit the plant by
mobilizing P, but help plant to prevent cytoplasmic acidosis (Neumann et al. 2000).
The development of cluster or proteoid root is closely linked to P deficiency in a number of
plant species (Dinkelaker et al. 1995; Watt and Evans 1999). In addition to mycorrhizal
associations, cluster roots are regarded as one of the major adaptations for P acquisition
(Skene 1998; Pate and Watt 2001). The role of carboxylates and cluster roots for the P
nutrition of L. albus has been studied extensively and this well-characterized legume has
proved to be an illuminating model system for understanding plant adaptations to low P in
species lacking mycorrhizal associations (Avio et al. 1990; Watt and Evans 1999; Skene 2000;
Neumann and Martinoia 2002). Carboxylate exudation under P deficient conditions has also
been investigated for a range of other lupin species. The species that did not produce any
cluster roots exuded lower amounts of carboxylates (Hocking and Jeffery 2004). The lack of
cluster roots and low carboxylate exudation suggests that the plant was less adapted to the
acquisition of sparingly soluble P. Cluster roots are also formed in most members of the
Proteaceae (e.g. Banksia spp) and in several other plant species adapted to habitats of
extremely low soil fertility, including members of the Betulaceae, Casuarinaceae,
Cucurbitaceae, Cyperaceae, Eleagnaceae, Leguminosae, Moraceae, Myricaceae and
Restionaceae (Louis et al. 1990; Dinkelaker et al. 1995; Skene 2000; Adams and Pate 2002).
In contrast, a number of plant species which do not produce cluster roots exude carboxylates
under P stress. Brassica napus does not produce cluster roots but roots can access sparingly
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soluble rock phosphates by exuding a large amount of carboxylates coupled with increased
proton release (Hoffland et al. 1989b). Carboxylate exudation under P deficiency was also
observed in Trifolium pratense (Gerke et al. 1995) and Beta vulgaris (Beiβner, 1997).
Not all plants growing under P deficient conditions exude carboxylates even though they
exhibit P deficiency symptoms. For example, wheat and tomato grown under P deficient
conditions have synthesized substantial amounts of carboxylates in the shoot and root, but
little or no exudation was observed (Neumann and Römheld 1999). On the contrary,
hydroponically-grown lupin plants with cluster roots exuded carboxylates, although in small
amounts, but did not show any symptoms of P stress, which indicates that exudation need not
always be linked to P deficiency (Keerthisinghe et al. 1998).
Most exudate studies were conducted in well-watered root systems or in hydroponics.
Liebersbach et al. (2004) found that under dry soil conditions sugar beet secreted high
molecular weight exudates (mucilage) in the root zone, which facilitated P uptake and the
dryness of the soil had no effect on P uptake. The mucilage contains a large amount of
polygalactouronate (PGA) that has the capacity to bind water, which facilitates soil penetration
by roots under dry conditions.
Function of carboxylates: The efficiency of carboxylates in mobilizing sparingly-soluble P
depends on the number of carboxyl groups present per molecule; the tricarboxylates (e.g.
citrate) are generally more efficient than the dicarboxylates (e.g. malate, malonate). In
general, the extraction efficiency of P by the organic acids appears to follow the series: citrate
> oxalate > malate > acetate (Furrer and Stumm 1986; Lan et al. 1995). However, organic acidinduced P release also depends on many soil factors, including pH and soil mineralogy (Bolan
et al. 1994; Jones and Darrah 1994; Lan et al. 1995). There are at least two mechanisms by
which P release can occur. The first involves direct ligand exchange where carboxylates
displace phosphates from the soil matrix (e.g. on crystalline Al(OH)3 or Fe(OH)3). The second
could involve the complexing of the metal cations that bind phosphates (Al3+, Fe3+, Ca2+),
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releasing phosphate into solution for P uptake (Jones 1998). Carboxylates compete with P for
the same binding sites on the surfaces of soil colloids. Hence, with the increase in
concentration of these carboxylates in the soil solution, P mobilization could increase (Gerke
1994). However, the release of P is extremely soil dependent and generally high concentration
of carboxylates (> 100 µM for citrate, > 1 mM for oxalate, malate and tartrate) are required to
mobilize significant amounts of P into the soil solution (Earl et al. 1979; Jones and Darrah 1994;
Lan et al. 1995).
Carboxylate exudation from chickpea root and their function: Chickpea exudates a large
amount of carboxylates, principally malonate, followed by malate and citrate (Veneklaas et al.
2003; Wouterlood et al. 2004a; b; 2005). While the benefits of exuded carboxylates for P
nutrition, as well as its induction by P deficiency, have been demonstrated clearly in some
species, in chickpea these relationships are less clear. In chickpea, carboxylate exudation is a
constitutive trait with limited P benefits (Wouterlood et al. 2005), On the contrary, some
studies reported that chickpea secretes a large amount of carboxylates under P deficiency
(Neumann and Römheld 1999; Veneklaas et al. 2003). In the study of Veneklaas et al. (2003),
total carboxylate concentration was 174 µmol/g root DW, which was equal to a concentration
of 84 mM in the soil solution, while in the study of Wouterlood et al. (2005) those
concentrations were 64 µmol/g root DW and 31 mM, respectively. These amounts of
secreted carboxylates had the capacity to mobilize P (Veneklaas et al. 2003).
To date, almost all studies relating to rhizosphere carboxylate exudation and the role of P
acquisition from the soil were mostly done in soils where water was not limited. It is not
known what the response of plants would be when the soil is dry, particularly the topsoil.
Under dry topsoil conditions in rainfed cropping areas, the topsoil P (current and/or residual P)
is likely to be relatively inaccessible as a result of lack of topsoil water late in the growing
season (Singh et al. 2005). Under such conditions, the amount of active and live roots in the
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topsoil is generally reduced owing to the drying of the soil, which further reduces the
efficiency of P uptake from the topsoil. Generally under dry topsoil conditions, the plant
modifies root growth by producing more roots below the topsoil layer (Hoogenboom et al.
1987; Merrill and Rawlins 1979; Benjamin and Nielsen 2006). In cropping areas where the
topsoil dries out, the response of crops like chickpea with respect to P mobilization by
carboxylates exudation is unknown. The P acquisition pattern of chickpea in such
environmental conditions and its associated rhizosphere modification is the subject of the
present thesis.

1.4.7. Mycorrhizae
Under P-deficient conditions, plants may also be benefitted from a mycorrhizal association
(mainly by vesicular-arbuscular mycorrhizae, VAM) that improves P uptake (Smith and Read
2008). About 90 per cent of terrestrial plant species are mycorrhizal, including chickpea.
Mycorrhizae establish a symbiotic association by taking carbon from the host plant in return
for P and other nutrients. Mycorrhizae increase soil volume from which nutrients can be
accessed, improving plants’ uptake of P by proliferating their hyphae, thus overcoming the
limitation imposed by the slow diffusion of P in the soil (Bolan 1991; Smith and Read 2008).
The influx of P to the mycorrhiza-colonized root can be 3-5 times higher than that of a nonmycorrhizal plant (Smith and Read 2008). The P depletion zone caused by the P uptake around
a mycorrhizal plant root is also larger than the zone of depletion of non-mycorrhizal plant
(Bolan 1991). Among the P fractions in soil, plants with mycorrhizal association take up the
labile fractions of P, which is the normal function of the root in absence of such association.
Plants with mycorrhizal association also uptake the non-labile, sparingly-soluble P (Bolan et al.
1987).
Mycorrhizal associations for improving P acquisition only operate in soil with relatively high
concentration of P (not severely P impoverished) (Lambers et al. 2006; Lambers et al. 2008b),
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while plants with the capacity to exude carboxylates are more successful at mobilizing P on
severely P-impoverished soil, as argued by Lambers et al. (2010). The mycorrhizae act as
‘scavengers’ for phosphate in solution that is not accessible for roots since the P is located too
far away from the root or the P is located inside fine soil pores in which roots or root hairs
cannot enter (Smith and Read 2008). In contrast, rhizosphere carboxylates effectively ‘mine’
soil phosphate, mobilizing scarcely available sources that are bound to iron, aluminium or
calcium (Lambers et al. 2008a; Lambers et al. 2008b).
However, mycorrhizal association is limited under certain adverse conditions, for example very
dry or saline soils, waterlogged soils, or under very high or very low soil fertility (Brundrett
1991). The VAM fungus obligately depends on the live roots for essential organic compounds
(Thompson 1991), so the lack of roots in the topsoil will reduce the VAM population.
Moreover, it can be argued that their (VAM) effectiveness in acquiring solution P will be
reduced under a dry topsoil condition because mycorrhizae scavenge P in solution from the
soil (Smith and Read 2008).

1.4.8. Acquisition of P from soil depths
When P is mainly located in the topsoil, topsoil drying reduces the crop’s P uptake (Marais and
Wiersma 1976; Kasper et al. 1989; Pan and Hopkins 1991; Morrison and Chichester 1994;
Howard et al. 1999). Placing P fertilizer below the dry topsoil layer where the roots may still
have access to moisture might be a possible way to overcome the low availability of nutrients
in water-limited environments (e.g. Alston 1976; Jarvis and Bolland 1991; Singh et al. 2005).
Previous studies have reported the yield benefit from deep placement of P fertilizer (in wheat,
Alston 1976; in lupin, Jarvis and Bolland 1991; in cotton, Singh et al. 2005), and of other
fertilizers (Simpson and Lipsett 1973; Lotfollahi et al. 1997; Brennan 1999; Crabtree 1999;
Hocking et al. 2003). However, this benefit largely depends on the topsoil moisture or nutrient
levels. In wheat, yield benefit from subsoil P supply was not found when the topsoil contained
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a large amount of P and remained wet during the early part of the season (Alston 1980).
Similarly, wheat plants had greater growth when P was banded at 5 cm than at 15 cm when
the whole profile was well watered (Valizadeh et al. 2003). The response of a crop to deep
placement of fertilizer is dependent on edaphic and climatic conditions, soil management and
plant-soil interactions (Ma et al. 2009). Among the plant factors, species with a deep rooting
trait are likely to be benefitted from the subsoil P. When the topsoil is dry, plants produce the
maximum amount of root below the topsoil layer (Benjamin and Nielsen 2006). Thus, given its
relatively deep root system (Sheldrake and Saxena 1979; Aujla and Cheema 1985), the
response of chickpea to subsoil P under dry topsoil condition warrants further attention.
Results would be particularly relevant to the productivity of chickpea in the soils of southwestern Australia, the HBT of Bangladesh and other chickpea growing areas where the topsoil
dries out during the growing season.

1.4.9. Other factors affecting P acquisition
1.4.9.1.

Temperature

Temperature also influences P availability and uptake by plants. Low temperature reduces P
supply to the root. This could be due to the following factors (Barber 1980): (i) reduction of
maximum P uptake rate by the root; (ii) reduction in root elongation, and in root hair density
relative to the P requirement of shoot growth; (iii) reduction in the P level in soil solution and
reduced P replenishment by diffusion and mineralization. In low P soil, P uptake increases with
the increase in temperature but not in a soil with high P (Nielsen 1974). Nielsen (1974)
concluded that this effect of temperature was on the inorganic P, not on the organic P. For
each degree of temperature increase, the soil solution P concentration increased 1-2% (Barber
1995). Reduced P uptake was found under low temperatures in wheat (Batten et al. 1986) and
barley (Power et al. 1964). In chickpea the early growth is often hampered by low
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temperatures (Saxena and Singh 1987) where reduced P uptake might occur in late-sown
winter-grown chickpea.

1.4.9.2.

Other nutrients/ions

Zinc and P: Phosphorus has an antagonistic relationship with Zn uptake. High P content in the
soil decreases the solubility of Zn (Loneragan et al. 1979). High P supply is mostly associated
with decreased root growth and reduced mycorrhizal colonization of roots, and both factors
are similarly important for acquisition of Zn (Marschner 1995). P-induced Zn deficiency occurs
as a result of a heavy application of P to a soil where available Zn content is low (Robson and
Pitman 1983). In solution culture, at low Zn and high P supply, symptoms attributed to Zn
deficiency are often associated with P toxicity and high P content in the mature leaves
(Loneragan et al. 1979).

1.4.9.3.

Dinitrogen fixation

It is well established that the rate of N fixation decreases in plants grown under P deficiency.
The initiation, growth, and functioning of nodules and the growth of the host plant were
enhanced by the supply of P (Robson et al. 1981; Jakobsen 1985; Israel 1987). The requirement
of P for nodule functioning was shown to be higher for some species than that for root and
shoot growth (Cassman et al. 1981; Israel 1987). Nodular tissue in legumes may contain
several-fold (up to 5 times) higher concentration of P than in other tissues of the plant (Subba
Rao and Krishna 1984). The nitrogenase activity has a high P demand, with about 21 moles ATP
(adenosine triphosphate) required to reduce one mole of N2 (Barea and Azcon-Aguilar 1983).
This implies that the P requirement for nodule functioning is high.
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1.5.

Phosphorus requirement and transport within plants
1.5.1. Function of P in metabolism

Phosphorus is an essential macronutrient of structural and functional components of the plant
(Marschner 1995). It is a constituent of key molecules such as nucleic acids, phospholipids, and
ATP. Phosphorus has important roles in a number of processes, including energy generation,
nucleic acid synthesis, photosynthesis, glycolysis, respiration, membrane synthesis and
stability, enzyme activation/inactivation, redox reactions, signaling, carbohydrate metabolism,
and N fixation (Vance et al. 2003). Without a reliable supply of this element the plant cannot
grow normally. Generally the P requirement for optimal growth is in the range of 0.3-0.5% of
the plant’s dry matter at vegetative stage (Marschner 1995). Under P deficiency this
concentration decreases and plants modify their physiological and biochemical processes to
cope with it. Phosphorus deficient plants decrease their leaf surface area but not the
chlorophyll (Fredeen et al. 1989); hence P deficient plants have dark green leaves. The shoot
growth decreases because of P deficiency. In contrast to shoots, root growth is less inhibited
under P deficiency (discussed in section 1.4.4) and plants adapt to it by modifying root
morphology in a number of ways: e.g., increase production of lateral roots, root hairs and root
exudation (mentioned in Section 1.4.4). Phosphorus deficiency also affects reproductive
development by delaying flower initiation, reducing numbers of flowers, by early leaf
senescence and ultimately reduced yield.

1.5.2. Distribution of P among plant tissues
After uptake from soil, P moves symplastically in the plant, passing through the root-cell
membrane, from the root surface to the xylem (Bieleski 1973). Xylem flow then transports Pi
to the above-ground organs, where symplastic transport carries it to cells within individual
tissues. The movement of Pi occurs from the xylem to the cell cytoplasm and from cytoplasm
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to vacuole. This movement of Pi occurs against a steep electrochemical potential gradient
which requires energized transport (Ullrich and Novacky 1990). However, in higher plants,
most of the Pi (85-90%) is stored in the vacuole as a ‘nonmetabolic pool’ under adequate
supply of P (Bieleski and Furguson 1983) and only 5–15% occurs in the ‘metabolic’ or
cytoplasmatic pool (Glass and Siddiqi 1984; Natr 1992). In contrast, in the leaves of P deficient
plants, most Pi is found in the cytosol and chloroplast as ‘metabolic pools’ (Foyer and Spencer
1986).
Under P starvation, plants evolved with different adaptive mechanisms to take up P from the
soil (some of which were discussed in sections 1.4.4, 1.4.6, 1.4.7). For efficient use of the
already acquired P in the plant, remobilization and reuse of Pi can play a fundamental role. As
most of the absorbed Pi is usually stored in the vacuole (as a nonmetabolic pool under
favourable P supply), release of this Pi out of the vacuole can contribute to maintain plant’s P
nutrition significantly under P stress (Bieleski and Ferguson 1983; Massonneau et al. 2000;
Martinez et al. 2005). For the normal biochemical and regulatory mechanism, plants maintain
their cytoplasmic Pi concentration at the expense of vacuole Pi (Raghothama and Karthikeyan
2005) and the cells have mechanisms to maintain this level despite a large fluctuation in the
external concentration (Massonneau et al. 2000). In soybean, the storage P pools accumulate
only when the metabolic P requirement is met (Lauer and Blevins 1989a). On the basis of these
considerations, it is believed that the size of the nonmetabolic Pi pool in the vacuole and its
remobilization from one compartment to another plays a significant role in plant adaptation
under P deficient conditions.
Phosphorus is relatively mobile in the plant, allowing unrestricted movement from one organ
to another, termed ‘remobilization’ (Marschner 1995). The contribution of this phenomenon
to crop P nutrition is discussed in the section below.
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1.5.3. Remobilization of P
In addition to the modification of different morphological, physiological and biochemical traits
for acquiring P under P deficient conditions, remobilization of acquired P stored in relatively
inactive organs (old and matured leaf, stem, and root) to the actively growing parts (e.g. pods,
because of their high demand for P), contributes significantly to the reuse of previously
acquired P under P deficiency.
Remobilization of P is particularly important during the reproductive growth of plant when the
seeds, pods, and storage organs are formed. At this stage, the root growth and activity, and P
acquisition, are generally reduced due to decreased carbohydrate supply to the root
(Marschner 1995). As a result, the concentration of P in vegetative parts declines sharply to
meet the high demand of the reproductive parts as is observed in many crop plants. According
to Marschner (1995), the extent of mineral nutrient (e.g. P) remobilization depends on several
factors: (i) the specific requirement of seeds and fruits for a given mineral nutrient; (ii) the
mineral nutrient status of the vegetative parts; (iii) the ratio of vegetative mass to number and
size of seeds and fruits; and (iv) the nutrient uptake rate by the roots during the reproductive
stage.
Phosphorus is highly phloem mobile and has higher remobilization. In a classical study (Garz
1966), pea plants remobilized around 80% of previously acquired P while the phloem immobile
Ca remobilization was very low. Substantial research has been done to investigate the
remobilization of P in cereal crops, for example, in wheat (Batten et al. 1986; Papakosta 1994;
Masoni et al. 2007), in barley (Mimura et al. 1996), and in rice (Rose et al. 2010). Generally,
cereals accumulate most of the plant P before anthesis and remobilize it to grain during grain
filling, since they are determinate in growth. In P-deficient wheat, around 58-90% of P from
the vegetative parts was remobilized to the grain (Batten et al. 1986), while the proportion
was substantially low when the root was continuously well supplied with P in sand culture.
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In legumes, however, a relatively small number of studies have examined P remobilization.
Phosphorus remobilization was substantially studied in soybean. Under non-limiting P supply,
approximately half of the accumulated P (in the vegetative organs) is remobilized to seed
during seed filling of soybean, even though Pi is still required to carry out metabolic functions
(Hanway and Weber 1971a; 1971b). The proportion of total P remobilized to developing pods
was more than 50% in bean (Snapp and Lynch 1996) and common bean (Araújo et al. 2012)
and 70% in chickpea (Kurdali 1996).
Many legumes are indeterminate in growth habit and continue vegetative and reproductive
growth simultaneously. Continued accumulation of P during and after flowering is a feature of
indeterminate crop species like Lupinus angustifolius (Ma et al. 2009) and chickpea (Bolland
and Loss 1998) to meet the competing P demands of new shoot tissue and developing grain.
Remobilization of P also varies with the amount of P supplied and proximity of sink to source
organs. In hydroponic culture under low P supply, soybean remobilizes more P from leaves to
seed while roots and nodule retained more P; nodule bacteroid P was not available for
remobilization within the plant (Lauer and Blevins 1989a). Under high P supply, remobilization
was mainly from the stem. Remobilization processes first start in the organs that have a low
requirement for metabolism and are close to the sink (growing pods); this process starts
earlier in low-P plants than those with high P.
There is no detailed study to date on P remobilization in chickpea under P deficient conditions,
especially under dry topsoil. However, in a well-watered Mediterranean type of climate (in
which rainfall occurred during the growing season), large seeded field- grown chickpea
accumulated the maximum amount of P in the vegetative organs by maximum flowering
(Kurdali 1996). After maximum flowering, chickpea remobilized P during pod filling and the
pod acquired 70% of remobilized P. The remaining amount of P (30%) was accumulated from
current uptake. In P deficient conditions (caused by dry topsoil), chickpea might also meet its P
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requirement for grain filling mainly from remobilization and partly from the current uptake of
P.
Timing of remobilization: Remobilization of P is usually linked to the high P requirement for
the reproductive organs. In wheat, a determinate plant, it is believed that most of the P is
acquired before flowering and the grain P is provided by remobilized P (Gericke 1924;
Brenchley 1929; Boatwright and Viets 1966; Chapman and Keay 1971). It was then concluded
by Sutton et al. (1983) that in wheat remobilization started at flowering.
In soybean, remobilization of P usually occurs in conjunction with the senescence of leaves
(Hanway and Weber 1971b; Lauer and Blevins 1989a), during reproductive development.
Delayed leaf senescence in a soybean progeny line decreased grain yield which indicated that
the maximum yield can be achieved in soybean only if substantial leaf senesce occurs during
pod filling (Phillip et al. 1984). Although senescence is a deleterious process for the leaf itself,
the concomitant degradation of leaf macromolecules and the remobilization of nutrients to
seeds contribute to the realization of an optimal yield (Lim et al. 2007). However, the cause of
leaf senescence is related to cytokinin (Marschner 1995). The root-borne cytokinin is
transported via the xylem and distributed to the leaves, where it is metabolized and prevents
senescence. Then, during the reproductive development of the plant, cytokinin production is
reduced because of reduced root tip growth, which hastens leaf senescence in soybean
(Noodën and Letham 1986).
However, the timing of P remobilization in chickpea could be different from the more
determinate plants such as soybean because chickpea is believed to continue P accumulation
after flowering (Bolland and Loss 1998). Kurdali (1996) showed chickpea began remobilization
at the start of pod filling where that study was under well watered conditions. Under dry
topsoil conditions, it is not known when remobilization starts in chickpea; this was investigated
in the present study.
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1.6.

Diagnosis of P deficiency in crop plants

Diagnosis of a plant’s nutrient status in the current crop season has little value unless it is used
to correct deficiencies or prevent the development of disorders in the future (Smith and
Loneragan 1997). The P status of crops can be diagnosed by several methods, which offer
differing degrees of accuracy. For greatest accuracy of interpretation, a stepwise use and
combined interpretation of these methods is recommended (Johansen and Sahrawat 1991) or
the use of at least two or more methods (Bennett 1993).

1.6.1. Symptoms
Generally, nutritional disorders that only slightly inhibit growth and yield are not characterized
by specific visible symptoms. Symptoms become clearly visible when a deficiency is acute, that
is, when the growth rate and yield are distinctly depressed (Marschner 1995).
In chickpea, P deficiency results in stunted growth of the plant, with dark green coloration of
leaflets of lower leaves and red-purple anthocyanin pigmentation on the stem (Smith and
Pieters 1983). Subsequently the dark green colour spreads to the whole leaf and then
successively to younger leaves up the plant; affected leaves gradually lose their green colour
and become bronze-coloured. Generally, diagnosis of P deficiency may be complicated
because of the presence of a range of biotic and abiotic stresses, and the similarities of their
symptoms, and interaction with the symptoms caused by other nutrient disorders. In order to
differentiate between the symptoms caused by a specific nutrient and other symptoms, it is
important to bear in mind that a nutritional disorder follows a systematic pattern of symptom
development for specific elements (Marschner 1995). However, under rainfed conditions (e.g.,
HBT region), whether chickpea shows or does not show the foliar symptoms of P deficiency, a
combination of symptoms (e.g., reddening of the lower leaves) are thought to indicate N or P
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deficiency, or both (Smith and Pieters 1983). Those symptoms might also be due to drought
(topsoil drying or terminal drought).

1.6.2. Soil tests
Soil tests indicate the potential availability of nutrients that roots may take up under
conditions favourable for root growth and root activity (Marschner 1995). It is a common tool
used to judge the mineral status of the soil and to derive a critical nutrient concentration.
However, a soil test estimates only one of the factors that affect the availability of nutrients to
the plant during the period after the soil test is taken. Other variables that can affect
interpretation of the soil test are variation in plant demand, available nutrient levels in the
unsampled parts of the root zone, and nutrients that become available after the soil test has
been taken (Helyar and Price 1999).
For chickpea, although 2-5 mg Olsen P /kg is the critical range in Vertisols and Alfisols
(Johansen and Sahrawat 1991), this alkaline extractant cannot be used for determination of
the P status of other soils without separate calibrations of yield against soil-test value for each
soil type. Phosphorus uptake by chickpea is better simulated by Truog P, which uses an acid
extractant; the P uptake for chickpea corresponds better with Truog soil-test values than with
Olsen P (Ae et al. 1991).
However, in assessing soil P levels, samples are usually collected from the topsoil (0-10 or 15
cm), which might show an adequate level of P in a test, since it has been stratifying in the
surface layer of soil. Soil test P for topsoil only therefore might not reflect the actual P status of
the soil. This is particularly true if the P-rich topsoil dries out and topsoil P becomes less
available for plants. As a result, plant growth and yield might be reduced although the topsoil
samples showed adequate P. Particularly for deep rooting crops like chickpea, it would seem
prudent to include subsoil P in determining critical soil P levels.
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1.6.3. Plant tests
Plant tissue testing is used in two ways: to provide an assessment of current P status of plants
(diagnostic), and to predict future yields based on the concentration of P in the tissue at the
time of sampling (prognostic) (Bolland 1998). The major problem with tissue testing is that the
concentration of P in dried tops usually decreases with increasing maturity of plants (Ulrich
and Hills 1967) and the rate of this decrease varies from year to year depending on seasonal
conditions and other factors (Bolland 1998). As the tissue-test values are strongly influenced
by plant part sampled, plant growth stage, interaction with other nutrients, and genotype
(Smith and Loneragan 1986), care should be taken in interpreting these values. Furthermore,
in case of indeterminate crops, like chickpea, it is more difficult to standardize sampling time
and plant part sampled (Johansen and Sahrawat 1991). However, Riley (1994) suggested that
determination of shoot P concentration at about 4 weeks after sowing was a better indicator
for predicting yield and shoot P concentration 0.38-0.45% was suggested to be adequate at
this stage. In the later growth stages the whole shoot P-concentration of 0.29-0.33% was
adequate at 45 DAS as was >0.26% at 77 DAS (Reuter et al. 1997).

1.6.4. Pot tests and field trials
For diagnosis of the P status of chickpea, symptoms, soil or plant analysis cannot be relied
upon, let alone for recommending P fertilizer (Johansen and Sahrawat 1991). Plant growth
tests are required for these purposes. In controlled environments, pot studies can provide
information on the potential of a particular soil to supply of P or any other nutrients for plant
growth (Andrew and Fergus 1976), but these results generally need confirmation by field
experiments. In the field, fertilizer rate trials need to be conducted in several seasons and at
different sites within a region before an accurate estimate of how much fertilizer P is required
can be established. This is because of the complex interaction of growth and yield in response
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to P in the field, particularly the interaction of soil moisture and P under dry land conditions
(Johansen and Sahrawat 1991).

1.7.

Phosphorus fertilizers
1.7.1. Types of P fertilizers and their reaction with soil

Inorganic P fertilizer: Among P fertilizers used in crop production worldwide, ammonium
phosphates (mono-ammonium phosphate (MAP) and diammonium phosphate (DAP)), single
superphosphates (SSP) and triple superphosphate (TSP) are the commonly used P fertilizers
(Byrnes and Bumb 1998; Bolland and Gilkes 1998). Single superphosphate continues to be an
important P source in countries with SSP production capacities and in areas with known S
deficiencies. The ammoniated phosphates represent an economic means of supplying both P
and N requirements, which justifies the use of a major portion of ammoniated P fertilizers
(Byrnes and Bumb 1998). More than 90% of P presents in ammonium phosphates and 80-90%
of P in SSP or TSP is water soluble (Bolland and Gilkes 1998). These water soluble P fertilizers
are granulated and hygroscopic in nature. When these granules are applied to soil even with
low moisture tension of about 3 bars (well below the field capacity) they absorb sufficient
water from the soil to initiate dissolution (Lawton and Vomocil 1954; Lehr et al. 1959; Kolaian
and Ohlrogge, 1959). Water absorption of the fertilizer granules is by capillary or vapour
transport; vapour transport is important in dry soil because a strong osmotic potential is
developed between the phosphates in the fertilizer granules and the adjacent soil (Lehr et al.
1959). Initially, the osmotic potential gradient remains high when the fertilizer solution first
enters the soil, but it gradually dissipates as the fertilizer solution is diluted by reacting with
the soil and as it moves further into the soil by capillary movement and diffusion. The diffusion
of ions from the fertilizer granules continues over time (Bolland and Gilkes 1998).
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The dissolved P from fertilizer granules reacts with the dissolved Ca, Al and Fe in solution, as
well as Ca, Al and Fe exposed at the surfaces of soil constituents and organic matter: these ongoing reactions maintain the concentration gradient between the fertilizer granules and the
soil. These reactions continue, even in quite dry soil, although more slowly (Bell and Black
1977a; b; Barrow 1983). As the reactions continue, most incorporated P converts to more
stable, less soluble forms that are less available to plants than the form initially adjacent to the
granules (Barrow 1980). In the first few mm of soil, the concentrated fertilizer solution can
dissolve soil constituents and increase the concentration of silicon (Si), Fe, Al, Mn, Ca, Mg and
potassium (K) (Low and Black 1948). These dissolved ions participate in secondary reactions
resulting in the precipitation of P.
Adsorption of P also takes place close to the granules of fertilizer on the surface of soil
constituents like Fe, Al, Ca and other ions coordinated with oxygen and hydroxide ions. In acid
soil, the soil constituents that adsorb P include crystalline Fe and Al oxides and hydroxides,
aluminosilicate clay minerals, amorphous compounds of Fe and Al that may exist as coatings of
soil constituents, and Al that is associated with organic matter (Hughes and Gilkes 1994).
Alkaline soils commonly contain carbonates which adsorb P; P is also commonly precipitated as
Ca-P from the alkaline, Ca-rich soil solution. The distribution of P in soil adjacent to a fertilizer
granule has been measured by Benbi and Gilkes (1987). For a lateritic soil with high P sorption
capacity about 55% of P from a TSP granule was present within 5 mm of the granule after 4
weeks in the soil. The corresponding value was 28% for a low-P-retaining sandy podzol.
Residual P: Plants generally utilize a small portion (10-30%) of applied P in the year of
application and the rest remains in most soils as residual P or sorbed P products (Bolland and
Gilkes 1998). The P compounds not taken up by plants and the P in organic matter (from the
return of plant materials or P in soil macro- and micro- organism) can be utilized in future
years. This means that P fertilizers have residual value that is of economic significance to
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growers as it reduces the need for fertilizer in subsequent years. Norrish and Rosser (1983)
stated that some of P applied as fertilizers will be removed in agricultural produce, lost by
leaching to below the rooting depth or by soil erosion/or will be retained by the soil in almost
insoluble P compounds. Different forms of this residual P can supply P to plants for many years
after application of water soluble P (Barrow 1980; Bolland and Gilkes 1990). For most soils and
plant species, the residual value of water-soluble P fertilizers decreases markedly in the first
and second years after application due to the rapid conversion of P in soil solution to more
stable, less soluble compounds (Barrow 1980; Bolland and Gilkes 1990). Hence, in the year
after application, the currently applied P rapidly becomes less effective in supporting plant
growth.
Sodium bicarbonate extractable P (Colwell P) has been found to indicate the trends in the
residual effectiveness of P fertilizer following application of water-soluble P fertilizers. Soil test
P values increase with the increase in level of P applied as SSP, and decrease with increasing
time from application of the fertilizer to the soil. The plant response to residual P/or soil test P
differs in different years because of varying environmental conditions (Bolland et al. 1988;
Bolland, et al. 1989).

1.7.2. Types of fertilizer used in Bangladesh
Traditionally the resource-poor farmers of Bangladesh used organic fertilizer from locally
available materials, household and farm wastes (in the form of cow dung, farmyard manure,
bone meal, mustard oil cake, ash) to replenish the nutrient elements and maintain the fertility
of their cropland. Chemical fertilizer was introduced at farm level in the 1960s along with the
introduction of high-yielding crop varieties and irrigation facilities. From then, farmers have
been commonly using urea, TSP and muriate of potash as sources of N, P and K, respectively
(Miah et al 2005). From the 1980s, farmers were also advised to use Zn and S fertilizers. More
recently, Mg, B and Mo deficiency have been reported in some soils and crop (Miah et al.
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2005). Gypsum is often applied to correct Ca and S deficiency while boric acid is applied for B
deficiency. Fertilizer containing Mo is still not commercially available in the fertilizer market.
As a source of P, TSP is most widely used. Single superphosphate became available in the
country’s fertilizer market after 1990 and its use was increased, but farmers are now reluctant
to use this source of P and S due to alleged adulteration of the product in the market (SSP was
sold in the name of TSP) (Miah et al. 2005). On a limited scale, DAP is also available in the
fertilizer market, but is less popular among farmers although it contains both N and P. This is
might be due to the extensive use of urea for rice crops where DAP only could not supply
enough N, and because urea is mostly available during the high demand period, being
manufactured in the country and subsidized by the government.

1.7.3. Methods of application
Phosphorus fertilizers are usually applied to the surface by broadcasting with or without
mixing or below the surface, with or away from the seed.

1.7.3.1.

Broadcast

Broadcasting is the simplest method for high-speed and heavy application. It is also suitable for
small and fragmented farms with different crops in different pieces of land where use of
machinery to apply fertilizer is difficult. When ploughed or disked in, broadcasting produces
the most uniform P distribution within the root zone and provides more root contact with P.
However, it also maximizes contact between the soil and fertilizer so the opportunity for
sorption is higher (Sleight et al. 1984; Randall and Hoeft 1988; Jones and Jacobsen 2003).

1.7.3.2. Banding
Banding concentrates the fertilizers in narrow zones or bands to provide a concentrated
source of nutrients. In reduced tillage or row crops, P is usually applied near the seed below
the soil surface. Banding of P fertilizer increases its agronomic effectiveness since the
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developing roots are in intimate contact with the P-enriched soil adjacent to the fertilizer
granule (Benbi and Gilkes 1987; Jarvis and Bolland 1991). Banded P reduces the contact of P
with soil that reduces the P sorption and leaves a greater proportion to plant uptake.
Furthermore, P fertilizer banded at depth is more likely to be in moist soil for longer periods,
thus increasing the chance of absorption of P by plant roots (Ma et al. 2009). Banding P
fertilizer to the side and below the seed also avoids P toxicity, which would reduce germination
of seedlings in some soils (Jarvis and Bolland 1991).

1.7.4. P toxicity
The P concentration of plant tissue is normally in the range of 0.3-0.5% of the plant dry matter
during vegetative growth; if the concentration exceeds 1% the probability of toxicity increases
(Marschner 1995). However, toxicity was observed in some tropical grain legumes at P
concentration below 1% (0.3-0.4% in pigeon pea; 0.6-0.7% in black gram, Bell et al. 1990). In
earlier studies, P toxicity in cereal was extensively studied (e.g., Rossiter 1952; Loneragan et al.
1966 and Bhatti and Loneragan 1970a, b). Typical P toxicity symptoms in cereals were grey to
white necrosis of the tip of the oldest leaf, which then extends to half of the leaf. But the
same crops grown in a heavier textured soil were devoid of symptoms (Loneragan et al. 1966).
In white clover, the leaf became ‘watersoaked’ and then necrotic. Marginal necrosis proceeded
basipetally until the entire leaf surface was affected (Rossiter 1952). In addition, P toxicity
reduces seedling emergence, early growth and yield (Bhatti and Loneragan 1970a, b; Bullen et
al. 1983; Jarvis and Bolland 1991).
Bhatti and Loneragan (1970b) suggested that development of P toxicity symptoms in the
terminal region of oldest leaves is a feature common to all salt toxicities in which symptoms
develop (Greenway 1962). Superphosphate toxicity may result less from a specific toxicity of
accumulated phosphate ions or P compounds than from the deleterious effects of salt within
these tissues and in the culture medium (Bhatti and Loneragan 1970b). Bhatti and Loneragan
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(1970a) suggested that most of the P present in the leaf tissues showing P toxicity is in
inorganic orthophosphate ions. So they stated that P toxicity may be a result of excessive
accumulation of P ions and that under certain conditions this high phosphate concentration
might disrupt the water relations of the leaf cell, thus causing injury.
Phosphorus toxicity and soil texture: Phosphorus toxicity in crops is usually observed in the
light textured soil even when small amounts of fertilizer are applied, while in clayey soil P
toxicity is less likely even with high rates of fertilizer (Bolland et al. 2001). Heavy soil contains
substantial amounts of clay with high P sorbing capacity that sorbs P from fertilizer applied
near the seed (Thomas and Rengel 2002). On the other hand, soil that contains only <2% of
clay has a low capacity to retain P and thus P toxicity can arise (Jarvis and Bolland 1991;
Bolland and Jarvis 1996). In this type of low-clay soil, application of >10 kg P/ha banded with
the seed can reduce plant density and seed yield due to P/salt toxicity (Bowden and Smith
1984; Jarvis and Bolland 1991). Even sandy soil with >10% clay has sufficient capacity to avoid
P toxicity after a relatively high rate of P fertilizer applied by banding (Bolland et al. 1991;
Siddique et al. 1999).
There are conflicting demands regarding phosphate fertilizers, with a need to place the
phosphate in the seed zone to obtain maximum phosphate uptake while separating the seed
and fertilizer enough to avoid the harmful effects of P toxicity on emergence. Early growth
suppression due to toxicity of P fertilizer applied with seed can be avoided by placing it away
from the seed (Bolland and Jarvis 1996). Nyborg and Hennig (1969) showed that separation of
the seed and fertilizer by topdressing or by banding to the side or below the seed prevented
the harmful effects of the P fertilizer rates used. Bolland and Jarvis (1996) found seed-placed
superphosphate reduced lupin emergence, growth and grain yield in sandplain soils having clay
content <2% and phosphorus retention index (PRI) <1 mL/g; these toxic effects were avoided
when P fertilizer was banded below the seed.

