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a b s t r a c t

Cerealelegume intercropping can promote plant growth (i.e. facilitation) through an increase in the
amount of phosphorus (P) taken up, especially in low P soils. The aim of this study was to test the
hypothesis that these positive interactions are supported by rhizosphere processes that increase
P availability, such as root-induced pH changes. In neutral and alkaline soils legumes are assumed to
increase inorganic P availability by rhizosphere acidification due to N2 fixation which benefit to the
intercropped cereal. Growth, P uptake, changes in inorganic P availability and pH in the rhizosphere of
intercropped species were thus investigated in a greenhouse pot experiment with durum wheat and
chickpea either grown alone or intercropped. We used a neutral soil from a P fertilizer long-term field
trial exhibiting either low (�P) or high (þP) P availability. Phosphorus availability was increased in the
rhizosphere of both species, especially when intercropped in �P. Such increase was associated with
alkalization. Rhizosphere pH changes could not fully explain the observed changes of P availability
though. Low rates of N2 fixation may explain why no rhizosphere acidification was observed. Increases in
P availability did not lead to enhanced P uptake but growth promotion was observed for durum wheat
intercropped with chickpea in �P soil. Our hypothesis of an increase in inorganic P availability in
intercropping as a consequence of root-induced acidification by the legume was not validated, and we
suggested that root-induced alkalization was involved instead, as well as other root-induced processes.
Thus, the cereal through rhizosphere alkalization may also enhance P uptake and growth of the
intercropped legume. Facilitation can thus occur in both ways.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus (P) is a major nutrient limiting plant growth in many
soils (Hinsinger, 2001; Raghothama,1999). Since the sixties themain
practice to overcome such limitation and sustain high yielding
agroecosystems has been the use of fertilizers. Mined phosphate
rocks that are used formanufacturing fertilizer P are however a finite
resource (Cordell et al., 2009; Dawson and Hilton, 2011). Therefore
further increasing the use of fertilizer P to improve agricultural
production in a context of increasingworld food demand is no longer
an option (Hinsinger et al., 2011a; Vance, 2001). New options are
needed to better exploit soil P resources through either the selection
of efficient cultivars or alternative strategies of management of
x: þ33 4 99 61 30 88.
(P. Hinsinger).
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agroecosystems to optimize P bioavailability (Lambers et al., 2006;
Vance, 2001).

Phosphorus bioavailability in a soil is best defined as the amount
or flux of P taken up by biota, over a given time period, according to
the definition provided by ISO (see Harmsen, 2007; ISO/DIS, 2006).
It largely depends on P availability, which stands for that particular
fraction of soil P to which biota can potentially access. This definition
points out that for each living organism, a bio-influenced zone occurs
in its surroundings, where the availability can be significantly altered
by the organism’s physiology, which explains that bioavailability can
vary amongst different species (Harmsen, 2007). In the particular
case of plants, this bio-influenced zone corresponds to the rhizo-
sphere, and plant species have evolved different strategies to
increase P availability in their rhizosphere (Hinsinger, 2001;
Raghothama,1999; Rengel andMarschner, 2005; Vance et al., 2003):
(i) changes in root system architecture, geometry (e.g. root hairs) and
morphology (e.g. cluster roots), which ultimately increase the size of
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the rhizosphere, (ii) exudation of P-mobilizing compounds and (iii)
association with microorganisms, either symbiotic (mycorrhizal
fungi) or not. Those P-mobilizing compounds that can dramatically
alter soil P availability in the rhizosphere are protons/hydroxyls (Hþ/
OH�), carboxylates and extracellular phosphatase-like enzymes
(Hinsinger, 2001; Raghothama, 1999; Vance et al., 2003). Making
better use of such a functional diversity amongst plant species or
genotypes is definitely the way forward (Hinsinger et al., 2011a,
2011b; Rengel and Marschner, 2005).

Improved acquisition of resources has been repeatedly observed
in intercropping systems, which consist of growing two or more
species simultaneously in the same field, relative to conventional
systems based on single-species stands, thereafter called sole
cropping (Ofori and Stern, 1987; Willey, 1979). Introduction of
species diversity in agroecosystems is designed to make use of
positive interactions between plants (i.e. complementarity and
facilitation), which are supposedly enhanced with increasing
environmental stress (Brooker et al., 2005). Complementarity may
be defined as a decrease in competition through resource parti-
tioning between intercropped species. It applies when resource
acquisition differs either in time, in space or in the chemical form
that is taken up (Fridley, 2001). Facilitation stands for positive
interaction by which one species increases the growth, reproduc-
tion and/or survival of the intercropped species through facilitative
mechanisms altering the biotic/abiotic environment, ultimately
resulting in increased resource availability (Callaway, 1995).

