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Crop species differ in their phosphorus (P) efficiency i.e. their ability to grow well in low P supplying soils.
To test this hypothesis, field experiments were carried out in a low P soil to study P efficiency of wheat
(Triticum aestium L.), maize (Zea mays L.) and groundnut (Arachis hypogaea L.) during the whole growing
season and the possible reasons of variation in P efficiency of these crops. Treatments replicated four times
consisted of P-0 (no P), P-50 (50 mg P kg-1 soil) and P-400 (400 mg P kg-1 soil). Four harvests were made
to cover whole growing season of all the crops. At each harvest, different soil and plant parameters were
determined. Plot size varied from 10 m2 for the first three harvests and 16 m2 for the last harvest (at
maturity). Taking the relative yield as measure of P efficiency (expressed by the yield at P-0 relative to the
yield at P-400), maize was most efficient, yielding more than 80%, followed by groundnut, 75%, and
wheat, 65% of their maximum yields. Total P uptake of maize was twice to those of wheat and groundnut.
The variation in uptake efficiency was not related to size of root systems but mainly to the P influx. At P-0,
although the root system of groundnut was only 50% of that of wheat, P uptake was the same; and maize
had the same root length as wheat but P uptake was twice. Wheat was of intermediate P efficiency during
the whole growing season while maize was inefficient in early growth stages and very efficient later. In
contrast, groundnut was very efficient at the beginning and less efficient later. The efficiency of wheat was
mainly based on its root system whereas maize and groundnut relied on a large P influx. The P influx was
the major factor determining differences in P efficiency among the species as well as for the same species
during the growing season under field conditions. To separate the influence of root and soil properties,
model calculation of P influx were carried out by employing the nutrient uptake model. Measured influx
was much higher than the calculated influx at low P level. Sensitivity analysis shows that at low P level the
CLi (initial soil solutions P concentration) was the most sensitive parameter for all the three crops. Among
the physiological parameters Imax and Km was found to play negligible role in P uptake at low P level. But at
higher P level (P-400) Imax was the most sensitive parameters followed by r0 for P uptake of three crop
species. The higher measured than calculated influx indicated that plant possesses mechanisms that enhance
P transport to the root from soil. Possible reason for this enhanced transport may be through root exudates
that increase P solubility in the rhizosphere or mycorrhizae symbiosis.
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Low phosphorus (P) availability is a major limiting
factor for crop production worldwide (Fairhurst et al.
1999; Hinsinger 2001). Even though total soil P
content is 40-100 fold higher than the crop
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requirement, its availability may be very low and
many agricultural soils are P deficient for optimum
plant growth (Vlek and Koch 1992). In the tropics
and sub-tropics (Oxisols, Ultisols and Alfisols) strong
weathering is associated with an increase in the
amount of sesquioxides, which exhibit high P sorption
properties and as a consequence nearly 80% of applied
P may be unavailable in the short-term (Torrent 1997;
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Table 1. Sowing date and time of harvest (days after sowing) of the crops
Crops
Wheat
Maize
Groundnut