41

1.7.5. Toxicity from nitrogenous fertilizers
It has been shown by many workers that placement of N fertilizers in contact with the seed of
various crops can have a harmful effect on germination. Germination may be delayed or the
number of plants surviving may be reduced, either by failure to emerge or by the death of
plants already emerged. The delayed germination is usually caused by an increase in the
osmotic pressure of the soil solution around the seed, and the death of germinating seedlings
is often due to the formation of free ammonia near the seed, or sometimes because of the
accumulation of toxic levels of nitrite N in the seed zone (Court et al. 1962; Stephen and Waid
1963; Gasser 1965; Carter 1967). Drilling urea with the seed has often decreased germination
of wheat (Mason et al. 1970). Reduction in germination and number of emerged plants due to
toxicity varies with the form of N fertilizer. Urea is more toxic than ammonium nitrate (Mason
1971) when placed with crop seed. And again it is attributed to the toxic level of free ammonia
around the seed formed during the hydrolysis of urea rather than from the salt effect of the
nitrogenous fertilizers, because ammonium nitrate has a higher salt index than urea (Radar et
al. 1943). Other popular nitrogenous fertilizers, DAP and MAP, also have detrimental effects on
the germination of seeds and early seedling growth when placed together with, or banded
close to, seeds (Hood and Ensminger 1964; Stevenson and Bates 1968; Moody et al. 1995b;
Zhang and Rengel 1999). These detrimental effects have been attributed to ammonia (NH3)
toxicity and/or Ca deficiency induced by inhibition of Ca uptake, because of the high
concentration of NH4+ in the soil solution (Bennett and Adams 1970a). No agreement exists on
the relative degree of detrimental effects arising from DAP or MAP banding. DAP was found to
be more toxic than MAP at an equal rate of N or P (Hood and Ensminger 1964). However, on
the basis of equal N rate, MAP was more toxic than DAP in a clay loam soil, while the reverse
was true in a sandy loam soil (Stevenson and Bates 1968).
The amount of water present in the soil or growing medium modifies the level of fertilizer
toxicity. Gasser (1965) showed toxicity from ammonia delayed and reduced germination of
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wheat and barley at both 40% and 60% water-holding capacity, but the effect was greater at
the lower moisture level. The study by Gasser (1965) was carried out in pots watered from
below so that there was no downward movement of water. Carter (1967) also showed that
establishment of oats and cow peas were much lower with 20% available water than with 70%
available water. High soil moisture dilutes fertilizer salts in the soil solution, reduces the
osmotic pressure of the solution; increases the downward movement of some urea-N and,
therefore, reduces the salt concentration and allows germination to proceed normally (Mason
1971). If no water is added immediately after seeding, the harmful effect of the fertilizer salts
is more severe (Carter 1967).
Placing DAP or MAP with or close to the seed cause ammonia toxicity (Zhang and Rengel
1999). If detrimental effects caused by MAP or DAP banding are due to ammonia toxicity, the
pH of the growing medium may modulate the extent of such toxicity. Studying the relationship
between the extent of ammonia toxicity and external pH in plants grown in nutrient solution,
Findenegg (1987) reported that increasing the external pH increased the risk of ammonia
toxicity to plants because of an increase in the partial ammonia pressure in the growing
medium. Di-ammonium phosphate increases the soil pH in the vicinity of the fertilizer band in
slightly acidic soil while proton (H+) is released during uptake of ammonium (Thomson et al.
1993; Zhang and Rengel 1999). Such a pH increase around the DAP band can lead to a high
ammonia pressure in the soil, thus resulting in a greater risk of ammonia toxicity in comparison
with MAP banding, which generally decreases soil pH. The severity of DAP or MAP toxicity can
be minimized in a sandy soil by the co-application of CaCO3 (Zhang and Rengel 2000). Addition
of CaCO3 increases Ca concentration and reduces ammonia pressure (Zhang and Rengel 2000),
resulting in amelioration of ammonia toxicity (Zhang and Rengel 2003). Treatment with CaCO3
also reduces the P availability from DAP or MAP banding due to formation of Ca-P precipitates
(Zhang and Rengel 2003).
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1.8.

Knowledge gaps and research questions regarding P
requirements of chickpea in Bangladesh

Chickpea cultivation in the traditional growing areas of Bangladesh has declined, owing to
biotic stress (mainly BGM and pod borer) and the spread of rice cultivation, which is favoured
in the irrigation areas. By contrast the cultivation of chickpea has been increasing since the
early 1980s in the HBT region of the country, where the prevalence of the BGM and chickpea
pod borer is lower. Chickpea cultivation in the HBT region has been considered a remunerative
crop in terms of the input required. With regard to the P fertilizer requirement for chickpea
cultivation in this area, application during sowing is recommended, to maintain soil P status
(20 kg P/ha, Miah et al. 2005). However, the farmers of the HBT rarely apply P fertilizer, the
reason for which might be the poor yield after P is applied. This poor return might be related
to the method of applying P fertilizer: surface broadcasting and incorporation by full tillage,
making the P fertilizer less efficient. Efficient application methods of P fertilizer are therefore
warranted.
Among a set of biophysical constraints to chickpea cultivation in the HBT, a number of
potential solutions related to chickpea cultivation are available. Rapid and reliable crop
establishment is a long-standing unresolved problem for expanding chickpea growing area in
the HBT area, despite initiatives that have been taken to address this. Recently, a 2-WT driven
minimum tillage planter (VMP, versatile multi-crop planter) has been introduced (Haque et al.
2010). This planter places seed and fertilizer in a narrow slot of soil 5-8 cm below the surface in
a single pass. The yield of chickpea was found to be equal to that resulting from the
conventional method (Haque et al. 2010). The minimum-till planter is spreading, because
sowing of other crops is equally effective by this machine. Hence sowing of crop seed is
moving from conventional broadcasting and incorporation by shallow ploughing towards
mechanized row seeding. One example is very relevant here; the 2-WT for cultivating (full
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rotary tillage) land was introduced in Bangladesh in the early 1990s, and within the following
20 years it almost completely replaced the animal-driven country plough (Haque et al. 2011).
So it is a reasonable to propose that the seeding of crops in future will be largely mechanized
and the VMP is a potentially suitable implement for this purpose. However, it is necessary to
understand the agronomy related to the new sowing system. Sowing seed and fertilizer at
depth has two implications: (i) the level of P fertilizer needs to be established as fertilizer
efficiency generally increases when it is placed in rows below the surface, (ii) the probable P
fertilizer toxicity to the crop seed needs to be investigated.
In the major chickpea growing areas (either relying on receding soil moisture or winter rainfall)
including the HBT, the topsoil dries out during the growing period, which is likely to reduce the
availability of P to chickpea. No study was found describing the pattern of P uptake of chickpea
under this condition. In the HBT, although the topsoil dries quickly after the harvest of the
preceding rice crop, the subsoil contains substantial amounts of stored water on which
chickpea relies by extending its root system. If the subsoil contains P, it is reasonable to expect
this P to be available to chickpea; this needs to be investigated.
In addition, chickpea is reputed to exude carboxylic acids, which have the capacity to mobilize
soil P under P-deficient conditions (Ae et al. 1991; Veneklaas et al. 2003). As drying of topsoil
commonly occurs during chickpea growth, investigation of P uptake by chickpea should be
done under this condition. Studies related to carboxylates in the literature were conducted
under well-watered soil or in hydroponic culture; it is not known, however, how chickpea
responds to carboxylate exudation and P acquisition under a dry topsoil.
In summary this thesis has the following objectives:
1) To evaluate the potential for P toxicity to chickpea seed under glasshouse and field
conditions.
2) To establish an optimum P application level for mechanized sowing of chickpea.
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3) To investigate the pattern of P uptake and distribution of chickpea under dry topsoil
conditions.
4) To investigate the flexibility of chickpea in acquiring P from below the topsoil.
5) To investigate the rhizosphere modification by chickpea and its relation to P
acquisition under dry topsoil conditions.
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Chapter 2
Effect of phosphorus fertilizer placement in relation to seed on
emergence and early growth of chickpea
2.1.

Introduction

In most chickpea-producing areas, low soil fertility, particularly P deficiency, limits growth and
yield of chickpea (Srinivasarao et al. 2003). While P fertilizer is usually applied in the large-scale
commercial production of chickpea (e.g. in Australia and Canada), it is less commonly applied
to this crop in resource-poor small-holder farming systems (Chris Johansen, personal
communication). In Bangladesh, chickpea is now mainly cultivated in the HBT under rainfed
conditions relying on water stored in the soil profile, after harvesting rainfed rice. Phosphorus
has been shown to be deficient in such soils (Johansen et al. 2007b) and application of P
fertilizer is recommended although not necessarily applied by the HBT farmers. The cultivation
of chickpea in the HBT traditionally involved full tillage with bullock-drawn country plough
after broadcasting the seed. Due to the slow process of this cultivation, 2-WT driven rotary
tillage has been introduced to cover a large area under chickpea in the small window of time
for sowing, when the soil moisture is optimal for chickpea planting and emergence after the
harvesting of rainy-season T. aman rice. But the shallow, full rotary tillage of the 2-WT hastens
the drying of the surface soil and increases the vulnerability of chickpea to drought stress
(Haque et al. 2010; Bell and Johansen et al. 2011). To conserve the surface soil moisture for
successful chickpea emergence and establishment, minimum tillage is thought to be an option
(Johansen et al. 2008a; Johansen et al. 2012). Based on the widespread availability of 2-WT,
development and manufacture of 2-WT mounted minimum-till planters has begun (Haque et
al. 2010). In this planting system, seed and P fertilizer (mainly TSP) are placed together below
the surface in a narrow strip of tilled soil. A concern arising from this new planting method is
whether the P fertilizer is safe or toxic to the seed.
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Many early studies have shown that placing fertilizer P with the seed while sowing (drilled P) is
a most effective method of application ( Sims and Andrew 1958; McDowell et al. 1961; Smith
1967; Loutit et al. 1968; Rudd and Barrow 1973; Engelstad and Terman 1980). Several previous
studies also reported the deleterious effect of P fertilizers placed with the seed. Drilling
superphosphate with wheat (Loneragan et al. 1966) or white lupin (Jarvis and Bolland 1991)
seeds caused toxicity particularly during the early stages of growth in a very sandy soil. Bolland
(1998) suggests that sandy soils are able to sorb only a small amount of the water-soluble P
and a proportionally high concentration of P in soil solution is toxic to the plants. The effect of
P toxicity in clay should be less because of its higher P sorbing capacity (Bolland et al. 2001).
The reason for reduced establishment may be that germination is impaired because of the
increased soil solution osmotic potential and limited water uptake by the seed (Uhvits 1946;
Molberg 1961; Nyborg 1961;). In addition, the toxic effect might be associated with anions in
the fertilizer such as HPO42- and NO3- or NH4+ toxicity (Molberg 1961; Nyborg 1961; Cooke
1962). Suppression of emergence and early growth is most acute from fertilizer containing
both P and N as ammonium. Banding DAP and MAP with or close to the seed has detrimental
effects on germination and emerged seedling growth ( Stevenson and Bates 1968; Moody et
al. 1995b; Zhang and Rengel 1999). These detrimental effects have been attributed to NH4+
toxicity and/or Ca deficiency induced by inhibition of Ca uptake due to high concentration of
NH4+ in the soil solution (Bennett and Adams 1970).
However, placing P fertilizer below the seed not only avoids fertilizer toxicity but increases the
effectiveness of the fertilizer (Jarvis and Bolland 1990; Jarvis and Bolland 1991). Again, P
fertilizer effectiveness depends on several factors, including physical and chemical properties
of the soil. In areas of very sandy soils where leaching of P occurred, no yield advantage was
observed by banding P below the seed. In this situation applying P fertilizer to the soil surface
was as effective as banding (Bolland 1998).
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Crop row spacing and rate of fertilizer are also related to the reduction in plant density due to
seed-placed P fertilizer. Row spacing determines the concentration of fertilizer in the furrow
assuming an unchanged fertilizer dose per unit area of land. Doubling the row spacing
increases the amount of P fertilizer close to the seed from the same rate of fertilizer, which
increases the detrimental effect of fertilizer and reduces plant population (Jarvis 1992).
There is no published finding related to the effect of placement of P fertilizer with chickpea or
with other pulse crop seed in the silt loam soil of the HBT region or light-textured soil
elsewhere in the chickpea growing areas in Bangladesh. The recommended rate of 20 kg P/ha
for chickpea was based on the broadcasting method (Miah et al. 2005). Phosphorus fertilizer
applied with the seed at this rate by minimum-till planters might be an overdose, which could
damage chickpea seed or suppress early growth in heavy soil or at least in light- textured soil.
In the present glasshouse studies, different row spacing and the sources and rates of P
fertilizer were considered in the investigation of the effect of seed-placed P on early growth in
chickpea in two distinctly different textured soils. A series of experiments used sand and clay
loam soil. Experiments 1 and 2 were set up to investigate the effect of seed-placed P (TSP
and/or DAP) on emergence of chickpea. The hypothesis was that toxicity may be a problem in
both sandy and clay soils and DAP toxicity would be greater than that of TSP. Subsequently,
experiments 3 and 4 were set up to examine the benefit of placing P away from the seed in
avoiding any suppression of early growth by fertilizer.

2.2.

Materials and Methods

A series of short-term experiments (1-4) were conducted in the glasshouse using TSP and/or
DAP as granules or as a crushed powder. To prepare the powder, fertilizer granules were finely
ground by a stainless steel grinder (Coffee ‘n’ Spice Grinder, Breville). The aim of this study was
to determine whether there was any emergence risk associated with P fertilizer placed with
the seed in two soils of contrasting texture (sand and sandy clay loam). It was intended to
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extrapolate these findings to the heavier-textured soil of the HBT and light-textured soil of
northern Bangladesh to predict probable seed-placed fertilizer effects on emergence and the
early growth of chickpea. It is important to note that the heavier-textured soils used in
experiments 1-4 were sandy clay loam (Table 2.1). For convenience of description, sandy clay
loam soils are termed as clay soil in this chapter.

2.2.1. Experiment 1
The experiment was arranged as a completely randomized design with three levels of TSP and
DAP (granules or dust) each with 3 replications. The amount of P fertilizers was calculated on
the basis of the recommended P rate (20 kg P/ha) for 40 cm or 60 cm row spacing. A control
treatment was included without addition of TSP or DAP. The hypothesis tested was that seedplaced P fertilizer would reduce chickpea emergence and early growth.
Soil: A reddish brown, slightly acidic clay soil (actually sandy clay loam, Table 2.1) from
Merredin (Calcic Red Dermosol, Isbel 1996) and a subsoil yellow sand were used in these
experiments. The soil properties are given in Table 2.1.
Fertilizer amount: The amount of fertilizer per seed or per pot was calculated on the basis of
the current recommended P fertilizer for chickpea in the HBT soils, which is 20 kg P (100 kg
TSP)/ha, and the row spacing (40 and 60 cm). The strip-till planter makes a furrow 4 cm wide,
spreading fertilizer across the strip and distributing it vertically within the tilled soil 1 cm below
and 1 cm above the seed, i.e., in a 2 cm vertical thickness in the strip furrow. The seed to seed
distance in rows is around 7.5 cm assuming a plant population of 45 plants/m2, which is
considered optimal in the HBT (AM Musa, personal communication). As the fertilizer is spread
continuously and seeds are placed theoretically 7.5 cm apart, all the fertilizer is not
concentrated around the seed. Hence fertilizer per seed was to be spread 3.75 cm on either
side of the seed in a band 2 cm thick and 4 cm wide (see Fig. 2.1 for a schematic illustration).
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Fertilizer granule 1 cm
vertically above seed
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Fig. 2.1. Schematic diagram (plan view) of seed and fertilizer granules in a furrow made by strip-tillage
in the field for a row spacing of 40 cm. Furrow width is 4 cm (not shown in the plan view) and furrow
depth, 5 cm. Assumes that fertilizer granules were mixed in the bottom 2 cm depth across the furrow.
The seeds were in the middle of the vertical distribution (2 cm thickness) of fertilizer granules, i.e.
fertilizer granules were mixed from 1 cm below to 1 cm above the seed. Seeds were spaced horizontally
7.5 cm apart in the furrow where fertilizer granules were distributed 3.75 cm on either side of the seed
in the furrow. The figure is not drawn to the scale.

In this experiment the fertilizer granule/powder density in treatments was based on the
following considerations: in one ha of land (100 x 100 m), assuming 40 cm spacing, the number
of rows of 100 m length will be 250. The total length of all lines will be 250 x 100 = 25000 m
per ha. Therefore, the 3.75 cm long strip of fertilized soil per seed will contain 0.151 g of TSP
(TSP 100 kg/ha, 45 seed/m2). Assuming 40 seeds per pot, 6.04 g TSP was required to supply the
equivalent TSP density of the 40 cm row spacing. Similarly, in 60 cm row spacing, the fertilizer
requirement will be 0.226 g/seed, and 8.84 g/pot. These amounts were much higher than the
amount calculated in relation to the surface area (17 cm in diameter) of the pot used, which
was 227 mg/pot (Asher et al. 2002) using the formula: Weight of compound (mg/pot) = Weight
of compound (kg/ha) X area of pot (cm2)/100, knowing that 1 kg/ha = 1 mg/100 cm2 of pot
area. However, similar considerations were also the basis for calculating DAP density. Nitrogen
supply was not balanced in TSP, DAP and control treatments in any experiment (experiment 1
to 4) to allow free growth of the nodule (if any in such short-term experiments).
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In preliminary experiments, no emergence occurred in sandy soil and only a small number of
seedlings in Merredin clay soil when TSP was applied at the rate of 90 cm spacing treatment.
Moreover, in field conditions in the HBT, it is not feasible to place fertilizer and seed by a single
pass of the machine maintaining the row spacing of 90 cm (Haque et al. 2011). In this region,
plant growth is not vigorous and the 90 cm row spacing will not produce a satisfactory plant
population.

Volume and amount of soil per seed: The volume of soil around each seed was calculated in
relation to the previous consideration for fertilizer density calculation (row width, 4 cm;
vertical thickness of fertilizer granule distribution, 2 cm; horizontal length of fertilizer granule
distribution, 3.75 cm). The soil volume was 30 cm3 (4 cm x 2 cm x 3.75 cm) per seed. Taking in
to account the bulk density of Merredin soil (1.35 g/cc) and yellow sand (1.2 g/cc), the
required amount of soil per seed was 40 and 36 g of Merredin soil and yellow sand,
respectively. For 40 chickpea seeds, the respective amounts of soil were 1.6 and 1.4 kg air-dry
soil.
Fertilizer mixing, pot preparation and seeding
For the calculated amount of soil, P fertilizer (TSP or DAP granule or powder according to
treatment) and the following basal nutrients were applied at (mg salt/kg soil): K2SO4-149;
KHCO3-133; CaCl2.2H2O-71; MgSO4.7H2O-25; MnSO4.H2O-5.7; ZnSO4.7H2O-5; CuSO4.5H2O-5;
NaCl-1; Na2MoO4.2H2O-0.7 (Bell et al. 1989). Respective amounts of these nutrients were
added to the soil as solutions, air dried and then mixed thoroughly. The pH of the soil was not
measured after mixing the basal nutrients. However, soil (5 kg) mixed with basal nutrient was
filled up to about 12 cm from the bottom of the pot (17 cm in diameter and 17 cm high, nondraining). The treatment P fertilizer was mixed with the 2 cm layer of soil (1.6 kg for Merredin
soil, 1.4 kg for yellow sand). Forty seeds of desi chickpea (Genesis 836) were sown on 29
August 2008 in the middle of the P-fertilized soil layer (2 cm thick). A 2 cm layer of basal
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nutrient mixed fertilized soil (not P fertilized) covered the P-treated layer, i.e., the seed was
located 3 cm below the soil surface.
Pots were watered with de-ionized water and maintained at 80 % of field capacity water for 12
days by weighing the pots every alternate day. Field capacity was measured by saturating 5 kg
air-dried soil with water (replication 3) in a free draining plastic pot (20 cm diameter, 20 cm
deep). The top of the pots were covered by plastic sheet and sealed to prevent evaporation.
After 24 h free drainage, the water holding was measured from the wet and dry weights of the
soil taken from 3 cm below the surface. The field capacities of Merredin soil and the yellow
sand were 17 % and 10 %, respectively. The pots were kept in a naturally-lit glasshouse at
Murdoch University, Perth, Western Australia (32o 04’ S, 115o 50’ E) with a maximum and
minimum temperature of 27 ± 3 O/11 ± 2 O C (means ± SE) and a daylength of 11.3 h.
Harvesting: Emergence of seedlings was counted on a daily basis with observations of any
visible symptom on the leaves. At 12 days after sowing (DAS), 6 plants were randomly
selected from each pot. No step was taken to separate them before root washing. Roots of all
plants (nearly 40 plants/pot) were taken out of the pots, and washed carefully under running
tap water on a 1 mm mesh to minimize root loss. Then the selected plants were separated
carefully by placing them horizontally on a tray, and were severed at the stem base. The
length of each plant’s shoot and root were measured manually by a ruler and the number of
root branches counted. Then the shoot and root were dried in a forced air-draft oven at 70o C
for 72 h and the dry weight was recorded.

2.2.2. Experiment 2
This experiment was conducted using the HBT soil in Rajshahi, Bangladesh with TSP granules
only as P fertilizer. It had the same objective as experiment 1. The treatments were also the
same as in experiment 1 plus an extra treatment of 90 cm row spacing (calculation method
shown in experiment 1). All treatments were replicated 3 times. The TSP treatment based on
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90 cm row spacing was included for an understanding of chickpea emergence response under
high P supply in the HBT despite the low feasibility of using this spacing in field conditions. A
clay soil (actually sandy clay loam, Table 2.1) (Aeric Haplaquept, Brammer 1996) was collected
from the top 10 cm of a typical HBT soil, air dried, ground, and sieved with a 2 mm mesh sieve.
Polyvinyl chloride (PVC) columns of 30 cm height, and 15 cm diameter were filled with 4 kg of
air-dried HBT soil with no addition of basal nutrients. The measured amount of TSP granules
according to treatments (see experiment 1) was mixed with the calculated amount of soil that
fills 2 cm of column depth (for 90 cm row spacing, 0.339 g of TSP per seed was mixed with the
soil). Columns were filled with soil up to 25 cm from the bottom. The 2 cm of P-fertilizer mixed
soil was placed on this. Twelve seeds of desi chickpea, BARI chola 5, were sown in the middle
of the TSP-treated soil layer on 13 February 2010. A 2 cm soil layer (without P fertilizer) was
placed on the P-fertilized layer, as in experiment 1.
Watering of the column was done to maintain 75 % of field capacity water content. The
columns were kept in a naturally lit transparent plastic shed in Rajshahi, Bangladesh, with
maximum/minimum temperatures of 30 ± 4 O/18 ± 3 OC (means ± SE) and a daylength of 11.0
h. Observation was done daily for emergence and for visible symptoms (if any). Plants were
harvested at 12 DAS, shoot and root were retrieved, dried, and weighed as in experiment 1.

2.2.3. Experiments 3 and 4
In experiment 1, emergence and early growth suppression was observed, especially in sand
due to placing P fertilizers with seed. To overcome this early growth suppression, experiments
3 and 4 examined the effects of placing TSP away from the seed or by mixing it thoroughly with
a larger volume of soil. Experiment 3 was conducted in the same place and location as
experiment 1, while experiment 4 was in the same place as experiment 2.
The soils used in the experiments (experiment 1 to 4) were analysed by CSBP Future Farm
analytical laboratories (Bibra Lake, WA, Australia) for the properties given in Table 2.1.
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Table 2.1. Properties of soil used in pot experiments (1 to 4).

Soil properties

Experiments
1 and 3
(Merredin
soil)

Experiments 1
and 3 (Yellow
sand)

Experiment
2 and 4
(HBT soil)

Depth soil collection

0-10 cm

20-50 cm

Top 10 cm

Sand (%)

63.3

93.2

51.7

Silt (%)

15.9

5.8

25.2

Clay (%)

20.8

1.0

23.1

Ammonium nitrogen (mg/kg)

1.0

<1.0

10.0

Nitrate nitrogen (mg/kg)

25.0

<1.0

7.0

Phosphorus Colwell (mg/kg)

8.0

2.0

9.0

Phosphorus Olsen (mg/kg)

Not measured

Not measured

3.1

Potassium Colwell (mg/kg)

327

22
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Sulphur KCl 40 extraction(mg/kg)

11.3

9.1

10.4

Organic Carbon ( %)

1.06

0.05

0.59

Electrical conductivity (1:5 soil:
water) (dS/m)
pH (CaCl2)

0.16

0.02

0.08

6.8

6.4

5.5

pH (H2O)

7.8

6.9

6.0

Phosphorus retention index

23.0

2.4

117

Plants were grown in PVC columns 30 cm high and 15 cm diameter containing 7 kg of soil each.
Salts of nutrients were mixed as described in experiment 1 with the sieved (4 mm mesh)
Merredin soil and yellow sand (experiment 3). No basal nutrients were added to the HBT soil
(experiment 4). The vertically-split PVC columns were taped together and filled up with soil.
From the bottom of the column, 18.5 cm was filled up with air-dried soil (without basal
nutrient). The top 10 cm of the column was filled up after amendment with basal salts (in
experiment 3 only) and TSP according to treatments.
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Treatments: Granular TSP required per seed (0.15 g) was calculated on the basis of
assumptions used in experiment 1. A calculated amount of TSP was mixed with a 2 cm layer of
column soil (the TSP amount per seed based on the calculation for experiment 1). This TSPtreated soil layer was placed at different depths in the column according to placement
distance (treatment) from the seed. The TSP (TSP mixed soil layer) placement distances from
the seed were 0 cm (seed was placed in the middle of the 2 cm thick layer of TSP-mixed soil in
the column as in experiments 1 and 2), and 2 and 5 cm directly below the seed. A control
treatment was included in which TSP was thoroughly mixed in the top 10 cm of soil to simulate
broadcasting and incorporation in the field. Seed was placed 3 cm below the surface in all
cases. Each treatment had three replications.
Growing and harvesting of plants: In experiment 3, Rhizobium (Nodular, Group-N) suspension
(at 100 g/L water) was applied at 1 mL/seed under the seed just before sowing. Twelve seeds
of desi chickpea cv Genesis 836 were sown per column on 1 August 2009 and the columns kept
in a glasshouse with 26 ± 3/9 ± 1 OC maximum/minimum temperature and a daylength of 11.3
h. Watering was done just after sowing, and every alternate day by weighing the soil to
maintain water at 75 % of field capacity (field capacity of clay 17 %, sand 10 %). Harvesting was
done at 12 and 24 days after sowing (DAS). Shoots were cut at the soil surface. Roots were
washed under gently running tap water on a sieve (<0.5 mm) to prevent root loss. Maximum
root length at the 12 DAS harvest was measured manually using a ruler. At 24 DAS, nodules
were counted and separated from the root and washed roots were assessed for total root
length and surface area using a scanner controlled by WinRhizo software (Regent Instruments,
Quebec, Canada). Plant materials were dried in a forced-draft oven at 65 OC for 72 h and
weighed.
In experiment 4, 12 seeds of BARI chola 5 were sown on 13 February 2010 (without Rhizobium
inoculation) and columns were kept in a plastic shed with 30 ± 4/18 ± 3 oC maximum/minimum
temperature and a daylength of 11.1 h. Sowing technique, watering (75 % of field capacity
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water where water content at field capacity was 18 %), harvesting, root washing, drying of
plant materials was done following the same procedure as in experiment 1. The maximum root
length at both harvests was measured manually using a ruler.
Statistical analysis: In all four experiments, data were analysed by one-way Analysis of
Variance (ANOVA) following a completely randomized design (CRD) by Statistix 8 software.
Least significant difference (lsd) was used to test differences among treatment means at 5 %
level of significance.

2.3.

Results
2.3.1. Experiment 1

Plants treated with TSP dust behaved in the same way as those treated with TSP granules, so
the results are described only for TSP granule treatments in experiment 1 unless stated
otherwise. The emergence of seedlings both in yellow sand and Merredin clay soil was ≥ 85 %
when TSP was placed with the seed (Table 2.2). However, Merredin clay had a higher
percentage of emergence (96 % to 99 %) than that of yellow sand (85 % to 97 %). The
emergence decreased significantly (P <0.05 %) with the increase in amount of TSP in sand. In
clay soil, statistically similar emergence was observed from 40 cm and control while it was
reduced (P <0.05 %) in 60 cm. Root length, root dry weight (DW), branch roots, and shoot
length were higher in yellow sand than Merredin soil, but with the increase in TSP amount in
yellow sand there was a significant decrease (P <0.01) in all parameters (root length, shoot
length and their DW, branch number). In clay, root length and shoot length were not
significantly reduced by the TSP treatments. Root and shoot DW was reduced significantly by
increased P (P <0.05 %). Root branching was reduced at 60 cm while the control plants and
plants in 40 cm produced similar numbers of branches. Overall, root DW was higher than that
of shoot in sand while in clay, the DW of shoot was much higher than the DW of root.
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Table 2.2: Response of 12-day-old chickpea to seed-placed TSP granules in sand and clay soils in
experiment 1. Forty and 60 cm refers to the P concentration in the pot soil calculated assuming the row
spacing 40 and 60 cm, and based on the recommended TSP rate (100 kg/ha) for chickpea. All values of
each parameter are presented on a per plant basis. The values are means of three replications. *P <0.05;
**P <0.01; ***P < 0.001; ns, non-significant

Soil

TSP

Emergence (
%)

Length
(mm)

DW
(mg)

No. of
branch

Root
Sand

Clay

0
40
60
lsd (0.05)
P
0
40
60
lsd (0.05)
P

96.7
88.3
85.0
8.0
*
97.9
96.6
94.1
2.7
*

Length
(mm)

DW (mg)

Shoot

148.4
135.9
104.9
10.6
***
74.8
72.5
70.2
ns
-

44.4
41.1
36.4
5.2
*
21.8
20.2
17.6
2.9
*

30.9
26.7
17.0
3.4
***
15.2
16.2
13.8
ns
-

81.3
66.7
56.8
9.9
***
55.7
52.3
48.6
ns
-

38.7
36.2
29.5
3.5
***
56.3
49.1
44.9
2.2
***

From 9 DAS, TSP-treated plants in yellow sand showed greyish-white necrosis from the tip of
leaflets of older leaves. These symptoms resemble P toxicity symptoms (Bhatti and Loneragan
1970a in wheat). The necrosis later spread distally from the tip of the leaflet and in severe
cases the symptom spread to the whole leaflet and even to the whole leaf (Fig. 2.2).
Blackening of roots was observed in TSP-treated plants in sandy soil, particularly at root tips.
No P deficiency or toxicity symptom was observed in the plants grown in clay soil or in the
control plants grown both in yellow sand and clay soil.
These results showed that application of 100 kg TSP/ha with 40 or 60 cm row spacing was a
risk for early growth of chickpea in sandy soil, while a marginal early growth depression
occurred in clay soil particularly for the 60 cm row spacing.
With DAP granule and dust, the seedling emergence was nil or severely depressed in sand at
both levels of DAP (40 or 60 cm) (Table 2.3). By contrast nearly 100 % emergence was
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observed in clay soil with the same DAP treatments and formulations, granule or dust. In sand,
most of the seeds did not even germinate, and developed a black seed coat color (Fig. 2.2); a
few produced only a short radical, which rotted. When seedlings emerged, they were
abnormal: stunted shoot and root growth with black spots at the root tips.

A

B

C

D

Fig.2.2. Phosphorus toxicity symptoms in leaves, roots and seeds from seed-placed P fertilizers in sandy
soil in experiment 1. Plate A, control pot, no P toxicity symptom; Plate B, P toxicity symptom from TSP in
40 cm row spacing; Plate C, no emergence occurred with DAP dust at 40 cm row spacing; Plate D,
abnormal seedling in DAP 40 cm granule treatment with stunted shoot and brown discolouration of
roots with blackened tips. Forty cm refers to the P concentration in the pot soil calculated assuming row
spacing of 40 cm, and recommended TSP or DAP rate (100 kg/ha) for chickpea.
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Table 2.3. Emergence of chickpea with seed-placed DAP (granule and dust) in Merredin clay and yellow
sand in experiment 1. Forty and 60 cm refers to the P concentration in the soil calculated assuming a
row spacing of 40 and 60 cm, and recommended DAP rate (100 kg/ha) for chickpea. No DAP was added
in the control treatment. Values are means ± SE of three replications. Values for each replication are the
percentages for emergence of 40 seeds.

Soil

DAP form

Control

40 cm

60 cm

Clay

Granule
Dust
Granule
Dust

99.2 ± 0.8
99.2 ± 0.8
96.3 ± 0.8
96.3 ± 0.8

99.2 ± 1.7
95.8 ± 0.8
8.3 ± 2.2
0

95.8 ± 1.7
98.3 ± 2.2
0
0

Sand

2.3.2. Experiment 2
In the HBT soil, the initial emergence in the higher TSP treatments (60 and 90 cm) was slow but
by 8 days nearly 100 % emergence was found in all treatments with no significant difference
among the treatments (Fig. 2.3). Chickpea root and shoot DW decreased significantly (P <0.05
%) when TSP was placed with the seed compared to that of the control (Fig. 2.4) but the DW
was not significantly different among the row spacing treatments.

100

Cumulative emergence (%)

Fig.2.3. Cumulative emergence of chickpea
80

in the HBT soil in seed-placed TSP

60

40

0

(experiment 2). The treatments 40, 60, and

40

90 represent the P concentration that was

60

calculated from the row spacing 40, 60, and

90

90 cm and recommended TSP rate (100

20

kg/ha). Zero (0) represents the control soil
with no application of TSP. Vertical bars

0
5

6

7

indicate mean ± SE of three replicates.

8

Days after sowing

60

60

Dry weight (mg/plant)

50
40
shoot
root

30
20
10
0

0

40

60

90

TSP rate

Fig.2.4. Root and shoot dry weight of 12-day-old chickpea when TSP was placed with the seed in the HBT
soil (experiment 2). The treatment 40, 60, and 90 represent the P concentration that was calculated
from the row spacing 40, 60, and 90 cm and recommended TSP rate (100 kg/ha). Zero (0) represents the
control soil with no application of TSP. All values of each parameter are presented on a per plant basis.
Vertical bars indicate mean ± SE of three replicates. In each replication dry weights were averaged for 6
randomly selected plants (12 plants/pot). Least significance difference (lsd0.05): for shoot, 7.3; for root,
5.3.

2.3.3. Experiment 3
In sand, the emergence started one day before that in clay and seed-placed TSP significantly
decreased emergence compared to that of banding TSP below the seed (Fig. 2.5a). In clay soil,
TSP placement depth had no effect on final emergence at 10-11 DAS but the initial rate of
emergence was slow when TSP was placed with the seed and banded at 2 cm below the seed
compared with that of 5 cm banding and when TSP was thoroughly mixed with the soil (Fig.
2.5b).
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a

b

Fig. 2.5. Cumulative emergence of chickpea in (a) yellow sand and (b) Merredin clay soil fertilized with
TSP banded with seed (0), 2 and 5 cm below the seed or by mixing TSP with the top 10 cm of soil.
Vertical bars indicate mean ± SE of six replications.

Seed-placed TSP decreased root length, root and shoot DW after 12 days of treatment in sand
(Table 2.4). With the increase in P placement distance from the seed, root and shoot length
and their dry matter increased significantly. In clay soil all the mentioned parameters were
unaffected by seed-placed TSP.
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Table 2.4. Effect of triple superphosphate (TSP) banding on early growth of chickpea at 12 days after
sowing (experiment 3). Means are calculated from three replications. All values of each parameter are
presented on a per plant basis: *P <0.05; **P<0.01; ***P<0.001; ns, non significant.

TSP placement
relative to seed
(cm)
Sandy soil
0
2 cm below
5 cm below
Top 10 cm mixed
P
lsd (0.05)
Clay soil
0
2 cm below
5 cm below
Top 10 cm mixed
P
lsd (0.05)

Tap root
length
(cm)

Shoot
length (cm)

No. of root
branches

Root DW
(mg)

Shoot DW
(mg)

23.9
23.2
26.6
25.8
*
2.4

10.7
9.9
10.6
11.4
***
0.6

28.6
27.6
33.1
33.4
**
4.6

41.7
68.5
73.1
67.0
**
11.5

50.9
46.3
51.4
60.2
*
8.9

15.9
16.4
16.5
15.2
ns

11.8
11.6
11.3
12.4
ns

21.8
20.3
22.3
22.7
ns

24.7
27.3
29.2
30.5
ns

67.1
64.7
66.2
72.0
ns

At 24 DAS, in sand, total root length in 0 and 2 cm treatments and root surface area in 0 cm
were significantly reduced compared to 10 cm mixing treatment (Table 2.4). Although there
was no significant difference in root and shoot dry weight, highest values were also observed
in the 10 cm mixing treatment. Nodule dry weight was significantly reduced in 0 cm due to
both smaller size (visual observation) and reduced number.
Phosphorus toxicity symptoms (greyish-white necrosis) were first observed at 10 DAS in the
lower leaves in 0 and 2 cm treatments. The symptom continued to increase after first
appearance. This symptom was also observed in some plants of 5 cm and even in few plants of
10 cm mixing treatments (Fig. 2.6).
In clay soil, banding TSP with seed produced similar root, nodule and shoot growth to 10 cm
mixing treatments (Table 2.5). Indeed, there was no effect of P fertilizer placement on root dry
weight, root surface area, nodule number and dry weight. Shoot dry weight and root length
were greater in 10 cm mixing treatment than 2 cm banding.
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Table 2.5. Effect of triple superphosphate (TSP) banding on the growth of chickpea at 24 days after
sowing (experiment 3). Means are calculated from three replications. All values of each parameter are
presented on a per plant basis. ‘ns’ refers to non-significant.

TSP placement
relative to seed
(cm)

Total root
length
(cm)

Root
surface
area (cm2)

No. of
nodule

Root

Shoot

Nodule

Dry weight (mg)
Sandy soil
0
2
5
10
P
lsd (0.05)
Clay soil
0
2
5
10
P
lsd (0.05)

516
513
529
571
0.08
49.3

110
112
112
122
0.11
10.5

9.6
9.5
12.4
11.8
ns

68.0
68.4
73.0
74.2
ns

122
119
122
135
ns

11.4
14.2
16.8
17.0
0.14
5.5

431
379
462
436
0.2
82.1

88.1
79.8
94.8
91.1
ns

29.3
27.8
27.6
31.3
ns

52.2
49.4
53.6
55.8
ns

205
200
209
230
ns

7.8
5.5
8.3
6.2
ns

B

A

Fig.2.6. Phosphorus toxicity symptoms in 18-day-old chickpea when triple superphosphate (TSP) was
placed (A) with the seed and (B) 2 cm below the seed in sand.

2.3.4. Experiment 4
In the HBT soil, seedling emergence took more time with seed-placed TSP and TSP placed 2 cm
away from the seed than with TSP 5 cm below the seed and 10 cm mixing treatments (Fig.2.7).
Although seed-placed TSP reduced emergence significantly at the initial stage, the final
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emergence was not different among the treatments and there was >90 % emergence at all P
banding placements.

Fig.2.7. Cumulative emergence of chickpea in the HBT soil when triple superphosphate (TSP) was
banded with seed (0), 2, and 5 cm below the seed, and TSP mixed with top 10 cm of topsoil. Vertical
bars indicate mean ± SE of six replications. The lsd (0.05) for 5 DAS, 8.1 (P <0.001); for 6 DAS, 5.8 (P
<0.001); for 7 DAS, 5.2 (P <0.01).

At 12 DAS, TSP placement with and away from the seed (irrespective of placement distance)
had no effect on shoot DW (Fig. 2.8a). The roots responded similarly to shoots, except for TSP
mixing with 10 cm topsoil where root DW was increased marginally compared to that of other
banding treatments.
At 24 DAS, root and shoot DW increased with TSP 5 cm below seed and produced equal DW to
that of 10 cm mixing (Fig. 2.8b). In all treatments root nodules were small in size and difficult
to separate from the root.
Initially, the root length was higher in the 10 cm mixing treatments than in that of banding
placements (Fig. 2.9), but with growth this suppressive effect disappeared and there was no
difference among treatments in total root length at 24 DAS.
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a
Shoot

150

b
Root
150

Dry weight (mg/plant)

120
120

90

90

60

60

30

30

0
0

2

5

0

10

0

TSP banding distance (cm)

2
5
10
TSP banding distance (cm)

Fig.2.8. Shoot and root dry weight of chickpea at (a) 12 and (b) 24 days after triple superphosphate (TSP)
treatments in the HBT soil (experiment 4). TSP banded with seed (0), 2 or 5 cm below the seed, and TSP
mixed with top 10 cm of soil. All values of each parameter are presented on a per plant basis. Vertical
bars indicate mean ± SE of three replications. The lsd (0.05) for shoot: at 12 DAS,3.4 (P <0.01); at 24 DAS,
12.1 (P <0.01). The lsd (0.05) for root: at 12 DAS, 5.4 (P <0.01); at 24 DAS, 9.3 (P <0.0001).