While improved acquisition of N has been mostly documented in
cerealelegume intercrops, compared to sole crops, only a few recent
studies have evidenced similar effects for P (Hinsinger et al., 2011a; Li
et al., 2007). Complementarity and facilitation in intercropped
species may imply several rhizosphere mechanisms, as reviewed by
Hinsinger et al. (2011a). Most of the former studies on cereale
legume intercrops implicitly assume that the legume enhances P
acquisition by the cereal because of legumes’ ability to exude large
amounts of P-mobilizing compounds that ultimately increase P
availability, e.g. (i) protons due to N2 fixation (Hinsinger et al., 2003;
Tang et al., 1997), (ii) carboxylates (Neumann and Römheld, 1999;
Pearse et al., 2006; Veneklaas et al., 2003) and (iii) phosphatases
(Nuruzzaman et al., 2006). Amongst these, the activity of phospha-
tases and the diversity of bacterial communities susceptible to
hydrolyze organic P in the rhizosphere of intercropped species have
been the most documented (Li et al., 2004; Song et al., 2007a; Wang
et al., 2007). Although pH is considered as a critical parameter
determining P availability (Hinsinger, 2001), its potential role in
intercrops has been little studied so far. Changes in pH in the
rhizosphere are essentially mediated by the exudation of Hþ/OH� by
roots, which are driven by nitrogen nutrition through cationeanion
balance (Hinsinger et al., 2003). In cerealelegume intercrops acidi-
fication of the rhizosphere is expected to occur due to proton release
by roots of N2-fixing legumes (Cu et al., 2005; Li et al., 2008). But
these authors did not distinguish the rhizosphere of the two inter-
cropped species, which would help understanding the respective
effects of each species. Indeed the intercropped cereal may also
influence positively rhizosphere P availability by root-induced pH
change via rhizosphere alkalization (Devau et al., 2010, 2011b) and,
hence facilitate P acquisition of the intercropped legume.

The aim of this study was two-fold. First, we evaluated the effect
of intercropping on P availability and bioavailability in durumwheat
(Triticum turgidum durum L.) and chickpea (Cicer arietinum L.). We
assumed that the main process impacting P availability in the
rhizospherewas the root-induced pH change by either durumwheat
or chickpea, assuming alkalization and acidification would occur,
respectively. Second, we tested whether the initial soil P availability
influenced such interactions between the two intercropped species.
According to the stress-gradient hypothesis (Bertness and Callaway,
1994), we assumed that facilitation would be greater under low
P conditions (i.e. higher stress).

2. Materials and methods

2.1. Experimental set-up

A pot experiment was conducted in a greenhouse using
a factorial design with two contrasted soil P treatments and three
crop treatments, plus unplanted control. The first crop treatment
corresponded to the intercrop where the two species were grown
together and the other crop treatments corresponded to sole crops
where each species was grown separately. A substitutive design
was used to keep the total density of plants constant in each crop
treatment (deWit, 1960; Gibson et al., 1999). Densities were chosen
according to agricultural practices. Pots were arranged in
a completely randomized design with five replicates, and were
randomized every third day during the experiment.