Sowing date
1998-1999
1999-2000
Nov. 26
Dec. 17
Feb. 04

Nov. 25
Dec. 18
Jan. 22

1st Harvest

2nd Harvest

3rd Harvest

4th Harvest

18
25
30

45
47
50

67
81 (91)*
68

117
115 (124)*
112

* Final harvest of maize at P-0 was delayed

Ishikawa et al. 2002). In such soils, the strategy to
alleviate P deficiency could be the addition of large
amounts of fertilizer or use of P efficient crops.
A high P efficiency of a plant (ability to grow
well at low soil P supply) may be due to a high P
acquisition (uptake efficiency) and/or to a high P
utilization efficiency. Phosphorus uptake efficiency
of different crop species at low P supply is influenced
by increased root-shoot ratio (Schenk 2006), dense
and longer root hairs (Föhse et al. 1991; Eticha and
Schenk 2001), smaller root diameter (Hill et al. 2006),
as well as by the higher uptake per unit of root and
time, i.e. P influx (Bolland 1997). Furthermore,
different plant uptake kinetic parameters (Jungk et al.
1990; Bhadoria et al. 2004) and other factors such as
root exudates, e.g. organic anions, that solubilize soil
P (Shane and Lambers 2005; Rengel and Marschner
2005) and increased production and secretion of
phosphatases to the rhizosphere (Gaume et al. 2001;
Waski et al. 2003) in association with mycorrhizae
(Marschner et al. 2007) can enhance P uptake from
soil. Strategies that lead to enhanced P uptake vary
with plant species and genotypes of the same species
as has been shown for wheat (Osborne and Rengel
2002; Ozturk et al. 2005).
Although P efficiency of crops has been reported
earlier, the results are mostly obtained from
experiments conducted in pot culture and/or for a
short duration. Hayes et al. (2004) reported that P
efficiency results obtained under controlled conditions
cannot be transferred to field conditions. For instance,
the response of clover cultivars to P deficiency in
field and greenhouse was not identical (Caradus
1994). The growth reduction due to low P supply has
often been observed only during certain periods of
the growth cycle, mostly in the juvenile stage, but not
later (Claassen et al. 1990). The growth stage at which
a plant is more sensitive to low P supply of the soil,
or the extent to which a plant becomes adapted to low
P supply has not been extensively investigated, yet.
The objective of the present study was, therefore,
to determine the changes in P efficiencies of wheat,
maize and groundnut over the entire growing season

