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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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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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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.
183
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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