2.2. Soil properties

The soil was taken from the top 10-cm of a long-term P fertilizer
field trial located at the INRAResearch center of Auzeville (SW France
43�310N,1�300E) and sieved to 5mm. The soil is classified as a Luvisol
(FAO-UNESCO,1989)with a loam to clayeloam texture. The field trial
comprised four P regimes arranged in four randomized blocks along
a CaCO3 gradient (Colomb et al., 2007). The soil samples used for the
experiment were collected 40 years after the start of the experiment
in the non-calcareous part of the field, and from the two extreme
fertilization regimes showing highly contrasted P availabilities. The
low P soil (P0) hereafter called �P treatment had not received any P
application for 40 years and thus exhibited a low P availability, which
consistently proved limiting for crop growth, including for P-efficient
species such as durum wheat (Colomb et al., 2007). The high P soil
(P4) hereafter referred to as þP treatment, received annual P fertil-
ization rates that were far above the P offtake in crops for 40 years,
thus resulting in high, non-limiting P availability. Soil properties
were detailed by Colomb et al. (2007) and Devau et al. (2011a). The
main soil properties of �P soils as determined by the routine soil
testing laboratory of Cirad (US49) in Montpellier are the following:
pHH2O ¼ 7:28, organic C ¼ 7.4 g kg�1 (heat-loss at 1000 �C), total
P ¼ 373 mg kg�1 (fluorhydric and perchloric digestion method),
extractable P determinedwith Olsenmethod¼ 5.4 mg kg�1 (sodium
bicarbonate method), NeNO3

� ¼ 19mg kg�1, NeNH4
þ ¼ 0.51mg kg�1

(KCl extract), Ca (cobalthexamine chloridemethod) amounted to 85%
of the cation exchange capacity of the soil (the remainder being
made of 8% Mg, 3% K and traces of Na). The þP soil presented much
higher total P (593mg kg�1) and extractable Olsen-P (30.4 mg kg�1),
while other properties were close to those of the �P soil:
pHH2O ¼ 7:54, organic C ¼ 8.9 g kg�1, NeNO3

� ¼ 20 mg kg�1,
NeNH4

þ ¼ 0.56 mg kg�1 and similar cation exchange properties.

2.3. Plant growth

Free-draining pots (0.2 m diameter, 0.15 m depth) were filled
with 4 kg of air-dried soil and moistened to 70% field capacity as
measured by weight. Nitrogen was added as urea (CO(NH2)2) with
water at sowing and pipetted onto the surface 8 weeks after sowing
at the rates of 19 mg kg�1 and 11 mg kg�1 respectively. Form and
amount of N were determined to avoid N2 fixation inhibition by
nitrate and considering field practices which would make sense in
the context of low input agroecosystems. No other basal nutrients
were added based on soil analyses and previous experiments on
crop yield related to the long-term P fertilizer trial (Colomb et al.,
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2007), and also to be in line with the conditions of low input
agroecosystems.

Seeds of durum wheat (Triticum aestivum durum L. cv. LA1823)
and chickpea (C. arietinum L. cv. ILC 5566 (Elmo)) were germinated
on filter paper in contact with deionized water during 3 days. In the
sole crop treatment 16 germinated seeds of durum wheat or
chickpea were planted per pot and thinned to 8 after emergence.
In the intercrop treatment 12 germinated durumwheat seeds and 4
germinated seeds of chickpeawere planted per pots and thinned to
6 and 2 respectively. In the intercrop treatment chickpea seeds
were sown in the middle of the pots and surrounded by durum
wheat seeds. The experiment was conducted in FebruaryeApril
2010 in a glasshouse with a 16 h photoperiod of natural light
supplemented with mercury vapor lights. Temperatures over the
duration of the experiment ranged from aminimum of 3 �C at night
to a maximum of 25 �C during the day. Pots were watered every
third day to maintain 70% of field capacity.

Plants were harvested 78 days after sowing (DAS) when ears
were totally emerged for durum wheat and at the beginning of
flowering for chickpea.

2.4. Soil/rhizosphere sampling and measurements

Preliminary tests were conducted to determine the adequate
soil moisture for sampling the rhizosphere (50% of field capacity).
Rhizosphere is defined as the volume of soil surrounding living
roots that is affected by root activity (Darrah, 1993; Hinsinger,
1998). In our case rhizosphere was operationally defined as the
soil volume extending to approximately 1 mm from the root
surface, which is equivalent to the usual size of P depletion zones
(Hinsinger, 2001). After extracting manually whole plants with
their roots from the soil, the rhizosphere, i.e. the <1-mm aggre-
gates of soil adhering to roots was gently brushed off with
a paintbrush. For each pot, the rhizospheres of all plants of each
species were combined in a single sample. Our sampling strategy
enabled us to compare the rhizosphere of each species grown
either as sole crop or intercropped. Soil from unplanted control
treatment was also sampled and considered as bulk soil.