under field conditions and to identify the critical
growth stages at which these crops were most
sensitive to low P supply. The study also aimed at
identifying possible reasons for the differences in P
uptake of crops by studying shoot and root parameters.
Materials and Methods
Field experiments and treatments
Field experiments were carried out on an Alfisol
in eastern India at the Agricultural and Food
Engineering Department, Indian Institute of
Technology, Kharagpur, West Bengal, India located
at 44 m above mean sea level at 87°19′ E longitude
and 22°19′ N latitude. The climate is warm humid
with an annual rainfall of 1300 to 1500 mm, 80% of
it is received from mid June to mid October. The
growing time was from the end of November through
the end of May (Table 1), i.e. in the dry season
requiring continuous irrigation of the plots. The
average minimum and maximum temperature was 14.8
°C and 37 °C, respectively. Temperature increased
steadily from 20 to 32 °C at the end of April and
remained constant thereafter. The soil with pHH2O 5.3
contained 16% clay, 24% silt, 60% sand, 3.5 g
kg-1 organic carbon (OC) and 6.2 mg kg-1 extractable
P (Bray-I). Treatments consisted of three P levels and
three crop species (wheat, maize and groundnut). The
P levels were P-0 (no added P), P-50 (50 mg P kg-1
soil) and P-400 (400 mg kg-1 soil) which would be
high enough so that P supply would not limit plant
growth. The amounts of fertilizer P (single
superphosphate, SSP) applied in kg ha-1 were 0, 112
and 900, respectively. The fertilizer was mixed with
the upper 15 cm soil (15 days before crop sowing)
with a bulk density of 1.5 g cm -3. Although the
experiment was carried out over two growing seasons
in 1998-1999 and 1999-2000, the P fertilization was
done only once at the beginning. Nitrogen (N) as urea
was applied at the rate of 100 kg ha-1 for wheat and
maize, and 20 kg ha-1 for groundnut and potassium
(K) as muriate of potash (KCl) was applied at the rate
of 50 kg ha-1 to all the crops. After leveling, the field
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plots for optimal irrigation, seeds of cultivars Sonalika
(wheat), DDH hybrid (maize) and AK 12-24
(groundnut) were sown in rows, spaced at 20, 50 and
30 cm and plant distances in a row of 8, 25 and 20
cm, respectively. Four harvests were made for each
crop at different time of growth. The shoot dry matter
at the fourth harvest included the seeds (Table 1).
Flowering of wheat (60-70 day) and maize (80 days)
was at the time of the third harvest. Groundnut started
to flower at 30 days (first harvest) but continued to
flower for much of the growing time. Each treatment
was replicated 4 times. The plot size was 2.5 m × 4 m
for the first 3 harvests and 4 m × 4 m for the final
harvest. The treatments were arranged in a split-plot
design keeping crop species in the main plots and P
levels in the sub-plots. At each harvest, following
measurements were made:
Measurements and Analysis
Shoot dry weight: It was measured by cutting
the plants at ground level and drying for 72 h at 70
°C in an oven before determining dry weight.
Shoot P concentration: After drying, the shoots
at each harvest were ground to fine powder and
digested using tri-acid mixture (HNO3+HClO4+H2SO4)
prepared in the ratio of 9:4:1. Total P concentration
in the digest was determined using the
molybdovanadate yellow colour method (Jackson
1973).
Root length: Root samples were taken using a
root auger of 8 cm diameter up to a depth of 15 cm
for the first, 30 cm for the second and 60 cm for the
later harvests. Four root samples, which were taken
from each plot, 2 between the rows and 2 between the
plants, were bulked and mixed in a bucket. After
washing the roots over sieves, root length was
measured using line intersection method of Tennant
(1975).
Root length in the first two harvests was not
measured down to a soil depth of 60 cm because in
the deeper soil layers in young plants root length is
usually nil or very low. According to our own
measurements, the portion of roots below the soil layer
sampled in the first and second harvest would be
between at most 10 to 20% for wheat and maize and
between 10 and 40% for groundnut. Moreover, in the
calculations of ratio of the root length (RL) to the
shoot growth rate (GRs) and the P influx always the
average between consecutive harvests was taken so
as to reduce the possible error to half.
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Soil solution P concentration: Soil solution was
collected using a modified displacement method
according to Adams (1974). For this, about 300 g of
field moist soil from the 0-15 cm soil layer was
loosely placed in a 300 mL cylinder with a hole at the
bottom covered by a filter paper. At the top of the
soil column a 2 cm layer of sand was placed and
water was added drop-wise, about 5 to 10 mL h-1 by a
peristaltic pump. After 3 to 4 h, soil solution starts to
drop out of the soil column of which about 20 mL are
uncontaminated by the added water, as can be checked
by an indicator (KSCN) added to the displacement
water. Phosphorus concentration in the solution was
analyzed by the method of Murphy and Riley (1962).
Calculations and statistical analysis
Shoot growth rate, root length and P influx
GRS (Shoot growth rate, g m-2 d-1) was calculated
from the formula:
…(1)
where, W is shoot dry weight (g m-2) and t is time
(days), subscripts 1 and 2 refer to previous and current
harvest.
RL V (Root length density, cm cm -3 ) was
calculated from the formula:
…(2)
where, RL (Root length, km m-2) is the sum of the
root length of all soil layers, and the root length in a
given soil layer is calculated as follows:
…(3)
In [net P influx (mol cm-1 s-1)] was calculated,
assuming linear root growth, by the following
equation:
…(4)
where, U is P content of shoots (mol m-2); RL is root
length (converted to cm m-2); (t2 – t1) is time (seconds)
difference between two harvests and subscripts 1 and
2 refer to previous and current harvest.
Statistical analysis
Statistical analysis was done with SigmaStat
computer program using two ways or three ways
ANOVA and Tukey-test.
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Results and Discussion
Soil solution P concentration (CL)
Soil solution P concentration at P-0 and P-50
was measured 4 times during the two growing seasons
and presented in fig. 1. The solution concentration of
the P-0 treatment in the first growing season was
about 1.5 µM and it increased with fertilization to 3-6
µM. The CL was almost constant during first growing
season, but it decreased to 1 µM and 2 to 3.5 µM in
the P-0 and P-50 treatment during the second growing
season. Concentrations in the P-400 treatment (not
shown) were about 200 µM in the first growing season
and dropped to 6-10 µM in the second growing
season. This concentration was considered high
enough to assure maximum growth. A slightly lower
solution P concentration was observed in maize plots
as compared to wheat or groundnut plots.
The immediate source of P for root uptake is the
P in soil solution. The solution P concentration was
about 1-2 mM in P-0 plots in both years. This was
found to be insufficient but a CL of 3-6 mM at P-50 in
the first year was already sufficient for maximum
growth (Fig. 2). In the second year C L at P-50
decreased to 2-3 µM which was insufficient for
maximum growth of wheat and maize. This is in
accordance with Marschner (1995) who considered a
soil solution concentration of 3-6 µM as necessary
for maximum growth. The strong decrease in P CL for
the P-400 treatment from first to second season (200
down to 10 mM) indicates a high P fixation capacity
(adsorption and precipitation of P) of the particular
soil with its high Al/Fe content. However, P
concentration at P-50 proved to be in the lower range

Soil solution P concentration (µM)