12 DAS

24 DAS

Root length (cm/plant)

500
400
300
200
100

0
0

2

5

10

TSP treatment

Fig.2.9. Root length of 12- and 24-day-old chickpea in the HBT soil. Triple superphosphate (TSP) banded
with seed (0), 2 or 5 cm below the seed, and TSP mixed with top 10 cm of soil. All values of each
parameter are presented on a per plant basis. Vertical bars indicate mean ± SE of three replications. The
TSP placement effect on root length at 12 and 24 DAS was not significant.

66

2.4.

Discussion

In this study, placement of 100 kg of triple superphosphate (20 kg P) per hectare with chickpea
seeds affected the early growth by reducing seedling emergence and by slowing the rate of
emergence. However, the early growth suppression was strongly influenced by soil texture. In
sandy soil, seed-placed P fertilizers were more suppressive that in the clay soil (experiment 1,
Table 2.2; experiment 3, Fig. 2.5, Table 2.4). There has been no published report of P fertilizerrelated growth suppression on chickpea in the literature to date, even though it has been
observed in other crop species. In wheat, drilling 15-20 kg P/ha as superphosphate with the
seed caused toxicity at early stages of growth in a very sandy soil (Loneragan et al. 1966).
Narrow-leafed lupin (Lupinus angustifolius), which is grown widely on the sandy soils of
Australia, is susceptible to P toxicity. In sand, drilling P even at the low rate (10 kg P/ha) caused
toxicity in lupin (L. angustifolius) (Jarvis and Bolland, 1991; Bolland and Jarvis 1996) and in
cereals (Loneragan et al. 1966), and that resulted in lower plant density (Jarvis and Bolland,
1991).
In previous studies, P toxicity was only a problem for soils with low capacities to retain P (<2 %
clay or PRI values <2mL/g) (Jarvis and Bolland, 1991; Bolland and Jarvis 1996). The toxicity
symptoms of this study (experiments 1 and 3) were observed in sand where the clay content
was 1 % and PRI 2.4 mL/g (Table 2.1), which was consistent with the values causing P toxicity
reported by Jarvis and Bolland (1991), and Bolland and Jarvis (1996).
Soil that contains higher clay content may avoid the early growth suppression by P fertilizer.
Soils in Western Australia that contains >10 % clay generally have sufficient capacity to sorb P
enough to avoid P toxicity problems at a realistic rate of application (Bolland et al. 2001).
Bolland et al. (2001) applied up to 45 kg P/ha with the faba bean seed in the wider row spacing
(38 cm) in soils containing 25 % clay and 58 % sand, and PRI 15-17 mL P/g, and found no
toxicity in seedlings. In the present study, the clay content and PRI for the Merredin soil were
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21 % and 23 mL/g respectively, and that for HBT soil was 23 % and 117 mL/g (Table 2.1). The
higher clay content and PRI value minimized the suppressive effect when P fertilizer was
applied with the seed (experiments 1, 2, 3, and 4). Even under P concentrations equivalent to
those applied for 60 and 90 cm row spacing (Table 2.2, Fig. 2.4) in clay soil, there was no
persistent harmful effect on emergence and early growth relative to those for 40 cm. This
response might also relate to the clay content and P retention of the respective soils. High P
sorption capacity of clay soils (Merredin soil and HBT soil) apparently prevent buildup of high
P/salt concentration around the seed, so P fertilizer placed with seed has no effect on
emergence.
Toxicity symptoms in the leaflets of the old leaves in experiments 1 and 3 are a feature
common to all salt toxicities (Greenway 1962). This might result more from the deleterious
effects of excess accumulation of inorganic orthophosphate salts within the affected tissues
than from specific toxicity of accumulated phosphate ions (Bhatti and Loneragan 1970a). They
found that the symptom was closely associated with the leaf-tip accumulation of P32 and
speculated that this phosphate is present as soluble phosphate. This high phosphate
concentration might disrupt the water relation of the leaf cells and thus cause the observed
injury (Bhatti and Loneragan 1970a).
In experiment 3 (Fig. 2.5a) in sand and experiment 4 (Fig. 2.7) in HBT clay soil, the suppression
of emergence occurred when P was banded with the seed (0 cm). This might be due to the
osmotic effect of P fertilizer (TSP) which could limit moisture uptake by the germinating seed.
As P fertilizers have lower salt index (SI) than nitrogen and potassium fertilizers (Mortvedt
2001), and TSP has a lower SI value than that of mono- and di-ammonium phosphate, the final
emergence was less affected (~ 90 %) than with emergence in control (with no P fertilizer
added) (Figs. 2.5, 2.7).
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The severe effect of DAP on germination and emergence in sand (Table 2.3, Fig. 2.2) may not
be only from P or salt effects but more from NH4+ released from DAP dissociation. The adverse
effect of NH4+ on germinating seed is well established. Miller et al. (1970) suggested that DAPrelated growth reduction was due to Ca deficiency caused by precipitation of Ca-P complexes;
the black root tips found in sand in this study are consistent with Ca deficiency.
The osmotic/salt effect of P fertilizer in sand reduced root length and dry weights (to root and
shoot) (Table 2.2). Although there were no symptoms in plants grown in clay soil throughout
the experimental period, decreased root length in 2 cm banding treatments in experiment 3
(significantly less than in 10 cm mixing) (Table 2.5), and root and shoot DW (Fig. 2.5 in
experiment 4) might be due to an adverse effect of TSP in the root environment. This result is
in accordance with Bhatti and Loneragan (1970b), who found that severe depression of root
growth in wheat starts before appearance of any symptom in the shoots, even though their
study was in siliceous sand. Just after emergence of the radicle, the tender tip in the 2 cm
banding treatment might be inhibited in elongation when it encounters the concentrated
fertilizer bands, which were not present when TSP was mixed in the top 10 cm of soil or even
when the TSP was banded with seed.
Root growth suppression due to P fertilizer banding was observed in several studies with
cereals. Blanchar and Caldwell (1966) found that oat roots did not grow in to a monocalcium
phosphate (MCP) band. Also, Ouyang et al. (1998) reported that root growth stopped in the
vicinity of a band containing urea and TSP. Actually, they used TSP as an ameliorating
compound against NH+4 toxicity from urea. Trapeznikov et al. (2003) showed that shorter roots
of wheat with more laterals grew in the nutrient-rich patch, while longer roots were observed
where the same amount of nutrients (NPK compound fertilizer 11:10:11) was thoroughly
mixed with the soil. Mixing TSP with 10 cm treatment in sandy soil in experiment 3 at 24 days
increased root growth more than banding treatments, which supports the findings of
Trapeznikov et al. (2003). They predicted that abscisic acid (ABA) produced in the root due to
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increase in nutrient concentration reduced root elongation, since ABA is known to inhibit root
elongation of well-watered maize seedlings (Sharp and Noble 2002). Increased root length in
the 5 cm banding (Table 2.5) treatment in both soils may be the result of avoiding salt toxicity
due to greater distance between seed and P fertilizer than that the 2 cm distance that might
increase P fertilizer efficiency. Jarvis and Bolland (1990; 1991) found that banding
superphosphate 5-8 cm below lupin seed avoids P toxicity problems and increased P use
efficiency.
This study and most of the studies mentioned here relating to P toxicity at early stage of plant
growth were conducted on controlled conditions where water was not limited. Water not only
dissolves the applied fertilizer, raising the salt concentration, but it might dilute the toxic
concentration of P. Drying of the seed bed after sowing aggravated the damage caused by
superphosphate toxicity in oilseed rape (Mason 1971). On the other hand, rain after drilling
fertilizer with the seed appeared to reduce the inhibitory effect by leaching the nutrient
element (Nyborg 1961). Hence drying to of the seedbed may be an additional factor to
consider in the risk of placing chickpea seed close to TSP fertilizer while row sowing in the HBT
soil of Bangladesh.

2.5.

Conclusion

It is concluded that application of TSP with the seed and banding at 2 cm below seed in sand
was risky for seedling emergence and early growth of chickpea. In sand, a banding distance >5
cm below the seed seems necessary but it still had some suppressive effect on early growth. In
sandy soil (low clay content, around 1 %), P fertilizer placement by the minimum-till planter
should be more than 5 cm directly below or to the side of the seed. In clay soil, the
recommended dose of TSP (100 kg/ha) was less toxic, with only marginal effects observed on
emerged seedling growth. Thus banding of TSP directly with seed in the clay loam HBT soils in
strip tillage is not likely to result in toxicity to chickpea so long as there is adequate soil
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moisture at sowing. However, the dose of 100 kg/ha has been established for hand broadcast
seed and fertilizer. Placement of TSP adjacent to the seed, as in strip tillage, may increase the
efficiency of fertilizer use, and thus a reduced rate could meet the P needs of the crop. Our
field study in sandy clay loam to clay loam soil in the HBT in the 2008-09 and 2009-10 seasons
suggested that grain yield at 100 kg TSP/ha was not significantly different from that at 50 kg
TSP/ha (to be discussed in Chapter 3). In the experiments of the current study, only 2
genotypes of chickpea were tested. Perhaps other genotypes would respond differently. This
needs to be tested in different soils and environmental conditions.

71

Chapter 3
Response of row-planted chickpea to phosphorus in the High Barind
Tract of Bangladesh
3.1.

Introduction

Chickpea is an important grain legume grown across a wide range of environments, from the
sub-tropics of South Asia to Mediterranean climates in Europe, the Americas and Australia,
and even in the cold temperate regions of North America (Siddique et al. 2000). In
Mediterranean climates, this crop is sown during or after the winter rainy season and flowers
in early spring when stored soil moisture begins to recede (Toker et al. 2007). In the subtropics, chickpea is sown after the summer rainy season ends and the crop grows on receding
stored soil moisture (Siddique et al. 2000). In Bangladesh, the crop is grown in winter, mainly
in the HBT region of the country, as a non-irrigated crop after the harvesting of rainy-season
transplanted rice and relying on stored moisture in the soil profile (Musa et al. 2002). The
cultivation of this crop in other traditional chickpea-growing areas of the country has declined
markedly owing to yield instability caused by diseases (e.g. Botrytis grey mould: BGM) and
insects (e.g. pod borer Helicoverpa armigera) (Rahman et al. 2000; Kumar et al. 2007). The
decline is also due to replacement of chickpea by irrigated rice or wheat because of the
country’s ever-increasing demand for cereals. However, it is the most remunerative rainfed
crop of the HBT environment where the foliar diseases and insect infestation is minimal,
irrigation potential is limited and the land would otherwise remain fallow after the rice harvest
(Musa et al. 2001; Kumar et al. 2007). The climatic condition in the HBT (Agro-Ecological Zone
26) (FAO 1988) is different from the rest of the pulse-growing areas of Bangladesh. The
average rainfall is lower than that of other parts of the country (Brammer 1996). The soil of
this region has been formed on alkaline alluvium but has developed an acidic surface layer in
the humid tropical climate (pHwater 5.0-6.0 at 0-20 cm depth but pHwater 6.0-7.5 below 20 cm)
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(Brammer, 1996). Because of the low surface soil pH, deficiencies of P, sulphur (S), calcium
(Ca), magnesium (Mg) and molybdenum (Mo) and toxicities from Al and manganese (Mn) are
possible problems in HBT soil, compounded by low organic matter and high bulk density (BARI,
BARC and ICRAF, 1991). Hunt (1984) described the Barind situation as an environmental crisis,
because of its unstable ecosystem and farming that was vulnerable to disruption.
A set of potential biotic and abiotic constraints associated with this environment reduce
chickpea yield. Farmers’ chickpea yields in the HBT of around 0.8 t/ha remain below the yield
obtained from constraint-free conditions (Salam et al. 2008) and the yield (1.0 -1.5 t/ha) for
most growing environments of the world (FAO 2010). The major biophysical constraints to
chickpea in the HBT are drought stress (limiting establishment at an early stage or reproductive
growth due to terminal drought at a later stage), pod borer (although the infestation is lower
than other parts of Bangladesh) and deficiencies of N, P, Mo and boron (B) (Johansen et al.
2008a; Bell and Johansen 2011).
Component research has identified treatments for the biophysical constraints to chickpea. It is
possible to alleviate dry soil effects on chickpea establishment through seed priming (Musa et
al. 2001), and by sowing within a few days of rice harvest when the topsoil is still moist.
Terminal drought can be alleviated by use of varieties whose duration better matches the
period when soil moisture is available (Johansen et al. 2007a). It is also possible to minimize
pod borer damage through integrated pest management (Musa et al. 2007). To further
increase yield and stability of yield, it is necessary to diagnose and address the suspected
nutrient limitations (Johansen et al. 2007a). The severe N deficiency of chickpea commonly
observed in the HBT can be effectively alleviated by applying Mo and Rhizobium inoculum with
the priming water (Johansen et al. 2007b). The next important nutrient limiting chickpea yield
in the HBT is P, a limitation possibly related to the drying of the surface soil. Phosphorus
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response can be reduced in chickpea grown under rainfed conditions as a result of the drying
of the topsoil (Johansen and Sahrawat 1991).
Surface broadcasting and incorporation of seed and P fertilizer is the common practice in the
HBT region (Bell and Johansen 2011), although this method of P fertilizer application has been
proved to be inefficient in other studies (Sleight et al. 1984; Randall and Hoeft 1988; Jones and
Jacobsen 2003), particularly where the surface soil dries out (Arihara et al. 1991). Surface soil
drying has major effects on chickpea and the establishment of other winter crops in the HBT
(Johansen et al. 2008a; Bell and Johansen 2011). Moreover, the existing tillage practice, seed
sowing and P fertilizer application method are major constraints to the expansion of chickpea
production in this area (Johansen et al. 2008a; Bell and Johansen 2011).
To enable speedy crop establishment in the short window of time after rice harvesting, when
the soil moisture is favourable for chickpea establishment, the 2-WT providing rotary tillage
has been gaining acceptance in the HBT (Haque et al. 2010). The 2-WT has the capacity to
cultivate a large area for sowing chickpea, but it increases the vulnerability of chickpea seeds
to drought because its shallow cultivation exposes seed to surface soil drying and may increase
soil smearing below the seed. The shallow cultivation may also place most of the P fertilizer at
too shallow for effective uptake by chickpea when the topsoil dries out. To overcome this
problem, it may be beneficial to place seed and P fertilizer in a moist zone of soil below the
surface; mechanized minimum tillage planting is thought to be an option (Johansen et al.
2008a; Bell and Johansen 2011). Because of the easy availability of 2-WT in rural Bangladesh,
researchers have developed minimum tillage planters locally (Haque et al. 2010; Haque et al.
2011) by which seed and P fertilizer are placed below the soil surface in a furrow. The new
tillage system requires new agronomic practices. For example, it is necessary to assess the
effect of seed-placed P fertilizer on seedling emergence and early growth under this system
and to establish an optimum P fertilizer rate. Many studies have shown that seed-placed P
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causes toxicity, which reduces plant population and results in yield loss (Jarvis and Bolland
1991). On the other hand, placing P fertilizer in a smaller volume of soil increases P fertilizer
efficiency by reducing P sorption (Barber 1995; Maxwell et al. 1984; Moody et al. 1995b) and a
lower amount of P fertilizer is usually needed than with traditional broadcasting and
incorporation, particularly under conditions where P-fertilized topsoil dries out (e.g. for
chickpea, Arihara et al. 1991; Johansen and Sahrawat 1991) or where the P sorption capacity
of the soil is high.
The response of chickpea to P placement with the seed in row seeding by a planter has not
been investigated under dry topsoil condition in the HBT region of Bangladesh. In the previous
glasshouse study (Chapter 2), seed-placed P fertilizer impaired germination and emergence of
chickpea on sandy soil but there was minimal persistent suppressive effect in sandy clay loam
soils (clay content ≥21 %). In Bangladesh, chickpea is less preferred by farmers as a crop for the
sandy or light textured soils prevalent in northern Bangladesh. In the HBT, where soils are
relatively heavy-textured, chickpea is a remunerative and popular crop. However, with the
possible transition of chickpea cultivation from traditional broadcasting to mechanized row
planting, experimental assessment of the planters was required in the field in consideration of
the possible risk of contact between seed and P fertilizer. In addition, it was necessary to
assess the P fertilizer rate for yield response of chickpea compared to conventional cultivation.
Field studies were undertaken for two successive years at several locations in the HBT. The
first year of study was designed to test the glasshouse result: whether seed-placed P fertilizer
is safe for chickpea seed under field conditions, and to assess whether chickpea benefited
from seed-placed P fertilizer in respect of grain yield more than with conventional cultivation.
Taking into account the first year’s results, the next year’s study investigated how chickpea
maintains its P-nutrition under dry topsoil conditions. Several plant species store P in their
vegetative parts (e.g. soybean, Lauer and Blevins 1989a; wheat, Batten et al. 1986) and
remobilize P during the time of grain filling. As there is no report available about the P
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nutrition of chickpea under the dry topsoil conditions as in the HBT, it was hypothesized in the
second field study that chickpea will store P in the vegetative organs by flowering and will
remobilize P during the time of pod filling.

3.2.

Materials and Methods

3.2.1. Location
The response of chickpea to seed-placed P fertilizer was studied in the field for two years
(2008-09 and 2009-10) at four sites in the HBT of Bangladesh. The experimental design and the
treatments were similar at all sites. The sites were designated as site 1, site 2, site 3 and site 4
(Table 3.1). The sites in 2008-09 (site 1 and 2) were located in two villages of Godagari Upazila,
about 16 km west of Rajshahi, Bangladesh. Site 1 was in Choighati (24o 23’ 27.8” N, 88o 27’
52.4” E) while site 2 was in Kantopasha (24o 24’ 32.05” N, 88o 27’ 59.5” E). In 2009-10, one site
was again in Choighati (site 3), but in a different field, and another in Agolpur (site 4) (24o 25’
56.4” N, 88o 27” 2.9” E), 6 km north-west of site 3. The soils of all sites are grey terrace soil
(Aeric Haplaquept, Brammer 1996) with low natural fertility. Selected soil properties are given
in Table 3.1. All the sites were in a double-cropped area of the HBT in a fallow-rice-chickpea
cropping pattern.

3.2.2. Treatment and experimental design
At all experimental sites, chickpea was planted with three P fertilizer treatments under
minimum tillage (strip till). Conventionally cultivated plots were included to compare the
growth and yield with that of strip till. Triple superphosphate was applied as P fertilizer, which
is recommended for chickpea in the HBT at 100 kg/ha (20 kg P/ha) for the conventional
broadcasting and incorporation method. The P fertilizer treatments in this study were: full TSP
recommended rate, 50 % of the recommended TSP rate, and a control without P fertilizer. At
each site in both 2008-09 and 2009-10, the strip-till sowing had 3 blocks (replications). In each
block, the distribution of three TSP treatments was completely randomized. The
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conventionally cultivated plot was not randomized and replicated at site 1 and site 2 due to
limitation of suitable land in the farmer’s field for experimentation in 2008-09. Only one plot
was included per experimental site where the full recommended rate of TSP was applied. In
2009-10, each block at each site (sites 3 and 4) had a conventionally cultivated plot (each block
comprised three TSP rates sown by strip till and one conventionally cultivated plot with TSP
applied at 100 kg/ha), i.e., in 2009-10, the conventionally cultivated plots and strip-till plots
with full recommended rate of TSP were completely randomized in each block at both site (site
3 and 4).

3.2.3. Soil sampling
Just before sowing, soil samples were taken from three spots in every plot in a block in the
experimental site. At all sites, topsoil samples were collected at a depth of 0-15 cm using an
auger. At sites 3 and 4, samples from 15-30, 30-45, 45-60 cm depths were also collected. The
collected soil samples were air dried, composited according to plot and collecting depth and
stored for analysis. Before analysis, ~10 g air-dried soil of each plot and at each depth was subsampled.

3.2.4. Sowing and agronomic measurements
3.2.4.1. Site 1 and site 2
Just after the rice harvest (five days before sowing at both sites), the field was sprayed with
Roundup® (glyphosate) at 1.88 L/ha in 375 L of water to control weeds (although few weeds
were observed after rice). At sites 1 and 2 (2008-09), the plot size was 15 m long and 2.4 m
wide to accommodate 6 rows with about 40 cm row spacing. Chickpea seeds were planted by
two runs (3 rows in one run) of the Rogro-type strip-till planter (Hossain et al. 2009). A bullockdrawn country plough was used to prepare the conventionally cultivated plot in site 1 and a
four-wheel tractor (4-WT) was used for full rotary tillage at site 2. Desi chickpea cv. BARI chola
5 was planted at both the sites in 2008-09 at a rate of 45 kg/ha. The amount of seed for the
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conventionally cultivated plot (15 x 2.4 m) was calculated from the per hectare seed rate to
achieve a plant density of 45 plants/m2. Seeds were primed for 8 h (Musa et al. 2001) before
sowing but were not inoculated with any Rhizobium strain because chickpea had been planted
in the fields in recent years. The planter was calibrated for seed or TSP fertilizer in a 20 m long
run in the field with fertilizer and soaked seed for the even delivery of 45 kg seed and 100 or
50 kg TSP per ha. Sowing was done on 24 November 2008 at site 1 and on 22 November 2008
at site 2 with a single pass of the strip-till machine placing seed and fertilizer together at the
same depth (3-5 cm below the surface) in furrows opened by the rotating tynes of the strip
tiller. The seeds and fertilizer were then covered by a V-shaped scraper attached behind and
between two tynes of the strip-till planter. Except P fertilizer (in P treatment plot), no other
fertilizer was added in plots of sites 1 to 4. This was because: (i) the farmers of the HBT do not
apply any fertilizer (including P fertilizer) to chickpea crop while they apply urea, TSP, KCl,
Gypsum, and Zn and B fertilizer to the previous rice crop (Shafiqul Islam, Personal
communication); (ii) one of the objectives of the study (Chapter 3) was to compare the yield
performance of chickpea under strip-till condition and under conventional cultivation by
suppying P fertilizer in the farmers field.
The volumetric soil moisture content of the surface soil of each site was measured at sowing
using a capacitance probe (MP 406). This volumetric moisture was then calibrated on the basis
of the gravimetric moisture content of the field (Fig. 3.1). The calibrated volumetric moisture
contents at sowing were 23 % and 22 % at site 1 and site 2, respectively.
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Fig. 3.1. Calibration of water content (%) from moisture meter MP 406 to volumetric water content ( %)
based on field gravimetric water of the HBT soils of Bangladesh (Wendy Vance, personal
communication). Calc. and grav. refer to calculated and gravimetric water content, respectively, in the Yaxis.

Crops were grown under rainfed conditions but relied mostly on stored soil waer in the profile
as there was limited rainfall at each site. Data were collected on plant emergence, plant
population at final harvest, nodulation ranking, dates of all operations and grain yield
parameters.
Plant density after emergence (12-15 DAS) and at harvesting was measured in 20 m of row
from different rows (i.e., 5 m from one row, 5 m from another row and so on) excluding the
outer rows. As the row spacing was 40 cm, the plant population/m2 was calculated by
plants/m multiplied by 2.5. Hand weeding was done on 12 January and 13 February 2009 at
site 1 and site 2, respectively. The crop was protected by spraying Karate® at 1 L/ha in 500 L
water against pod borer at 79 and 90 DAS at both sites 1 and 2. When the first few pod borer
larvae appeared, the first spray was done. The subsequent spray was done as a preventative
measure against further pod borer infestation.
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Reddening and purple coloration was observed on the lower leaves of main stem at 6-7 weeks
after sowing at both sites. At 60 DAS, a few days before flowering (68 DAS), two upper fully
expanded leaves and lower leaves with symptoms (both from same plant) on the main stem
were collected, dried in a forced air draft oven at 72 oC for 72 h, ground (using a stainless steel
grinder, Coffee ‘n’ Spices, Breville) and stored. Then N and P concentration was measured
following the method described below. Nodulation ranking was done just before flowering. For
nodulation ranking, five representative plants were selected per plot. At site 1, it was done at
68 DAS and at site 2 at 78 DAS as plants in site 2 had a slower growth than that of site 1. For
nodulation ranking, individual plants were carefully dug down to 20 cm in a 15 cm radius
around the tap root to expose the nodules. After removing the soil attached to the root, the
nodulation was ranked following the procedure of Rupela (1990), which has a ranking range
from 0 to 5 based on crown nodules only. The nodule score and description of nodules is as
follows:
0, None, or only a few (<4) small, ineffective (green interior) nodules on either the tap root or lateral
roots
1, Only one or a few small (<4) effective (pink interior) nodules on tap root or, rarely, on nearby lateral
roots
2, A few larger crown nodules but rarely any nodules on lateral roots
3, Frequent crown nodules, some large, and a few nodules on laterals
4, Dense crown nodulation and a few nodules on laterals
5, Dense crown nodule mass and frequent nodules on laterals, including some large ones

On 21 March 2009, harvesting for grain yield was done from plants taken from a 20 m length
of row following the same sampling approach used for measuring plant population. In
conventional tillage plots, 5 x 1 m2 quadrats were harvested for grain yield. Pods per plant,
seeds per pod, and grain weight were measured from ten randomly selected plants just before
harvest.
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3.2.4.2. Site 3 and site 4
At both experimental sites of 2009-10 (sites 3 and 4), a Versatile Multi-crop Planter (VMP)
(Haque et al. 2011) was used in sowing chickpea and placing TSP in a single pass. The plot size
was 12 x 2.7 m both for strip-till and conventional tillage plots. Maintaining 30 cm row spacing,
9 rows were accommodated in each VMP tilled plot. The seed and TSP rates (according to the
treatments), and the procedure for calibration of seed and fertilizer rate was similar as in
2008-09. The depth of sowing was 5-8 cm at both sites. The conventional tillage plots were
prepared by full tillage of 2-WT drawn rotary tiller including all blades in site 3 (depth of
cultivation ~5 cm) and by a 4-WT (full tillage) in site 4 (depth of cultivation 12-15 cm). The use
of 2-WT in one site and 4-WT in another was not intentional. It was based on the local
availability of these tillage machineries during the peak period of land preparation in the HBT.
At both sites 3 and 4, soil moisture was recorded at sowing (surface soil only). During crop
growth soil moisture also recorded from the surface and at 34 and 63 DAS at depths up to 60
cm (Figs 3.3a, b). At maturity, moisture at depth was taken from site 4 only (Fig. 3.3b). The
recorded soil moisture (by MP 406) was calibrated as shown above (Fig. 3.1).
Sowing was done on 25 and 26 November 2009 at site 3 and site 4, respectively. Plant density
was measured only after emergence in both sites (not during harvest). Sowing, agronomy,
chickpea variety, seed treatments, seed rate, nodule scoring, and harvesting procedure were
the same as at sites 1 and 2. However, before sowing, seed was soaked for 4 instead of 8 hours
for priming, and nodulation scoring was done from ten instead of five representative plants of
each plot. Crops were protected against pod borer by spraying Karate® (at the same dose as
sprayed at site 1) at 80 and 90 DAS. Nodulation was ranked at 65 DAS at site 3 and at 72 DAS at
site 4.
In 2009-10, to investigate dry matter and the P-accumulation pattern in chickpea,
representative plants (10 to 25 plants depending on the stage of growth) were selected
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randomly from control treatments at sites 3 and 4, and at 100 % TSP at site 4. The selected
plants were sampled at 27, 62, 82, 94, and 108 DAS, which corresponded with early vegetative,
early flowering, early podding, mid-podding, and late podding stage. Plants were separated
into leaf, stem, flower, pod-wall and pod/seed. The samples were oven-dried, and ground
following the procedure described for sites 1 and 2. Then the ground samples were stored in
plastic bags for transporting to Australia for P analysis.

3.2.5. Plant analysis
Phosphorus was analysed following O’Neill and Webb (1970). Briefly, nearly 100 mg dried and
ground subsample was digested in 0.5 % Se mixed conc. H2SO4 in a block digester and P was
measured colorimetrically by the molybdo-vanadate method. Phosphorus in leaf and stem
from all sampling stages, and grain and pod shell from mid- and late-podding stages were
analysed. At early podding stage where immature grain and pods were sampled, the whole
pod was analysed for P. Nitrogen in the leaves of site 1 was analysed following the same
method (O’Neil and Webb 1970) colorimetrically. The P content was calculated by multiplying
the DW of each plant part by its P-concentration. Standard plant materials (from ASPAC) were
analysed simultaneously to control the quality of P analysis (see Appendix 2).

3.2.6. Statistical analysis
Data were analysed by performing ANOVA for a randomized complete block design for the
strip-till plots (each site separately). The replicated conventionally cultivated plots (sites 3 and
4) were compared (paired T-test) with strip-till plots with the recommended rate of TSP
applied. For the unreplicated conventionally cultivated plots, standard error was calculated
from five sampling quadrats in the single plot but was not compared statistically (as
unreplicated) with the strip-till plot with 100 kg TSP/ha. The treatment means were compared
by least significant difference test (lsd) at 5 % level of significance by the statistical package
Statistix 8.
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3.3.

Results

3.3.1. Soil
The surface soils of the experimental sites were slightly acidic to near neutral (pHCacl2 5.2-6.7)
with low organic carbon (Table 3.1). The topsoil P levels were variable among the sites with
higher levels in sites 1 and 3; the subsoil had substantial amount of P, comparable to the P
levels of the topsoils in sites 3 and 4.

3.3.2. Weather
Daily maximum and minimum temperatures showed similar patterns in both 2008-09 and
2009-10 seasons (Figs. 3.2a, b). At sowing, the maximum temperature was near 30 oC and the
minimum was around 15 oC. There was a foggy spell (4-5 days when heavy fog persisted
continuously throughout the day producing low light levels) in January 2009 when the plants
were about 40 days old. In 2009-10, a 4-day foggy spell was also observed just after
emergence. Before and during flowering time, the minimum temperature went below 15 oC in
both years, particularly in the 2009-10 season, when the minimum temperature was fluctuated
around 10 oC for a few weeks. There was no rain during the growing season (November to
March) in both years.
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Table 3.1. Soil properties of field trial sites in 2008-09 and 2009-10 in the HBT of Bangladesh.

Soil property

2008-09
Site 1
Site 2

2009-10
Site 3

0-15

0-15

Sand (%)

30

Silt (%)

37

015
53

Site 4
Soil depth (cm)
15300-15 1530
60
30
nm
nm
52
nm

3045
nm

4560
nm

32

33

12

nm

nm

25

nm

nm

nm

Clay (%)

38

31

35

nm

nm

23

nm

nm

nm

P Colwell (mg/kg)

48

12

51.0 46.0

40.0

9.0

9.0

6.0

6.0

P Olsen (mg/kg)
K Colwell (mg/kg)
S (mg/kg)

18
136
7

4
74
11

18.2 17.7
188 158
36.1 24.0

14.1
144
18.7

3.1
107
10.4

2.8
99
6.8

1.7
88
4.3

1.6
68
4.6

Organic carbon
(%)
pH CaCl2
pH H2O
Phosphorus
retention index
Total P (mg/kg)

0.5

0.8

0.3

0.2

0.2

0.6

0.2

0.2

0.2

5.6
6.6
nm

5.2
6.2
nm

6.7
7.4
59

6.8
7.4
47

6.8
7.4
48

5.5
6.0
92

6.7
7.0
87

6.7
7.1
99

6.4
6.8
123

nm

nm

337

292

223

123

121

84

81

’

nm’ indicates parameter was not measured.
Sulphur was measured by KCl-40 method.
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Fig. 3.2. Daily maximum and minimum air temperature during the chickpea growing season, (a) 24
November 2008 to 21 March 2009 and (b) 25 November 2009 to 22 March 2010 for chickpea in the HBT.
Arrows show the start of flowering and podding, respectively.

3.3.3. Soil moisture
Sowing was completed 3-4 days after the rice harvest. The common practice in the HBT region
is to keep the harvested upper shoot of rice plants on site for sun drying for a few days after
cutting the plant. In the mean time, before sowing a winter crop, moisture evaporates.
However, the surface soil moisture (volumetric) at sowing for sites 1, 2, 3 and 4 was 23 %, 22
%, 28 % and 21 %, respectively.
Soil water at subsequent growth stages was not measured in the 2008-09 trials. In the 2009-10
trials, with the progress of crop growth, surface soil water depleted and dropped below 8 % at
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both experimental sites just before flowering, while there was sufficient water in the subsoil
(Fig. 3.3). In general, water content at site 4 was lower than that at site 3, up to 60 cm depth.
At maturity, the soil of site 3 in 2009-10 (Choighati) was very hard after completely drying and
it was not possible to penetrate it with a manually-operated auger, so a soil water reading was
not possible.

Fig. 3.3. Soil water content to 60 cm depth in the HBT soil of (a) site 3 and (b) site 4 of field trials in the
2009-10 season. Vertical bars indicate ± SE (n=12).

3.3.4. Crop growth and yield
3.3.4.1. Site 1 (Choighati 2008-09)
Overall the emergence and establishment was satisfactory (around 40 plants/m2) and fertilizer
rates did not influence plant density (Table 3.2). No toxicity symptom was observed during the
emergence count (12-15 DAS). The crop grew well over the whole growing period with good
canopy development and maintained nearly similar plant density (35-38 plants/m2) at
maturity. Nodulation was not improved after adding TSP. The number of pods per plant and
grain weight increased with the increase in P fertilizer. Fifty and 100 kg TSP/ha produced the
same numbers of pods per plant whereas significantly larger grain size was produced when TSP
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was applied. Grain yield increased over control (0 TSP) after adding TSP, and 50 kg TSP
produced (1628 kg/ha) a statistically similar yield to that of 100 kg TSP (1737 kg/ha). Yield in
the conventionally cultivated plot was similar (1724 kg/ha) to that of full rate of P (100 kg/ha)
under strip tillage (Table 3.2). Without P fertilizer, the yield was 80 % of yield obtained of 100
kg/ha TSP under strip till (Tables 3.2, 3.7).
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Table 3.2: Effect of triple superphosphate (TSP) rates and tillage methods (strip-till vs conventional) on plant density, nodulation and yield parameters of
chickpea at experimental site 1 (2008-09). Values under strip tillage are means of three replications. ‘ns’ denotes non-significant. ‘CV’ refers to coefficient of
variation.

Tillage type

TSP (kg/ha)

Strip

Conventional
a

a

Plant population/m2

Nodulation
rank

Pods/plant

1000 grain
weight (g)

Grain yield
(kg/ha)

At
emergence

At
maturity

0

41

38

2.8

35

120

1387

50

38

35

3.1

43

126

1628

100

39

37

3.6

43

135

1737

CV (%)

17.4

14.0

14.3

4.8

0.6

5.1

lsd (0.05)
100

ns
64 ± 5.6

ns
53 ± 3.1

ns
3.9 ± 0.3

4.4
43 ± 2.5

1.8
122 ± 0.4

184
1724 ± 48

Mean ± SE, n = 5 (no. of samples/quadrats in the conventional plot)
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3.3.4.2. Site 2 (Kantopasha 2008-09)
At site 2, the plant density was around 30 plants/m2 in all TSP treatments (Table 3.3). No visible
toxicity or deficiency symptoms were observed during the time of emergence count. The
overall growth, canopy development, and branching was poor in all treatments and
replications. Nodulation was also poor in all treatments and the TSP rates had no effect. Not
only was the number of pods per plant low, the number of pod bearing plants was also low,
i.e., many plants at maturity had a main stem only and did not bear a single pod (visual
observation). Finally there was no yield advantage from P fertilizer application. The average
yield under the strip till plots was well below the yield of the conventionally cultivated plot (1.1
t/ha).
At both site 1 and site 2, the main stem’s lower leaves developed reddening or purple
discoloration around 6-7 weeks after sowing which then turned to chocolate-brown coloration.
Finally, the main stem dried during flowering. This symptom was observed irrespective of P
treatments, and also in nearby strip-till sown chickpea, but less in the conventionally cultivated
plot and in the nearby farmer’s field. The leaf N and P concentration was measured in young
healthy leaf and in leaf with symptoms. The concentration of N and P in young healthy leaves
was higher than in leaves with symptoms (Table 3.4).
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Table 3.3: Chickpea response to triple superphosphate (TSP) rates and tillage type (strip-till vs conventional) for plant density, nodulation and yield
parameters at experimental site 2 (2008-09). Values under strip tillage are means of three replications. In non-replicated conventional tillage, the values are
means of five quadrats in a single plot ± SE. ‘ns’ denotes non-significant. ‘CV’ refers to coefficient of variation.

TSP (kg/ha) Plant population/m2

Tillage type

Strip

a

Conventional

Nodule
rank

Pods/plant

1000 grain
weight (g)

Grain yield
(kg/ha)

At
emergence

At
maturity

0

34

27

1.4

20

111

592

50

31

25

1.4

19

114

582

100

29

25

1.8

22

112

561

CV (%)

14.4

7.2

22.2

18

4.72

13.9

lsd (0.05)
100

ns
49 ± 3.6

ns
37 ± 4.3

ns
2.4 ± 0.1

ns
45.1 ± 3.1

ns
123 ± 1.8

Ns
1080 ± 50.2

a

Mean ± SE, n = 5 (no. of samples/quadrats in the conventional plot)
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Table 3.4. Nitrogen and P concentration (% of dry weight) of leaves of the main stem at pre-flowering
stage at experimental site 1 (Choighati 2008-09). ‘TSP’ refers to triple superphosphate. Values are
means of three replications ± SE.

TSP (kg/ha)
Nil

100

Leaf position

%N

%P

Young, upper leaf with no symptom

4.7 ± 0.06

0.29 ± 0.02

Older, lower leaf with symptom

2.9 ± 0.09

0.17 ± 0.01

Young, upper leaf with no symptom

4.8 ± 0.12

0.34 ± 0.01

Older, lower leaf with symptom

3.1 ± 0.09

0.17 ± 0.01

3.3.4.3. Site 3 (Choighati 2009-10)
Plant density was around 35 plants/m2 after emergence and there were no visible toxicity or
deficiency symptoms. Most of the measured parameters (plant density, nodule, number of
pods per plant, and number of seeds per pod) were not influenced by P addition except in the
case of grain weight and grain yield (Table 3.5). The weight of 1000 grain and grain yield per
hectare was increased with the increase in the amount of P fertilizer. Highest grain weight was
achieved by the highest rate of TSP under strip till (100 kg TSP/ha). Grain yield was not
significantly different between 50 % and 100 % of TSP. The yield in nil P was 93 % of the
maximum yield (at 100 kg TSP/ha) (Table 3.7). The yield in the conventional tillage plot (1790
kg/ha) was less than that of 100 kg TSP treatment sown by strip tillage but they were
statistically similar. The reddening coloration of lower leaves of the main stem was also
observed in all P treatments cultivated by strip tillage.
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Table 3.5: Chickpea response to triple superphosphate (TSP) rates under strip till and conventional cultivation methods at experimental site 3. The values of
parameters in the conventionally cultivated plot were means of 3 replications ± SE. In strip till, values are also average of three replications. ‘ns’ denotes
non-significant. ‘CV’ refers to coefficient of variation.