Rhizosphere and bulk soil samples were ground to<200 mmand
oven-dried at 50 �C for 3 days. Soil P availability was determined by
water extraction and NaHCO3 extraction according to Olsenmethod
(Olsen et al., 1954). These two fractions, thereafter called water-P
and Olsen-P for simplicity, are often used as indicators of avail-
able P over the course of crop growth (Johnson et al., 2003).
Considering the low quantity of rhizospheric soil obtained (with
a minimum of 500 mg) subsamples of 100 mg for rhizosphere and
bulk soils were used for extractions. For water-P soil was shaken
with ultrapure water during 15 min, then centrifuged at 25,000 g
for 10 min. For Olsen-P soil was shaken with NaHCO3 solution
(0.5M pH¼ 8.5) for 30min, then centrifuged at 25,000 g for 10min.
Olsen-P extracts were then acidified with concentrated HCl to
precipitate organic matter. Phosphorus concentrations in the
extract solutions were measured with the malachite green method
(Ohno and Zibilske, 1991).

Soil pHwas determined in thewater extracts with aMetrohm-744
pH meter with a combined glass electrode.

2.5. Plant sampling and measurements

Shoots and roots from all plants per pots were separated from
the soil and combined. Roots of species were intermingled but soil
humidity was chosen to facilitate their separation. In the intercrop
treatment species were dissociated in two distinct samples, i.e. one
per species. Roots were washed with deionized water to eliminate
strongly adhering soil particles. Shoots and roots were oven-dried
at 70 �C for 3 days and weighed for dry biomass determination.
Shoots and roots were then ground (MM 2000, Retsch) and
subsamples were digested in a microwave oven (ETHOS, Milestone)
with concentrated HNO3 (65%) at 180 �C and 2 MPa. Phosphorus
content was determined using the vanado-molybdate method
(AFNOR, 1969).

Nitrogen fixation in chickpea was determined with the 15N
natural abundance method. Subsamples of oven-dried shoots of
chickpea and durum wheat were analyzed for N and 15N concen-
trations with a Stable Isotope Ratio Mass Spectrometer (Isoprime
Ltd., Manchester, England) coupled to an Elemental Analyzer.

2.6. Calculations

Plant P uptake and N uptake corresponded to the amount of
nutrients taken up by plants during plant growth and were calcu-
lated as follows:

P uptake (mg) ¼ [P concentration in shoot (mg g�1) � shoot dry
weight (g)] þ [P concentration in root (mg g�1) � root dry weight
(g)] � seed P content (mg)

Seed P content was calculated as the mean value for 100 seeds:
for durum wheat seed P content ¼ 0.29 mg, for chickpea seed P
content¼ 1.11mg. The same formulawas applied for N, with durum
wheat seed N content ¼ 1.18 mg and chickpea seed N
content ¼ 9.23 mg.

Percentage of N derived from the atmosphere (%Ndfa) was
calculated for chickpea as sole crop and chickpea intercropped
based on the following formula (Shearer and Kohl, 1986):

%Ndfa ¼ 100�
�
d15Nref � d15Nchickpea

�.�
d15Nref � b

�

d15Nref was the value for durum wheat grown as sole crop, which
was used as the reference, non-fixing plant. The b value (þ1.65&)
was taken from the mean value of data reviewed by López-Bellido
et al. (2010).

2.7. Statistical analyses

Effect of crop treatment on plant dry weight and %Ndfa was
tested using one-way analyses of variance (ANOVA) with crop
treatment as factor with the probability level of 0.05. One-way
analyses of variance with crop treatment as factor were conduct-
ed on soil data for P availability and pH at a given soil P treatment.
Data for P availabilities were log-transformed before the analyses to
meet the assumption of the test. Two-ways analyses of variance
considering soil P treatment� crop treatment were performed on P
concentration, N concentration in plants, N uptake and P uptake.
Data were squared-root transformed before the analyses to meet
the assumption. Significant difference between means was sepa-
rated by Tukey’s multiple comparison tests at the 0.05 probability
level. The 2.10.1 version of R software (R development Core Team
2009) was used for statistics.