6

of sufficiency, while at P-400, P concentration was
probably still high enough for maximum growth even
in the second year.
Relative shoot yield and critical growth stages
The maximum absolute shoot dry matter yield
of the three crops is given in table 2. For comparing
the P efficiency at low P levels the relative yield for
each harvest was used, i.e. shoot yield was expressed
as a percentage of its maximum yield at adequate P
supply (it could be P-50 or P-400). Figure 2 shows
that the relative shoot yield of wheat, maize and
groundnut increased with P fertilization during both
growing seasons. To determine the critical growth
stages, the relative shoot yield at P-0 at different
harvests were compared. For wheat, relative yield was
about 65 and 45% in the first (1998-1999) and second
(1999-2000) growing season, respectively, but was
nearly similar at all the harvests of a respective
season. In contrast, maize experienced a strong growth
depression in the early growth phases. At first harvest,
relative yield was still at 40 to 60%, probably because
the plants used the seed P. However, at the second
harvest, maize produced only 15 and 26% of the
maximum yield during the first and second growing
season, respectively. Thereafter, maize growth in the
unfertilized plots increased steeply and in the last
phase, shoot dry weights even approached those in
the fertilized plots in both seasons. Groundnut showed
a lower yield at P-400 all along the growing period as
compared to P-50, especially in the first season.
Relative shoot yield at P-0 was about 80% irrespective
of growing phase.
6
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Fig. 1. Soil solution P concentration at P-0 and P-50 measured during the two growing seasons
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Fig. 2. Relative shoot yield (%) of wheat, maize and groundnut during two growing season
Table 2. Maximum dry matter shoot yield of wheat, maize and groundnut at different harvests during the growing seasons of
1998-1999 and 1999-2000
Harvest

1st
2nd
3rd
4th(*)

Shoot dry matter yield (kg ha-1)
Wheat

1998-1999
Maize

Groundnut

Wheat

1999-2000
Maize

Groundnut

56
1205
5313
12028

42
912
14821
21052

120
1066
3671
8338

47
1110
4248
8725

38
768
8067
16288

112
735
2684
6874

Maximum dry matter yield was at P-400 in wheat and maize and at P-50 in groundnut except at the last harvest in 1999-2000
where it was at P-400. (*) Harvest 4th included the grain

Shoot P concentration
Phosphorus concentration in shoot of all three
species increased with P fertilization and decreased
with the advancement of plant age (Table 3). Because
of such decrease over the growing season, the shoot P
concentration for optimum dry matter yield changed
according to the age of the plant. Early in the growing
season (1 st and 2 nd harvest), wheat showed a P
requirement of at least 5.3 mg g-1 for maximum dry
matter yield; perhaps even more because maximum
yield was achieved in the P-400 treatment and it
cannot be excluded that a higher P fertilization would
have further increased yield. However, this optimum
concentration of P decreased sharply at later growth
stages.
For maximum yield, groundnut required 3.8–2.8

mg P g-1, while such requirement for maize was about
2.7–2.9 mg g-1. With insufficient P supply (P-0), wheat
plants showed lower P concentration in shoot
compared to those at P-50 and P-400 and such
decrease in P concentration was particularly evident
in the early growing season. In maize and groundnut,
the differences in P concentration between P-0 and P50 were small and differences became negligible at
later stages of growth.
A major objective of this research was to find
out whether plants have growth stages in which they
are more sensitive to low P and whether there are
differences among crop species. For a better
comparability between the species, the relative shoot
yield was used as parameter to describe P efficiency.
Wheat achieved highest yield already at P-50 in the
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Table 3. Shoot P concentration of wheat, maize and groundnut at different P levels during the growing season
P level
(mg kg-1 soil)

Shoot P concentration (mg g-1)
Wheat

1998-1999
Maize

P-0
P-50
P-400

3.6 c A
5.6 b A
8.4 a A

2.5 b A
2.7 b A
5.7 a A

P-0
P-50
P-400

3.4 c A
5.0 b B
8.6 a A

1.9 c B
2.3 b B
4.8 a B

P-0
P-50
P-400

1.9 b B
2.0 b C
3.8 a B

1.8 b B
2.0 b B
3.0 a C

P-0
P-50
P-400

0.5 a C
0.6 a D
0.7 a C

1.0 b C
1.4 b C
1.8 a D

Groundnut
1st Harvest
3.3 b A
3.8 b A
7.3 a A
2nd Harvest
2.8 b A
3.0 b B
4.2 a B
3rd Harvest
2.7 b A
2.9 b B
3.6 a C
4th Harvest
1.6 b B
1.8 b C
2.7 a D