Tillage

Strip

TSP (kg/ha)

Plant
population/
m2 at
emergence

Nodule rank

Pods/plant

Seeds/pod

1000 grain
weight

Grain yield
(kg/ha)

0

37

3.4

43

1.2

120

1747

50

35

3.1

46

1.2

125

1825

100

34

3.3

48

1.2

135

1872

CV (%)
lsd (0.05)

16.1
ns
3.2

10.3
ns
35

5.5
ns
1.3

3
8.7
125

2.5
101
1790

Conventional

100

8.5
ns
33

Strip

100

34

3.3

48

1.2

135

1872

CV (%)

10

15.2

0.9

6.9

6.6

12.4

lsd (0.05)

ns

ns

1.2

ns

ns

ns
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3.3.4.4. Site 4 (Agolpur 2009-10)
Plant density after emergence was high at around 65/m2 (Table 3.6). Pods per plant, grain
weight, and grain yield were increased with the increase in amount of TSP, while plant
population, nodulation, and number of seeds per pod were unaffected. However, grain yield in
nil P was 92 % of the yield obtained in 100 kg TSP/ha. The conventionally cultivated chickpea
produced higher grain yield (P <0.05) than that under strip till with 100 kg TSP/ha.
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Table 3.6: Chickpea response to triple superphosphate (TSP) rates under strip till and conventional cultivation methods at site 4. The values of parameters in
the conventionally cultivated plot were means of 3 replications ± SE. In strip till, values are also the average of three replications. ‘ns’ denotes nonsignificant.

Tillage

TSP (kg/ha)

Plant
population/m2
after emergence

Nodule
rank

Pods/plant

Seeds/pod

1000 grain
weight (g)

Grain yield
(kg/ha)

Strip

0

64

1.8

19

1.3

95

938

50

67

1.8

23

1.3

92

1016

100

66

1.9

29

1.3

100

1025

CV (%)

12.3

15.1

5.1

3.5

1.85

13.1

lsd (0.05)

19.2

ns

2.7

ns

4

68.8

Conventional

100

68

1.9

30

1.3

101

1285

Strip

100
CV (%)

66

1.9

29

1.3

100

1025

6.9

8.5

7.1

2.0

5.6

14.1

lsd (0.05)

ns

ns

ns

ns

ns

167.1
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Table 3.7. Effect of triple superphosphate (TSP) rates on percentage of maximum yield (kg/ha) under
strip-till cultivation. Yield in 100 kg TSP/ha was considered as maximum yield.

% of maximum yield
TSP rate
(kg/ha)
0
50
100

Site 1

Site 2

Site 3

Site 4

80
94
100

106
104
100

93
98
100

92
99
100

3.3.5. Dry matter accumulation and remobilization
The dry matter (DM) accumulation pattern over time was studied in the nil P treatment of sites
3 and 4, and 100 kg TSP/ha treatment at site 4. In all treatments and sites, the pattern of DM
accumulation was similar (Table 3.8, Fig. 3.4a, b, c). Chickpea accumulated DM throughout the
growing season from vegetative stage to late podding/physiological maturity stage. At early
vegetative stage (27 DAS), DM accumulation comprised only 3 % of the total DM accumulated
at late podding stage; it increased to 21 % at early flowering stage (62 DAS) (Table 3.8).
Chickpea accumulated most of its DM (about 57 %) between early flowering to early podding
stage (62 to 82 DAS); in the subsequent growth stages the accumulation rate decreased.
During reproductive development (62 to 108 DAS), chickpea accumulated about 80 % of DM
(Table 3.8).
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Table 3.8. Dry matter accumulation by growth stages as a percentage (%) of total DW at late
podding/physiological maturity of chickpea at sites 3 and 4 in the HBT soil. That is, per cent DM
accumulation at each stage = DM at each stage x 100/DM at late podding stage. Plants were sampled at
27, 62, 82, 94, and 108 days after sowing, which corresponded with early vegetative (V), late vegetative
or early flowering (EF), early podding (EP), mid-podding (MP), and late podding (LP) stages. ‘TSP’
denotes triple superphosphate. Values are means of three replications ± SE.

Days after
sowing (stage)

Site 3 with
nil TSP

Site 4 with
nil TSP

Site 4 with
Average of all
100 kg TSP/ha sites and
treatments

27 (V)
62 (EF)
82 (EP)
94 (MP)
108 (LP)

2 ± 0.1
22 ± 0.7
74 ± 5.3
91 ± 3.7
100

3 ± 0.1
19 ± 1.3
83 ± 3.9
96 ± 7.4
100

3 ± 0.2
21 ± 0.8
78 ± 5.5
90 ± 3.9
100

3 ± 0.1
21 ± 0.9
78 ± 4.9
92 ± 5.0
100

The amount of dry matter accumulated in leaf was nearly equal to that accumulated in stem,
and the rate of accumulation was similar (Fig. 3.4a, b, c). Dry matter in leaf and stem continued
to accumulate up to early pod-filling stage. After early podding, the accumulated DM started
to decrease from the leaf while the DM of stem remained almost static. The decrease of DM
from leaf and stem at late podding stage compared to that of early podding was about 26 and
6 %, respectively, across the treatments and experimental sites (Fig. 3.4a, b, c). The pod shell
lost about 30 % of DW across TSP treatments and sites between mid-podding and late podding
stage. During this period, the grain accumulated substantial DM. The amount of DM lost from
leaf plus stem (between early podding to late podding) and pod shell (mid-podding to late
podding) amounted to 30 % of total grain DM at late podding stage in nil TSP treatment at site
3. By contrast, the contribution of dry matter lost from leaf, stem and pod shell to grain DM
was 41 % and 33 % in nil and in 100 % TSP at site 4, respectively (Fig. 3.4b, c). Across the
treatments and sites, grain accumulated 14 % of total shoot DM at mid-podding stage while at
late podding stage grain DM was 33 % of the total shoot DM (Figs. 3.4a, b, c). Overall, between
two experimental sites in 2009-10, plants at site 3 (Choighati) accumulated more DM than that
of site 4 (Agolpur).
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3.3.6. Phosphorus accumulation and remobilization
The trend of P accumulation followed the trend of DM accumulation across the treatments.
Chickpea accumulated P in leaf and stem linearly with plant growth up to a maximum at early
podding stage (82 DAS). By flowering, plants accumulated nearly 46 %, 31 % and 32 % of total
P under nil P at site 3 and site 4, and 100 kg TSP/ha treatment at site 4, respectively. By early
pod filling, nearly 80 % of total plant P had accumulated in all above mentioned experimental
sites and treatments (Table 3.9a, b, c). The initial accumulation up to early flowering in nil and
100 kg TSP/ha at site 4 (Fig. 3.5a, b) was slower than that of site 3 (Fig. 3.5a). Despite the
similar accumulation trend in nil P and 100 % TSP treatments, chickpea accumulated a greater
amount of P under 100 kg TSP/ha than at nil P at site 4. By contrast accumulation of total P at
site 3 in nil P treatment was higher than that of nil P or 100 kg TSP/ha treatments at site 4.
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Dry matter (mg/plant)

2000

2000

1600

1600

1200

1200

Grain

Pod shell

400

400

a

Stem

800

800

0
27 (V)

Leaf

0
27 (V)

62 (EF)

82 (EP) 94 (MP) 108 (LP)

b

Days after sowing (stage)

62 (EF)

82 (EP)

94 (MP)

108 (LP)

Days after sowing (stage)

2000

Dry matter (mg/plant)

1600
1200
800
400
0
27 (V)

c

62 (EF) 82 (EP) 94 (MP) 108 (LP)
Days after sowing (stage)

Fig.3.4. Dry matter accumulation in plant parts over time in chickpea plants under (a) nil triple
superphosphate (TSP) at site 3, (b) nil TSP at site 4, (c) 100 kg TSP/ha at site 4. Vertical bars indicate
means of three replications ± SE. Plants were sampled at 27, 62, 82, 94, and 108 days after sowing
(DAS), which represents early vegetative (V), early flowering (EF), early podding (EP), mid-podding (MP),
and late podding (LP) stages.

Chickpea continued to accumulate P in the vegetative parts up to early podding stage. After
early podding, P from the vegetative parts started to decrease. Chickpea remobilized 52 % of P
(across the treatments and sites) from vegetative parts between early and late podding stage;
concomitantly, developing grain started to accumulate P from this stage. The remobilized P
contributed 69 % of pod P at late podding stage across the treatments (Tables 3.9a, b, c). At
late podding, the plant’s total P content was variable across the treatments and experiments,
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but in all P treatments and experimental sites, seed contained 61 % of total P in shoots at late
podding stage.
Phosphorus content started to decrease from leaf and stem when podding started (Table 3.9).
Total P lost from leaf, stem and pod shell was 4.7, 2.3 and 3.5 mg/plant from nil P treatments
at site 3 and site 4 and 100 kg TSP/ha at site 4, respectively (Tables 3.9a, b, c). In all cases,
leaves lost more P than stems. Pod shell P was maximal at mid-podding, and then it reduced at
late podding stage. Pod shell remobilized 69 %, 58 %, and 70 % of P under nil P at site 3, site 4,
and 100 kg TSP/ha treatments at site 4, respectively. These loses contributed the equivalent of
10 %, 9 %, and 18 % of grain P at late podding stage, respectively (Table 3.9a, b, c).
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Table 3.9. Phosphorus content (mg/plant) over time in plant parts of chickpea under (a) nil triple
superphosphate (TSP) at site 3, (b) nil TSP at site 4, (c) 100 kg TSP/ha at site 4. Values are means of three
replicates ± SE. Plants are sampled at 27, 62, 82, 94, and 108 days after sowing (DAS), which represents
early vegetative (V), early flowering (EF), early podding (EP), mid-podding (MP), and late podding (LP)
stages.

(a)
DAS

Leaf

Stem

Grain

Pod shell

Whole shoot

27 (V)

0.35 ± 0.02

0.16 ± 0.01

0.51 ± 0.01

62 (EF)

2.19 ± 0.13

1.13 ± .08

5.52 ± 0.39

82 (EP)

5.98 ± 0.23

3.90 ± 0.13

0.88 ± 0.15

94 (MP)

4.58 ± 0.18

2.55 ± 0.35

4.36 ± 0.09

1.24 ± 0.13

12.73 ± 0.74

108 (LP)

3.04 ± 0.12

2.00 ± 0.09

8.50 ± 0.44

0.39 ± 0.03

13.93 ± 0.44

Grain

Pod shell

Whole shoot

10.76 ± 0.15

(b)
DAS

Leaf

Stem

27 (V)
62 (EF)
82 (EP)
94 (MP)

0.20 ± 0.01
1.25 ± 0.10
3.34 ± 0.12

0.10 ± 0.01
0.63 ± 0.02
1.55 ± 0.10

0.31 ± 0.02

108 (LP)

2.25 ± 0.12
1.59 ± 0.09

1.11 ± 0.05
0.84 ± 0.04

1.94 ± 0.04
4.20 ± 0.03

DAS
27 (V)
62 (EF)
82 (EP)
94 (MP)
108 (LP)

Leaf
0.30 ± 0.02
1.6 ± 0.05
4.31 ±0.25
3.09 ± 0.11
2.07 ± 0.17

0.3 ± 0.01
1.89 ± 0.11
5.20 ± 0.08
0.64 ± 0.10
0.27 ± 0.03

5.94 ± 0.24
6.96 ± 0.08

(c)
Stem
0.16 ± 0.01
1.16 ±0.06
2.47 ± 0.14
1.76 ± 0.04
1.20 ±0.09

Grain

Pod shell

0.72 ± 0.19
2.50 ± 0.05
6.00 ± 0.94

1.50 ± 0.03
0.45 ± 0.04

Whole shoot
0.46 ± 0.01
2.76 ± 0.03
7.51 ± 0.25
8.85 ± 0.14
9.72 ± 0.80

3.3.7. P concentration
Phosphorus concentration in leaf and stem was highest at the early stage of growth but
decreased with plant growth. Leaf P concentration was higher than that of stem at all growth
stages. Seed P concentration was slightly higher at mid-podding than at late podding stage.
Pod shell P concentration was the lowest among the plant parts at late podding stage. In
general, under nil P, P concentrations in plant parts at site 3 were higher than those of site 4
(Table 3.10). Application of P fertilizer increased P concentration (in site 4).
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Table 3.10. Phosphorus concentration (% dry matter) of plant parts of chickpea at experimental sites 3
and 4. Values are means of 3 replications ± SE. Plants are sampled at 27, 62, 82, 94, and 108 days after
sowing (DAS), which represents early vegetative (V), early flowering (EF), early podding (EP), midpodding (MP), and late podding (LP) stages.

Experimental
DAS
site and triple
(stage)
superphosphate
(TSP) treatment

Site 3, nil TSP

Site 4, nil TSP

Site 4, 100 kg
TSP/ha

3.4.

27 (V)
62 (EF)
82 (EP)
94 (MP)
108 (LP)
27 (V)
62 (EF)
82 (EP)
94 (MP)
108 (P)
27 (V)
62 (EF)
82 (EP)
94 (MP)
108 (LP)

Leaf

Stem

0.41 ± 0.006
0.32 ± 0.007
0.29 ± 0.009
0.27 ± 0.019
0.22 ± 0.02
0.37 ± 0.012
0.32 ± 0.017
0.23 ± 0.010
0.18 ± 0.009
0.15 ± 0.009
0.49 ± 0.022
0.40 ± 0.018
0.32 ± 0.006
0.26 ± 0.015
0.23 ± 0.012

0.35 ± 0.007
0.22 ± 0.009
0.20 ± 0.02
0.15 ± 0.04
0.11 ± 0.017
0.33 ± 0.018
0.19 ± .012
0.11 ± 0.012
0.08 ± 0.009
0.08 ± 0.009
0.45 ± 0.015
0.35 ± 0.022
0.17 ± 0.009
0.15 ± 0.012
0.12 ± 0.012

Grain

Pod shell

0.41 ± 0.03
0.38 ± 0.01

0.16 ± 0.019
0.07 ± 0.006

0.33 ± 0.015
0.32 ± 0.022

0.13 ± 0.009
0.08 ± 0.007

0.45 ± 0.020
0.40 ± 0.020

0.26 ± 0.015
0.11 ± 0.002

Discussion

3.4.1. Soil
According to the interpretation of soil test values for loamy to clayey soils for upland crops in
the HBT of Bangladesh by Miah et al. (2005), the topsoil P levels at sites 1 and 3 were medium
(Olsen P) while those at sites 2 and 4 were very poor (see Appendix 1 for interpretation of
medium and very poor categories of soil Olsen P).
According to the rating recommended by Moody and Bolland (1999), soil P level (Colwell
extraction) at sites 1 and 3 was high (>30 mg/kg) and at site 4 was low (<9 mg/kg); phosphorus
retention index (PRI) at sites 3 and 4 was high (>35 mL/g); total P in Choighati was medium
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(between 200 to 800 mg/kg) and in Agolpur was low (<200 mg/kg) for the surface soil (0-15
cm). According to the same rating, the subsoil (>15 cm from the surface) P status at sites 3 and
4 were high and low, respectively (Table 3.1). ). Hence based on extractable P levels P
responses were not expected at sites 1 and 3.

3.4.2. Establishment
Placement of P fertilizer with chickpea seeds did not impair emergence or establishment in
soils containing ≥ 21 % clay at the four experimental sites in the HBT. This result supports those
in the glasshouse study in Chapter 2 (experiments 1, 2, 3 and 4), where placement of TSP
fertilizer with chickpea seed in sandy clay loam soils (clay content 21 to 23 %) was safe in
respect of emergence or establishment for 40 cm row spacing. This result also confirms that
the recommended rate of TSP (100 kg/ha) placed with chickpea seed is safe in soil having ≥21
% clay even under field conditions despite some variation in soil water contents at sowing.
However, the effect of TSP on early growth of chickpea will be related to soil texture, P
sorption capacity and soil water. Clay soil has sufficient capacity to adsorb P. Even sandy soil
that has > 10 % clay has the capacity to prevent P toxicity for germinating seed (Bolland et al.
2001). The P retention index (PRI) might be another indicator for avoiding toxic effects of P
fertilizer on seed emergence. The PRI represents the capacity of soil to sorb P. The PRI of soils
at experimental site 3 and site 4 was 59 and 92, respectively (Table 3.1). According to Moody
and Bolland (1999), these values are within the moderate range of PRI (50-100) and P buffering
capacity (100-200) and have the capacity to sorb applied P. This means that when TSP is placed
in a furrow with the seed, P would be relatively quickly adsorbed onto clay, so that soil solution
P levels are low enough not to cause P toxicity to the germinating seed or emerging seedling.
Phosphorus sorption tests like PRI generally last <24 hours indicating that P sorption in soil is
rapid if the surfaces are reactive to P. The non-toxic effect of P fertilizer placed with the seed in
the present field study suggests that there is no need for minimum till planters to place
chickpea seed and P fertilizer separately in soils with ≥ 21 % clay. This will simplify the placing
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of seed and fertilizer by mechanized planters. Moreover, it facilitates safe placement of both
seed and fertilizer deeper to maintain P fertilizer in relatively moist soil as long as possible
(discussed further in Chapter 6). Small seeded species like mustard may be more susceptible to
fertilizer toxicity, and drying seed beds during sowing may exacerbate P fertilizer injury to
emerging seeds. Further field testing of these factors is warranted in the performance
evaluation of mechanized sowing of crops in rows in Bangladesh, but for the purposes of the
present study the risk of seed and fertilizer placement together in rows at 100 kg TSP/ha for
chickpea seed emergence appears to be low.

3.4.3. Nodulation
Good nodulation at flowering (rank >3), and satisfactory plant growth throughout the growing
season was observed at sites 1 and 3. At sites 2 and 4, the nodulation rank was <2 and was
associated with relatively poor plant growth in site 4, and very poor plant growth at site 2.
Better nodulation at sites 1 and 3 might be due to higher soil moisture and host plant growth
than at sites 2 and 4. In-season soil water measurement indicated that better water status was
maintained through the soil profile at site 3 than at site 4 (Fig. 3.3). The clay content in the top
15 cm soil of site 1 (38 %) and site 3 (35 %) was more than at site 4 (23 %) (Table 3.1), which
might contribute to relatively better water status. At site 2, although the soil water at sowing
was equal to that of site 1 (in 2008-09) and the clay content was 31 %, the nodulation was
poor, perhaps as a result of shallow planting (3-4 cm) of the seed, which resulted in poor
establishment. Shallow sowing may result in less available moisture for Rhizobium at
nodulation. Infection of roots by Rhizobium might be limited by the drying of the soil surface,
restricting movement of Rhizobium to the root and/or root growth below the soil due to
discontinuous water-filled pores of soil (Hamdi et al. 1971).
Comparing nodulation between the two tillage systems, it was observed at sites 1 and 2 that
nodulation under conventional tillage was better than that of strip till (2008-09). This might be
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due to relatively shallow (3 to 5 cm) and narrow furrow that was made by the Rogro-type strip
tiller. This might have restricted root growth in the topsoil and hence sites available for
nodulation. On the contrary, nodulation was similar in both tillage systems in 2009-10 at sites
3 and 4. This might be due to relatively wider furrow made by the VMP that was used in 200910. Wider furrow made by the VMP by larger cutting blades with higher rotation speed of the
blades (than that of Rogro-type strip-till) that made soils friable in the furrow. It also had an
attached scraper behind the cutting blades that dragged soil back into the furrow (Haque et al.
2011) to cover the seed for better seed-soil contact resulting in similar nodulation to that of
conventional tillage.
Nodulation was not influenced by increased TSP application. The non-responsiveness of
nodulation to P fertilizer addition under a dry topsoil suggests that nodulation is much more
sensitive to soil water than to P under these conditions. Drying of soil surface has been
reported to have a negative impact on nodule growth. In faba bean, reduced nodule weight
and number was observed under dry topsoil condition (Abdelhamid et al. 2011). It is well
established that water stress reduces photosynthesis. As the root nodule bacteria is benefitted
from the carbon (C) supply from the photosynthesis (Herridge and Pate 1977; Schubert 1986),
reduction in assimilated C causes a reduction in nodulation and subsequently N-fixation
(Wahua and Miller 1978; Nambiar et al. 1983).
However, under well-watered conditions, P had marked effects on nodule formation and
functioning in many studies. Israel (1987) showed in soybean that P plays an important part in
producing effective nodules and increasing nodule number and nodule mass for N-fixation, in
addition to its role in host plant growth. He also showed that P deficiency markedly impaired
both host plant growth and N-fixation, and that the symbiotic N-fixation requires more P for
optimal functioning than for host plant growth or nitrate assimilation. Earlier studies on
soybean and pea (Pisum sativum) have suggested more specific effects of P on nodule
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initiation, growth, development and function (Bethlenfalvay and Yoder 1981; Casmann et al.
1981; Jacobsen 1985). By contrast, Robson et al. (1981) showed in subterranean clover that
increasing the P supply increased N-fixation by stimulating host plant growth. In this study,
non-responsiveness of nodulation to P fertilizer might be related to the drying of the soil
surface where most of the effective nodules are usually located. During excavation of nodules
from soil, it was observed that although the topsoil surrounding nodules was almost dry
(around 5-8 % volumetric water), the nodules were healthy and well hydrated (although the
water status of nodule was not measured). The nodules maintained good water status despite
topsoil drying, which might be due to the deep-rooting ability of chickpea in the current study.
Legumes with roots in the deeper soil profile maintain hydrated nodules under dry topsoil
conditions (Sprent 1971; Gallancher and Sprent 1978). Root nodule hydration depends on the
water flow through the tap root (Serraj et al. 1999) and water taken up from the deeper soil
profile presumably passes through that portion of the tap root where the majority of the
nodules are located (Gallardo et al. 1994; 1996), which probably ensures good water status of
nodules.

3.4.4. Symptoms on leaves
It was suspected that the reddening and necrotic symptoms in the lower leaves of the main
stem at site 1 were caused by deficiency of N and/or P (Smith and Pieters 1983). The
concentration of those elements in the lower leaves was found to be lower than in upper fully
expanded leaves (Table 3.4), for which the P levels in upper leaves were adequate for chickpea
(Reuter et al. 1997). The reduction of N and P in the lower leaves might be due to the
remobilization of N and P from lower older leaves. The fact that symptoms were less
developed in the lower leaves of branches of the same plant than in the main stem lower
leaves, suggests that remobilization of P starts early (before flowering) from the main stem
lower leaves, in order to supply P to developing sinks for P in branches and upper young
leaves. The appearance of the symptom may be due to a temporary P deficiency during the
105

transition of plant uptake of nutrients and water from topsoil to subsoil and to the
commencement of full functioning of the nodules. The symptom did not spread further to
branches and in some cases disappeared after flowering and had no severe effect on final
grain yield (Table 3.2). As discussed by Bell (2000), temporary nutrient deficiencies are difficult
to diagnose by plant analysis since nutrient supply may have been restored by the time leaf
samples are collected. Hence it is also possible in the present case that the leaf samples were
simply taken too late to detect the exact cause of the symptoms.

3.4.5. Grain yield and yield response to applied P
The increase in grain yield after applying P fertilizer was small (but significant) and P uptake
was substantial (Table 3.9b, c) compared to that when none was applied. Under strip-till, nil P
produced 80 %, 93 %, and 92 % of maximum grain yield at site 1, site 3 and site 4, respectively
(Table 3.7) (grain yield at site 2 is discussed separately below). When half of the TSP rate (50
kg/ha) was applied, the grain yield was 94 % of maximum at site 1 and near 100 % at sites 3
and 4. This suggests that chickpea is relatively non-responsive to current P fertilizer rates
under dry topsoil conditions.
The marginal response to P in all years and at all sites may be related to adequate soil P levels,
drying of the surface soil, remobilization of P, P uptake from below the dry topsoil layer, and
other possible effects such as poor nodulation and nitrogen fixation.
Soil P levels: Soil P levels (topsoil and/ or subsoil) might explain the non-responsiveness of
chickpea to applied P fertilizer at sites 1 and 3 and poor response at site 4. Colwell-P in the top
15 cm soil of site 1 and 3 was around 50 mg/kg and that for site 4 was 9 mg/kg. The Olsen-P
was around 18 mg/kg at sites 1 and 3 while 3 mg/kg at site 4. At the same time, the subsoil P at
site 3 and 4 was close to their respective topsoil P values (Table 3.1). Although the subsoil P
levels of site 1 were not measured, this site (site 1) was close to the site 3 and had nearly equal
concentration of topsoil P (48 mg/kg Colwell P and 18 mg/kg Olsen P). It is possible that the
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subsoil of site 1 also had substantial amount of extractable P. However, as the surface soil was
dried out where P fertilizer was placed, plants might acquire P from the subsoil (at site 1, 3 and
4) resulting no or low response to applied P fertilizer under strip till planting. For chickpea,
Johansen and Sahrawat (1991) suggested from the experience of P response in Alfisols and
Vertisols in India that the response of this crop to applied P fertilizer would be probable when
the topsoil (0-15 cm) Olsen-P is <2 mg/kg: above this topsoil P value, the response would be
uncertain or highly unlikely. The critical P level in the subsoil for P responsiveness of chickpea
is not known, but the substantial amount of P in the subsoil should assist chickpea in acquiring
adequate P because it is a deep-rooted crop (Ali et al. 2003) and the subsoil had substantial
water.
Topsoil drying: Soil moisture depletion due to drying of the surface soil is another important
aspect of poor response to P fertilization under rain-fed conditions (Johansen and Sahrawat.
1991). Triple superphosphate granules can attract water vapour even from quite dry soil (2 %
moisture) (Lawton and Vomocil 1954) but P diffusion might be restricted as it is largely
moisture dependent (Barber 1995). In this study, it might be predicted that some portion of P
was dissolved from TSP granules at a low soil moisture but that P was not taken up by roots
owing to drying out of the topsoil. This moisture limitation in the topsoil might not only limit P
uptake from fertilizer but from soil P (topsoil) also, because of restricted diffusion in the dry
soil (Tinker and Nye 2000).
Root activity for P uptake might be limited under low moisture conditions. Under dry topsoil
conditions, while sorghum responded to added P fertilizer, chickpea did not (Arihara et al.
1991). Chickpea grain yield response was only observed under irrigated conditions, while
sorghum responded in both irrigated and dry conditions in the study by Arihara et al. (1991).
They speculated that different root morphology between these crops might account for
different P responses. The taproot system of chickpea, which grows downward into the deeper
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soil, might render it more efficient in absorbing P from the deeper zone of soil and less
efficient near the soil surface. In Western Australia, when wheat or canola responded to P
application, chickpea, faba bean, and lupin usually showed low or no response (Bolland et al.
1999). Irrespective of growing conditions, the responses of chickpea to added P fertilizer in the
above mentioned studies were in accord with those of this study.
It was expected that the yield under strip tillage would be increased by better topsoil moisture
retention than under conventionally cultivated chickpea. That did not happen at all sites but
may have at sites 2 and 4. At sites 2 and 4, the conventional plots were cultivated by 4-WTdrawn plough which ploughed the land deeper (>10 cm) than the country plough or 2-WT
drawn plough. Deep ploughing might facilitate placement of soil with surface-applied TSP into
relatively moist soil that increases P uptake duration of plant that resulted in increased yield.
However, the drying pattern of the topsoil in both tillage systems was similar, which may be
due to the absence of surface mulch coverage on the topsoil following harvest of rice plants
close to the soil level. It is postulated that if the conventional plots of sites 2 and 4 had been
cultivated using full shallow tillage of a 2-WT, then the seeding and P placement depth would
have been shallower than the 4-WT, resulting in poorer response to applied TSP as at sites 1
and 3. This suggests that deeper placement of seed and P fertilizer would alleviate the surface
drying problem leading to a positive yield response but more definitive treatments need to be
tested in the field to verify this prediction.
Causes of poor yield in site 2: At site 2 where the soil P was low (12 mg Colwell P/kg and 4 mg
Olsen P/kg), a P response was expected under strip-till condition but that did not happen. In
addition to drying of the surface layer and poor root access to supplied P fertilizer as the
probable cause in common with other sites, the shallow seeding depth (3.0-3.5 cm) and poor
seed covering in the row might be the principal cause. Although the emergence was around 30
plants/m2 (which is enough in the HBT for a grain yield of 1 t/ha, Chris Johansen personal
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communication) the yield was ~0.5 t/ha. This was related to the poor growth of plants which
may in turn be related to the poor root growth. The roots were clustered in the furrow or grew
horizontally along the smeared wall in the furrow (made by the planter). The failure of
chickpea to establish a strong root system might not limit access to moisture deeper in the soil.
In addition, poor nodulation (rank 1.4 to 1.8) might have limited plant’s N-fixation capacity
which was reflected in poor growth and branching of the plants: most of the plants only had a
main stem. Generally the main stem of chickpea contributes only 19 % of final pod yield while
54 and 27 % are contributed by primary and secondary branches, respectively (Singh 1997). All
the above factors contributed to low grain yield at site 2.
Placement depth and rate of P fertilizer assessment: The above discussions suggest that the
overall poor response of chickpea to added P at all sites was mainly related to the shallow
placement depth of P fertilizer by the planter under the condition of dry topsoil. The available
minimum tillage planters in the HBT place seed and fertilizer <10 cm depth from the soil
surface, which generally dries before flowering. Placing seed and fertilizer more than this
depth, for example at 12-15 cm, could be beneficial for more efficient use of P fertilizer
because roots would be in contact with P fertilizer in moist soil for a longer period. Seedling
emergence from this depth could be slower but that might not affect grain yield because
plants will be benefitted from deep-placed P. However, to establish P fertilizer
recommendations for 2-WT mounted planters, extensive P rate trials including chickpea and
other potential crops in the HBT should be conducted. On the basis of the findings of this study
of P rates (half of the recommended broadcast TSP rate produced similar grain yield), it can be
suggested that the P rate for other remunerative crops in the HBT region can be reduced,
under minimum tillage but this warrants more extensive investigation.
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3.4.6. Time course of P acquisition
In this study, chickpea continued to accumulate P up to late podding or physiological maturity
stage. Like many legumes with indeterminate growth habit, chickpea probably requires P until
late into the season (Bolland and Loss 1998). In this study, chickpea accumulated nearly 63 %
of total P after flowering (across the treatments and sites) during a period when the topsoil
was already dry. The pattern of DM accumulation followed a similar trend to that of P. The
following discussion emphasizes P accumulation and remobilization, although these processes
are clearly related to DM.
The highest amount of P in the vegetative organs was accumulated at early podding stage,
after which the amounts started to decrease. Although the amount of P accumulated in
vegetative organs was variable, the percent of P remobilized from vegetative organs to grain
was nearly the same. In soybean, the remobilization of P was also unaffected by the level of P
supplied (Hanway and Weber 1971b; Lauer and Blevins 1989a). However, the vegetative parts
remobilized nearly 52 % of total P across the treatments and this amount of remobilized P
contributed the equivalent of 69 % of grain P at final harvest (late podding stage) (Tables 3.9a,
b, c). This showed the strong sink strength of grain for P during grain filling and that capacity
was independent of plant P status. It is worth mentioning that the majority (70-80%, based of
eye estimation) of the leaves were attached with the plants during the final harvest (late
podding stage). The rest of the leaves were lost between mid-podding and late podding stage
which might have contributed to an overestimation of P remobilization. If the lost leaves were
considered (by substracting 20-30% of leaf-P from the total remobilized P), still the
remobilization might have been substantial for chickpea during pod filling.
However, the remobilization of P from leaf and from stem was different. Leaves lost more P
than stems. This might be related to the pattern of DM loss from stem as well as its P
concentration. Also, this might be related to fallen leaves. However, between early podding
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and late podding, the stem lost a minor amount of DM, but a substantial amount of P. This was
reflected in a substantial decrease in P concentration in the stem at later stages compared to
the P concentration in the leaf (Tables 3.10a, b, c). In well-watered desi chickpea, Hooda et al.
(1989) found no decrease in stem DM (rather an increase), while Davies et al. (2000) showed
almost stable stem DM after pod-filling stage under water stress. In soybean in solution
culture, Lauer and Blevins (1989a) found that P remobilization from stems was more
pronounced than that from leaves and other tissues under high P nutrition. But when P
contents were low, the leaf P was also drawn down. In this study, the observed contribution of
both leaf and stem P to pod P suggests that plants were growing under P-deficient conditions
resulting from drying of the P-fertilized topsoil, so remobilization occurred both from leaf and
stem.
To date there is no published information on remobilization of P from vegetative tissues to
chickpea seed grown under a dry topsoil and receding soil profile moisture levels or even
under well-watered conditions. However, in winter-sown rainfed Kabuli chickpea in a
Mediterranean climate grown on current rainfall, Kurdali (1996) showed 70 % of P remobilized
to grain from whole shoots, roots and nodules. In the present study, roots and nodules P were
not included in calculating remobilization (69 %); if that had been possible, the percentage of
remobilized P would have been increased. Under restricted P supply, soybean remobilized a
greater percentage of plant P to seed than did plants with an adequate P supply (Lauer and
Blevins 1989a). This study suggests that dry topsoil might cause a high degree of P
remobilization due to restricted P supply from topsoil P or fertilizer P.
However, in this study, while seed accumulated most of its P (69 %) from remobilization, the
rest of P was acquired from the current uptake. This indicated that the plant was able to take
up P during the reproductive period. This suggests that during the reproductive stage (during
pod filling) a substantial amount of P was acquired from the subsoil (as the topsoil was already
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dried and the subsoil contains sufficient P, see Table 3.1) to which chickpea had access by
virtue of its deep roots. This observation is followed up in the subsequent study (Chapter 4),
along with a re-examination of the contribution of P remobilization from vegetative shoots to
pod under dry topsoil conditions.

3.4.7. Possibility of P uptake from subsoil
The proposition that chickpea maintains P uptake from the well-watered subsoil until late in
pod growth can be supported considering the deep rooting characteristics of chickpea. Root
length and weight of chickpea in the topsoil (top 10 cm) is usually a small proportion of the
total: the major portion grows into the subsoil particularly under dry topsoil conditions
(Sheldrake and Saxena 1979; Arihara et al. 1991; Benjamin and Nielsen 2006). Under rainfed
conditions, chickpea grown in silt loam soil produced 66 % of total root (sampled at early and
mid-podding stage) in the top 23 cm and the remaining portion in deeper soil (Benjamin and
Nielsen 2006). If 10 cm is considered as topsoil and that dries out by the early growing season,
the percent of total root in the topsoil (based on Benjamin and Nielsen) must be < 66 %. Under
this condition, P fertilizer drilled with the seed or broadcast to the surface layer becomes
positionally unavailable to chickpea roots for a large part of the growing season when the P
requirement of crop is high (during the reproductive stage). Placing the P fertilizer deeper in
the soil (>10 cm) may overcome the positional unavailability and may increase the
effectiveness of P fertilizer for chickpea in dry topsoil conditions, as was observed with other
crops, e.g. lupin (Jarvis and Bolland 1991), wheat (Alston 1976) and canola (Rose et al. 2008).
Chickpea requires 3.2 kg P to produce one tonne of grain and only 5-10 % of this amount
comes from the starter fertilizer applied to the topsoil; the rest comes from the bulk soil P (Bell
et al. 2010). As the topsoil dries out, the uptake of P from top bulk soil will also be minimal and
the plant’s reliance might be solely on the P deeper in the soil. That hypothesis is investigated
and discussed in chapter 4.
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3.5.

Conclusion

The placement of P with chickpea seed at the recommended rate (100 kg TSP/ha) by single
pass strip-tillage in the sandy clay loam to clay loam soils (clay content 23-38 %) of the HBT of
Bangladesh was not toxic for crop establishment. That is the placement of TSP and chickpea
seed in a furrow was not harmful for crop emergence in the HBT soil. The grain yield difference
between the strip-till and conventional sowing system with 100 kg TSP/ha (recommended
broadcast rate) was minimal (except sites 2 and 4). The higher yield in conventionally
cultivated plots (sites 2 and 4) was probably due to deeper cultivation which suggests a
positive response could be found if P is placed deeper than the current placement depth (< 10
cm). Under strip tillage, without addition of P fertilizer, chickpea produced 80-90 % of
maximum grain yield, i.e., there was limited grain yield improvement by applying P fertilizer in
the dry topsoil of the HBT. Shallow planting depth and/or high soil P (topsoil or subsoil) might
be the main causes of non-responsiveness to applied P fertilizer. The yield response to P
fertilizer rates by the strip-till planter suggests that a P fertilizer rate below the current
recommendation should suffice for chickpea. To assess P requirements for chickpea, and other
crops, in the HBT when sown with 2-WT-mounted planters, more extensive P rate trials
relating to fertilizer placement depth, topsoil moisture and initial soil P level are required.
However, chickpea under this drying topsoil effectively utilized already-acquired P by
remobilizing it from the vegetative parts to the developing grain, contributing 69 % of grain P.
The remobilized P did not meet the requirement of plant’s total P. The remaining P
requirement (~30 %) was apparently fulfilled by the concurrent uptake during grain-filling
stage, as continued P uptake was observed until maturity despite the topsoil being completely
dry. From these results it can be postulated that P in the wet subsoil is a potential P source for
uptake under dry topsoil conditions, particularly during the grain-filling period of chickpea.
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Chapter 4
Phosphorus uptake, distribution and redistribution in chickpea under dry
topsoil conditions
4.1. Introduction
Even when the topsoil dried out after flowering, chickpea continued to accumulate P until
physiological maturity of the plant (Chapter 3). At the time of flowering, plants had
accumulated ~30 % of total P; the remaining P was taken up after flowering. By early podding,
chickpea accumulated the maximum amount of P in the vegetative parts. Between early
podding to maturity, the vegetative parts remobilized 52 % of their P. This remobilized P was
the equivalent of 69% of total pod P at mature stage. That is pod P content at maturity was
contributed by both remobilized P and current uptake of P after flowering. The result of that
study (Chapter 3) suggested that a substantial amount of P that accumulated in shoots (and
especially in pods) after flowering was extracted from the zone below the dry topsoil where
moisture was available.
Remobilization of dry matter and nutrients such as P from vegetative tissues to reproductive
organs plays an important role for legume grain yield, particularly under a deficient supply of
P. In chickpea it has been estimated that over the season about 15 % of the DM (Singh 1991)
and 65 % of the P (Kurdali 1996) accumulated in the shoot prior to pod initiation is remobilized
to the pods during pod filling. Phosphate uptake in chickpea is thought to occur throughout
the life of the plant (Bolland and Loss 1998). However, P remobilization by legumes that
produce pods when the topsoil has dried out and then rely on subsoil water storage, has not
been examined. This gap is addressed in the present study by varying the P levels in the topsoil
and subsoil and by varying soil watering in the topsoil while maintaining a well-watered
subsoil.
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Owing to intensive cropping and minimum tillage practice, vertical stratification of nutrients
has been a common feature of soil under cropping (e.g. Eckert 1985; Howard and Tyler 1987;
Mackey et al. 1987; Morrison and Chichester 1994). The availability of the surface-applied P to
plants is likely to be restricted in semi-arid environments, where rapid drying of the surface soil
can occur because of high temperatures and evaporation rates. This is particularly the case
where crops such as chickpea are dependent on stored subsoil water. Diffusion is the principal
mechanism of supplying P to the roots for uptake (Barber 1995) and drying of the soil limits
diffusion that in turn reduces P uptake (Tinker and Nye 2000). The uptake of P applied to the
surface has been shown to diminish in wheat (Piper and de Vries 1964; Singh et al. 2005),
annual medic (Scott 1973) and lupin (Jarvis and Bolland, 1991), as the surface dries. In
chickpea, there are numerous reports relating to lack of response to surface-applied P
fertilizer; these were discussed in Chapter 3. One way to overcome the problem of poor P
availability in dry topsoil is to place P fertilizer below the surface layer where the soil remains
wet. Alternatively, species that produce relatively high root density in the subsoil and exhibit
efficient P uptake from subsoil may be better adapted to such conditions with or without
placing P in the subsoil.
Placing nutrients below the surface was beneficial in a number of crop species: N and P in
wheat (Alston 1976), N in wheat (Lotfollahi et al. 1997), Mn in lupin (Brennan 1999; Crabtree
1999), Zn in wheat (Nable and Webb 1993) and oilseed rape (Grewal and Graham 1999), and
compound fertilizer in canola (Hocking et al. 2003). Beneficial effects of placing P fertilizer in
the subsoil were found in lupin (8 cm below the seed while seed was placed at 4-5 cm below
the soil surface) (Jarvis and Bolland 1991), wheat (Singh et al. 2005; Sander and Eghball 1999)
cotton (Singh et al. 2005) and alfalfa (Teutsch et al. 2000). To date very few reports relating to
P placement in subsoil or its effects on P nutrition of chickpea have been found. In an Indian
Vertisol, deep banding of P fertilizer to 15 cm depth was beneficial for chickpea grain yield,
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which increased by ~20%, particularly under dry topsoil conditions (Arihara et al. 1991). The
study by Arihara et al. (1991) was targeted to identify an efficient P application method for
dry-land chickpea; it did not investigate the contribution of P remobilization under a dry
topsoil. This gap is addressed in this study.
Chickpea is well known to secrete carboxylates from its roots in soil with low P status (Ae et al.
1991; Marschner 1995; Veneklaas et al. 2003; Pearse et al. 2006) and even in soil with
sufficient P (Wouterlood et al. 2005). These carboxylates mobilize P from the P-fractions that
are poorly available for other plants (Ae et al. 1991; Li et al. 2003). Analysis of rhizosphere P
pools has been used to assess the depletion of P pools from the chickpea rhizosphere (e.g.
Rose et al. 2010; Hassan et al. 2011). However, in previous studies, rhizosphere soil was
collected from the whole root system of plants grown under well-watered conditions, and with
shallow root depth in the case of pot studies. That is, in those studies neither subsoil nor the
effects of subsoil P supply on chickpea’s P uptake from the rhizosphere were considered.
Moreover, no previous study on rhizosphere P fractions was conducted under a dry topsoil
condition or where P was applied in both the topsoil and subsoil. These gaps in knowledge are
addressed in the present study, which is based on the following research questions:
1) How does chickpea respond to subsoil P in respect of P uptake, distribution and
redistribution under dry topsoil conditions?
2) Which rhizosphere P pools are preferred for uptake from dry topsoil or wet subsoil
when plants are supplied with P to those layers?