3. Results

3.1. Plant growth

Fig. 1 shows the effect of intercropping on root and shoot
biomass of durum wheat and chickpea for the two P treatments.
At�P, both durumwheat shoot and root biomass were significantly
increased (by 17 and 50%, respectively) when intercropped with
chickpea. For chickpea no significant change was found. At þP, the
shoot and root biomass of durum wheat were not significantly
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Fig. 1. Dry weight of shoot and root for durum wheat and chickpea in different
treatments (a) for low P soil (�P) and (b) for high P soil (þP). Values are the mean of 5
replicates. Bars indicate standard errors. Within a species, stars indicate significant
difference between treatments (intercrop vs sole crop) * (P < 0.05).
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affected by intercropping, while for chickpea, only root biomass
was affected. Intercropping resulted in this case in a significant
decrease in root biomass of chickpea (by 26%).

Phosphorus concentration in shoots and roots, and P uptake for
durumwheat and chickpea are reported in Table 1, while N data are
reported in Table 2. Results of the two-way ANOVA were also
indicated considering soil P treatment � crop treatment. For P data
of the two species the soil P treatment had a significant effect with
an increase inþP except for root P concentration of the two species.
Intercropping had no significant effect on P concentration in shoots
and roots of the two species. It had no significant effect either on P
uptake. For durum wheat we observed a significant interaction
between soil P treatment and crop treatment for P concentration in
shoots with an increase of 65% in þP only for the intercropped
treatment.

For N concentration in the two species, soil P treatment had
a significant effect in durum wheat shoots and chickpea roots.
Shoot N concentration decreased in þP while the amount of N
taken up by plants increased. As for P, for the two species, inter-
cropping had no significant effect on N concentrations in shoots
and roots or on N uptake. For durumwheat we observed significant
interactions between the two treatments for N concentration in
shoots and N uptake. In �P, N concentration in shoots decreased by
19% for durum wheat intercropped with chickpea, while it
increased by 6% in þP. In þP, N uptake increased by 22% when
durum wheat was intercropped with chickpea. The same was
observed for chickpea intercropped with durum wheat with 19%
increase of N uptake.

Fig. 2 shows the percentage of N derived from air (%Ndfa) for
chickpea as affected by intercropping with durum wheat in both P
treatments. At�P, %Ndfawas less than 14% and considerably varied,
standard errors being close to mean values (Fig. 1a). At þP, N2
fixation of chickpea intercropped with durum wheat was twice
larger than when grown as sole crop, reaching 53%. This difference
was significant.

3.2. Rhizosphere P availability

Fig. 3 shows P concentration measured in water and Olsen
extracts in the control soil without plant (i.e. bulk soil) and in the
rhizosphere of durum wheat and chickpea grown as intercrops or
sole crops for the two P treatments. The displayed bulk soil values for
each P treatment are identical for each species as they were
measured in unplanted pots. At �P a large increase of water-P was
systematically measured in the rhizosphere compared to bulk soil
irrespective of crop treatment, but this was significant only for
durum wheat. This increase was slightly larger when durum wheat
was intercropped, 5-fold to compare with 3-fold. Water-P increased
by 9.5- and 10.5-fold in the rhizosphere of chickpea when grown as
sole crop and intercropped respectively, but this difference was not
significant due to high standard errors (Fig. 3a). In the case of Olsen-P
extracts, a similar pattern was found, with a systematic and signifi-
cant increase in P concentration in the rhizosphere of durumwheat
and chickpea. This substantial increase in Olsen-P concentration in
the rhizosphere was significantly greater in intercropped plants for
both species. Durum wheat increased its rhizosphere Olsen-P
concentration by þ60% (relative to bulk soil) when grown as sole
crop, and by þ90% when intercropped. For chickpea this increase
amounted to þ96% and þ186%, respectively. In water and Olsen
extracts similar trendswere observed butmuch less pronounced and
seldom significant in theþP treatment compared to�P treatment. In
most cases, the P concentrations measured in the rhizosphere were
increased compared to bulk soil and evenmore so in the rhizosphere
of intercropped species (Fig. 3c and d).

The small amount of soil sampled in the rhizosphere, and
thereafter used for extractions (100 mg per subsample) may
explain the large variability of the results, which restricted the
detection of significant differences. However, the variability was
much greater for chickpea, which suggests that the sampling issue
was not strictly a matter of small size of the sample.