Wheat

1999-2000
Maize

Groundnut

3.3 c A
4.1 b A
5.3 a A

1.9 c A
2.2 b A
2.9 a A

2.7 b A
2.8 b A
3.5 a A

3.1 b A
3.2 b B
4.8 a B

2.0 b A
2.1 b A
2.6 a B

2.2 b B
2.5 ab AB
2.7a B

2.4 b B
2.5 b C
2.9 a C

2.0 b A
2.1 b A
2.6 a B

2.1 a B
2.2 a B
2.7 a B

0.9 a C
1.0 a D
1.0 a D

0.7 b B
0.7 b B
1.1 a C

1.6 b C
1.9 ab C
2.0 a C

Different letters denote significant differences (Tukey, p<0.05): Lower case letters show the differences between P levels for the
same crop and harvest and upper case letters show the differences between harvests for the same P level and crop; Bold figures:
Treatment, where highest yield was achieved, i.e. no significant differences to maximum yield given in table 2.

first year and at P-400 in the second. This different P
efficiency between years may be related to the
differences in soil solution P concentration between
the two years. The same trend was visible in the P-0
treatment where relative yield was lower in the second
than in the first year. However, wheat showed no
differences in P efficiency between the growth stages
and the yield reduction at P-0 was similar over all the
growth periods in the respective year. In contrast,
maize experienced a strong growth depression in the
early growth phase, i.e. at the second harvest.
Thereafter, maize growth in the unfertilized plots
increased steeply and in later growth stages, the
growth rates were even higher than in the fertilized
plots resulting in a similar shoot dry weight at the
final harvest for all P levels. The better yield
performance of maize at the first harvest compared to
the second one was probably due to the utilization of
seed P as shown by Tang et al. (2007) for early P
nutrition of lupin and soybean. Seed P seems to be
important for maize with its very low P efficiency at
early growth stages.
Phosphorus uptake efficiency
At the final harvest, in the first growing season,
maize took up almost twice the amount of P as
compared to wheat or groundnut at all P levels (Table
4). This suggests high P uptake efficiency of maize.

However, considering the P uptake at different growth
stages, maize took up only one tenth of that of wheat
and groundnut (0.3 vs 2.7 and 2.3) in the early growth
period (i.e. up to 50 days of growth, 2nd harvest)
during first growing season. During the second
growing season, maize took up a similar amount of P
as in the previous year which was about one third of
that of wheat and groundnut (0.4 vs 1.4 and 1.3) at
the 2nd harvest. This shows that in the early stage,
maize plants were P inefficient, but with increasing
age, P uptake became accelerated and remained high
between the 3rd and 4th harvest. Phosphorus uptake of
wheat steadily increased until the final harvest; while
groundnut showed a high P uptake up to the middle
of the growth period and there were no large
differences between the P treatments. However, at
later growth stages (between 3 rd and 4 th harvest)
uptake of the P-50 and P-400 treatment was much
higher than at P-0. This indicates a decreasing uptake
efficiency of groundnut with plant age at a low P
supply.
Groundnut achieved highest yield already at P50 and yield reduction at P-0 was not significant in
the first and small in the second season, lowest of all
three crops. This indicates a high P efficiency with
regard to relative shoot yield. At later growth stages
there seemed to be a slight decrease of relative yield,
hence a decrease of P efficiency with plant age. This
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Table 4. Phosphorus uptake (kg ha-1) during the growing season of wheat, maize and groundnut at different P levels
P level
(mg kg-1 soil)

Phosphorus uptake (kg ha-1)
Wheat

1998-1999
Maize

P-0
P-50
P-400

0.11 c B
0.25 b B
0.47 a B

0.06 b B
0.11 b C
0.24 a C

P-0
P-50
P-400

2.7 c A
5.5 b A
10.4 a A

0.3 b B
1.3 b C
4.3 a B

P-0
P-50
P-400

6.9 c B
10.8 b B
20.3 a B

14.5 c A
28.0 b A
44.5 a A

P-0
P-50
P-400

13.1 c B
20.7 b B
24.7 a B

25.4 c A
37.4 b A
52.8 a A

Groundnut
1st Harvest
0.32 c A
0.46 b A
0.64 a A
2nd Harvest
2.3 a A
3.2 a B
3.1 a B
3rd Harvest
9.7 a B
10.5 a B
11.7 a C
4th Harvest
11.6 b B
17.0 a C
19.8 a C