4.2.

Materials and Methods

Chickpea cultivar ‘Genesis 836’ was grown in a pot experiment in a naturally-lit glasshouse at
Murdoch University, Perth, Western Australia (32o 04’ S, 115o 50’ E). The sowing date was 19
May 2011. During the experimental period (19 May to 8 September 2011), the maximum and
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minimum temperatures were 20 ± 3 and 12 ± 2 oC, respectively with a daylength of 10.4 ± 0.4 h
(all values are mean ± SD).

4.2.1. Soil
The 0-10 cm horizon of a sandy loam soil under natural vegetation (0-10 cm) was collected
from 10 km north of New Norcia, Western Australia (latitude 31o 03’ 51” S, longitude 116o 12’
16” E, elevation 250 m) (MRA 10 in McArthur 1991). The air-dried soil was passed through a 4
mm sieve before being used in the experiment. Samples were analysed by CSBP Futurefarm
analytical laboratories (Bibra Lake, Western Australia) for the properties given in Table 4.1:
Table 4.1. Selected properties of soil. Values in Table are the means of three replicates.

Soil properties
pH (H2O)

5.5

Soil properties
Reactive iron (mg/kg)

1145

pH (CaCl2)

4.9

DTPA manganese (mg/kg)

4.8

Sand (%)

75.7

Colwell P (mg/kg)

3.0

Silt (%)

9.1

Olsen P (mg/kg)

0.7

Clay (%)

15.2

Total P (mg/kg)

125

Organic carbon (%)

1.1

BSES P (mg/kg)

5.0

DTPA iron (mg/kg)

20

Phosphorus retention index (PRI)

19

4.2.2. Soil columns
Columns (80 cm long and 10 cm diameter) were used for growing plants in this study. The
vertically-split halves of the PVC column were re-joined with adhesive tape. The cap at the
bottom of the column was perforated and a 3 cm layer of washed river sand was placed in the
base of the column to make the column free-draining. Two treatment layers, topsoil (0-10 cm)
and subsoil (10-30 cm), were constructed in the column based on the treatments of the
experiment (described below). For watering directly to the subsoil, in order to keep the topsoil
dry, a 40 cm-long, 10 mm-diameter plastic tube with holes in the lower 20 cm was inserted in
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the middle of each column (Fig. 4.1). No barrier was placed between topsoil and subsoil layers,
in order to mimic the field profile. The holes in the watering tube were positioned at 12.5 cm
to 28 cm below the surface of the column-soil.

4.2.3. Experimental design and treatments
The experiment consisted of four P treatments, each of them replicated three times. The
plants were harvested at three stages of growth (36 columns in total) and the columns were
arranged in a completely randomized design. The four P treatments were: high P (90 mg/kg
soil, Colwell P) both in the topsoil and subsoil (HP/HP), high P in the topsoil and low P (45
mg/kg soil, Colwell P) in the subsoil (HP/LP), low P in the topsoil and high P in the subsoil
(LP/HP), and low P both in the topsoil and subsoil (LP/LP). A preliminary experiment following a
similar approach to the present study with 30 mg and 15 mg P/kg soil as high P and low P,
respectively, showed that chickpea was unable to grow well and produce much dry matter in
these levels of P (see Appendix 3 for the details of 90 mg Colwell P/kg and 45 mg Colwell P/kg
as HP and LP, respectively). Figure 4.1 depicts the columns with four P treatments. In addition
to the 36 columns, one transparent column was set up to track the root penetration to the
subsoil. The transparent column was wrapped by black plastic to prevent root exposure to the
light. A few spare columns (6) were also included to observe whether the subsoil watering was
effective in keeping the topsoil dry without any barrier between the two layers.
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T2

T1

T3

T4

2 cm
HP
-W

10 cm

HP
-W

LP
-W

LP
-W

HP
+W

20 cm

LP
+W

HP
+W

LP
+W

80 cm
45 cm

3 cm
To test the effect of subsoil P when
both the topsoils were with LP

To test the effect of subsoil P when
both the topsoils were with HP

Fig.4.1. Illustration of phosphorus (P) treatments in the 0-10 cm dry (-W) topsoil and 10-30 cm wet (+W)
subsoil. T1 has high P (HP) in both the topsoil and subsoil (HP/HP); T2, HP in the topsoil and low P (LP) in
the subsoil (HP/LP); T3, LP in the topsoil and HP in the subsoil (LP/HP); T4, LP in both the topsoil and
subsoil (LP/LP). In the 80 cm-long column, the top 2 cm was kept free, 10 cm of topsoil extended to 12
cm below the top of the column but in the subsequent descriptions it was denoted as 0-10 cm or dry
topsoil. Twenty cm of subsoil (12-32 cm) underlies the topsoil (but the subsoil was denoted as 10-30 cm
in the text below). Treatment P was applied in the topsoil and subsoil layers. Below 45 cm (32-78 cm of
the column), soil which remained continuously well-watered was treated with basal nutrients only. At
the bottom, a 3 cm layer of washed river sand was placed. The narrow tube in the centre of the column
was a watering tube with perforations in the subsoil to allow watering of the subsoil independently of
the topsoil. The lower end of the watering tube was closed with a cotton plug.

4.2.4. Growing of plants
The soil columns were filled by placing soil with basal nutrients and P treatments according to
Fig. 4.1. Measured amounts of soil required for each layer (0-10, 10-30, 30-77 cm) of a column
was kept in different buckets. Basal nutrients were added at (mg/kg): K2SO4-131; MgSO4 7H2O34; CuSO4.5H2O-14; ZnSO4.7H2O-14; CoSO4.7H2O-0.44; Na2MoO4.2H2O-0.44; H3BO3-0.4.
Calculated amounts of basal nutrients for each soil layer were pipetted on the surface of the
soil (in a bucket) and kept for 48 h for drying before adding treatment P. The treatment P,
Ca(H2PO4)2 (monocalcium phosphate), was applied as powder form (because of its low
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solubility) according to the treatments. Monocalcium phosphate of 629 and 314 mg/kg soil
raised the Colwell P of experimental soil (3 mg/kg) to 90 and 45 mg/kg as high P and low P,
respectively (see Appendix 3 for the details). To raise the initial pH (H2O) of soil from 5.5 to 6.5,
Ca(OH)2 was added at 0.8 g/kg soil, following the method described by Asher et al. (2002). The
soil with basal nutrients, Ca(OH)2, and P was then mixed well by vigorous shaking in a rotary
mixer. In 30-77 cm of the column, soil mixed with basal nutrients only was placed on top of the
3 cm river sand layer, followed by the 20 cm subsoil layer with high or low P treatment. Finally,
the 10 cm topsoil layer with treatment P was placed on the subsoil layer (Fig. 4.1). The columns
were re-randomized weekly during the whole growing period.
After filling the columns with soil and setting the watering tube according to Fig. 4.1, the whole
column-soil was watered from the surface to 75 % of field capacity (22 % gravimetric water at
field capacity). Three days after wetting, 6 uniform seeds of chickpea per pot were sown at 3
cm below the surface in holes made by a tapered wooden stick. One ml of 10 % peatRhizobium inoculum (Group N) was added to each hole before putting seed in it and covering
the seed with soil. Two weeks after sowing, the plants were thinned to two even-sized
seedlings. No water stress was applied up to 4 weeks after sowing and required amounts of
water were applied to the surface after weighing all columns every 3 days. After 4 weeks, the
roots had reached the subsoil (observed in the transparent column) and watering to subsoil
only was started through the watering tube to keep the subsoil at 75 % field capacity water. At
this stage the amount of water required per column (10-77 cm) was reset by subtracting the
amount of water initially contained in the topsoil layer from the total water contained by the
whole column-soil. As there was no separating layer between the topsoil and subsoil, there
was always a risk of wetting up the bottom part of the topsoil during subsoil watering. In the
preliminary trial, it was observed that if the amount of water was more than 20 ml at a time
and the interval between two applications was less than 30 min, subsoil watering caused
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wetting up at the bottom (1-2 cm) of the topsoil layer. This problem was avoided by controlling
the amount of water and interval between applications. Subsoil watering was done every day.
Watering was required several times a day when the plants became larger (from 60 DAS).
During watering, no water came out of the bottom of the column and no signs of excess water
in the column soil were observed during harvests when the columns were opened up. Dryness
of the topsoil (0-10 cm) was verified during the harvests also.

4.2.5. Plant measurements
Plants were harvested at flowering, mid-podding, and at maturity, i.e., 42, 56, and 90 days
after withholding watering to the topsoil (70, 84, and 118 days after sowing, respectively). At
each harvest, shoots of the plants (two plants per column) were cut at soil level and put in a
plastic bag and stored in a cold room for further processing. For the roots, the column was cut
open longitudinally and the soil was sectioned into 0-10 cm (topsoil), 10-30 cm (subsoil) , and
30-80 cm layers. For collecting rhizosphere soil from topsoil and subsoil root systems, roots of
both plants were taken together out of the soil from the respective layers without taking any
steps to separate them. Although care was taken to minimize root breakage, some breaking
was unavoidable. The root system was then shaken gently to shed the bulk soil attached with
it. The clumps of soil trapped between roots were taken out. The soil that remained adhering
to the root was termed ‘rhizosphere soil ‘; it was collected by vigorous shaking and by mild
brushing with a paint brush. The collected rhizosphere soil was then kept in a paper bag in the
glasshouse for 5 days for air drying. Bulk soil from topsoil and subsoil from each pot and from
the pot without plant (high P in the topsoil and low P in the subsoil) was also collected and air
dried. After drying, the soils were kept in the cold room (4 oC) in an airtight container for
future analysis. The root system of each soil layer was separately washed and cleaned under
running tap water on a 1 mm sieve to minimize root loss. Nodules in the roots of topsoil were
ranked according to the Rupela (1990) method (described in Chapter 3). Nodules from the
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topsoil and also from the subsoil were separated. The DWs of roots and nodules of each layer
were taken after drying in a forced draft oven at 70 oC for 72 h.
To study the remobilization of P among the plant parts at different harvests, the shoots were
separated into three, four, and five categories at harvest 1 (H-1) (flowering), harvest 2 (H-2)
(mid-podding), and harvest 3 (H-3) (late podding or maturity), respectively, according to Figure
4.2. The three categories of shoots common to each harvest were: the old leaf category, the
recently matured leaf category, and tips (terminal bud with four subsequent leaves) of main
shoot and branches. The old leaf category comprised leaf blades from the base of the plant to
the uppermost leaf of the non-flowering stem. At H-1, this category was determined to
comprise up to 7th leaf of the stem from a count of 72 plants. Up to this leaf age, no plant
produced any branch or flower. In harvests 2 and 3, the old leaf category was also defined in
the same way as for H-1. The RML category was between the tips and the old leaf category at
H-1. As a result of the shoot elongation between H-1 and 2, another category, mid-shoot 1
(MS-1), was added as a fourth category in H-2. In the same way, at H-3, mid-shoot 2 (MS-2)
was added as a fifth category to the four at H-2. Except for the shoot tip, shoots in every
category were separated further into leaf and stem at each harvest. Leaves in old leaf category
were termed’ OL’ and old stem were termed ‘OS’ in each harvest. Similarly, leaf in recently
matured leaf category was ‘RML’ and stem in recently matured stem was ‘RMS’. It is important
to note that the old leaf category and the recently matured leaf category have no notation, but
when each category was separated into leaf and stem, they have the notations (e.g., leaf in old
leaf category as OL). However, at H-3, pods in RML, MS-1, MS-2, and in tip categories were
kept separate. At H-2, flowers and developing pods were also collected and kept separate for
each portion of the shoot above OL. After H-1, lower leaves started to fall and they were
collected by wrapping a net (around the top end of the column) at the base of the plant.
Before H-2 (mid-podding stage), all OL were dropped while between H-2 and H-3, some RML
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were also dropped. The dropped leaflets accumulated on the surface of the column inside the
net and were collected twice a week. The dropped leaves were added to their respective
categories for dry weights. Leaf, stem, flower, pod, and tips of all categories in each harvest
were dried in a forced draft oven at 70 oC for 72 h and the DWs were recorded.
The various parameters calculated from dry matter and P accumulation to assess P
remobilization within the chickpea plant were calculated as follows:
1

Dry matter remobilization (g/column) = (dry matter of vegetative parts at midpodding + DW of fallen leaves) − dry matter of vegetative parts at maturity.

2

Dry matter remobilization to pod (%) = (dry matter remobilization/grain yield at
maturity) × 100.

3

Harvest index (HI) = seed yield/total above-ground biomass at maturity.

4

P remobilization (mg/column) = (P content of vegetative parts at mid-podding +
P lost from vegetative parts between flowering and mid-podding*) − P content of
vegetative parts at maturity.

5

P remobilization to pod (%) = (P remobilization/P content of pods at maturity) x
100

*Although P accumulation continued after flowering, P loss was observed from the vegetative parts
between flowering and mid-podding. That amount of lost P was added to the P content in the vegetative
organs at mid-podding during calculation of P remobilization (was shown in the result section Table 4.6).
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Tip

Mid-shoot 2 (MS-2)

Mid-shoot 1 (MS-1)

RML

Recently matured
leaf category

RMS

OL

Old leaf category

OS

Fig. 4.2. Categories of plant parts. The four horizontal lines separated five main categories of shoot at
mature stage of plant: (1) old leaf category, separated into old leaf (OL) and old stem (OS), (2) Recently
matured leaf category, separated into recently matured leaf (RML) and recently matured stem (RMS),
(3) shoot elongation between flowering and mod-podding, mid-shoot 1 (MS-1), (4) shoot elongation
between mid-podding and maturity, mid-shoot 2 (MS-2), (5) tip.

Dried shoot parts were ground in a stainless steel grinder (Coffee n Spices, Breville). For the
measurement of P in the leaf, stem and pod categories, subsamples (~0.1 g) from the ground
materials were taken and digested in 2 ml of concentrated H2SO4 (mixed with 0.5% selenium).
Phosphorus in the extract was determined colorimetrically (O’Neil and Webb 1970) using a U1100 spectrophotometer (Hitachi, Tokyo, Japan). The P content was calculated by multiplying
the DW of a particular sample with its concentration. The sum of P content of all categories
gave the total P per two plants (per pot) of a particular treatment and harvest.

4.2.6. Soil analyses
For determination of soil P pools in the rhizosphere, sequential P fractionation was undertaken
using a modified version of the Hedley et al. (1982) fractionation scheme. Air-dried
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rhizosphere soil was passed through a 0.5 mm sieve and a subsample of ~0.5 g soil was
sequentially extracted by water, 0.5 M NaHCO3, 0.1 M NaOH, 1 M HCl. Resin P or water
extractable P is the form of soil inorganic P (Pi) from which plants easily draw their supply
(Hedley et al. 1982). The bicarbonate (0.5 M NaHCO3) extracts the additional Pi that is available
to plants. A relatively strong extractant (stronger than previous extracts), 0.1 M NaOH, partially
dissolves Fe and Al phosphates and desorbs Pi from the surfaces of sesquioxides. The acid
extractant (1M HCl) dissolves acid-soluble P in the form of calcium phosphates and Pi, which is
occluded within sesquioxides.

4.2.6.1. Water extractable P (Resin P)
In a 50 ml polypropylene centrifuge tube containing 0.5 g soil, 30 ml of distilled de-ionized
(DDI) water was added. After adding a 2 X 2 cm anion exchange resin strip (BDH #55164), the
tube was shaken for 17 h. The resin strip was previously saturated with HCO3-, and Na+, in
accordance with Saggar et al. (1990). After removal, the strip was washed with double deionized (DDI) water to remove the soil attached to it. The strip was then shaken for 30 min
with 30 ml of 0.5 M HCl to elute P from the strip. Phosphorus in the eluent was then
determined colorimetrically by the molybdo-vanadate blue method (Murphy and Riley 1962).

4.2.6.2. Bicarbonate extractable P (NaHCO3 P)
To the residue from the previous step, 30 ml of 0.5 M NaHCO3 (pH 8.5) was added, shaken as
above, centrifuged at 4000 rpm for 1 h and the supernatant decanted. Then 5 ml of the extract
was acidified to pH 2 and placed at 4 oC for 30 min to remove CO2. After neutralization with
0.5 M NaOH, the Pi in the extract was determined following Murphy and Riley (1962). From
the remaining supernatant, 10 ml extract was retained for NaHCO3 extractable organic P (Po)
(see below).
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4.2.6.3. Hydroxide extractable P (NaOH P)
To the residue from the previous step, 30 ml of 0.1 M NaOH was added, re-shaken, centrifuged
and decanted as above. Next, 5 ml aliquot of the extract was neutralized with 0.9 M H2SO4 and
the P was determined following Murphy and Riley (1962). From the remaining supernatant, 10
ml was retained for NaOH Po (see below).

4.2.6.4. Acid extractable P (Acid P)
Thirty ml of 1 M HCl was added to the residue from previous step, shaken and centrifuged as
above. Five ml of the supernatant was neutralized and P in the extract was measured
colorimetrically (Murphy and Riley 1962). Ten ml of the supernatant was retained for HCl Po
(see below).

4.2.6.5. Bicarbonate, hydroxide, and acid extractable
organic P (Po)
For the determination of total P in the previously stored bicarbonate extract, 5 ml was heated
at 160o C for 20 min with 1 ml of 5% potassium persulphate (K2S2O8). The digestion was
completed when the vigorous refluxing ceased and the extract became clear (Tiessen and Moir
1993). Hydroxide and acid extracts were also digested following the same procedure and the
total P in the digested extracts was determined following Murphy and Riley (1962). The Po was
calculated by subtracting the Pi values from the total P of the respective extract.

4.2.6.6. Residual P and total P of un-fractionated soil
Residue soil from the sequential extraction was transferred (from the centrifuge tube) to a
long-necked Pyrex tube by repeated washing with a minimum amount of DDI water. The tube
was heated for 2 h at 160o C to evaporate the water. After cooling, 5 ml of 18 M H2SO4 and 1
ml of H2O2 were added and kept overnight for pre-digestion. The acid and soil mixture was
then refluxed for 3 h at 360o C to complete digestion. The un-fractionated soil was also
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digested in the same way with H2SO4 and H2O2. Phosphorus concentration in the extracts was
determined following the molybdo-vanadate method (Murphy and Riley 1962).
The bulk soil of high P, low P from the topsoil, subsoil, and the virgin soil (without added P) was
treated in the same way as rhizosphere soil for P fraction determination (topsoil and subsoil
from the column without plant was also treated in the same way). The relative depletion of a
fraction was calculated by subtracting the fraction value for rhizosphere soil from its respective
bulk value (high P or low P).

4.2.7. Statistical analysis
A two-way multivariate ANOVA based on a completely randomized design was performed to
test the effects of topsoil P, subsoil P, and interaction between topsoil P and subsoil P using
SPSS version 18. The treatment means were separated by the least significant difference test
(lsd) at 5 % level of significance.

4.3.

Results

Among the four treatments, for most measured parameters, HP/HP and LP/HP (high P in the
subsoil) showed similar responses as did HP/LP and LP/LP (low P in the subsoil). For the
convenience of describing the results and subsequently in the discussion section, HP/HP and
LP/HP was described collectively as ‘subsoil HP’ while HP/LP and LP/LP were referred to as
‘subsoil LP’ when their effects were similar.

4.3.1. Dry matter accumulation and distribution
In general, plants accumulated significantly higher (P ≤ 0.001) dry matter (DM) when supplied
with HP in subsoil than with LP for all harvests (Table 4.2). Total DM (vegetative and
reproductive) accumulation continued from flowering (H-1) to maturity (H-3) and the pattern
of increase was similar in all P treatments. By flowering, chickpea accumulated nearly 37 %
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(across all treatments) of total DM of the mature stage (late podding) and its relative DM
accumulation increased to nearly 57 % at mid-podding stage. The maximum amount (43 %) of
DM (including pod) accumulation occurred between mid-podding and mature stage.
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Table 4.2. Dry matter (DM) (g/two plants in column) of vegetative and reproductive parts at flowering, mid-podding and mature stage of glasshousegrown chickpea. Treatment notations refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote high phosphorus (P) and low P, respectively. Values are means of
three replications ± SE.

Harvest

Treatment Leaf

Stem

Tip

Flowering

HP/HP
HP/LP
LP/HP
LP/LP
HP/HP
HP/LP
LP/HP
LP/LP
HP/HP
HP/LP
LP/HP
LP/LP

5.4 ± 0.1
4.6 ± 0.1
5.1 ± 0.1
4.1 ± 0.1
7.7 ± 0.2
6.1 ± 0.1
8.1 ± 0.1
6.2 ± 0.3
8.0 ± 0.2
6.1 ± 0.1
7.4 ± 0.3
5.9 ± 0.2

1.9 ± 0.0
1.1 ± 0.0
1.5 ± 0.0
1.1 ± 0.1
2.4 ± 0.1
1.7 ± 0.1
2.0 ± 0.0
1.4 ± 0.1
0.9 ± 0.0
0.4 ± 0.0
1.1 ± 0.1
1.0 ± 0.5

Midpodding

Maturity

3.5 ± 0.1
2.9 ± 0.1
3.2 ± 0.1
2.7 ± 0.1
5.3 ± 0.2
4.8 ± 0.0
5.2 ± 0.1
4.4 ± 0.2
5.0 ± 0.2
4.1 ± 0.1
4.8 ± 0.2
3.3 ± 0.1
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Total DM
in the
vegetative
parts
10.8 ± 0.8
8.6 ± 0.8
9.7 ± 0.7
7.8 ± 0.7
15.5 ± 0.7
12.6 ± 0.7
15.4 ± 0.6
12.0 ± 05
13.9 ± 0.8
10.6 ±0.7
13.3 ± 0.5
10.2 ± 0.4

Flower/pod Total
(Vegetative
parts and
flower/pod)
0.2 ± 0.0
11.0 ± 0.7
0.1 ± 0.0
8.8 ± 0.8
0.1 ± 0.0
9.9 ± 0.7
0.1 ± 0.0
7.9 ± 0.7
0.9 ± 0.0
16.4 ± 0.9
0.4 ± 0.0
13.1 ± 0.5
0.8 ± 0.0
16.1 ± 0.2
0.4 ± 0.1
12.4 ± 0.5
15.5 ± 0.5
29.4 ± 0.7
11.6 ± 0.3
22.2 ± 1.0
14.9 ± 0.4
28.2 ± 0.9
11.3 ± 0.5
21.4 ± 0.5

Irrespective of P treatments, in the vegetative organs (excluding pod), plants accumulated the
maximum amount of DM at mid-podding stage and then it decreased (10-16 %) at maturity
(Table 4.2). At maturity, plants accumulated a major portion of DM (52 %, HI 0.52) in the pods,
irrespective of P treatments in the topsoil and subsoil (Table 4.2). The amount of DM lost by
the vegetative organs was equivalent to only 5 % of pod DW (of maturity) with subsoil HP but
12 % in the pod DW with subsoil LP (Table 4.2). The stem had more DM than did leaf. At both
flowering and mid-podding stage, leaf and stem each accumulated about 33 % and 50 % of
total DM, respectively, while the tip portion had 15 % of total DM in both these harvests.
From mid-podding to mature stage, the changes in DM of leaf, stem and tip portion were
variable (Table 4.2). Old leaf (OL), RML, and OS lost DM between mid-podding and maturity
(Fig. 4.3a, b, c). BY contrast, the DM of recently matured stem (RMS) increased from flowering
to mature stage (Fig. 4.3d). The loss of tip DM was substantial (Table 4.2) (for significance see
Table 4.5a).
The contribution of high P in the subsoil to total DM, irrespective of topsoil P, was 24-25 %
(group 1 and 2 in Table 4.3). On the other hand, when HP was placed in the subsoil, the
contribution from HP in the topsoil was as small as 1 % of total shoot DM at maturity (group 3).
When the subsoil had LP, the contribution of topsoil HP was also negligible (group 4 in Table
4.3).
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Dry weight (g/column)
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Mid-podding
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1

0

0
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d

HP/HP HP/LP

HP/LP LP/HP LP/LP
Soil P treatment

LP/HP

LP/LP

Soil P treatment

Fig. 4.3. Dry matter (g/column, two plants/column) in leaf and stem components: (a) old leaf, (b) old
stem, (c) recently matured leaf and (d) recently matured stem at flowering, mid-podding, and mature
stage of glasshouse-grown chickpea under different P levels in topsoil and subsoil. Treatment notations
refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote high phosphorus (P) and low P, respectively. Values are
means of three replications. Vertical bars refer to ± SE.
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Table 4.3. Contribution of high phosphorus (HP) and or low phosphorus (LP) in the topsoil and subsoil to
the increase in total and to pod dry matter (DM, g/column, each column had two plants) at maturity.
Treatment notations refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denotes high phosphorus (P) and low P,
respectively. Values (mean of three replications) are the differences between treatment means ± SE of
each group. Values within the brackets are the percentage contribution of topsoil or subsoil P ± SE
calculated as followed: (difference of DM between the treatments /highest value of treatment of that
group) x 100. Highest value in a group is denoted by asterisk (see Table 4.2 for highest values of total
and pod DW at maturity).

Groups (comparing treatments)

Dry weight (g/column) difference between
treatment groups at maturity
Total DM

Pod DM

Group 1 (HP/HP* and HP/LP)

7.2 ± 0.7 (25 ±2.4)

4.0 ± 0.3 (25 ± 1.6)

Group 2 (LP/HP* and LP/LP)

6.6 ± 0.7 (24 ± 1.8)

3.5 ± 0.4 (24 ± 2.5)

Group 3 (HP/HP* and LP/HP)

1.2 ± 1.1 (4 ± 3.8)

0.7 ± 0.9 (4 ± 5.5)

Group 4 (HP/LP* and LP/LP)

0.6 ± 1.5 (3 ± 6.4)

0.3 ± 0.7 (2 ±6.2)

*

highest value in a group

4.3.2. Root and nodule DM
The total root DM was not influenced by the P treatments at flowering and mid-podding stage
(Fig. 4.4). At maturity, the total root DM was also not influenced by the P treatments but it was
less (around 27 % in subsoil HP and 20 % in subsoil LP) than the DM of flowering and midpodding stage. Irrespective of treatments and harvesting time, the dry topsoil (0-10 cm)
contained only 27 % root DM with the majority of the root system in 10-80 cm layer of the soil
column. Figure 4.7 shows the proportion of root in different layers at flowering stage only.
The plants were well nodulated and the nodule scores ranged from 3 to 3.5 (Rupela 1990) in
the subsoil LP treatments and 4 to 5 in the subsoil HP treatments at flowering (data not
shown). Interestingly, nodules were found deeper in the soil, at 40 cm from the surface or
even deeper, at flowering and mid-podding (Fig. 4.6). In both harvests, the DW of topsoil
nodules was higher and decreased with increasing depth from the surface. Between flowering
and mid-podding, nodule DW in the topsoil decreased but, interestingly, in the subsoil it
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increased or at least remained similar (Fig. 4.7b). Overall the total nodule DW at both
flowering and mid-podding stage was higher in the subsoil HP treatments than in subsoil LP
treatments (Fig. 4.7a, b). At maturity, all nodules were dried, dead or rotten and it was not
possible to separate them from roots.

5

Dry weight (g/column)

Flowering

Mid-podding

Maturity

4
3
2
1
0

HP/HP

HP/LP
LP/HP
Soil P treatment

LP/LP

Fig. 4.4. Total root dry weight (g/column, two plants/column) at three harvests of glasshouse-grown
chickpea under different topsoil and subsoil P levels. Treatment notations refer to topsoil P/subsoil P.
‘HP’ and ‘LP’ denote high phosphorus (P) and low P, respectively. Values are means of three replications.
Vertical bars refer to ± SE.
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Root dry weight (% of total DW)

Sub-subsoil (30-80 cm)
Subsoil (10-30 cm)
Topsoil (0-10 cm)
120%
100%
80%

60%
40%
20%
0%

HP/HP HP/LP LP/HP

LP/LP

Soil P treatment

Fig. 4.5. Percentage of root dry weight in topsoil (0-10 cm), subsoil (10-30 cm) and below the subsoil
(30-80 cm) at flowering stage of chickpea under different P placements in topsoil and subsoil. Treatment
notations refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote high phosphorus (P) and low P, respectively.
Values are means of three replications. Vertical bars indicate ± SE.

40 cm

30 cm

20 cm

10 cm

0

Nodules

Fig. 4.6. Nodule distribution at flowering stage in chickpea in a column of soil treated with low P in the
dry topsoil and high P in the well-watered subsoil. Arrows point to nodules.
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Fig. 4.7. Nodule dry weight (mg/10 cm of roots of two plants) in topsoil and subsoil and total nodule dry
weight at (a) flowering and (b) mid-podding stage at different P levels in topsoil and subsoil of
glasshouse-grown chickpea. Treatment notations refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denotes high
phosphorus (P) and low P, respectively. Values are means of three replications. Vertical bars refer to ±
SE.

4.3.3. Phosphorus accumulation, distribution and
remobilization
4.3.3.1. Total P
Similarly to DM accumulation, plants, in general, accumulated maximum amounts of total P at
maturity (Table 4.4). Plants with subsoil HP (T1 and T3 in Fig. 4.1) accumulated significantly
higher amounts of P (P ≤ 0.001) than that with subsoil LP (T2 and T4 in Fig. 4.1) at all harvests.
There was no effect of P in the topsoil on total plant P when subsoil was supplied with LP.
Similarly, when subsoil was supplied with HP, application of HP in the topsoil had no effect on
total P accumulation. There was no interaction between topsoil P and subsoil P on total P
content in any of the three harvests (Table 4.5b).
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By flowering, plants with subsoil HP accumulated 65 % of total P at mature stage while it was
52 % in plants with subsoil LP (Table 4.4). To separate the effect of subsoil HP, the
accumulation of P by HP/HP was double that of HP/LP (Table 4.4). In the comparison of LP/HP
and LP/LP, 88 % more P was gained by the former. This trend of positive effect of subsoil P was
also observed at mid-podding and mature stages. At the mature stage, plants in HP/HP and
LP/HP soil accumulated 59 % and 48 % more P than those in HP/LP and LP/LP soil, respectively.
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Table 4.4. Total P content (mg/column, two plants per column) and P content in vegetative and reproductive parts at flowering, mid-podding and mature
stage of chickpea in different P treatments. Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote high phosphorus (P) and
low P, respectively. Values are means of three replications.

Harvest

Flowering

Midpodding

Maturity

Treatment

Leaf

Stem

Tip

Total P in the
vegetative
parts

Flower/pod

Total
(Vegetative
parts and
flower/pod)

HP/HP

8.5 ± 0.7

6.4 ± 0.3

10.3 ± 0.3

25 ± 1.1

0.7

25.8 ± 1.1

HP/LP

5.3 ± 0.1

3.6 ± 0.2

4.0 ± 0.2

13 ± 0.3

0.5

13.9 ± 0.4

LP/HP

8.1 ± 0.7

7.0 ± 0.3

7.8 ± 0.5

23 ± 1.6

0.6

23.4 ± 1.8

LP/LP

5.3 ± 0.3

3.4 ±.01

4.3 ± 0.6

14 ± 0.9

0.4

13.9 ± 0.9

HP/HP

9.7 ± 0.7

8.9 ± 0.9

7.8 ± 0.5

26 ± 1.4

4.0

30.4 ± 1.6

HP/LP

6.5 ± 0.1

4.6 ± 0.6

3.4 ± 0.7

14 ± 0.4

1.4

15.8 ± 0.6

LP/HP

9.1 ± 0.2

8.9 ± 0.6

6.3 ± 0.1

24 ± 0.5

3.2

27.4 ± 0.5

LP/LP

6.2 ± 0.6

4.7 ±0.8

3.6 ± 0.5

14 ± 0.4

1.3

15.7 ± 0.8

HP/HP

3.5 ± 0.1

2.8 ± 0.2

1.2 ± 0.1

8 ± 0.3

32.7 ± 2.2

40.3 ± 2.2

HP/LP

2.7 ± 0.1

1.9 ± 0.1

0.7 ± 0.1

5 ± 0.2

17.3 ± 0.8

22.3 ± 0.8

LP/HP

3.1 ± 0.2

2.1 ± .02

1.0 ± 0.1

6 ± 0.4

29.5 ± 1.0

35.8 ± 0.8

LP/LP

2.0 ± 0.1

1.4 ± 0.3

1.4 ± 0.2

5 ± 0.3

16.3 ± 0.6

21.1 ± 0.6
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Table 4.5a. Statistical summary of main effects and interaction of topsoil P and subsoil P on total dry matter (DM) (g/column, two plants in a column) and
DM of plant parts at flowering, mid-podding and mature stage of chickpea grown in soil column. ‘Total’ refers to DM of shoot plus flower/pod; ‘total vege’
refers to DM of shoot excluding flower/pod; OL, OS, RML, RMS refer to old leaf, old stem, recently matured leaf and recently matured stem, respectively.
‘ns’ refers to non-significant. *P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.001; ns, not significant

Response
variables

Flowering
Topsoil Subsoil

Total
Total vege
Total leaf
Total stem
Flower/pod

ns
ns
**
**
**

*
*
***
***
**

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns

***
**
**
***
***

Tip
OL
OS
RML
RMS
Total root
Total nodule
Nod (0-10 cm)
Nod (10-20 cm)

*
ns
*
**
*
ns
ns
ns
ns

***
*
**
***
***
ns
*
ns
ns

*
ns
ns
ns
ns
ns
ns
ns
ns

*
**
ns
ns
ns
ns
ns
ns
ns
ns

Topsoil
x subsoil

Nod (20-30 cm)
ns
ns
ns
no nodules could be recovered at maturity
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Mid-podding
Topsoil
Subsoil

Maturity
Topsoil

Subsoil

Topsoil x
subsoil

ns
ns
ns
ns
ns

ns
ns
*
ns
ns

***
**
***
***
***

ns
ns
ns
ns
ns

***
**
*
ns
***
ns
**
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

***
ns
ns
*
ns
ns
-

***
***
***
***
***
*
-

ns
ns
ns
ns
ns
ns
-

ns

ns

-

-

-

Topsoil x
subsoil

Table 4.5b. Statistical summary of main effects and interaction of topsoil P and subsoil P on total P content (mg/column, two plants in a column) and P
content of plant parts at flowering, mid-podding and mature stage of chickpea grown in soil column. Total’ refers to P content of shoot plus flower/pod; OL,
OS, RML, RMS refer to old leaf, old stem, recently matured leaf and recently matured stem, respectively. ‘Vege P’ refers to the total P content of the
vegetative organs. *P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.001; ns, not significant

Response
variables

Flowering

Mid-podding

Topsoil

Subsoil

Topsoil x
subsoil

Topsoil

Subsoil

Topsoil x
subsoil

Topsoil

Subsoil

Topsoil x
subsoil

Total P

ns

***

ns

ns

***

ns

ns

***

ns

Vege P

ns

***

ns

ns

***

ns

**

***

ns

Total leaf P

ns

***

ns

ns

***

ns

ns

***

ns

Total stem P

ns

***

ns

ns

***

ns

**

***

ns

Tip P

ns

***

ns

ns

***

ns

ns

***

ns

OL P

ns

***

ns

ns

***

ns

ns

***

ns

OS P

ns

***

ns

ns

**

ns

ns

***

ns

RML P

ns

***

ns

ns

**

ns

*

***

ns

RMS P

ns

***

ns

ns

***

ns

*

***

ns
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Maturity

4.3.3.2. Phosphorus in plant parts
In general, P accumulation and distribution in plant parts followed a similar pattern in all
treatments with a significant effect from subsoil HP and no significant effect from topsoil HP
placement in all harvests (Table 4.4).
At flowering (H-1, 42 days after withholding topsoil watering), 97 % of shoot P was in the
vegetative parts (leaf, stem, tip portion) and the remaining amount was in the flower (Table
4.4) across all treatments. At mid-podding (12 days after H-1), total P in the vegetative parts
had increased and the highest amount of P among all harvests was accumulated in the
vegetative parts at this stage. At maturity, P in the vegetative parts reduced drastically to ~33
% of that at mid-podding stage (P in vegetative parts) and ~20 % of total plant P (across the
treatments), while the major amount of P was found in the pod (80 %) (Table 4.4). Despite the
fact that total P in plants of subsoil LP treatments was significantly lower (P ≤ 0.001) than that
of subsoil HP (Table 4.4), the pod P of all treatments had a similar proportion of total plant P
(80 %), i.e., pod P content was significantly different as a result of subsoil P status but that
status did not change the percentage of total P partitioned to pod.
Phosphorus dynamics during growth: At flowering, across the treatments, leaf and tip
portions accumulated nearly equal amounts of P (35 %, except the tip portion in T1 which
accumulated 40 % P) while 27 % P was in the stem (Table 4.4). As total P in the vegetative parts
increased at mid-podding, leaf and stem also accumulated more P (keeping nearly the same
percentage of total P in those parts in the respective harvests) than at flowering, while tip P
content started to decline from mid-podding. At maturity, leaf, stem, and tip P reduced to 9 %,
7 % and 3 % of total P (from their respective values at mid-podding) across the treatments.
From mid-podding to maturity, vegetative organs of plants across the treatments lost 64-74 %
of their P (Table 4.4). In addition, plants lost some P between flowering and mid-podding,
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mainly from OL and OS, which was equivalent to 15 % of P of vegetative parts at flowering
stage (across the treatments) (Fig 4.8a,b). Overall, ~80 % of P in vegetative parts was lost
across the treatments between flowering to maturity (Table 4.4 and Table 4.6). Leaf and stem
lost nearly equal amounts of P in subsoil HP (but the stem lost a little more in LP/HP
treatment) while in subsoil LP treatment the leaf lost more P than the stem (Fig. 4.9).
The decrease in P from the vegetative organs occurred in conjunction with an increase in pod
P. The total P lost (remobilized) from the vegetative parts accounted for 70 % of pod P of the
plants across the treatments (Table 4.6). The percentage remobilization of P from the
vegetative parts and its subsequent contribution to the pod was not influenced by soil P status
(subsoil P). By contrast the supply of subsoil P influenced the amount of P remobilization.
The pods in different stem categories accumulated variable amounts of P. Across the
treatments, ~40 % of total pod P was accumulated in the pods in the RML category (Fig. 4.10).
Total pod P content on the upper portions of the shoot (MS-1, MS-2, and on the tip) was
progressively smaller. However, across the treatments the order of pod P content was similar,
i.e., RML>MS-1>MS-2> tip.
In Table 4.7, comparison of P contents between subsoil HP and subsoil LP (Group 1 and Group
2) showed that the subsoil HP enabled the plant to accumulate at least 40 % more P than did
the subsoil LP. Comparing groups 3 and 4 (Table 4.7) revealed that, with HP in the subsoil,
topsoil HP made a small contribution to plant P and when the subsoil had LP, topsoil HP had
almost no effect on plant P content.
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Table 4.6. Phosphorus remobilization (mg/column, two plants per column) from the vegetative organs
and its contribution to pod at maturity between flowering and mid-podding and between mid-podding
and mature stage. Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote
high phosphorus (P) and low P, respectively. Values are means of three replications.