3.3. Rhizosphere pH

Fig. 4 shows the pH values measured in the bulk soil and in the
rhizosphere of both species grown either as sole crop or inter-
cropped for the two P treatments. The displayed bulk soil values for
each P treatment are identical for the two species as they were
measured in unplanted pots. At �P, durum wheat significantly



Table 1
Phosphorus concentration in shoots and roots and P taken up bywhole plants for wheat and chickpea in different treatments. Values represent themean of five replicates� SE
(standard errors). Values of probability of two-way ANOVA (P treatment � Crop treatment). Within a column different letters denote significant difference (P < 0.05).

P treatment Crop
treatment

Durum wheat Chickpea

Shoot P concentration
(mg g�1)

Root P concentration
(mg g�1)

P uptake
(mg plant�1)

Shoot P concentration
(mg g�1)

Root P concentration
(mg g�1)

P uptake
(mg plant�1)

�P Sole crop 1.5 � 0.1 bc 1.9 � 0.5 a 0.5 � 0.1 b 1.1 � 0.1 b 1.6 � 0.4 a 0.3 � 0.1 b
Intercrop 1.2 � 0.1 c 1.9 � 0.4 a 0.6 � 0.1 b 1.1 � 0.1 b 1.5 � 0.5 a 0.2 � 0.1 b

þP Sole crop 1.7 � 0.1 ab 1.8 � 0.4 a 2.1 � 0.2 a 1.8 � 0.1 a 1.5 � 0.3 a 1.2 � 0.1 a
Intercrop 2.0 � 0.1 a 1.8 � 0.4 a 2.3 � 0.2 a 1.9 � 0.1 a 1.9 � 0.5 a 1.4 � 0.2 a

Shoot P concentration
P values

Root P concentration
P values

P uptake
P values

Shoot P concentration
P values

Root P concentration
P values

P uptake
P values

P treatment <0.001 0.86 <0.001 <0.001 0.68 <0.001
Crop treatment 0.66 0.99 0.42 0.26 0.83 0.80
P treatment � Crop

treatment
0.03 0.98 0.70 0.41 0.63 0.54
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increased its rhizosphere pHwhen grown as sole crop (þ0.25 units)
and intercropped with chickpea (þ0.50 units), compared to bulk
soil pH. The increase was almost twice as large when intercropped
but the difference was not significant. In the case of chickpea no
significant change was observed in the rhizosphere compared to
bulk soil due to the large variability. At þP, durumwheat increased
its rhizosphere pH when grown as sole crop and intercropped with
chickpea compared to bulk soil pH. In this case, such rhizosphere
alkalization was not significantly enhanced when intercropped
with chickpea, in spite of a small difference. Chickpea as sole crop
increased its rhizosphere pH by þ0.37 unit, i.e. as much as for
durumwheat (Fig. 3). The rhizosphere pH of chickpea intercropped
with wheat (7.59) was intermediate to that measured in sole crop
(7.71) and in the bulk soil (7.34), but was not significantly different
from either of these.

4. Discussion

4.1. Increased P availability in the rhizosphere

Increased P concentration in water extracts (water-P) was
systematically observed in the rhizosphere for most of the treat-
ments, although significant only at �P, and was further confirmed
for inorganic P in Olsen extracts (Olsen-P), compared to bulk soil.
These results contradict the common knowledge, which assumes
that depletion of inorganic P occurs in the rhizosphere as a conse-
quence of root uptake combined with restricted diffusion of
phosphate ions (Barber, 1995; Hinsinger, 2001; Hinsinger et al.,
2011b). Only a few previous works have reported an increase in P
availability in the rhizosphere for either inorganic P (Devau et al.,
Table 2
Nitrogen concentration in shoots and roots and P taken up by whole plants for durum
replicates � SE (standard errors). Values of probability of two-way ANOVA (P treatment �
difference (P < 0.05).

P treatment Crop
treatment

Durum wheat

Shoot N concentration
(mg g�1)

Root N concentration
(mg g�1)

N uptak
(mg pla

�P Sole crop 24.0 � 1.0 a 13.8 � 0.5 a 10.0 �
Intercrop 20.2 � 0.5 b 10.6 � 0.6 a 9.9 �

þP Sole crop 12.9 � 0.6 d 5.7 � 0.9 a 13.9 �
Intercrop 13.6 � 0.4 c 9.6 � 1.7 a 16.9 �

Shoot N concentration
P values

Root N concentration
P values

N uptak

P treatment <0.001 0.087 <0.001
Crop treatment 0.94 0.49 <0.001
P treatment � Crop

treatment
<0.001 0.17 0.015
2010, 2011b; see review by Hinsinger, 2001) or organic P (Chen
et al., 2002; Li et al., 2008; Vu et al., 2008). For inorganic P, this
has been so far reported only in rhizobox experiments. Those
previous experiments which measured the gradient of P in the
rhizosphere showed that P depletion occurred in the immediate
vicinity of root surface due to P uptake, while P accumulation
occurred farther away (Hinsinger and Gilkes, 1996; Hübel and Beck,
1993). This was successfully modeled by Geelhoed et al. (1999)
when accounting for the exudation of a P-mobilizing compound
such as citrate, while Nye (1983) had shown similar results with
a more empirical model of the interaction between solutes in the
rhizosphere (e.g. phosphate ions and protons). Mechanistic
modeling clearly shows that if roots only take up P, depletion of soil
solution P and the most readily available fractions of soil P shall
occur in the rhizosphere, while an increase of such pools clearly
demonstrates the co-occurrence of another rhizosphere process,
which is responsible for counteracting the uptake-driven depletion
(Devau et al., 2010, 2011b; Geelhoed et al., 1999).

In our experiment at �P, P availability systematically increased
in the rhizosphere of the two species, either grown as sole crops or
as intercrop. Our results on durum wheat are in line with those of
Devau et al. (2011b) who used a different cultivar grown as sole
crop in a rhizobox with the same soil fertilization treatments and
measured P concentration in water extracts. We additionally
showed that Olsen-P consistently increased in the rhizosphere,
showing even more significant effects than those observed for
water-extractable P. Our work, which was conducted in a pot
experiment and based on sampling the soil strongly adhering to
roots demonstrates that the increase of rhizosphere P availability
reported by Devau et al. (2011b) was not biased by the artificial
wheat and chickpea in different treatments. Values represent the mean of five
Crop treatment) was indicated. Within a column different letters denote significant

Chickpea

e
nt�1)

Shoot N concentration
(mg g�1)

Root N concentration
(mg g�1)

N uptake
(mg plant�1)

0.3 c 19.4 � 0.7 a 17.8 � 0.6 a 13.0 � 1.1 b
0.5 c 17.4 � 0.6 b 16.2 � 0.4 a 10.0 � 1.7 b
0.8 b 17.6 � 0.7 ab 22.4 � 0.6 a 14.4 � 1.9 a
1.0 a 18.9 � 0.9 a 23.0 � 2.0 a 17.2 � 1.5 a
e P values Shoot N concentration

P values
Root N concentration
P values

N uptake P values

0.088 0.003 <0.001
0.49 0.28 0.58
0.001 0.06 0.08



Fig. 2. Percentage of Nitrogen derived from air (%Ndfa) for chickpea in different
treatments for (a) low P treatment (�P) and (b) high P treatment (þP). Values are the
mean of 5 replicates. Bars indicate standard errors. The star indicates a significant
difference between treatments (intercrop vs sole crop) at P < 0.05.
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setting of their rhizobox approach. As for Devau et al. (2011b), we
reported a greater rhizosphere effect (increase of P availability)
at �P than þP conditions, the latter being hardly significant in the
present experiment. The added value of our work is to show the
effect of intercropping. The increase in P availability was indeed
more pronounced in the rhizosphere of both durum wheat and
chickpea when intercropped (Fig. 3). Enhanced P availability has
been seldom reported in the rhizosphere of intercropped species,
e.g. by Cu et al. (2005), who did not distinguish the rhizospheres of
the two intercropped species. They reported intermediate
concentrations of P for water- and citric acid-extractable fractions
in the rhizosphere of wheat (Triticum aestivum L.)ewhite lupin
(Lupinus albus L.) intercrop compared with those in the rhizo-
spheres of the sole crops. With a rhizobox experiment, Li et al.
(2008) also reported intermediate values in the rhizosphere of
durum wheat and common bean (Phaseolus vulgaris L.) when
intercropped, for different P fractions including NaHCO3-extract-
able inorganic P from sequential extraction, which is close to our
Olsen-P extractable fraction. However in contrast with the present
experiment, they reported a depletion of this P fraction in the
rhizosphere. They also showed an increase in the organic pool of P
in the NaHCO3 extract for the rhizosphere of common bean, which
contrasted with the large depletion observed for durumwheat, and
smaller depletion found when intercropped. Their rhizobox setting
made it impossible to compare the rhizosphere of each species
when intercropped. In contrast with all those previous studies,
separating the roots of the two intercropped species in the pots we
used was made possible by our sampling strategy. This approach
proved successful to evidence a significantly larger increase in
P availability, as assessed by Olsen extraction, in the rhizosphere of
either durum wheat or chickpea when intercropped. In contrast
with the previous findings of Cu et al. (2005) and Li et al. (2008), the
available P values found in the rhizosphere of intercropped species
were not somewhere in between those found in the rhizospheres of
the two species grown as sole crops (Fig. 4). This suggests that
intercropping altered the chemical properties of the rhizosphere of
the two species either directly through root-induced processes
and/or indirectly through microbial activities.