Wheat

1999-2000
Maize

Groundnut

0.07 c B
0.13 b B
0.25 a B

0.03 b B
0.06 b C
0.11 a C

0.25 c A
0.32 b A
0.38 a A

1.4 c A
2.3 b A
5.3 a A

0.4 c B
0.8 b C
2.0 a B

1.3 b A
1.8 a B
1.8 a B

4.8 b B
6.7 b B
12.3 a B

11,0 c A
14.5 b A
21.0 a A

4.4 a B
5.9 a B
6.4 a C

9.0 c B
13.5 b B
22.0 a B

14.8 c A
17.3 b A
26.4 a A

9.5 c B
12.7 b B
15.3 a C

Different letters denote significant differences (Tukey, p<0.05): Lower case letters show the differences between P levels for the
same crop and harvest and upper case letters show the differences between crops for the same P level and harvest

is more obvious for the P uptake (Table 4) which is
very similar for groundnut between all P levels at
first three harvests. However, between the 3rd and 4th
harvest, uptake at P-0 was much less than at P-50 or
P-400. Groundnut was also the only crop that reacted
with yield decrease at high P level. This could
possibly be due to an induced Zn deficiency as found
for lettuce by Iorio et al. (1996).
The results indicate that crop species differ in
their P efficiency, which is not a new finding. Of
more interest is that the sensitivity towards low P
supply can change with plant age and crops differ
also in this respect, which is less investigated yet.
Brennan and Bolland (2001) observed that under no
P fertilization wheat, canola and lupin produced about
the same shoot biomass at the start of the season, but
differed widely in their P efficiency at later growth
stages. Similar to our findings for maize, Claassen et
al. (1990) reported that growth of sugar beet in the
treatment without P fertilization was only 20% of that
of the fertilized one in early growth stages, but
reached 90% with the advancement of plant age.
A reason for P efficiency might be a better
utilization of the P taken up which can be described
by the reciprocal value of the P concentration in dry
matter. With age, shoot P concentration decreased for
all plant species, hence, utilization efficiency
increased. This is most probably due to retranslocation
of P from old to younger plant parts. Maize showed
highest utilization efficiency at early growth stages

compared to wheat and groundnut. However, this was
the period of strongest growth reduction at low P as
compared to high P supply. At later growth stages
when maize grew better at low supply, utilization
efficiency was similar or even less than for wheat and
groundnut. Therefore, utilization efficiency cannot be
the reason for the changes of P efficiency for maize
with plant age. Similar results are reported by
Bhadoria et al. (2004) who had grown maize in
solution culture and achieved increasing relative
yields from 15 up to 95% at an increasing P solution
concentration with always the same P concentration
in dry matter, hence the same utilization efficiency.
Size of the root system
The size of the root system in this paper is
characterized by the total root length (RL) of the
plants. Root length increased with increasing P levels
for wheat and maize while for groundnut, root length
was not much influenced by P fertilization (Table 5).
Irrespective of P levels, size of the root system of
groundnut was only about half that of wheat and
maize. For all species root length increased strongly
up to the middle of the growing seasons, and
decreased thereafter but in the second year root length
of all the species was comparatively lower.
Roots have to provide nutrients mainly to fulfill
the demand of the newly produced shoot. At ample
nutrient supply, the ratio of the root length (RL) to
the shoot growth rate (GR s ) is a parameter to
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Table 5. Root length of wheat, maize and groundnut at different age, given by the harvest, and at different P levels
P level
(mg kg-1 soil)

Root length (km m-2)
Wheat

1998-1999
Maize

P-0
P-50
P-400

0.15 a A
0.18 a A
0.12 b C

0.09 b B
0.13 a B
0.14 a B

P-0
P-50
P-400

2.16 b A
2.40 b A
3.56 a A

0.35 b C
0.89 a B
1.00 a B

P-0
P-50
P-400

4.97 b A
6.91 a A
8.07 a A

3.00 c B
5.49 b B
6.94 a A

P-0
P-50
P-400

2.19 c B
3.13 b B
3.69 a B

2.99 c A
3.66 b A
4.09 a A

Groundnut
1st Harvest
0.17 a A
0.19 a A
0.17 a A
2nd Harvest
0.90 a B
1.18 a B
0.96 a B
3rd Harvest
2.09 a B
2.93 a C
2.35 a B
4th Harvest
1.65 a C
1.36 a C
1.39 a C