Treatment

HP/HP
HP/LP
LP/HP
LP/LP

P remobilization
Vegetative
parts: midpodding to
maturity

OL, OS, and tip:
Flowering to
mid-podding

18.8 ± 1.6
9.2 ± 0.6
18.0 ± 0.7
9.6 ± 0.7

3.7
2.7
3.7
2.5

± 0.8
± 0.5
± 1.3
± 1.2
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Total pod P
at maturity

Per cent
contribution of
remobilized P to
pod P

32.7 ± 2.4
17.3 ± 0.9
29.5 ± 1.1
16.3 ± 0.9

70 ± 8.8
69 ± 3.8
73 ± 1.6
74 ± 11.6

8

Phosphorus content (mg/column)

8
7
6
5

6
5

4

4

3

3

2

2

1

1

0

0
HP/HP HP/LP LP/HP

a

Phosphorus content (mg/column)

7

Flowering
Mid-podding
Maturity

LP/LP

HP/HP HP/LP LP/HP LP/LP

b

Soil P treatment

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

0

c

Soil P treatment

0
HP/HP HP/LP LP/HP LP/LP
Soil P treatment

d

HP/HP HP/LP LP/HP LP/LP
Soil P treatment

Fig. 4.8. Phosphorus content of (a) old leaf, (b) old stem, (c) recently matured leaf and (d) recently
matured stem at three different stages of chickpea under varying P levels in the topsoil and subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. ‘HP’ and ‘LP’ denote high phosphorus (P)
and low P, respectively. Values are means of three replications. Vertical bars refer to ± SE.
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Phosphorus (mg/column)

10

Leaf
Stem

8
6
4
2

0
HP/HP

HP/LP

LP/HP

LP/LP

Soil P treatment

Fig. 4.9. Phosphorus lost from leaf and stem from flowering to maturity of chickpea under different P
treatments in topsoil and subsoil. Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high
P; LP-low P. Values are means of three replications. Vertical bars indicate ± SE.

Table 4.7. Contribution to increase in total P content (2 plants per column) of high phosphorus (HP) or
low P (LP) in the topsoil and subsoil at maturity. Values are the difference between treatment means ±
SE of each group. Values (means of three replications) within the bracket are the percentage
contribution of topsoil or subsoil P treatment ± SE calculated as followed: (difference of total P content
between the treatments of a group /highest P content of treatment of that group) x 100. Highest value
in a group is denoted by asterisk (see Table 4.5 for highest values of total and pod DW at maturity).

Groups (comparing treatments)

Flowering

Mid-podding

Maturity

Group 1 (HP/HP* and HP/LP)

11.9 ± 1.1 (46)

14.5 ± 2.0 (47)

15.0 ± 0.2 (44)

Group 2 (LP/HP* and LP/LP)

9.6 ± 1.4 (41)

11.7 ± 0.9 (43)

11.6 ± 0.6 (41)

Group 3 (HP/HP* and LP/HP)

2.4 ± 0.5 (7)

2.9 ± 1.4 (10)

4.5 ± 0.6 (11)

Group 4 (HP/LP* and LP/LP)

0.1 ± 1.2 (0.4)

0.2 ± 0.4 (1)

1.4 ± 0.3 (6)
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16

RML

14

MS-1
MS-2

Pod P (mg/column)

12

TIP

10
8
6

4
2

0
HP/HP

HP/LP

LP/HP

LP/LP

Phosphorus levels

Fig. 4.10. Phosphorus (mg/column, two plants) content in pods subtended on the recently matured leaf
(RML) category, stem growth between harvests 1 and 2 (MS-1), stem growth between harvests 2 and 3
(MS-2) and tip portion of glasshouse-grown chickpea under different levels of topsoil and subsoil P.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.

4.3.4. Rhizosphere soil P fractions
Among the inorganic P (Pi) fractions in the virgin soil before mixing of P, P extracted by anion
exchange resin (Resin P) and NaHCO3 was very low (3 mg/kg) while Pi fractions of HCl and
NaOH were three times more than that of resin or NaHCO3 Pi (Table 4.8). Among organic P
(Po) fractions, HCl and NaHCO3 extractable Po were very low. The majority of the total P in
unamended soil was present as residual P and NaOH Po. It is important to note that the values
of P fractions of bulk soils with plant at every harvest and without plant after final harvest (at
maturity) were similar. The bulk soil P values of P fractions reported below are from with
plants at mature stage (both the topsoil and subsoil), which also represents the P fraction
values of columns without plants.
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Table 4.8. Fractions and total P (mg/kg) in the virgin soil before start of the experiment and bulk soils after P fertilizer was mixed at low P (45 mg/kg
Colwell P) and high P (90 mg/kg) collected during final harvest at maturity. Recovery ratio = Sum of all fractions/Total P of unfractionated soil * 100. Values
represent means of three replications ± SE.

Soil

Resin P

NaHCO3 NaOH Pi HCl Pi
Pi

NaHCO3 NaOH Po HCl Residual P Total P
Po
Po
(sum of all
fractions)
10 ± 1.5 11 ± 1.7 1
24 ± 2.0 1
81 ± 5.6
136 ± 7.0

Virgin
soil
Low P

3 ± 0.2

3 ± 0.3

30 ± 1.5 35 ± 1.3 50 ± 1.6 14 ± 1.7 1

36 ± 4.9 0

92 ± 6.8

265 ± 11.4 280 ± 2.2

95

High P

50 ± 2.0 70 ± 1.7 75 ± 2.5 19 ± 1.8 1

39 ± 4.3 0

96 ± 6.2

349 ± 12.3 358 ± 7.1

98
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Total P
Recovery
(Unfractionated ratio (%)
soil)
140 ± 1.9
97

When the soil was fertilized with Ca-P fertilizer either by HP or LP, all of the P fractions were
increased except NaHCO3 Po and HCl Po, especially the inorganic P: resin P, NaHCO3 Pi and
NaOH Pi (Table 4.8). Addition of HP (166 mg P/kg soil supplied as Ca-P raised Colwell P to 90
mg P/kg of the experimental soil) increased the resin P, NaHCO3 Pi, and NaOH Pi by 17-, 23and 8-fold, respectively, and the HCl Pi, NaOH Po and residual P by 74 %, 60 % and 19 %,
respectively. The addition of LP (83 mg P/kg soil as Ca-P raised Colwell P to 45 mg /kg soil)
increased the resin P, NaHCO3 Pi and NaOH Pi by 9-, 13- and 5-fold. Addition of LP fertilizer did
not increase HCl Po and NaHCO3 Po. It can be conceded that the total mass of the added P (166
mg P/kg as high P, 83 mg P/kg as low P) was not balanced. In theory, it should be 302 mg P/kg
(136 + 166) for the high P and 219 mg P/kg (136 + 83) for the low P. According to Table 4.8 it
seemed an overestimation of total P (around 15%). However, the recovery (sum of P
fractions/total P of unfractionated soil) rate of P was ≥ 95%.
In the rhizosphere, in general, inorganic P fractions accounted for far more extracted P than
did organic ones and they (Pi) were mainly extracted by resin P, NaHCO3 and NaOH Pi, with a
substantially lower amount by HCl Pi (Figs. 4.11-4.14). Among organic P fractions, NaOH Po
was the only fraction found in the rhizosphere. Residual P comprised 40 % (average of all
treatments and harvests) of the total rhizosphere P.
The depletion of P fractions in the rhizosphere (compared to the bulk values) by the plant
continued from flowering to maturity (Figs. 4.11-4.13). For simplicity, results of P fractions at
mature stage are described below unless otherwise (at flowering or mid-podding stages)
stated.
The depletion of rhizosphere P fractions was mainly from resin P, NaHCO3 Pi and NaOH Pi,
while all other fractions showed no evidence of depletion (Figs. 4.11-13). The depletion of
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these fractions was from both the topsoil and subsoil but subsoil depletion was much more
than that of topsoil. Both the ‘subsoil HP’ treatments (HP/HP and LP/HP) showed similar
depletion. The depletion between the ‘subsoil LP’ (HP/LP and LP/LP) treatments was also
similar. The depletion (compared to the bulk soil values) of resin P was equivalent to 11 % of
initial values in the topsoil HP treatments and 8 % in those of topsoil LP (Fig. 4.11a). On the
other hand, 59 % resin P was depleted from the subsoil HP while there was 44 % depletion
from the subsoil LP (Fig. 4.11b). The proportional depletion of NaHCO3 Pi from topsoil HP and
LP was 34 % and 14 %, respectively, while from the subsoil it was 50 % for both the subsoil HP
and LP (Fig. 4.12). The depletion of NaOH Pi was 24 % and 16 % from the topsoil HP and LP,
respectively, while 40 % was lost from both subsoil HP or LP (Fig. 4.13).
In the topsoil, the depletion from these fractions was observed mainly between sowing and
the flowering stage. At the mid-podding and mature stage the rate of depletion was much
lower than the rate observed at flowering. By contrast, in the subsoil, the depletion continued
at a more or less similar rate up to maturity.
However, among the three Pi fractions, plants depleted more P from NaHCO3 Pi followed by
resin P and NaOH Pi. But in terms of per cent depletion from each fraction, the order of
depletion was resin P > NaHCO3 Pi > NaOH Pi. Total P of un-fractionated soil of rhizosphere
showed the similar trend of higher uptake from HP than from LP in both topsoil and subsoil
(Fig. 4.17).
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Flowering
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Resin P (mg/kg)

Mid-podding
Maturity
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20
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HP/HP HP/LP LP/HP LP/LP
Soil P treatment

a

HP/HP HP/LP LP/HP LP/LP

b

Soil P treatment

Fig. 4.11. Concentration of resin P of bulk soil at maturity and rhizosphere soil at flowering, mid-podding
and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.
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b

a

Fig. 4.12. Concentration of NaHCO3 Pi of bulk soil at maturity and rhizosphere soil at flowering, midpodding and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.
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Fig. 4.13. Concentration of NaOH Pi of bulk soil at maturity and rhizosphere soil at flowering, midpodding and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.
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Fig. 4.14. Concentration of HCl Pi of bulk soil at maturity and rhizosphere soil at flowering, mid-podding
and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.
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Fig. 4.15. Concentration of NaOH Po of bulk soil at maturity and rhizosphere soil at flowering, midpodding and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.

Residual P (mg/kg)

120

Bulk soil

Flowering

Mid-podding

Maturity

120

100

100

80

80

60

60

40

40

20

20

0

0

HP/HP HP/LP LP/HP LP/LP

a

b HP/HP HP/LP LP/HP LP/LP

Soil P treatment

Soil P treatment

Fig. 4.16. Concentration of residual P of bulk soil at maturity and rhizosphere soil at flowering, midpodding and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.
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Fig. 4.17. Concentration of total P of bulk soil at maturity and rhizosphere soil at flowering, mid-podding
and maturity of chickpea under different topsoil and subsoil P levels. (a) Topsoil and (b) subsoil.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Vertical bars refer to ± SE.

4.4.

Discussion
4.4.1. Dry matter accumulation, distribution and
remobilization

This study demonstrated that chickpea accumulated a large amount of dry matter after the
topsoil had dried and continued to absorb P until maturity, probably from the moist subsoil.
Application of a high level of P in the dry topsoil was not beneficial for the plant dry matter or
P nutrition. The effect of subsoil HP on chickpea performance was consistent from flowering to
mature stage of the plants (Table 4.2, 4.4). The major portion of total DM (52 %) was
partitioned to pods at maturity. In the vegetative organs, the highest amount of DM was
accumulated at mid-podding stage, and decreased during pod development. The decrease of
DM in vegetative parts between mid-podding and mature stage was small (10-16 %) and was
equivalent to only 5-12 % of pod DM. This redistribution of stored DM in vegetative plant parts
to pod DM can reasonably be compared to what Singh (1991) found; he showed that 15 % pre152

podding assimilates remobilized to the pods of chickpea. However, Kurdali (1996) found 8 %
remobilized DM in pod in large-seeded chickpea grown under Mediterranean rain-fed
conditions without applying any P fertilizer. In this study, compared to total DM of pod, the
estimate of contribution of remobilized DM to pod (5-12 %) seems small, but if it is compared
to other legumes, this contribution is substantial. In lupin, it was estimated that only 2 % of
assimilates in pods came from remobilization when the crop was grown in the field without
irrigation (Pate et al. 1980). In well-watered common bean, remobilization of DM contributed
9 % to the seed DM (Geiger and Shieh 1988) while it was 4 % in soybean (Yamagata et al.
1987). In stressed chickpea, Davies et al. (2000) found that 13 % of seed carbon was
contributed by the pre-podding carbon remobilized from vegetative organs and under wellwatered conditions this contribution was less (9 %). Previous studies show that water deficit
can significantly decrease the DM remobilized from the vegetative plant parts (Pheloung and
Siddique 1991; Palta et al. 1994; Davies et al. 2000).
In the current study and most of the previously mentioned studies (e.g. Kurdali 1996; Davies et
al. 2000), the decrease of DM from the vegetative parts was considered as remobilization. That
is the pod acquired the total DM that was lost from the vegetative parts. However, some of
the DM loss might occur in other ways e.g. respiratory loss or loss of fallen leaves. The physical
loss of dropped leaf was minimized in this study, but the respiratory loss is unaccounted. In
fact, the respiratory loss of assimilates is substantial at the grain filling stage of chickpea
(Hooda et al. 1986). Considering this the real remobilization of DM in this study would be
lower than the current estimation (10-16 % of pod DW).
In cereals, under well-watered conditions, the contribution of pre-anthesis DM to grain DM
was generally 10-12 % (Bidinger et al. 1997; Austin et al. 1980). Under water stress, the
contribution of pre-flowering remobilized carbon to the seed carbon in cereal was quite
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variable (17-64 %), depending on the timing, degree and rate of water deficit (Bidinger et al.
1977; Austin et al. 1979; Palta et al. 1994).
The stems are the most important source of remobilized DM for grain filling in cereals
(Pheloung and Siddique 1991; Nicolas and Turner 1993; Schnyder 1993) and the relative
decrease in stem DM during seed filling can be a useful indicator of remobilization (Rawson
and Evans 1971; Blum et al. 1997). In this study, the relatively small amount of remobilized DM
(compared to % contribution to pod DM) made it difficult to determine the principal source of
remobilization. It showed, however, that the leaf, unlike the stem, decreased its DM
continuously up to maturity. In chickpea, Davies et al. (2000) also found that the contribution
of leaf was a little more than that of stem.

4.4.2. Phosphorus remobilization
Contrary to the limited remobilization of vegetative DM to pods, around 80 % of P was
remobilized from vegetative parts and this amount of P was equivalent to nearly 70 % of pod P
across the treatments. The remaining amount of pod P (30 %) was obtained between midpodding and mature stage from the current uptake, possibly from the subsoil because the
topsoil had dried out completely before the start of flowering.
Nutrient acquisition during pod filling is very relevant for further pod filling and grain yield of
chickpea. In this study, accumulation of P continued at least 3 weeks after the appearance of
first flower (up to mid-podding stage) in all treatments. It can be concluded that the grain and
P yield in chickpea was not intrinsically associated with the plant’s vegetative vigour at
flowering; rather, it was substantially dependent on continued acquisition of P during the grain
filling stage. This phenomenon was observed in the common bean (Phaseplus vulgaris) (Araujo
and Teixeira, 2008).
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Although P uptake continued up to late podding stage and the majority of P was remobilized
between mid-podding and late podding stage, remobilization started from the vegetative
organs after flowering. The OL and OS remobilized a substantial amount of P (Fig. 4.8a, b;
Table 4.6; Table 4.9), which accounted for 15 % of P in vegetative parts at flowering. Araujo et
al. (2012) showed in common bean that the leaves that senesced first had higher N and P
remobilization. The present study showed that after flowering, because of ageing and
senescence of OL and OS, they lost P while the RML and RMS possibly stored this P temporarily
as they (RML and RMS) were physiologically younger than the OL and OS. Jeschke et al. (1997)
found that the old leaf of 53-days-old castor bean plant remobilized more inorganic P (H2PO4-)
than they assimilated (negative net assimilation), i.e., hydrolysis of organic P exceeded
phosphorylation in the leaf. In the current study, organic or inorganic P was not measured
separately, and it was not known how much inorganic or organic P as a proportion of total P
was accumulated and remobilized.
After mid-podding, P decreased from every vegetative part to the extent of 64-74 % of P in
vegetative parts at mid-podding stage. Among the vegetative parts, the RML and RMS
remobilized more P, owing to their large amount of P stored at mid-podding relative to that of
OL and OS. Overall, the leaf lost more P than the stem across the treatments (Table 4.4, Fig.
4.8). In the field study (Chapter 3), the leaf also lost more P than the stem and it was
speculated that the fallen leaves might have been contributed to this (in Chapter 3). In this
study (Chapter 4), the fallen leaves were collected and included in the calculation of
remobilization and showed that leaves lost more than the stem which is in agreement with
Saxena (1984). In contrast, in wheat, the stem remobilized 4-5 times more P than did the leaf
(Spiertz and Ellen 1978). This reveals that the remobilization of P depends on the genotype and
environmental conditions (Papakosta 1994).

155

During pod filling, P deficiency symptoms (dark green leaves) were observed in the lower part
of the RML category in almost all treatments. The P deficiency symptoms were more prevalent
in the subsoil LP (at the start of pod filling, the OL had already yellowed and started to drop
off). This might be due to the fact that the subsoil LP treatment accumulated a lower amount
of P (just under half of that from subsoil HP) but remobilized an equal proportion of P (~80 %)
from the vegetative organs (Table 4.4). At the same time, plants in subsoil LP produced a
similar amount of root DW to that from subsoil HP. Hence the plants in subsoil LP had to
allocate relatively more P to the root than the plants in subsoil HP. Greater P partitioning to
the roots might be responsible for decreased P in the RML category with subsoil LP.
Table 4.9. Phosphorus balance (mg/column): net P gains and remobilization from plant parts between
flowering and mid-podding stage. The abbreviation RML is for recently matured leaf, RMS for recently
matured stem, MS-1 for shoot growth between harvest 1 and harvest 2, OL for old leaf, OS for old stem.
Treatment notations (e.g. HP/HP) refer to topsoil P/subsoil P. HP-high P; LP-low P. Values are means of
three replications. Values within the brackets indicate ± SE.

P gain
Treatment In RML
and RMS

Total gain

P remobilized
From OL
From tip
and OS

MS-1

In Pod

Total
remobilized

HP/HP

3.3 ± 1.1

1.6 ± 0.1

3.3 ± 0.0

8.2 ± 1.0

1.2 ± 0.3

2.5 ± 0.6

3.7 ± 0.8

HP/LP

3.1 ± 0.3

0.6 ± 0.3

0.9 ± 0.1

4.6 ± 0.4

2.1 ± 0.0

0.6 ± 0.5

2.7 ± 0.5

LP/HP

3.2 ± 0.8

1.8 ± 0.2

2.6 ± 0.1

7.6 ± 0.7

2.2 ± 0.9

1.5 ± 0.6

3.7 ± 1.3

LP/LP

2.9 ± 1.3

0.5 ± 0.2

0.9 ± 0.4

4.3 ± 1.0

1.7 ± 0.1

0.7 ± 1.1

2.4 ± 1.2

Despite the young physiological age of the shoot tips, a substantial amount of P was also lost
from this part of the plant between flowering and mid-podding even though the DW of tip
increased during that period (Table 4.4, Table 4.10). This was accompanied by a decrease in P
concentration over time, which was the case for most of the vegetative parts. However, in this
study, the P concentration of tip (terminal bud plus 4 subsequent leaves) remained within the
adequate range (Reuter et al. 1997) of P concentration in young matured leaf (0.29-0.55 %)
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(Table 4.10). Phosphorus concentrations of whole shoot at 70 (at flowering) and 84 (midpodding) days were 0.26 % and 0.22 % (average of all plant parts, data not shown), which are
above the P deficiency range (0.15-0.20 %) during this age of chickpea plant Reuter et al.
(1997). The tip P concentration at these two stages was also substantial (Table 4.10, no known
reference was located to compare tip P concentration after flowering of chickpea). This
suggests that plants simultaneously remobilized P from the vegetative parts and maintained
adequate P concentration in the shoot for metabolic activities which might be linked with the
continual P uptake during reproductive stage.
The root DW at flowering and mid-podding remained nearly similar (Fig. 4.4) indicating that
competition of the root with the shoot for P was minimal after flowering. Again, total nodule
DW at mid-podding stage was similar to that at flowering (Fig. 4.7). This indicates that
competition for photosynthates and P between growing pods and the nodule was not
increased after flowering which implies that sink capacity of pod for P is stronger than the
nodules. However, the total P loss between these two harvests (flowering and mid-podding)
was much less than the total P gain at mid-podding, which indicates that P accumulation in the
vegetative organs continued up to mid-podding stage (Table 4.4, Table 4.9) and, because the
topsoil had dried at that time, the source of that P might be the well-watered subsoil.
Table 4.10. Dry weight (g/column, two plants) and P concentration (% dry weight) of tip portion at
flowering and mid-podding stage

Treatment
HP/HP
HP/LP
LP/HP
LP/LP

Dry weight (g)
Flowering Mid-podding
1.94
2.40
1.10
1.63
1.47
2.07
1.06
1.44

%P
Flowering
0.53
0.36
0.53
0.40

Mid-podding
0.32
0.21
0.30
0.25

The decrease of P (by ~80 %) from the vegetative organs and apparent remobilization to the
pod (accounting for 70 % of pod P) might be a strategy by chickpea for maintaining P nutrition
157

in dry topsoil conditions. This result is consistent with the field study (Chapter 3, where 52 % of
P was remobilized from the vegetative organs to supply 69 % of pod P). In large-seeded
chickpea grown under current rainfall, Kurdali (1996) found 63 % P remobilization from the
shoot to pod. In the current study, remobilization of P by pod shell was not included because
of many smaller sized pods at mid-podding stage and it was difficult at that stage to separate
the pod shell from the tiny grain. To indicate the extent of P remobilization from the PS, some
immature pods were separated into PS and grain at mid-podding stage. It was found that the
loss of P from the PS was 60-65 % of the P content of PS at maturity (data not shown). This
value is within the range of PS P remobilization found in the field study (Chapter 3). In the
current study, at mature stage PS was separated and analyzed; it was found that the PS
contained around 14 % of pod DM and 4 % of pod P (across the treatments) (data not shown).
If P remobilization from PS was added to the calculation of remobilization in the current study,
the net remobilization would have been more than current calculation (~80 %).
In cereals, remobilization of P from vegetative organs to seed contributes more than
remobilization in grain legumes. With the low P supplied in sand culture, wheat remobilized up
to 90 % P from vegetative plant parts to the grain, but this amount of remobilization was much
lower when the P supply was sufficient (Batten et al. 1986). In the remobilization of P in wheat,
P is accumulated and stored in the vegetative parts, from which remobilization occurs after
flowering, with negligible P uptake during grain filling. Hence the P requirement of wheat is
greater in the vegetative stage. In contrast to wheat, chickpea accumulates P throughout the
growing season, showing higher requirement and accumulation during reproductive stage.
This study suggests that chickpea does not stop P acquisition during remobilization, unlike the
pattern in wheat.
Along the shoot, the RML category had higher pod DW and P. This might be attributed to
earlier pod set than on other portions of shoot. Possibly the first-set pods had less competition
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for assimilates so they were well able to accumulate more DM and P from the current uptake
as well as remobilized P from the RML , RMS, and from the adjacent old leaf category (OL and
OS). Pods on the other shoot portions, being set later, probably encountered more intense
competition from other pods, possibly reducing their accumulation of P.
Although in the subsoil HP treatments, the amount of total P accumulated in shoots and
amount of remobilized P was significantly higher than in subsoil LP treatments, plants in all
treatments showed similar remobilization efficiency. This implies that under the range of P
supply applied in this study, P remobilization efficiency in chickpea was not regulated by soil or
plant P status.

4.4.3. Phosphorus uptake from topsoil and subsoil
The first harvest at flowering was done after 42 days of withholding watering to the topsoil.
During this time, the topsoil dried to less than 5 % volumetric water (data not shown). The
measurement of topsoil water was not done at the second and third harvests, but it can be
expected, given the subsoil watering pattern and observation of topsoils during harvesting,
that in the later harvests (56 and 90 days after first harvest), the amount of topsoil water was
much less than 5 %. However, at no time during the growing period did plants show wilting
symptoms, which suggests that they did not suffer severe water stress. As there was no barrier
between the topsoil and subsoil, there was a chance of capillary rise that could have wetted
the top soil. Opening up the spare pots and observing the transparent pots, it was found that
the subsoil watering was working in the planned way (keeping the topsoil dry). However, if
some water had risen by capillary rise to the topsoil, that amount of water (if any) was not able
to facilitate P uptake, as was demonstrated in total P uptake values in the HP/LP treatments
compared to LP/LP in all harvests (Table 4.4). Furthermore, the fine roots in the topsoil at the
first and second harvests were diminished, which is consistent with being in dry topsoil. At the
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first harvest, the topsoil contained far fewer fine, branched, and new roots than did the
subsoil. Furthermore, at the second harvest no live branch root and new roots were observed,
although nodules were present in the topsoil, they were slightly dehydrated. At the third
harvest, in the topsoil, only the taproot with thick main branch roots was alive. All other
branch roots and the nodules had dried, and died. Dead roots could not take up water or
nutrients even from well watered soil. So it can be argued that plants were solely dependent
on subsoil resources between mid-podding and mature stage and probably substantially so
after flowering. At the same time only 27 % (across the treatments) of total root DW was
present in the topsoil (Fig. 4.5 for flowering stage only) but it comprised mostly taproot, thick
branch root, dried or dead roots. The rest of the root was in the subsoil (10-80 cm) and P
treatment did not alter root DW, which showed the plasticity of root growth in chickpea.
Hence it was not reasonable to expect any positive effect of P supply from the dried topsoil
after flowering whether P supply was high or low. Collectively, these results (dry topsoil, lack
of fine root survival and lack of topsoil P effects on P uptake) suggest that hydraulic
redistribution was not practically significant for the acquisition of P from dry topsoil.
In general, at the initial stage of growth, a high concentration of P around a small and relatively
inefficient root system ensures early vigour and the establishment of high yield potential (Bell
et al. 2010). With the growth of the plant, the roots proliferate more and go deeper below the
topsoil. This is true especially for a deep-rooted crop like chickpea. If the topsoil dries out, the
plant’s dependence on topsoil decreases while it increases on subsoil, if easily accessible
resources (at least water) are present. So the crop growth and yield in the rest of the growing
season substantially depends on the soil’s ability to supply P, notwithstanding the fact that
subsoil P is generally lower than that of topsoil. In this study, subsoil was supplied with P and
water. So after initial growth, when the topsoil dried out and chickpea’s P demand increased, a
substantial density of roots proliferated in the subsoil (Fig. 4.5). This situation facilitated
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chickpea uptake of P from the subsoil where the major proportion of roots were present in
well-watered and P-enriched soil for a long duration.
It has been demonstrated that chickpea is not responsive to applied P fertilizer, or is less
responsive than many other crops (e.g., Saxena 1980; Arihara et al. 1991). In many of the
previous studies, done in most of the chickpea-growing areas of the world (India, Australia, the
Mediterranean region), P fertilizer was applied to a topsoil that dried out progressively. In
many areas, because of continuous cropping, repeated and regular application of P fertilizer
built up residual P, and chickpea was not responsive to the application of current P (Meelu and
Rekhi 1981; Riley 1994). In these situations, topsoil moisture had a more important role than
had P level. However, in the present study, the experimental soil was very low in soil P (3
mg/kg Colwell P) and so was enriched with sufficient P (HP and LP, 90 and 45 mg Colwell P/kg
soil, respectively) to support chickpea growth up to maturity. When the subsoil had LP supply,
HP in the topsoil had a similar effect to LP in the topsoil. This result was consistent with the
results in Chapter 3 (chickpea poorly responded to applied P to the topsoil) and again suggests
that P application to topsoil that dries progressively has little or no effect on chickpea DM and
P accumulation. Rapid drying of the topsoil occurs during the growing season because of high
temperatures and associated evaporative demand (max 20-27 oC in this study), while subsoils
are less likely to dry out as they were not exposed to the high temperature and were
replenished everyday by watering, so the applied P in the subsoil remained available for root
uptake for a long period.
The low seed yield and total P accumulation in subsoil LP treatments compared to the subsoil
HP treatments appeared to be the result of reduced biomass production and P accumulation in
the vegetative organs by mid-podding stage after when P was remobilized to the seed. This
was not the case with subsoil HP, despite the topsoil being dry at the same time (at least 4
weeks before flowering) in all treatments; plants with subsoil HP accumulated a significantly
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higher amount of P (P ≤ 0.001) than those with subsoil LP (Table 4.4). This is consistent with a
result described by Singh et al. (2005), where a wheat crop responded positively to subsoil
placement of P because the topsoil dried frequently during the vegetative stage under the high
winter temperature in northern Australia. On the other hand, if the topsoil P was sufficiently
high and topsoil drying occurred after flowering, subsoil P placement was insufficient to
improve seed yield of field-grown canola (Rose et al. 2009). In this situation (where topsoil
dries after flowering), plants may take up their required P by flowering or early pod-filling
stage and hence have limited dependence on subsoil P reserves. An earlier report on wheat
suggests that subsoil fertilizers (N and P) placement was not efficient where the nutrient
content of the topsoil was high and the topsoil remains wet during the early part of the season
(Alston 1980). In the current study, presence of high P in the topsoil that dried up before
flowering contributed to the lack of response to topsoil HP. In areas where the topsoil dries
out during the growing season and chickpea relies on stored moisture in the soil (southern part
of India; northwest Bangladesh), it is predicted that adding P fertilizer to the topsoil will be
ineffective unless topsoil or subsoil P is very low. In those areas, chickpea might benefit more
from placing P in the subsoil. In areas where chickpea relies on current rainfall (as in a
Mediterranean climate) it might also be benefitted from subsoil P since the surface soil dries
out between rainfall events. Results of this study indicate that to boost productivity, better
management of subsoil P input is a promising option.

4.4.4. Phosphorus fractions
In this study, chickpea depleted P (compared to bulk soil) from the rhizosphere from labile P
pools (resin P, NaHCO3 Pi), and a less labile pool, NaOH Pi. Inorganic P (e.g. resin P and NaHCO3
Pi) in the soil solution and some weakly adsorbed inorganic P (e.g. NaOH Pi), are generally
assumed to be readily available P forms to plants (Cross and Schlesinger 1995).
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Resin P
Compared to bulk soil, the rhizosphere shows depletion of water-soluble P (resin P), as has
been reported where chickpea is grown on low-P acidic soils in Australia (Vu et al. 2008; Rose
et al. 2010). Depletion of resin P by chickpea was also found in a soil where soil P level was
raised by adding P fertilizer (Hassan et al. 2012). Resin P in the soil of the current study was as
low as 3 mg/kg and was increased by P fertilization; chickpea had acquired resin P in the soil, in
accordance with the findings of Hassan et al. (2012). Depletion of resin P from the rhizosphere
was observed in other crops: faba bean (Nuruzzaman et al. 2006; Rose et al. 2010; Hassan et
al. 2012); rice (Pheav et al. 2005; Li et al. 2008); and maize (George et al. 2002). Hedley et al.
(1994) found a little or no depletion of resin P by rice from unfertilized soils where very low
initial water-extractable P was present.

NaHCO3 Pi
A large number of studies suggest that the NaHCO3 Pi fraction is readily depleted by legumes
(Kamh et al. 1999; Nuruzzaman et al. 2006; Vu et al. 2008; Wang et al. 2008) and the current
study confirmed this. This fraction of P (NaHCO3 Pi) has been widely correlated with the crop
response to P fertilizer application in Australian soils (Colwell 1963). In contrasting to these
results, Rose et al. (2010), found no depletion of NaHCO3 Pi fraction by chickpea, a result
attributable to a very low level of NaHCO3 Pi (3 mg/kg Colwell) in their study soil.
In this study, like resin P, the initial NaHCO3 fraction was also very low (3 mg/kg), and addition
of P fertilizer increased these fractions by 8-23 times in the topsoil and subsoil (for both P
fractions, see Table 4.8); chickpea depleted those easily extractable P fractions. The presence
of clay, and to a lesser extent silt, is associated with reduced amounts of extractable Pi and
increased residual non-extractable P forms (Tiessen et al. 1984). In the soil of this study, the
clay and silt contents were 15 % and 9 %, respectively, proportions that might cause a low
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amount of labile P and a high amount of residual P in the virgin soil (Table 4.8). However, in a
study of five legume crops, Hassan et al. (2012) found that chickpea and faba bean strongly
depleted the resin P and NaHCO3 Pi, more than did other legumes (white lupin, yellow lupin,
and narrow leafed lupin). This supports our findings that chickpea is efficient in absorbing the
most labile forms of P.

NaOH Pi
In comparing rhizosphere and the bulk soil, chickpea was found to have depleted the NaOH Pi
significantly. NaOH (0.1 M) extracts some of the labile organic P (Anderson 1964), partially
dissolves iron and aluminium phosphates, and desorbs Pi associated with positively charged
oxide surfaces (Hedley et al. 1982). In this study, addition of P fertilizer resulted in a large
increase in this less labile P fraction, which suggests that a substantial amount of P was
immobilized by iron and aluminium oxides. In clay soil, Zhang et al. (2004) showed that a
significant proportion of applied P was sequestered as NaOH Pi. Although the soil of the
current study was a loamy sand, a substantial amount of applied P was also found as NaOH Pi
despite its low initial amount. However, other previous studies reported that the NaOH Pi
fraction was readily depleted by crops (George et al. 2002; Nuruzzaman et al. 2006; Vu et al.
2008). In acid soils, Buehler et al. (2002) and Hedley et al. (1994) also showed the depletion of
this less labile P fraction that conforms to this study. In contrast, Rose et al. (2010) did not find
any depletion of this fraction from the rhizosphere of chickpea in acidic soil (pH 6.1), a
situation that might be due to low initial NaOH Pi content (<1.5 mg/kg) in their experimental
soil. In this study, the initial NaOH Pi (10 mg/kg) was increased 5-7 times after addition of P.
The mechanism of accessing this less labile P might be associated with the release of
carboxylates by the chickpea roots (Ae et al. 1991; Arihara et al. 1991). The carboxylates in the
rhizosphere displace P from the iron and aluminium phosphates by forming complexes with Fe
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and Al and releasing P for plant uptake (Gerke et al. 1994). The levels of carboxylate in subsoil
rhizosphere are examined in Chapter 5.

HCl Pi
HCl extracts calcium-bound soil P, which is most prevalent in neutral to alkaline soils (Hedley et
al. 1982). In the current study, the fact that little depletion of HCl Pi was observed in the
subsoil only suggests that chickpea had limited access to this fraction of P in this soil even
though P level was raised by applied Ca-P fertilizer, and where the soil was acidic (pHCaCl2 5.5).
In acidic soils, Vu et al. (2008) and Rose et al. (2010) found chickpea did deplete HCl Pi. The
opposite finding in the present study might be due to uptake of sufficient amount of P by
chickpea from the labile Pi fractions. Uptake of acid-soluble P is related to rhizosphere
acidification. Rhizosphere acidification and subsequent uptake of HCl Pi was found in a number
of studies (Kamh et al. 1999; Li et al. 2008; Wang et al. 2008). In this study it was not possible
to measure soil pH of the rhizosphere because there was only a small quantity of rhizosphere
soil, especially around the roots in dry topsoil, but it is likely that rhizosphere acidification
occurred as a result of root exudation. In chickpea, root exudation of carboxylates is a
constitutive character (Wouterlood et al. 2005). So the rhizosphere might be acidified because
of exudation but that might not facilitate uptake of HCl Pi possibly due to the plant being
already adequately supplied with labile Pi.

Organic P
Organically-bound P was only 15 % of the total P in virgin soil and P fertilized (HP or LP) soil and
only extracted as NaOH Po in the rhizosphere (Table 4.8). Hydroxide extractable Po is
considered the most stable form of Po involved in long-term transformation of P in soils
(Batsula and Krivonosova 1973). It is generally accepted that Po plays important part in P
nutrition of plants; however, there is a large variation in the change in Po in the rhizosphere of
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crops. In this study, plants did not deplete this fraction in any of the treatments and harvests.
However, in chickpea, Vu et al. (2008) reported that chickpea depleted both acid- and alkaliextractable Po. Phosphatase activity in the rhizosphere was observed to be closely related to
the hydrolysis and depletion of Po (Tarafdar and Jungk 1987; Tarafdar and Claassen 1988;
Asmar et al. 1995; Chen et al. 2002; Radersma and Grierson 2004) while acid phosphatase
activity was positively correlated with NaOH Po depletion (George et al. 2006). Some studies of
legumes showed the opposite results, i.e., Po increased in the rhizosphere (Kamh et al. 1999; Li
et al. 2008; Wang et al. 2008). This might be due to the immobilization of Pi by the microorganisms in the rhizosphere where they are highly active after utilizing the organic anion
secreted by plants (Ryan et al. 2001; George et al. 2002). When the hydrolysis of Po by
phosphatase is higher than that of microbial immobilization, Po depletion occurs (George et al.
2006).
The residual P is the occluded P plus the most stable organic P that are considered the least
available P fractions for the plant (Hedley 1982). In this study, in the virgin soil, the residual P
was 81 mg/kg (Table 4.8). In the fertilized soil when the total P was increased 2-4-fold, the
residual P was increased a little and was not depleted in the rhizosphere (Fig. 4.16). According
to Phiri et al. (2001), residual P is considered to be more related to natural properties of soil
than to the P application. Contrary to this, decreased residual P was found in the chickpea
rhizosphere by Vu et al. (2008) in a soil with a long history of P application. They suggested
that the dissolution of precipitates of P might be the cause of depletion. Phosphorus
precipitation occurs in highly calcareous soil as Ca-P compounds (Lombi et al. 2004).

4.5.

Conclusion

In this study, chickpea accumulated substantial amounts of P in the vegetative parts before the
start of pod filling. From this accumulated P, ~80 % of P was remobilized during pod filling and
that amount of P was equivalent to 70 % of pod P. The rest of the pod P (~30 %) was
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accumulated from the current uptake. Soil P status did not influence the efficiency of P
remobilization and subsequent contribution to pod P, but significantly influenced the amount
of P that was remobilized.
This study also suggests that topsoil moisture is more important than its P concentration:
owing to lack of moisture in the topsoil (0-10 cm), application of P in this layer has little effect,
particularly during the reproductive growth. As the topsoil had little or no moisture from
before flowering to the mature stage of plant, the accumulation of P during this period
suggests that plants had access to subsoil P and could acquire a substantial amount of it
because sufficient moisture and active roots were present in the subsoil. The uptake of topsoil
P occurred mostly before flowering at the vegetative growing stage before the topsoil dried
(concluded from the P fractions results). Phosphorus fractionation of rhizosphere soil reveals
that chickpea acquires P from both labile and relatively less labile P, and that the depletion of
labile P was greater than that of the less labile P fractions. There was no significant difference
between topsoil and subsoil P depletion, i.e., chickpea had no preference between soil layers
for P. However, P depletion from the subsoil was more than from the topsoil and was more
pronounced during pod filling stage.
Management of the subsoil by adding P might be an effective option for increasing chickpea
yield in areas where this crop is grown under dry topsoils but where water is present in the
subsoil. In a Mediterranean climate (e.g. West Asia, North Africa, Western Australia) where
chickpea is reliant on current rainfall, the subsoil P management might be less efficient
because rainfall during grain-filling enables chickpea to access P from topsoil P; but still this
practice might benefit P uptake from subsoil between rainfall events. Subsoil P management
might be more efficient in winter-grown chickpea (in South Asia, Southern Australia, some
parts of the Mediterranean region) where chickpea is grown on residual soil moisture.
Although a high cost would be involved in an increase of subsoil P level, it could be done only
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once in several years, by deep discing of the soil and by turning the topsoil down, or
efficiently by deep placement of P by minimum till planting machines during the sowing of
chickpea. The latter option is more feasible than the former.
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Chapter 5
Subsoil rhizosphere modification by chickpea under dry topsoil
conditions
5.1.

Introduction

Phosphorus is applied to agricultural soils in soluble forms, but much of it quickly becomes
sorbed to aluminium and iron oxyhydroxides in acid soils, or on the surfaces of calcium and
magnesium carbonates in calcareous soils or precipitated as calcium phosphates in calcareous
soils (Holford 1997). Hence soluble P fertilizer is converted into increasingly less soluble forms
over time, leading to a store or ‘bank’ of P in fertilized agricultural soils (Holford 1997). The less
soluble or sparingly soluble forms are relatively inaccessible to most crop species. In order to
acquire this less soluble P, plants use a variety of strategies: increased production and
secretion of phosphatases, exudation of organic acids, increased root growth along with
modified root architecture, formation of cluster roots and proteoid roots, and expansion of
root surface area by prolific development of root hairs or mycorrhizal symbioses (Raghothama,
1999; Trolove et al. 2003; Vance et al. 2003).
Carboxylate exudation and the resulting modification of rhizosphere P availability are
considered the most efficient process to facilitate uptake of the low solubility P forms from soil
(reviewed by Ryan et al. 2001; Jones 1998). The mechanisms involved in improved P
availability are ligand exchange between the organic anions and orthophosphate, or the
formation of complexes with metal cations (Fe3+, Al3+) and the release of associated anions
(orthophosphate) from the soil matrix into solution (Jones 1998). For both the mechanisms,
adsorption of organic anions on the soil solid phase is the initial step (Cornell and Schindler
1987). Common carboxylates/organic acids produced by plants have 1-3 negative charges per
molecule. It has been demonstrated that some plants exude carboxylates and mobilize P from
low-P soil (Jones 1998; Ryan et al. 2001; Vance et al. 2003)) The role of carboxylates and
169

cluster roots for the P nutrition of Lupinus albus has been studied extensively, and L. albus has
become a model species for studies of P mobilization and P uptake (Gardner et al. 1983;
Dinkelaker et al. 1989; Gerke et al. 1994; Shane et al. 2003). A range of other species, including
Brassica napus (Hoffland et al. 1989b; Zhang et al. 1997), Medicago sativa (Lipton et al. 1987),
Beta vulgaris (Beiβner 1997), Cajanus cajan (Ae et al. 1990), and Cicer arietinum (Ae et al.
1991, Neumann and Rӧmheld 1999; Veneklaas et al. 2003, Wouterlood et al. 2004a, b, 2005)
also release carboxylates from their roots.
The organic acids, citrate, malate and oxalate, are the most common and effective root
exudates in mobilizing P and have therefore been well studied (Jones and Darrah, 1994; Gerke
et al., 2000; Jones et al. 2001; Strom et al. 2005). As the effectiveness of carboxylates in
mobilizing P depends on the number of carboxyl groups in the molecule, citrate
(tricarboxylate) is more effective than malonate or malate (dicarboxylates). The cluster root of
white lupin exudes a large amount of citrate and malate and the depletion of residual P in the
rhizosphere soil was observed in a field study. The growth of white lupin, therefore, was less
affected by low P status than that of other crops (Bolland et al. 1999). Rape exudes large
amounts of carboxylates, predominantly malate, which increases its capacity to access P from
sparingly soluble rock phosphates (Hoffland et al. 1989b).
Chickpea releases a large amount of malonate followed by substantial amounts of malate and
citrate (Veneklaas et al. 2003; Wouterlood et al. 2004a, b, 2005). Comparatively less work
(than for citrate and malate), however, has been carried out on the functional significance of
organic acids such as malonate (van Scholl et al. 2006). It is thought that malonate may inhibit
microbial activity in soil because it inhibits succinate dehydrogenase, a key enzyme in the
tricarboxylic acid (TCA) cycle (Li and Copeland, 2000). However, direct evidence for this effect
in soil is lacking. Wouterlood et al. (2006) found no accumulation of malonate in the
rhizosphere of chickpea in spite of high rates of excretion, suggesting that it is rapidly
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biodegraded or sorbed, and would therefore have only a limited toxic effect. In the chickpea
rhizosphere, malonate can also mobilize P in the soil (Wouterlood et al. 2004b).
Chickpea is an important grain legume crop in many parts of the world (Siddique et al. 2000).
This crop faces terminal drought due to the temperature extremes and lack of in-season
rainfall or irregular distribution of rainfall. As a result, topsoil drying is a common feature of
chickpea especially during the reproductive growth stage (Toker et al. 2007). Due to dry
topsoil, plants face nutritional (N, P) as well as water stress which probably jointly contribute
to yield decreases (Johansen and Sahrawat 1991). Due to its deep root system, chickpea can
avoid water stress by sending its roots to subsurface layers which contain available water. In
this situation, the strategies of chickpea for P uptake are not clear. In the previous studies
(Chapter 3 and 4), it was concluded that chickpea did absorb P from both topsoil and subsoil
layers. From the dry topsoil layer, P depletion was observed up to flowering while subsoil P
depletion continued up to maturity (Chapter 4). In that glasshouse study, a substantial amount
of P was accumulated in the chickpea shoots after the topsoil had dried, mostly during the
reproductive stage, suggesting that the source of the P was the well-watered subsoil (provided
that the subsoil was enriched with P). It was also observed that chickpea depleted sparingly
soluble P from both topsoil and subsoil.
Previous studies on carboxylate exudation by chickpea relating to P mobilization were
conducted under either well-watered conditions in shallow pots or in hydroponics. In neither
of these conditions was carboxylate exudation from topsoil roots distinguished from that of
subsoil roots, neither was it examined in root systems where the topsoil was dry while the
subsoil was well watered. Chickpea usually grows in conditions where topsoil drying is a
common phenomenon during growth. In such a condition, the behaviour of carboxylate
exudation is not known. In the previous glasshouse study (Chapter 4), chickpea depleted the
sparingly soluble, 0.1 M NaOH extractable inorganic P fraction, from dry topsoil and wet
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subsoil rhizospheres. The depletion from subsoil was greater than from topsoil and the
depletion was continued until the mature stage of growth. This indicated that rhizosphere
carboxylate excretion in the subsoil might be linked with the mobilization of sparingly soluble P
from the subsoil. But in that study, the exudation of carboxylates was not examined. The
present glasshouse study was set up to investigate the carboxylate exudation of chickpea
growing where the topsoil was allowed to dry while the subsoil was well watered, and the
effect of exuded carboxylates in mobilizing P. The hypothesis was that carboxylate exudation
would support the results on depletion of sparingly soluble P forms obtained under similar
conditions in Chapter 4.

5.2.

Materials and Methods

Chickpea cultivar ‘Genesis 836’ was grown in a glasshouse at Murdoch University, Western
Australia. The sowing date was 12 September 2011. The maximum and minimum
temperatures during plant growth were (20 ± 3) and (14 ± 2) oC, respectively with a day length
of 12 ± 0.6 h (all values are mean ± SD).

5.2.1. Soil and soil column
In this study, column construction and filling up the column with soil was carried out according
to the procedure described in Chapter 4 with only one variation. Sixty cm long pots were used
instead of 80 cm based on the observation that a small amount of root mass (compared to the
total) was present in the bottom 20 cm of the column in the study described in Chapter 4.

5.2.2. Experimental design and treatments
The experiment consisted of six replications of three treatments with one harvest. The
treatments were arranged in a completely randomized design (18 columns). In all treatments,
low P (45 mg/kg soil) was applied in the topsoil layer (0-10 cm) of the column while P levels
were varied only in the subsoil layer (10-30 cm). The subsoil P variations were: high P (90
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mg/kg), low P (45 mg/kg, Colwell P), and nil P (no P added). In the subsequent description
these P levels were denoted as HP, LP, and Nil P, respectively. The treatments combining P
levels of both layers of column were: LP/HP, LP/LP, and LP/Nil P. The same treatment
notations were given in the Materials and methods in Chapter 4 except Nil P. Among six
replications, three replications were used to measure carboxylates and the other three to
collect rhizosphere soil.

5.2.3. Plant culture
Chickpea cultivar, seed sowing, plant growing procedures and watering technique (for
maintaining dry topsoil and moist subsoil) were the same as described in Chapter 4. Each
column had two plants. Plants were grown under well-watered conditions for 5 weeks by
supplying water to both the topsoil and subsoil. After that period, the topsoil watering was
stopped and watering was done only to the subsoil via the watering tube which had
perforations in the subsoil.

5.2.4. Plant measurements
Plants were harvested by severing them at soil level at flowering stage (38-39 days after
withholding topsoil watering, 61-62 days after sowing). From the shoots, the tips were
separated (terminal bud with 4 subsequent leaves) and the rest of the shoot (stem and leaf)
was bulked together. Collection of rhizosphere soil, root washing, nodule ranking, and plant P
measurement were done according to the methods of Chapter 4.

5.2.5. Rhizosphere chemistry
At the time of harvest (at 61 DAS), the adhesive tape holding the column-halves together was
cut and the soil plus root system was exposed and placed horizontally on a bench. Holding the
stem base, the whole root system was removed from the soil gently and carefully. The root
system was shaken to remove the bulk soil and clumps of soil trapped between roots were
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taken out. At this stage, the soil adhering to the root was considered rhizosphere soil
(approximately 1 mm from the root surface, which is equivalent to the usual size of P depletion
zones (Hinsinger 2001)). Despite care, some root breakage was inevitable. Root breakage was
less in the topsoil layer than in the subsoil although the topsoil was dry. The topsoil contained
few or no new tender roots which are prone to break. However, the broken roots were
included with the total root when measuring dry weight. For collecting rhizosphere extract
from topsoil root and subsoil root separately, without cutting the root, the whole root system
was placed on a long clean tray (40 x 20 cm). At 10 and 30 cm from the stem base, a soft round
Styrofoam bar (15 mm in diameter) was inserted under the root system gently at a right angle
to the root to raise that part of root system from the tray. A small piece of transparent tape
(~1 cm diameter) was used to lightly fasten the root system with it. This was done to prevent
the movement of extracting solution during washing between topsoil and subsoil, or between
subsoil and the rest of root (as the root system was placed horizontally on the tray). A Petri
dish (15 cm in diameter) was placed under the 0-10 cm root section. The rhizosphere soil of 010 cm root was repeatedly washed with 12 ml of 0.2 mM CaCl2 solution. A 30 ml syringe was
used for repeatedly syringing and pouring the CaCl2 from the Petri dish on the root system.
Preliminary trials revealed that to get at least 2 ml of rhizosphere extract (filtered, acidified
and ready for analysis), 12 and 20 ml 0.2 mM CaCl2 successfully washed 2-3 (from topsoil) and
4-5 (subsoil) g of rhizosphere soil (dry weight), respectively, from the root system. In the same
way, rhizosphere soil from subsoil root was washed off using 20 ml 0.2 mM CaCl2. The root
system was then cut at 10 cm (0-10 cm) and 30 cm (10-30 cm), and the topsoil and, subsoil
roots, and the root below subsoil were kept separately in water for subsequent washing,
cleaning and weighing. All columns (9) were harvested in one day (10 am to 3 pm). Each of the
column took similar time period (30 min for both the topsoil and subsoil) for getting final
extract (filtered, acidified, placing in the dry ice box) However, the mass of the rhizosphere soil
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was determined by weighing taking into account the amount of CaCl2 added. The extract was
filtered first by Whatman #41 in to a 50 ml beaker and then by 0.22 µm Pal Gelman Acrodisc®
syringe filter in to a 1 ml HPLC vial. In the vial, 10 µL of concentrated orthophosphoric acid was
added to bring the pH <4 and then it was kept in a box containing dry ice. The rest of the
extract was frozen. In this process of extraction, 2-3 g of rhizosphere soil (dry weight) was
recovered from the topsoil and 4-5 g from the subsoil. Similar weights of bulk soil from both
layers and soil from the column without plants was extracted using the same amount of
solution (0.2 mM CaCl2), the extract was acidified and frozen. For measuring the dry weight of
rhizosphere soil, the soil on the filter paper (Whatman #41) was washed back with water into a
50 ml centrifuged tube, centrifuged at 4000 rpm for 10 min, and the supernatant discarded.
The tube was then kept in an oven at 60 o C. After 10 days, the soil was transferred from the
tube to an aluminium tray and dried at 105o C for 48 h and the dry weight was taken.
For the fractionation of P of rhizosphere soil, the remaining three replications were harvested
(at 62 DAS). Rhizosphere soil was collected by mild brushing by a paint brush following the
similar method as in Chapter 4. However, after collecting rhizosphere soil (from three
replications) and solution extracts (from the other three replications), the roots of the
respective layers were washed and cleaned on a 1 mm sieve. The roots, shoot tips and the
shoots were dried in a forced draft oven at 70 oC for 72 h.

5.2.6. Carboxylates analysis
The rhizosphere extract samples were analysed by HPLC, using a 600E pump, 717 autosampler
and 996 photo-diode array detector (Waters, Milford MA, USA). One hundred μL of sample
was injected and separated on an Alltima C-18 reverse phase column (250 × 4.6 mm, Alltech,
Deerfield IL, USA). The mobile phase was 125 mM KH2PO4, adjusted to pH 2.50, run at 1
mL/min. Detection was at 210 nm, but data from 195–400 nm were collected to allow
spectrum identification and peak purity analysis. The run time of each sample was 50 min. A
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gradient of methanol was used to flush the column of more polar compounds between sample
injections. Data acquisition and processing were performed using Millennium software
(Waters, Milford MA, USA). Working standards of malic, malonic, lactic, maleic, citric, cisaconitic and transaconitic acid (ICN Biomedicals Inc, Aurora OH, USA) were used. The retention
time of the standards was used to identify organic acids in the samples. The identity was
confirmed by comparing the absorption spectra and peak purity of the unknown peak between
195 to 400 nm with the corresponding standard. The amount of carboxylates in a sample was
calculated using calibration curves, generated from peak areas of organic acid standard
injections of increasing volume. Rhizosphere concentrations of CaCl2-extractable carboxylates,
in molar units per unit root dry mass or per unit rhizosphere soil dry mass, were calculated by
relating the concentrations in the extract and volume of the extract to the amount of root
mass or soil mass extracted.

5.2.7. Soil analysis
The properties of the soil used in this experiment were given in Chapter 4. The rhizosphere soil
was analyzed for P fractions following the sequential fractionation procedure described by
Hedley (1982). The procedure was described in Chapter 4.

5.2.8. Statistical analysis
One-way analyses of variance (ANOVA) were performed for a completely randomized block
design for fractions of rhizosphere carboxylates, fractions of rhizosphere P, root DW and
nodule DW for individual soil depths using the SPSS version 18. One‐way ANOVA was also
performed for shoot DW, shoot P and nodule ranking. Paired t-test was done for total
carboxylates, P fractions and root DW of topsoil and subsoil. The treatment means were
separated by least significance difference (lsd) test at 5% level of significance.

176

5.3.

Results

5.3.1. Plant growth and P accumulation
In this study, only subsoil P levels were varied keeping the topsoil P the same (low P). Total
shoot biomass increased significantly (P ≤ 0.01) with subsoil P supply compared to nil subsoil P
(Fig. 5.1a) while shoot biomass did not differ between subsoil HP or LP. Plants accumulated
significantly higher (P ≤ 0.01) amounts of P when HP was applied in the subsoil than that of
subsoil LP. The lowest amount of P was accumulated in the subsoil nil P treatment (LP/Nil P)
but the amount of P was not significantly different to that of subsoil LP treatment (LP/LP) (Fig.
5.1b). Shoot P concentration and the nodule rank followed the similar trend of plant’s total P
i.e. application of HP in the subsoil increased P concentration of shoot and improved crown
root nodulation relative to that of subsoil LP or nil P (Table 5.1).
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Total P (mg/column)

Total shoot dry weight (g/column)
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Fig. 5.1. a) Total shoot dry weight (g/column) and b) phosphorus (P) content (mg/column) of glasshousegrown chickpea at flowering at different levels of subsoil P under dry topsoil condition. Every soil
column had 2 plants. Treatment notations refer to: low P in the topsoil and high P in the subsoil (LP/HP),
low P in both topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil (LP/Nil P). Vertical
bars indicate ± standard error (n = 3). Least significant differences (lsd 0.05) for shoot dry weight and
total shoot P were 0.98 and 3.9, respectively.
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Table 5.1. Shoot (leaf, stem and flower) P concentration and nodulation rank (crown nodule, after
Rupela 1990) of glasshouse-grown chickpea at flowering stage under dry topsoil condition and different
levels of subsoil P. Treatment notations refer to: low P in the topsoil and high P in the subsoil (LP/HP),
low P in both topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil (LP/Nil P). For
details of the nodulation ranking, see Materials and method of Chapter 3 (section 3.2.4).

Treatment

Nodulation rank

LP/HP

Shoot P concentration
(% dry weight)
0.31

LP/LP

0.24

3.0

LP/Nil P

0.24

2.7

lsd (0.05)

0.04

0.7

P (≤0.01)

**

**

4.2

Total root DW followed a similar trend to that observed for shoot DW. Total root DW was
similar in both subsoil HP and LP while it was reduced when no P was applied in the subsoil
(LP/Nil P) (Fig.5.2a). Root growth mostly occurred at 0-30 cm. Across the treatments, about 30
% of total root was in the topsoil (0-10 cm) (Fig, 5.2b). About 50 % of total root DW was in the
subsoil (10-30 cm) in LP/HP and LP/LP treatments. By contrast in nil P, root DW of subsoil and
below-subsoil (30-60 cm) was 39 and 29% of total root DW, respectively. Subsoil nil P
significantly reduced the topsoil (0-10 cm) root and subsoil (10-30 cm) root DW compared to
that of LP/HP or LP/LP. Root weight below-subsoil (30-60 cm) was not significantly different
among the subsoil P treatments.
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a

b

Fig. 5.2. a) Total root dry weight/column, and b) root dry weights in topsoil (0-10 cm), subsoil (10-30 cm)
and below-subsoil (30-60 cm) of glasshouse-grown chickpea at flowering at different levels of subsoil P
under dry topsoil condition. Each soil column had 2 plants. Treatment notations refer to: low P in the
topsoil and high P in the subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ± standard error (n = 3). Least significant
difference (lsd 0.05) for total root dry weight was 0.77; for root dry weights at 0-10 cm, 10-30 cm, was
0.20 and 0.22, respectively. Root dry weights in the 30-60 cm section of columns were not significantly
different (P < 0.05).

5.3.2. Rhizosphere carboxylates
In general, rhizosphere carboxylate concentration per unit mass of roots (μmol per g root dry
mass, extracted using a 0.2 mM CaCl2 solution) in the well-watered subsoil (10-30 cm) was
much higher (P ≤ 0.001) than that of roots in dry topsoil (0-10 cm) (Fig. 5.3). In both the topsoil
and subsoil, a greater amount of total carboxylates per unit root mass was indicated in the nil
P treatment than in subsoil HP or LP, but the differences were not statistically significant at P <
0.05.
The composition of carboxylates was mainly dominated by malonate (57 %) both in the topsoil
and subsoil rhizosphere irrespective of P treatments, followed by malate (25 %) and citrate (18
%) (Fig. 5.4). The concentration of malate was higher than that of citrate in LP/HP and LP/LP
treatments in both the soil layers. By contrast in LP/Nil P treatment, the citrate concentration
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was at least similar to or even slightly more than that of malate. Carboxylate was not
detectable in the bulk soil or in the soil without plants.
Fig. 5.3 Total carboxylates (μmol per g root dry mass,
extracted using a 0.2 mM CaCl2 solution) in the
rhizosphere of chickpea in dry topsoil (0-10 cm) and wellwatered subsoil (10-30 cm) grown in different soil
phosphorus levels. Each soil column had 2 plants.
Treatment notations refer to: low P in the topsoil and high
P in the subsoil (LP/HP), low P in both the topsoil and
subsoil (LP/LP), low P in the topsoil and no P in the subsoil
(LP/Nil P). Vertical bars indicate ± standard error (n = 3).
Among the P treatments, total carboxylates in the topsoil
was significantly different (lsd (0.05) = 43.8), in the subsoil
total carboxylates were not statistically different (P <
0.05).

Fig. 5.4. Carboxylates composition (fraction of total, μmol per g root dry mass, extracted using a 0.2 mM
CaCl2 solution) in the rhizosphere of chickpea in a) dry topsoil (0-10 cm) and b) well-watered subsoil (1030 cm) grown in different soil phosphorus levels. Each soil column had 2 plants. Treatment notations
refer to: low P in the topsoil and high P in the subsoil (LP/HP), low P in both the topsoil and subsoil
(LP/LP), low P in the topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ± standard error (n =
3). In the topsoil the lsd (0.05) for citrate was 13.1, while the effects of subsoil P on malate and malonate
were not significant (P = 0.05). In the subsoil, the lsd (0.05) for malate and citrate was 22.5 and 14.0,
respectively; the malonate was not significantly different (P < 0.05).
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Total and fractions of carboxylate concentration in the rhizosphere soil (μmol per g soil dry
mass, extracted using a 0.2 mM CaCl2 solution) in LP/HP and LP/LP treatments followed similar
trends to that observed for carboxylate concentration on a root mass basis (Fig. 5.5 for total
carboxylates, Fig. 5.6 for fractions of total). In the LP/Nil P treatment, the total and fractions of
carboxylates were reduced compared to that of other treatments (Fig. 5.5 and 5.6). This might
be explained by a similar amount of soil retrieved from the relatively smaller amount of root.
The amount of rhizosphere soil (dry weight basis) from the respective layers was 3.2 g and 8.1
g from the topsoil and subsoil, respectively. The carboxylate concentrations, expressed as a dry
soil basis or dry root basis were correlated (r2 = 0.73).

Fig. 5.5. Total carboxylates (μmol per g soil dry mass, extracted using a 0.2 mM CaCl2 solution) in the
rhizosphere of chickpea in dry topsoil (0-10 cm) and well-watered subsoil (10-30 cm) grown in different
soil phosphorus levels. Each soil column had 2 plants. Treatment notations refer to: low P in the topsoil
and high P in the subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the topsoil and
no P in the subsoil (LP/Nil P). Vertical bars indicate ± standard error (n = 3). Total carboxylates in the
topsoil was significantly different (lsd (0.05) = 14.9) while in the subsoil they were not significantly
different (P < 0.05).
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Fig. 5.6. Fractions of carboxylates (μmol per g soil dry mass, extracted using a 0.2 mM CaCl2 solution) in
the rhizosphere of chickpea in a) dry topsoil (0-10 cm) and b) well-watered subsoil (10-30 cm) grown in
different soil phosphorus levels. Each soil column had 2 plants. Treatment notations refer to: low P in
the topsoil and high P in the subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the
topsoil and no P in the subsoil (LP/Nil P). Vertical bars indicate ± standard error (n = 3). In the topsoil the
lsd (0.05) for citrate was 3.9, the malate and malonate were not significantly different (P <0.05). In the
subsoil, the lsd (0.05) for malate and citrate was 5.1 and 3.7, respectively; the malonate was not
significantly different (P <0.05).

5.3.3. P fractions
The soil used in present study was the same soil as used in previous study (Chapter 4), so the P
fractions of the initial soil and of soil after P fertilizer addition (high P and low P) were similar
to those reported in Chapter 4 (Table 5.2; cf Table 4.8). Almost all fractions were increased
after P addition especially those extracted by resin P, NaHCO3 Pi and NaOH Pi. At flowering,
chickpea principally depleted resin P, NaHCO3 Pi and NaOH Pi both from topsoil and subsoil in
all treatments except LP/Nil P in the subsoil that showed little evidence of depletion (Figs. 5.7,
5.8, 5.9). The value for resin P and NaHCO3 Pi was not depleted in the rhizosphere of LP/Nil P
treatment and was around 3 mg/kg which was the initial bulk soil value. However, in the LP/Nil
P, where P was not added in the subsoil, plant depleted by around 50 % (5 mg/kg) of the NaOH
Pi and HCl Pi fractions (Figs. 5.9, 5.10). The changes in NaHCO3 Po and HCl Po fractions were
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negligible after addition of P to the virgin soil (data not shown). There was no depletion of
NaOH Po and residual P in any treatment (data not shown).
Table 5.2. Fractions of P concentration (mg/kg) in virgin soil and bulk soils with low and high added P
fertilizer. Values are means of 3 replications ± SE.

Soil

Resin P

NaHCO3 Pi

NaOH Pi

HCl Pi

NaOH Po

Residual

Total

Virgin
soil

3 ± 0.2

3 ± 0.3

10 ± 1.5

10 ± 1.7

36 ± 2.0

80 ± 7.2

134 ± 9.2

Low P

26 ± 2.9

30 ± 1.4

42 ± 3.5

13 ± 1.7

38 ± 2.1

95 ± 4.8

247 ± 15.8

High P

50 ± 3.5

62 ± 3.5

66 ± 4.1

18 ± 1.8

38 ± 2.2

98 ± 6.2

337 ± 14.2

The recovery ratio of P was found nearly similar to that of reported in Chapter 4 (Table 4.8)
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Fig.5.7. Resin P of rhizosphere and bulk soil of glasshouse-grown chickpea. Rhizosphere soil collected
from the a) topsoil (0-10 cm) and b) subsoil (10-30 cm) of soil column at flowering stage of plant.
Rhizosphere resin P was compared to their respective bulk soil P (high, 90 mg/kg or low, 45 mg/kg) in
each soil layer, topsoil or subsoil. Treatment notations refer to: low P in the topsoil and high P in the
subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil
(LP/Nil P). Rhizosphere resin P in the topsoil was not significantly different (P < 0.05) among the P
treatments. In the subsoil, the lsd (0.05) for resin P was 3.0. Vertical bars indicate ± standard error (n = 3).
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Fig.5.8. NaHCO3 Pi of rhizosphere and bulk soil of glasshouse-grown chickpea. Rhizosphere soil collected
from the a) topsoil (0-10 cm) and b) subsoil (10-30 cm) of soil column at flowering stage of plant.
Rhizosphere NaHCO3 Pi was compared to their respective bulk soil P (high, 90 mg/kg or low, 45 mg/kg)
in each soil layer, topsoil or subsoil. Treatment notations refer to: low P in the topsoil and high P in the
subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil
(LP/Nil P). Rhizosphere NaHCO3 Pi in the topsoil was not significantly different (P <0.05) among the P
treatments. In the subsoil, the lsd (0.05) for NaHCO3 Pi was 4.2. Vertical bars indicate ± standard error (n =
3).
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Fig.5.9. NaOH Pi of rhizosphere and bulk soil of glasshouse-grown chickpea. Rhizosphere soil collected
from the a) topsoil (0-10 cm) and b) subsoil (10-30 cm) of soil column at flowering stage of plant.
Rhizosphere NaOH Pi was compared to their respective bulk soil P (high, 90 mg/kg or low, 45 mg/kg) in
each soil layer, topsoil or subsoil. Treatment notations refer to: low P in the topsoil and high P in the
subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil
(LP/Nil P). Rhizosphere NaOH Pi in the topsoil was not significantly different (P <0.05) among the P
treatments. In the subsoil, the lsd (0.05) for NaOH Pi was 6.4. Vertical bars indicate ± standard error (n =
3).
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Fig. 5.10. HCl Pi of rhizosphere and bulk soil of glasshouse-grown chickpea. Rhizosphere soil collected
from the a) topsoil (0-10 cm) and b) subsoil (10-30 cm) of soil column at flowering stage of plant.
Rhizosphere HCl Pi was compared to their respective bulk soil P (high, 90 mg/kg or low, 45 mg/kg) in
each soil layer, topsoil or subsoil. Treatment notations refer to: low P in the topsoil and high P in the
subsoil (LP/HP), low P in both the topsoil and subsoil (LP/LP), low P in the topsoil and no P in the subsoil
(LP/Nil P). Rhizosphere HCl Pi in the topsoil was not significantly different (P < 0.05) among the P
treatments. In the subsoil, the lsd (0.05) for HCl Pi was 4.3. Vertical bars indicate ± standard error (n = 3).

5.4.

Discussion

There was a significantly lower amount of rhizosphere carboxylates found in the dry topsoil
than in well-watered subsoil regardless of whether the amount was expressed on a root mass
or soil mass basis (Figs. 5.3, 5.4, 5.5, and 5.6). This is an important observation no study has
examined rhizosphere carboxylate exudation under dry topsoil conditions in either chickpea or
any other crop despite the prevalence of dry land crops where topsoil drying is common.

5.4.1. Carboxylates in topsoil relative to subsoil
The amount of carboxylates in the rhizosphere at a particular time could be a result of
exudation from roots, decomposition by microorganisms, and rate of adsorption to and
desorption from the soil at various rates (Jones and Farrar 1999). The lesser amount of
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carboxylates in the dry topsoil might be primarily due to low density of live fine roots, lower
number of root tips or aged roots in that layer. Moreover, some topsoil roots were observed to
have dead cortical tissue (data not shown). There might have a question of overestimation of
carboxylate from the leakge of carboxylate from the dead cell which could increase their
amount (carboxylates) in the topsoil than that of subsoil. That did not happen. As carboxylate
exudation must occur from live roots (Hinsinger 2001), the lesser proportion of live roots to
total root in dry topsoil might prevent a continuous production of carboxylates within the root
that lowered the amounts exuded. In addition to lack of live roots, reduced amount of root
hairs and restricted diffusivity of the carboxylates in the rhizosphere of dry topsoil might be
other causes of lower amount of exudation, as speculated by Suriyagoda et al. (2011). But still
exudation was occurring in the dry topsoil although at a low concentration. This might be due
to exudation from the live thick branch roots (Fig. 5.11 where fine roots are almost absent).
Wouterlood et al. (2004b) showed that chickpea exudes carboxylate from the entire root
system including older roots behind the growing tips.
Contrary to the topsoil, a high proportion of live roots to total root in the subsoil might be the
principal cause of high concentration of carboxylates in the subsoil. In addition to more live
root in the subsoil, another cause might lie in the signaling by the shoot under dry topsoil
condition to exude more carboxylate in the well-watered subsoil. In well-watered chickpea
Wouterlood et al. (2005) indicated that carboxylate exudation is dependent on signals from
the shoot.
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Fig. 5.11. Roots in dry topsoil (0-10 cm) of chickpea grown in a column. Roots are mainly representing
thick branches. Topsoil drying treatment was imposed 38 days before harvest of the plant (at flowering
stage).

Carboxylates are one of the most labile sources of carbon in soil, and once released into the
soil solution they may be quickly taken up and broken down by the soil microbial community
(Jones and Farrar 1999).
In a recreated soil profile, Jones and Darrah (1994) found that the decomposition of
carboxylate was slower in the subsoil (soils collected from 20-40 cm of profile), which might be
due to higher microbial populations in the surface soil which reduce gradually with soil depth
(Ekelund et al. 2001; Taylor et al. 2002). These microbial effects were in undisturbed profiles or
a constructed profile where the actual subsoil profile was collected and placed as a subsoil in
the constructed profile. In the uniform profile constructed by placing the same soil in the
topsoil and subsoil, as in the current study, the differential effect of microbes in the topsoil and
subsoil would be less likely due to the short experimental period, ~60 days, and little
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difference in oxygen levels between the soil layers. Thus, differences in microbial activity in soil
layers cannot fully explain the cause of higher carboxylate concentration in the subsoil
Decomposition/biodegradation is also related to sorption of carboxylates by soil colloids
(Jones 1998). Sorption of carboxylates on Al and Fe oxyhydroxides provides the greatest
protective effect from biodegradation (Boudot 1992; Boudot et al. 1986, 1989; Jones et al.
1996c; Jones and Edwards 1998) and increases the half-life of carboxylates (Oburger et al.
2009). The anionic binding sites (positively charged) and biodegradation rate of carboxylates
(negatively charged) were inversely related (Oburger et al. 2009). However, as the same soil
was used in both layers in the current study, adsorption should be equal in both the layers and
cannot also explain higher carboxylate concentration in the subsoil. Hence, it suggests that the
higher root activity in the subsoil might be the principal cause of higher exudation in this layer.
Carboxylate degradation might occur during extraction from the root. In the current study, the
extraction period (30 min) of carboxylate was less than the known half-life of malate (1.7 h,
Jones et al. 1996c) and malate and citrate (2-3 h, Jones and Darrah 1994) and the collected
extract was acidified and frozen quickly; this suggests that the degradation of carboxylates
during and after extraction was likely to be minimal which can explain partly the high
concentrations particularly in the subsoil.

5.4.2. Phosphorus deficiency and carboxylate exudation
There is much evidence that P deficiency enhances rhizosphere carboxylate exudation (Jones
1998; Ryan et al. 2001; Vance et al. 2003; Ae et al. 1991; Neumann and Rӧmheld 1999). None
of these studies examined carboxylate exudation under the dry topsoil conditions. However, in
the current study, reduced P availability in the dry topsoil may have compensated for less
exudation attributable to fewer live roots. The higher amount of carboxylate (either unit root
or soil basis Fig. 5.3, 5.5) produced by fewer roots in the topsoil (in LP/Nil P, Fig. 5.2b) might be
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also related to P deficiency in the subsoil. In lupin (Dinkelaker et al. 1989) and in some
Australian native plants (Lambers et al. 2006) growing under P-impoverished soils, carboxylate
exudation and mobilization of P is an “adaptation” trait. These species produce cluster roots
which are a combination of adaptive structure with adaptive physiology (Lambers et al. 2006).
In chickpea, exudation is not an “adaptation” trait but a constitutive character (Wouterlood et
al. 2005). They showed in a series of studies that chickpea exudes carboxylate both in Pdeficient and P-sufficient conditions even though the exudation was greater under P deficiency
and the exudates had the capacity to mobilize soil P (Wouterlood et al. 2004b, 2005). The
result of the current study is in an agreement with that of Wouterlood et al. (2005) i.e., plants
supplied with HP exuded substantial amount of carboxylates (compared with LP or no added P)
and the amount was higher when low or no P was added in the subsoil.