Wheat

1999-2000
Maize

Groundnut

0.16 b A
0.18 ab A
0.20 a A

0.08 b C
0.10 b B
0.13 a C

0.12 b B
0.16 a A
0.16 a B

1.65 c A
2.01 b A
2.79 a A

0.86 c B
1.19 b B
1.63 a B

0.57 a C
0.72 a C
0.68 a C

4.34 c A
5.45 b A
6.73 a A

3.25 c B
4.41 b B
5.73 a B

1.92 a C
2.38 a C
2.31 a C

2.07 c B
2.47 b B
2.88 a B

3.05 b A
3.60 a A
3.84 a A

1.28 a C
1.35 a C
1.40 a C

Different letters denote significant differences (Tukey, p<0.05): Lower case letters show the differences between P levels for the
same crop and harvest and upper case letters show the differences between crops for the same P level and harvest
Different letters denote significant differences (Tukey, p<0.05): Lower case letters show the differences between P levels for the
same crop and harvest and upper case letters show the differences between harvests for the same P level and crop; Bold figures:
Treatment, where highest yield was achieved, i.e. no significant differences to maximum yield given in table 2.

characterize how good a plant is furnished with roots.
But at limiting nutrient supply this ratio characterizes
how many roots are needed to absorb enough nutrients
to enable a unit of shoot growth. A high RL/GRs ratio
is indicative of a low efficiency of the roots to supply
nutrients to the shoot. Figure 3 shows that at adequate
P supply (P-400) wheat had about 2 to 3 times more
roots to feed the shoot than groundnut and maize
irrespective of growth stage and year. At low P supply
of the soil wheat again showed a high RL/GRs ratio
while maize showed a high RL/GRs ratio only in the
early growing stage, i.e. in the phase of low P
efficiency (Fig. 2) but later, in the stage of maximum
growth before flowering the RL/GRs ratio of maize
was relatively small indicating that the root became
more efficient to supply P to the shoot. Groundnut at
low P recorded a low RL/GRs ratio right from the
start and during the whole growing season except in
the first growing season at the final growth stage
where the RL/GRs ratio increased.
A significantly higher RL/GRs could only be
found for the P-0 treatment compared to the other P
levels in the earliest growing stage for maize (both
years) and wheat (only in 1998-1999) and in the last
growing stage (between 3 rd and 4 th harvest) for
groundnut in the first year (1998-1999). In contrast to
this, RL/GRs was also increased by a high P supply in

case of maize during the last growing period in the
first year.
The high efficiency of maize at later growth
stages must be due to an increased uptake of P (Table
4). These differences in uptake could be due to size
of root system and/or the uptake effectiveness of each
root segment given by the net P influx, In. Results in
the literature concerning the total root length or root
biomass are not consistent, in some cases P uptake
was related to the size of the root system (Jungk and
Barber 1974; Aboulroos and Nielsen 1979; Lee 1982)
as well as Otani and Ae (1996) in soils of high P
availability. Others did not find this relationship, like
Haynes and Ludecke (1981) and Otani and Ae (1996)
in soils of low P availability. However, the total root
length may be of minor interest; more important is
how much roots are there to feed the demand of the
plant, i.e. the root length to growth rate ratio. At no
growth limitation, in our case no P limitation as in P400, the RL/GRs ratio shows how good plants are
furnished with roots. Wheat (Fig. 3), at all growth
stages, had a high while maize and groundnut had a
much lower RL/GRs ratio. This would suggest wheat
to be more P efficient than the other crops, but this
was not the case because the effectiveness per unit of
root, the P influx (Fig. 4), was much lower. This was
not only the case at high but generally also at low P
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Second growing season (1999-2000)
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Fig. 3. Root length to growth rate ratio for soil solution P concentration at P-0 P-50 and P-400 measured during the two growing
seasons for wheat, maize and groundnut

supply. At low soil P supply the RL/GR s ratio
describes how many roots are needed to extract
enough P to support one unit of growth. Here wheat
also had the highest values, only maize in early
growing season (between 1st and 2nd harvest) showed
comparable high values as wheat. This means that
roots were of low effectiveness to extract P from soil
and therefore many roots were needed. At later growth
stages, mainly before flowering of maize (between 2nd
and 3rd harvest) only few roots were needed to support
one unit of growth, i.e. roots became much more
effective to extract P from soil. So, besides the size of
the root system, also the effectiveness of each root
segment, the I n, contributed to differences in P
efficiency among crops or among growth stages of
the same crop.
Phosphorus influx
In this paper, the shoot P influx was calculated
from changes in shoot P content and the average root
length between two consecutive harvests (Fig. 4). In
the first growing period (I-II harvest) of the first year,