5.4.3. Total carboxylate, their composition and P mobilization
In the study of Veneklaas et al. (2003), chickpea exuded on an average 174 µmol total
carboxylates/g root DW or 8.5 µmol/g dry soil (from whole root system under well-watered
condition and extracted in 0.2 mM CaCl2). These concentrations of total carboxylates were
efficient in mobilizing P from strongly P-sorbing soils in their study (Veneklaas et al. 2003). In
the current study, total carboxylate concentrations (across the treatments) were 128 µmol/g
root DW and 48 µmol/g dry soil in the dry topsoil while in the subsoil these concentrations
were 346 µmol/g root DW and 81 µmol/dry soil. This suggests that these concentrations of
carboxylate might also be efficient in mobilizing soil P (compared with the concentrations
found by Veneklaas et al. 2003). The total carboxylate concentration in the subsoil seemed
high compared to the other studies in chickpea (Veneklaas et al. 2003; Wouterlood et al.
2005). The cause of this difference might be due to the experimental difference as in this study
the topsoil was dried, unlike all other studies mentioned here.
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The most abundant carboxylate in topsoil was malonate followed by malate and citrate, as
found in other studies in chickpea (Veneklaas et al. 2003; Wouterlood et al. 2004a, b; 2005),
but this study also showed that the same composition of carboxylates was found in the subsoil
rhizosphere. Hence the predominant production of malonate appears to be a stable trait of
chickpea under a range of conditions. Carboxylate exudation and P mobilization by chickpea
was found in earlier studies (Gardner et al. 1983; Ae et al. 1991). In the present study, the
capacity of carboxylates to mobilize P was not measured directly (e.g. by applying known
concentrations of carboxylate and measurement of mobilized P). But other studies have done
this (Veneklaas et al. 2003; Wouterlood et al. 2004b) and found that the fractions of
carboxylate exuded by chickpea can mobilize soil P. Hence it is assumed that the effect of
carboxylate in mobilizing P would also apply in this study.
Among the carboxylates exuded by plants, citrate is more effective in mobilizing soil P because
it is a tricarboxylate (Jones 1998). White lupin (Lupinus albus L.) is widely known to exude a
large amount of citrate in a relatively small volume of soil under low available P (Gardner et al.
1983; Johnson et al. 1996), and the growth of lupin is, therefore, less affected by low P than
that of other crop plants (Watt and Evans 2003). It is not known what concentration of citrate
in chickpea is needed to mobilize P, but in hydroponics both chickpea and lupin exuded similar
amounts of carboxylates (Neuman and Rӧmheld 1999). Based on the citrate concentration in
lupin rhizosphere to mobilize P (10 µmol/g dry soil, Gerke et al. 2000b), it can be deduced that
citrate concentration (dry soil basis) in the subsoil (>10 µmol soil basis) of this study would be
sufficient to mobilize P. Gerke et al. (2000b) showed negligible or small amounts of P were
mobilized below the citrate concentration of 10 µmol/g dry soil.
Malonate mobilizes soil P as observed in the studies of Veneklaas et al. (2003) and Wouterlood
et al. (2004b). However, the effective concentration of malonate in the rhizosphere to mobilize
P is not known for chickpea or any other crop. Again based on the concentration of citrate in
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lupin to mobilize soil P (at least 10 µmol citrate/g soil in the rhizosphere, Gerke et al. 2000b) , it
can be assumed that the required malonate concentration should be more than that of citrate
as it is a dicarboxylate. In this study, compared to the least required concentration of citrate to
mobilize P (10 µmol/g dry soil, Gerke et al. 2000b), malonate concentration in the subsoil (4048 µmol/g dry soil) was 4-5 times higher; while in the topsoil (~25 µmol/g dry soil) it was at
least double. This suggests that sufficient malonate was extracted be effective in mobilizing P.
Oburger et al. (2009) stated that carboxylates are exuded as a mixture and not as a single
carboxylate in the rhizosphere; they hypothesized that presence of one carboxylate might alter
the capacity of other carboxylates to desorb P from soil. They found that malonate has an
additive effect to desorb P when malonate was added to citrate, malate and oxalate.
Determination of required concentration of malonate to mobilize P is particularly important
for chickpea as malonate is the predominant species of carboxylate in the chickpea
rhizosphere. The other dicarboxylate, malate, has also the capacity to mobilize P to a lesser
extent than citrate (Jones 1998; Gerke et al. 2000b, b; Veneklass et al. 2003).
However, as the topsoil was dry, and few fine roots survived in the topsoil, it is questionable
whether P mobilized by topsoil carboxylates was taken up by the root or not. Although
hydraulic redistribution (HR) in chickpea was not investigated in any other study and in the
current study, presence of few live roots in the topsoil (in the present study, observations in
the studies presented in Chapter 3 and 4) indicates that HR in chickpea might be negligible to
facilitate taking up the mobilized P under dry topsoil condition. However, due to the wellwatered condition in the subsoil, the subsoil rhizosphere carboxylates might be more effective
in mobilizing P for uptake by the plant.

5.4.4. Mechanisms of P mobilization
Ligand/anion exchange: Ligand exchange between carboxylates and the orthophosphate
anion, and the release of P from Fe/Al sorbing sites are the mechanisms of P mobilization
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(Jones 1998). In acidic soils, inorganic P is mostly adsorbed to metal oxyhydroxide surfaces or
present as Fe- and Al phosphates (Sims and Pierzynski 2005). If ligand exchange occurs,
adsorbed phosphate is exchanged from the oxide surfaces by the negatively charged organic
anion. The soil of current study is slightly acidic, so ligand exchange between orthophosphate
anion and carboxylate might function to mobilize P.
pH change and carboxylates: Nitrogen fixing legumes including chickpea take up more cations
than the anions and extrude protons (H+) from their roots (Marschner et al. 1986; Tang et al.
1998) which acidifies the root environment (Liu et al. 1989). On the other hand, the release of
organic anion (carboxylate) is balanced by the release of a cation. Proton efflux via the H+ATPase is likely to balance at least part of the anion release in these cases (Ryan et al. 2001).
Where carboxylate exudation is associated with proton extrusion an acidification of
rhizosphere occurs (Dinkelater et al. 1989; Hoffland et al. 1989b; Neumann and Römheld
2002). The lower pH may itself contribute to greater P availability where Ca phosphates are
present, as occurs in alkaline or slightly acidic soil (Hinsinger 2001). Tang et al. (1998) showed
that P level regulates rhizosphere acidification which appears to be related to the imbalance of
cation and anion uptake. Rhizosphere acidification and dissolution of Ca-P and subsequent
uptake of P was observed in chickpea in an Indian Vertisol (Ae et al. 1991). In the current
study, rhizosphere acidification or proton release was not measured (due to small amount of
rhizosphere soil) so direct evidence of rhizosphere acidification cannot be provided. The
indirect evidence of rhizosphere acidification was the depletion of Ca bound P from the subsoil
rhizosphere of LP/Nil P treatment. The HCl extractable Ca bound P in the virgin soil was
substantial (Table 5.2) and pH was near neutral (6.5 after addition of Ca(OH)2). Moreover, P
was added as Ca-P. According to Hinsinger (2001) the Ca bound P present in a slightly acidic
soil can be solubilized due to lowering of the pH.
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Rhizosphere acidification from proton release (with carboxylate exudation) might be more
important in chickpea-growing areas in calcareous soils with alkaline soil pH e.g., HBT soil
(where pH is neutral to alkaline in the subsoil) for mobilizing P. In the Western Australian soils
where most soil P is present as as Al- and Fe-P (in acidic pH) , ligand exchange or complexing
with metal ions might be more prevalent than the pH effect for mobilizing soil P.

5.4.5. P fractions
After addition of P as Ca(H2PO4)2 to the virgin soil, labile and less labile P fractions were
increased substantially in the bulk soil (Table 5.2). The rhizosphere P fractions showed that
plants in all treatments depleted both labile P (resin P and NaHCO3 Pi) and sparingly soluble P
(NaOH Pi), while in the LP/Nil P treatment, in addition to those P fractions, plants depleted the
HCl Pi fraction. The NaOH Pi is considered as Fe and Al bound P (Hedley et al. 1982) mostly in
acidic soil (Sims and Pierzynski 2005). Depletion of this fraction might be due to the ligand
exchange and displacement of P from the Fe- and Al phosphates in this study. This might be
due to the soil was slightly acidic and presence of substantial amount of NaOH Pi (after
addition of P, Table 5.2). The released P would then be available for uptake by plants.
Depletion of this fraction was more in the subsoil than the topsoil suggesting that rhizosphere
carboxylates in the subsoil were more active in complexing with these metal cations or
displacing phosphates from soil matrix. Other studies have reported that the NaOH Pi fraction
is readily depleted by crops (George et al. 2002; Nuruzzaman et al. 2006; Vu et al. 2008),
including highly weathered acid soils (Hedley et al. 1994; Buehler et al. 2002). On the contrary,
Rose et al. (2008) did not find any depletion of this fraction in the chickpea rhizosphere in acid
sand and attributed their result to the presence of very low amounts of NaOH Pi (<2 mg/kg).
Another sparingly soluble P fraction which is not available to many other crops, HCl Pi, was
depleted from the subsoil where no P was added. HCl Pi is considered as Ca bound P and some
occluded Pi (Hedley et al. 1982) which usually dominates in calcareous soil or in slightly acidic
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to neutral soil (Hinsinger 2001). In this study, the initial pH (5.5 water) was raised to 6.5 by
adding Ca(OH)2. Acidification of rhizosphere and subsequent mobilization of added Ca-P might
be the cause of accessing this fraction in the LP/Nil P treatment even under near neutral soil
pHwater (6.5). In the same way, other treatments could deplete this fraction (HCl Pi), which did
not happen. This might be because the plants in other treatments acquired a substantial
amount of P from the easily extractable (resin P and NaHCO3 Pi) and relatively less labile NaOH
Pi factions. Overall, the plant P uptake (Fig. 5.1) is not equal to P depletion from the
rhizosphere (Figs. 5.7, 5.8, 5.9). The gap between these two might be due to incomplete
recovery of rhizosphere soil, depletion of P from outside the rhizosphere, and other unknown
causes.

5.4.6. Implications
Grain legume crops with carboxylate exudation capacity improve P availability for crops grown
in rotations (e.g. Horst et al. 2001; Hocking and Randall 2001; Nuruzzaman et al. 2005) or in
intercrops (Arihara et al. 1991; Kamh et al. 1999). These workers suggested that legume crops
(e.g. pigeonpea, chickpea, lupin) mobilized more P than their own requirement and this extra P
could be used by non-legumes (e.g. wheat, sorghum).
In a rotation the benefit of carboxylates exuded by P-efficient legumes on the subsequent nonlegume crop is related to the recycling of the mobilized P (by carboxylate) through plant
residues (Horst et al. 2001). The subsequent crop is likely to be benefitted after decomposition
of the plant residue and the subsequent release of P in the next season (Nuruzzaman et al.
2005). This suggests that P benefit from carboxylates in rotational crops is indirect. The direct
benefit of carboxylates exuded by P-efficient legumes on the subsequent less P-efficient crop
in a rotation is probably minimal due to the rapid degradation and likely short-lived (few hours,
Jones 1998) rhizosphere modification (Nuruzzaman et al. 2005).
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The direct benefit of carboxylate-exuding legumes on the non-legumes is usually observed in
mixed cropping or intercropping. In an intercrop with chickpea in an Alfisol in India, sorghum
extracted a larger amount of P than the sorghum sole crop (Arihara et al. 1991). Phosphorus
uptake of intercropped wheat with white lupin was increased due to chelation of Ca2+ by
citrate exuded from roots and subsequent release of P from Ca-P complex. A P benefit for
cereals (e.g., sorghum, maize, wheat) when grown with legumes (e.g., pigeonpea, faba bean,
lupin) was also observed in other studies (Ae et al. 1990; Li et al. 2002; Horst et al. 2001).
However, most published studies related to the contribution of carboxylate exuding legumes
on non-legumes (intercropped or in rotation) were done in well-watered conditions and in
shallow pots, without considering subsoil, and the exudation was collected from the whole
root system or a part of a root (e.g., Nuruzzaman et al. 2005). Before the current study
(Chapter 5), it was not known that chickpea modifies the moist subsoil rhizosphere more than
the dry topsoil by exuding carboxylates. However, in areas where crop yield is limited due to P
deficiency induced by topsoil drying, cultivation of chickpea might improve P nutrition of the
non-legume in mixed cropping (e.g. wheat ) by mobilizing subsoil P as the turnover of
carboxylates in the subsoil is low (Jones 1998). In rotation, the subsoil carboxylates might
enhance chickpea’s own growth by mobilizing P in the first instance. As chickpea produces a
substantial amount of root in the deeper soil, decomposition of this root and subsequent
release of P might benefit the crop grown after chickpea. This hypothesis should be tested in
the control condition and in the field (mostly to investigate the effect of carboxylate in the
subsoil).
As chickpea exuded a large amount of carboxylates in the subsoil, it is worth considering
whether exuded carboxylates would draw upon the plant’s carbon that would otherwise have
been used in formation of DM or yield. Studies from white lupin measured losses of 5-25 % of
the plant’s photosynthetically-derived carbon in rhizosphere exudation (Dinkelaker et al.
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1989). This amount of carbon seems to be a high cost for P mobilization and acquisition.
However, considering the other benefits (mobilization of Fe, Mn, Zn), and the cost of
alternative strategies to acquire P (10-20% for VAM association) or increase root surface area,
this strategy of white lupin (proteoid root plants) seems to be quite efficient (Dinkelaker et al.
1989; Marschner 1995). For chickpea, no estimate of carbon loss is known, but as evidenced
from hydroponic studies, chickpea exudes similar amounts of carboxylate as white lupin
(Ohwaki and Hirata, 1992; Neumann and Römheld, 1999). The above argument does indicate a
net drain but it should be considered as an investment to acquire a limiting nutrient (P),
without which further photosynthesis cannot proceed.
Drying of topsoil is an environmental phenomenon which is unavoidable in dryland cropping.
Considering that P reserves are rapidly being depleted, while vast amounts are present in soils
that have been fertilized for years. Crops should be developed that can use this soil reserve-P
efficiently and can minimize the P uptake limitation imposed by topsoil drying. In this respect
traits in P-efficient plants that control carboxylate exudation (particularly in the subsoil, e.g.
chickpea) need to be transferred to potential crops for dry areas for tapping the less soluble P
in the soil that would otherwise left unutilized.

5.5.

Conclusion

The present study revealed a substantially higher amount of carboxylate exudation by
chickpea in the subsoil than in the topsoil but the amount of carboxylate was influenced only
to a limited extent by P levels in the subsoil. The current study, and the previous study in
Chapter 4, clearly showed that the sparingly soluble Fe- and Al-P (NaOH Pi) and Ca-P (HCl Pi)
was acquired by chickpea. This suggests that the exuded carboxylates in the subsoil might have
a link to the depletion of sparingly soluble P sources. In the previous study (Chapter 4), it was
observed that chickpea strongly depleted NaOH Pi from both topsoil and subsoil while the
amount depleted from the subsoil was much higher, which gave an indication of large
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modification of subsoil rhizosphere. Indeed, the result of the current study supported that. The
present results are relevant to chickpea growing areas where the crop is grown on stored soil
moisture and the plant has access to the subsoil moisture. In that condition, the present
results suggest that chickpea would also have access to the residual P in the subsoil by
mobilizing P by carboxylate exudation. Subsoil rhizosphere modification might also be
contributing to P acquisition in areas where chickpea grows on seasonal rainfall that is erratic
and allows topsoil to dry out between rain events.

198

Chapter 6
General discussion and conclusions
The major chickpea growing areas are in the arid and semi-arid zones (Toker at al. 2007) where
the soil surface usually dries out during crop growth. Phosphorus deficiency in chickpea may
be related to drying of the topsoil where most P is located, as the movement of this nutrient in
soil is principally mediated by diffusion, which in turn depends on water content (Tinker and
Nye 2000). The HBT is the main region for chickpea cultivation in Bangladesh, a region where
production is affected by the drying out of the topsoil (impairing establishment) (Johansen et
al. 2008a) and by the possible deficiency of P (Johansen et al. 2007b). The P nutrition of
chickpea under dry topsoil conditions is complex and warrants further investigation. Crops like
wheat absorb most of the plant P during the vegetative growth stage, which may insulate
them from the drying out of the soil after anthesis (Batten et al. 1986). During the
reproductive stage, wheat remobilizes stored P from its vegetative organs to the grain. Before
this study, little was known about the accumulation, distribution and remobilization of P by
chickpea grown under dry topsoil.

6.1.

Accumulation and remobilization of P under dry topsoil

The initial field study showed that P accumulation during the early stage of chickpea growth
(before flowering) was slow (accounting for ≤ 30% of total P content in shoots at maturity)
(Chapter 3); most of the P accumulation occurred during the plant’s reproductive growth. This
indicates that chickpea requires less P in early growth than in reproductive growth. Low P
requirement at an early stage and high P requirement at reproductive stage implies that
chickpea might be susceptible to P deficiency and might produce a reduced grain yield as a
result of the drying out of P-fertilized topsoil during reproductive growth. In the field study
(Chapter 3), the topsoil had dried at all experimental sites before the reproductive growth
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stage; this might be responsible for reduced P uptake and grain yield (although chickpea’s
response to applied P fertilizer was poor which is discussed later). Hence, in areas where
chickpea is grown on receding moisture in the soil profile, drying of the topsoil and subsequent
reduced uptake of P from it during the high P demand period might be a major cause of low
yield and also of the poor response to topsoil-placed P fertilizer.
However, the field results showed that although the topsoil dried out during the vegetative
stage, chickpea continued to accumulate P until late into the growing season. This pattern of P
accumulation and P requirement in chickpea is different from other grain legume crops. For
example, soybean under low P supply has a high P demand at the early stages of growth and
plants take up the maximum amount of it by the time of flowering, and subsequently
remobilize the accumulated P to contribute the majority of pod P (Lauer and Blevins 1989a).
Chickpea remobilized substantial amounts of P from the vegetative parts (52 %) (Chapter 3)
but that amount was not sufficient for grain P demands. Remobilized P was equivalent to only
69 % of grain P, suggesting that for the remaining pod-P, the plant depended on continual P
uptake.
The fact that the topsoil dried out quickly but chickpea accumulated P until late podding stage
suggests that the P uptake during reproductive growth was from below the dry topsoil. This
observation was supported by the next glasshouse study (Chapter 4), in which P was varied in
the topsoil and subsoil. In that study, chickpea accumulated P from the topsoil before
flowering when the topsoil was moist, but ≥ 36 % of total plant P (the proportion could be
greater because the topsoil had dried at least three weeks before flowering) at maturity was
accumulated probably from the current uptake of subsoil-P, after the topsoil had dried. This
study also confirmed the field study (Chapter 3) that chickpea pod/seed P was contributed by
concurrent P uptake during pod development, in addition to remobilization.
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The present finding that chickpea takes up a significant amount of P from the subsoil is novel
and contrasts with the common perception that most crops rely on the contribution of topsoil
almost exclusively for P nutrition (e.g. Lynch and Brown 2001). A greater abundance of root
growth in the subsoil (10-30 cm) than in the topsoil layer might be one of the factors
contributing to chickpea’s uptake of P from the subsoil. Around three-quarters of chickpea’s
total root mass was found below the topsoil (see Chapter 4), which indicates that the topsoil
was less favourable for root proliferation and the P in the topsoil was positionally unavailable
for root uptake. As diffusion is the principal mechanism of P supply to roots (Barber 1995),
drying of the topsoil reduces diffusion and subsequently P uptake. On the other hand, the
subsoil was supplied with P (see Chapter 4) and was well watered throughout the growing
season and was therefore favourable for P uptake by the root. It is conceded that this study
(Chapter 4) was done in controlled conditions in the pot where root growth was confined,
unlike in the field; but topsoil drying was present in both conditions and the effect of topsoil
drying on P acquisition during reproductive growth was found to be similar (see Chapters 3
and 4).
A distinctive contribution of this study is that it adds understanding to the role of subsoil P for
chickpea P nutrition and to the importance of management of subsoil P under rainfed
conditions when topsoil drying occurs during crop growth. On the basis of this study it can be
suggested that chickpea grown in receding soil moisture depends more on the subsoil P for
pod formation than on topsoil P. By contrast, chickpea growing on current rainfall (as in
Mediterranean climates) probably relies less on subsoil P since topsoil P becomes available
during seasonal rain. Nevertheless, subsoil P placement was beneficial in the Mediterranean
climate of Western Australia to other crops (in lupin, Jarvis and Bolland 1991) and may be
valuable for chickpea also.

201

6.2.

Under a drying topsoil, is topsoil or subsoil more important
for P uptake?

In relation to the contribution of topsoil to P acquisition, Lynch and Brown (2001) argued that
topsoil P is more important than subsoil P for foraging by common bean grown in low-P soils.
In common bean all parts of the roots (taproot, basal root, adventitious root, lateral roots)
were involved in topsoil foraging. However, the findings of all studies reported by Lynch and
Brown were from conditions where soil water was not limited which was favourable for uptake
of P from the topsoil. Lynch and Brown (2001) also suggested that the common bean plant,
while displaying high P efficiency for topsoil foraging is drought sensitive, i.e., the subsoil roots
of the common bean were less efficient in acquiring any subsoil water (if water was available
in the subsoil). Hence, for legumes and other crops like chickpea that have a high proportion of
roots in the subsoil, the results from Lynch and colleagues may be less relevant.
Roots generally proliferate near a fertilizer band but, if this is shallow the surface soil may dry
out and reduce the availability of P fertilizer to the crop (Scott et al. 2003). The results
presented here (Chapter 4) are contrary to those of Lynch and Brown (2001). To date, the
majority of soil P research has focused on the topsoil P (e.g. review of Raghothama 1999;
Vance et al. 2003), and little attention has been given to subsoil P (Wang et al. 2007) even
under conditions where the topsoil dries out. In the present study (Chapter 4), as the topsoil
dried out the shallow roots encountered restricted P availability: there was P in the topsoil but
the plant was not able to take it up. On the other hand, because most of the roots were in the
subsoil where water and P were not limited, conditions were more favourable for P availability
for a longer time. In other crops, increased growth was observed when P fertilizer was applied
in the moist subsoil (in wheat, Alston 1976; Maxwell et al. 1984; Singh et al. 2005, in lupin,
Jarvis and Bolland 1990; 1991). Liebersbach et al. (2004) showed that dry topsoil does not
reduce sugar beet growth, and uptake of P continues as long as the plant is able to take up
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sufficient water or P from the subsoil. High molecular exudate (mucilage) was found in the dry
soil that could bind water to facilitate P diffusion, suggested by Liebersbach et al. (2004). In the
current study, the high molecular exudate was not measured that warrants investigation in
chickpea under dry topsoil conditions.
The contribution of topsoil to P uptake is substantial when the topsoil contains sufficient
moisture and root growth occurs mostly in this layer. With a dry topsoil, the limited moisture
restricts topsoil root growth, which results in reduced P uptake (by reducing P diffusion, Tinker
and Nye 2000). Deep-rooted crops like chickpea usually produce a relatively low proportion of
roots in the topsoil under water stress (Benjamin and Nielsen 2006; Chapter 4 of this study). In
a dry topsoil, the topsoil is also subjected to temperature extremes that increase potential
evaporation, while the subsoil is not exposed in this way and the fluctuation in moisture is
minimal. This enables the subsoil to meet the water and P uptake requirements of chickpea for
plant use when the topsoil is dry.

6.3.

Carboxylate exudation from subsoil roots and P mobilization

Chickpea roots in the subsoil exuded much more carboxylate (at least twice as much on a root
weight basis) than the roots in topsoil (see Chapter 5). This result is also novel, because in the
literature all studies of carboxylate release by legumes were done with the plants in shallow
pots under well-watered conditions, without considering the subsoil, and the exudates were
collected from the whole root system rather than from the part of the root system in the
subsoil. It is overwhelmingly established that carboxylates have the capacity to mobilize
sparingly soluble soil P (see reviews of Jones 1998; Vance et al. 2003) and this is also true for
chickpea (Ae et al. 1991; Veneklaas et al. 2003). The present results suggest that the potential
for carboxylate activity and P release in the subsoil should be given greater attention.

203

The lower amounts of carboxylates in the topsoil were probably related to the reduced root
growth and lack of live roots; while in the subsoil active fine root growth would favour greater
exudation of carboxylates under dry topsoil condition. However, strong depletion of easily
extractable P and sparingly soluble P fractions in the rhizosphere of subsoil was observed (see
Chapters 4 and 5). Due to the presence of large amount of roots in subsoil, P ions diffusion to
the root absorbing sites might be sufficient to account for depletion of the labile P. On the
other hand, exudation of high concentrations of carboxylate from the subsoil root and the
depletion of sparingly soluble P fractions suggests that P mobilization by carboxylates was
effective in the subsoil. Indeed the greater depletion of sparingly soluble P fractions in the
subsoil (than the topsoil) indicates that chickpea modifies the subsoil rhizosphere more than
the topsoil when the topsoil was dry. This modification of subsoil might contribute to the
availability of P for crops following chickpea. Carry-over P benefits for non-legumes were
observed when it was grown after a legume (carboxylate was collected from whole root
system) under well-watered conditions (Horst et al. 2001; Nuruzzaman et al 2005). The main
effect appears to be related to the recycling of the mobilised P via plant residues and
enhanced colonisation with P-mobilising rhizosphere micro-organisms of the subsequently
grown crops in rotation (Horst et al. 2001). As the turnover of carboxylates below the surface
soil is slow (Jones 1998), due presumably to reduced microbial degradation, the subsoil
carboxylates might contribute more to P nutrition of a companion crop (e.g. wheat) or crops in
rotation after chickpea (e.g. mungbean, maize). This hypothesis should be tested in controlled
conditions and in the field when the topsoil is dry, to enable better definition of the
contribution of carboxylates from chickpea subsoil roots to an increased acquisition of subsoil
P by following crops.
In addition to P, mobilization of micronutrients such as Zn might occur due to the function of
exuded rhizosphere carboxylates. Organic anions including carboxylates chelate Zn and such
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chelation may increase Zn bioavailability (Kirk and Bajita 1995). In barley, root exudates
containing low molecular weight organic acid anions (mainly malate) and amino acids
increased Zn bioavailability under a condition of low Zn availability (Rasouli-Sadaghiani et al.
2011). In the HBT soil of Bangladesh, severe Zn deficiency is widespread (Brammer 1996), but
its deficiency in chickpea is not reported so far. As chickpea proliferate large amount of root in
the subsoil and exude carboxylate there (Chapter 5), there is a possibility of mobilization of Zn
by carboxylates that is worthy of further investigation.

6.4.

Chickpea response to P fertilizer

The results of the Chapter 3 indicated that chickpea responded poorly when P fertilizer was
placed with seed 5-8 cm below the surface. The cause might be related to drying of the topsoil
(0-10 cm) and also to the tillage method. Sites 1 and 3 produced similar yield in both tillage
systems (strip tillage and conventional tillage) while at sites 2 and 4 the yield was higher in
conventional cultivation. The higher yield observed in conventional plots in sites 2 and 4 might
be due to cultivation with a deep plough (4-WT, >10 cm deep). At the same sites (2 and 4), in
the strip-tilled plots, the shallow placement (<10 cm) of P fertilizer by the planter resulted in a
poor response by the plant to applied P, suggesting that if the conventional plots had been
cultivated to a shallow depth and P fertilizer was applied at similar depth (<10 cm) to that in
strip till, the yield response would have also been poor. However, the poor response to P
under strip till at all sites, including under conventional cultivation at sites 1 and 3 suggests
that the drying out of topsoil was a significant cause of the poor response to P applied to the
topsoil (see Chapter 3 and Chapter 4). After emergence, roots probably grew past the Pfertilized layer (see Chapters 3 and 4) and in addition topsoil drying would limit uptake of
applied P fertilizer or even topsoil residual P. Topsoil drying also caused the death of topsoil
roots (see Chapters 4 and 5). As a result, the plant’s dependence on P might be met by subsoil
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P, which was evidenced in Chapter 4. These factors could account for non-responsiveness to
applied P even on the sites with quite a low extractable P level.
The non-responsiveness to freshly applied P is often related to residual P in the soil from
previously applied P (Bolland and Jarvis 1996). In the HBT region, the topsoil P (Olsen-P 18, 4,
18 and 3 mg/kg soil in sites 1, 2, 3 and 4 respectively; Chapter 3) and subsoil P (18 and 2.8
mg/kg soil at 15-30 cm at sites 3 and 4, respectively; the subsoil P at sites 1 and 2 was not
measured) seemed high according to the critical levels suggested by Johansen and Sahrawat
(1991). They reported that the response of chickpea to applied P would be likely at topsoil (015 cm) Olsen-P levels <2 mg/kg. The topsoil P level might not be the major cause of poor
response (observed in Chapter 4) but the subsoil P because of drying of the topsoil. In the
study of Chapter 4 it was observed that the presence of subsoil P enhanced P accumulation by
chickpea irrespective of topsoil high P or low P. Moreover, substantially high amounts of
carboxylate exudation in the subsoil (see Chapter 5) and observed mobilization of sparingly
soluble P might be related to the non-responsiveness to surface applied P in the field study.
Other probable causes, such as poor nodulation and reduced plant demand for P under dry
topsoil conditions, might also be responsible for the non-responsiveness to applied P.

6.5.

Risk of P toxicity

The present study revealed that P toxicity was not a high risk for the soils in the HBT with
sandy clay loam (23 % clay) and clay loam (38 % clay) texture while P was toxic to chickpea in
sand when placed with seed. In sands, P fertilizer should be placed at least 5 cm below the
seed. The effect on the crop of the amount of fertilizer applied by the planters indicated that a
reduced rate should suffice for chickpea in the HBT. The risk of P toxicity in sandy soil would be
reduced by a lower level of P fertilizer but it still will be advisable to place it 5 cm away from
the seed (see Chapter 2). The upland soils of northern Bangladesh contain lower clay level than
the HBT soil but more silt and clay than a sand in which P fertilizer causes toxicity (yellow sand
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with only 1 % clay was prone to show P toxicity in chickpea in this study, Chapter 2). Indeed P
toxicity from P fertilizer placement by the minimum till planter in that area was not reported
(Bell and Johansen 2011), although a reduced chickpea yield was observed in that region for
other reasons (Bell and Johansen 2011).

6.6.

Planter modification

The poor response of chickpea to P fertilizer placement by the planter in all sites and the
apparent positive response to deep cultivation (full tillage by 4-WT) in conventional plots at
sites 2 and 4 suggest that P fertilizer should be placed deeper than the current 5-8 cm to be
most effective. In the HBT, a hard plough-pan layer is found at 10-15 cm from the surface,
which restricts root growth of winter crops (Johansen et al. 2008a). If the minimum-till
planters can place P fertilizer below the plough-pan such P will remain in soil moist enough for
plant uptake. In this respect, the question arises as to what the seeding depth should be. The
current seeding depth of 5-8 cm below the surface, which is considered optimum in Western
Australia for chickpea (Siddique and Loss 1999), gives a satisfactory emergence of chickpea in
the HBT and some other areas of Bangladesh if the seeding is done at or near field capacity
moisture. If P fertilizer is placed deeper (e.g. 12-15 cm), seeds could be placed with the
fertilizer at the same depth using the current seed and fertilizer delivery mechanism (Haque
2010; Haque et al. 2011). Placing seed at this depth might increase emergence time but the
grain yield might not be affected because P would be available for longer, which might
promote recovery from the possible suppression of early growth. Alternatively, placement of
P fertilizer and seed by different delivery tubes behind the tynes (rather than through a
common delivery tube for both seed and P fertilizer in the current planters) would enable
placement of P fertilizer at 12-15 cm and seed at 5-8 cm in a single pass. For placement of seed
and P fertilizer at different depth by different delivery tubes would involve planter
modification. But for deeper placement of either P fertilizer or seed and P fertilizer, more
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power will be needed, and that would involve additional cost in seeding. However, these
options warrant investigation in the field.

6.7.

Importance of enriching subsoil P and ways to do so

If chickpea seeds are sown in the topsoil (e.g. at 5-8 cm) where P fertilizers are usually placed,
within a few weeks after emergence the plant’s root will grow beyond the P enriched topsoil
to the subsoil, which is usually not fertilized. In the subsequent growth, chickpea root will
proliferate more in the subsoil and plant growth will depend mostly on subsoil P (Bell et al.
2010). Owing to vertical P stratification (enrichment of topsoil with P relative to the subsoil),
soil tests may reveal levels of P that are apparently sufficient but that they do not reflect the
availability of P to the roots, since the subsoil is not considered in soil tests. However, because
of continuous cultivation of crops and continuing P uptake from the subsoil (mainly at 10-30
cm), the subsoil will become increasingly deficient in P, which could affect crop yield in the
future (Bell et al. 2010). In current P management practices, subsoil P fertilization is not
included, owing to cost and insufficient importance given to subsoil root distribution and
subsoil P reserves (Wang et al. 2007). While in sand leaching of P from applied P fertilizer may
increase the reserves of subsoil P (Bolland et al. 1996), P leaching does not occur in relatively
heavy-textured soil until quite high levels of extractable P are reached. In cracking clay soil, Penriched topsoil or applied P fertilizer might fall into the cracks, thus possibly introducing P to
the subsoil. However, it is not known whether falling of P fertilizer granules of P-rich topsoil
down the cracks would be sufficient to replenish soil P after crop removal or lift available P
levels enough to improve crop P nutrition. Considering the importance of subsoil P for crops
grown on stored residual moisture, particularly deep-rooted crops such as chickpea, using
heavy machines to carry out deep placement of P fertilizer is an option.
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6.8.

Conclusions

This is the first study to assess P accumulation, distribution and redistribution of P in chickpea
under dry topsoil conditions, where P fertilizer was added with the seed, or below the seed in
the subsoil. Continuous P accumulation was found in chickpea after slow initial accumulation;
chickpea accumulated P rapidly during its reproductive stage, with most of it was partitioned
to the grain. Grain P was derived both from remobilization from vegetative parts and from
concurrent uptake of P during pod filling. Drying of the surface soil during the period of high P
demand (at pod filling) and substantial P accumulation at the same stage of growth suggests
that chickpea absorbs substantial amounts of P from the subsoil. Modification of subsoil
rhizosphere by excreted carboxylates also suggests that mobilization of P in the subsoil might
be linked with the P uptake from the subsoil; depletion of sparingly soluble P from the
rhizosphere was consistent with carboxylate activity in mobilizing soil P in the subsoil. With
higher levels of subsoil P, chickpea accumulated greater amounts of P, but its P accumulation
was not influenced by the supply of P in the dry topsoil. The results of this study suggest that
under a dry topsoil, subsoil P is more important for chickpea than the topsoil P. In areas where
chickpea grows on a progressively receding soil profile moisture (e.g. HBT), it is hypothesized
that P fertilizer should be placed below the topsoil (in subsoil >10 cm) to facilitate prolonged
availability of P for root uptake. Further studies are required under different soils and
environmental conditions to assess the contribution of subsoil P to the P nutrition of chickpea.

6.9.

Future research

A number of follow up studies are suggested to fill the gaps identified in the current study:
i)

Determine P fertilizer recommendations adequately for sowing chickpea by minimumtill planter: more field trials are required to test response with P fertilizers under a
range of topsoil and subsoil P levels, with variation in both soil profile water
storage at sowing, and the rate of topsoil drying in relation to flowering and pod
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filling. The effect on chickpea response to P during in-season rainfall, which occurs
only occasionally, should be examined as well. Soil tests of P values at depths
should be taken into account for all these investigations. In addition, judging the
depth for P and seed placement also needs to be given more priority (the
suggested depth should be between 12 and 15 cm for efficacy). The hypothesis
that subsoil P levels will correlate well with chickpea growth needs to be tested.
ii) This study strongly suggested that chickpea acquired substantial amounts of its P
requirements from the subsoil P. The relative amounts acquired from subsoil or
from topsoil need to be quantified. Placement of P isotopes at different depths
(e.g. 0-10 cm, 10-30 cm) at different stages of growth (e.g. before flowering,
during flowering, during early/mid podding) and under different soil profile water
regimes (dry vs wet topsoil) could be used to probe this question. P analysis of
shoot parts over time should provide solid information on the subsoil P
contribution to pod P requirements under dry topsoil condition.
iii) Chickpea acquired substantial soil P between mid- to late podding stage. Studies
should be done to assess the function of that late-season-acquired P: how much of
the late-season-acquired P contributes to pod P acquisition and how much for
metabolic activity of leaves.
iv) The contribution of carboxylates in the subsoil to mobilizing P that can be accessed
directly or indirectly by subsequent crops should be assessed, as mentioned above
in section 6.2.
v) A long-term field study should be set up in cracking clay soil to assess the potential for
subsoil P to be enriched by P-rich topsoil or P fertilizer granules falling into the
cracks, because it was evident that the more intensive cropping site (site 3 in
Chapter 3) had more subsoil P than the less intensively cropped site (site 4). The
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hypothesis is that a frequently cropped field will be enriched with P in the subsoil
should be examined.
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Appendix 1
Interpretation of soil test phosphorus (Olsen P) values for soils in Bangladesh (Miah et al.
2005):
For loamy to clayey soils of upland crops of Bangladesh including the High Barind Tract soil.
Phosphorus
(Olsen) mg/kg
soil

Very low

Low

Medium

Optimum

High

Very high

<7.5

7.5-15.0

15.1-22.5

22.5-30.0

30.1-37.5

>37.5

Appendix 2
Phosphorus concentrations determined in standard plant samples from ASPAC and average
recoveries percentages.
Sample
name
ASPAC 65
ASPAC 65
ASPAC 65
Pea
Pea
Pea
Rice
Rice
Rice

Sample
weight
(mg)
100.3
96.4
102.2
102.1
106.4
108.9
100.4
102.1
98.4

ASPAC sample’s
P concentration
(% DW)

Measured P
concentration
(% DW)

0.206
0.206
0.206
0.212
0.212
0.212
0.096
0.096
0.096

0.207
0.204
0.213
0.203
0.197
0.198
0.097
0.099
0.095
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Recovery
(%)

Average ± SD

100 99 ± 2.2
101
97
104 106 ± 1.7
108
107
99 99 ± 2.0
97
101

Appendix 3: Determination of amount of P as high-P and low-P for the study described in
Chapter 4.
In a trial (conducted prior to the experiment described in Chapter 4, result of this trial was
excluded), P was added at 30 and 15 mg/kg (source of P: monocalcium phosphate-Ca (H2PO4)2)
as high P and low P, respectively, maintaining the topsoil (10 cm) dry (as in the columns of
experiment of Chapter 4). The trial was composed of eight treatments and each with three
replications. Among the treatments, four treatments had dried topsoil and four were with
moistened whole column (75% field capacity water). Topsoil drying was started after 3 weeks
of seed sowing. However, after five weeks of seeding, all treatments started to show P
deficiency symptoms in old leaves. Gradually, the symptom spread upward to all leaves even
to the new ones. Finally, the leaves dried out and dropped off and the plants died before
maturity in some treatments especially in low P ones irrespective of whether the columns had
well watered or dried topsoil. The P concentration of the tips (terminal bud with 4 subsequent
leaves) of the plants was <0.2% confirming severe P deficiency for chickpea (Reuter et al.
1997). Thus, it was necessary to raise the P level of the soil for growing chickpea up to
maturity. A 12-day-long incubation test (1 kg soil kept at field capacity water, without plant)
was done to investigate how the Colwell P value changes after addition of monocalcium
phosphate (Ca-P) during the incubation period. After incubation, it was observed that the
added Colwell values were reduced more than 50% (Appendix 3 Fig. 1). So another preliminary
trial with plant was necessary to select a P level which would be non-limiting for chickpea
growth until maturity in this soil. For this objective, four P rates (0, 30, 60 and 90 mg Colwell
P/kg soil) were applied to the test soil in a 30 cm high and 10 cm diameter column. The
columns were kept at field capacity water where the plants were grown for five weeks. After
five weeks, in 90 mg Colwell P/kg (629 mg Ca-P or 166 mg P/kg soil), plants had better growth
with no P deficiency symptom which was selected as high P. Half (45 mg Colwell P/kg soil
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which was achieved by adding 314 mg Ca-P or 83 mg P/kg soil) of this level (90 mg Colwell P)
was treated as low P. These high P and low P levels were used in the experiment described in
Chapter 4.

Fig. Appendix 3.1. Added monocalcium phosphate (Ca(H2PO4)2)) in the experimental soil (without plant)
and their corresponding P levels after incubation (12 days).
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