P influx at high P supply was similar for wheat and
groundnut (ca. 8×10-14 mol cm-1 s-1) and roughly 50%
higher for maize (ca. 12×10-14 mol cm-1 s-1). Since at
this P level P transport to the root would not be
limiting P uptake these values represent the P demand
exerted by the shoot on the root. But at limiting P
supply the P influx represents the ability of the root
to extract P from soil. Under this situation of low soil
P supply, maize had the lowest P influx being only
12% of the influx at P-400. Phosphorus influx of
groundnut in the early growing stage was not
influenced by P supply level and at P-0 was the
highest of all crops. The P influx of wheat was in the
intermediate range. In the middle of the growing
season, when the shoot growth rate was maximum,
the P influx of maize at P-0 increased by a factor of 6
approaching that of P-400; whereas with groundnut,
the P influx at P-0 remained high and similar to that
at P-400. For wheat, the P influx decreased with plant
age at all P levels in a similar manner. In the later
part of the growing season, the P influx decreased for
all three crops, the highest being at P-0 for maize and
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Fig. 4. Shoot P influx from changes in shoot P content and the average root length between two consecutive harvests

P-400 for groundnut. In the second year, influx
followed a similar pattern as in the first year, however
on a lower level.
The P In is the amount of P taken up per unit of
root and time (mol cm-1 s-1). At high P supply, the P In
is regulated by the P demand of the plant. Wheat had
the lowest P In at P-400 because RL/GRs was highest,
hence, a low P In was sufficient to meet plant demand.
At low soil P supply, P In was widely different among
species. Wheat had intermediate to low P I n all
through the growing season with a decreasing
tendency. Maize started with very low P In ; thereafter
increased its P In by six times. These findings agree
with the report of Khaliq and Sanders (1997) who
observed that maize was capable of increasing its
influx by four times at later growing stages in P
unfertilized plots. Groundnut had high P In from the
beginning, maintained it during maximum growth
period and decreased it towards maturity. At the end
of the growing season, P influx decreased for all the
crops and increasing P levels. May be at this stage,
plants at P-400 used the P reserves accumulated at
earlier stages (Table 3) resulting in a low demand on
the root. The differences in P uptake efficiency among

the crops studied as well as between different stages
of growth were mainly attributed to differences in P
influx and to a lesser extent to the size of the root
system.
At low soil P supply, the influx depends mainly
on the P supply capacity of the soil and not on P
uptake kinetics (Bhadoria et al. 2002). Differences in
influx point, therefore, to different abilities of species
to increase P availability in the rhizosphere. This may
be due to secretion of, e.g. organic acid anions under
P stress conditions, which could be related to P influx
of maize roots (Jones and Darrah 1994). Many plants,
especially those adapted to low P conditions, have
developed biochemical mechanisms to solubilize
inorganic P. They produce and secrete organic acid
anions into the rhizosphere (Shane and Lambers
2005). Other reasons for a high P In might be an
enhanced utilization of organic P by an increased
exudation of phosphatases, or a more intense
establishment of mycorrhiza.
It needs to be further investigated why it took
about a month for maize to react to P shortage with
enhanced uptake efficiency. More astonishing,
however, is the finding that groundnut seemed to loose
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its high P efficiency when approaching maturity
indicated by a lower influx and total P uptake of the
P-0 treatment compared to P-50 or P-400.
Conclusions
From the present investigations, it is concluded
that crops such as wheat, maize and groundnut differ
greatly in their P efficiencies. Maize showed higher P
efficiency than groundnut and wheat. However, the P
uptake efficiency within each species varied with the
growth stages. The critical growth stage at which a
low P supply of the soil reduced plant growth most,
i.e. at which plants were most sensitive to low P
supply, was early in the growing season for maize,
but late in the season for groundnut, while wheat
showed no specific stage for special sensitivity to low
P supply. The differences in P uptake efficiency
among the crops studied, as well as between different
stages of growth, were mainly attributed to differences
in P influx and to a lesser extent to the size of the
root system.
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