In our experiment, P availability systematically increased in the
rhizosphere of the two species, either grown as sole crops or as
intercrop, but this was significant only for low P soil conditions
(�P), and was enhanced by intercropping. Our hypothesis of
a positive effect of intercropping was thus confirmed for water-P
and Olsen-P in the rhizosphere of durum wheat and chickpea. In
addition, we showed that facilitative mechanisms of P acquisition
were promoted at low P availability, which is in linewith the stress-
gradient hypothesis.

4.2. Changes in pH in the rhizosphere

No acidification was observed in the rhizosphere of chickpea
either in sole crop or intercropped with durum wheat, which
contrasts with what is usually expected for legumes (Hinsinger
et al., 2003), and with the former results of Li et al. (2008) for
common bean. Root-induced pH changes are mainly influenced by
Hþ/OH� exudation depending on cationeanion balance, which is
largely driven by nitrogen nutrition (Hinsinger et al., 2003). In the
particular case of legumes, acidification is expected to occur when
fixing N2, the amount of proton released by legumes depending on
the intensity of N2 fixation (Tang et al., 1999, 2004). Our results are
in agreement with those of Rose et al. (2010) who reported no
changes in rhizosphere pH for non-nodulated chickpea and faba
bean (Vicia faba L.) grown in neutral soils and fed with NH4NO3 as N
source. In our experiment, the percentages of N derived from N2
fixation were very low, and even more so at �P, except when
chickpeawas intercroppedwith durumwheat atþP (Fig. 2), in spite
of small rates of urea application. The rather low P availability for
the �P treatment may have limited N2 fixation, which is known as
a P-demanding process (Peoples et al., 2009). Only few nodules
were observed in roots of chickpea grown in the�P soil. Nodulation
was better atþP, but the N2 fixationwas still rather small, especially
when chickpea was grown as sole crop. The %Ndfa was in this case
only slightly above 50% in the intercropped chickpea (Fig. 2). These
observations are consistent with the measured rhizosphere pH
values (Fig. 3). For the þP treatment when chickpea was inter-
cropped with durum wheat, rhizosphere pH was between those of
chickpea grown as sole crop and bulk soil. It may have resulted
from an increase in proton release by intercropped chickpea due to
greater N2 fixation compared to the sole crop, which almost
compensated the hydroxyl efflux that occurred as a consequence of
a substantial uptake of nitrate. Li et al. (2008) observed a higher



Fig. 3. Phosphorus concentration in the rhizosphere of durumwheat and chickpea in different treatments for low P soil in water extracts (a) and in Olsen extracts (b); for high P soil
in water extracts (c) and in Olsen extracts (d). Values were compared to bulk soil corresponding to soil control without plant. Bulk soil was the same for both species within each
P treatment. Values are the mean of 5 replicates. Bars indicate standard errors. Different letters within a species indicate significant difference at P < 0.05.
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proton efflux expressed on a per plant basis in the rhizosphere of
common bean when intercropped with durum wheat. It is consis-
tent with the increase in N2 fixation observed in intercropping for
the þP treatment (Fig. 2), which confirmed previous field studies
Fig. 4. Values of pH in the rhizosphere of durum wheat and chickpea in different
treatments for low P soil (a); and high P soil (b). Values were compared to bulk soil
corresponding to control soil without plant. Bulk soil was the same for both species
within each P treatment. Values are the mean of 5 replicates. Bars indicate standard
errors. Different letters within a species indicate significant difference at P < 0.05.
reporting increased N2 fixation for intercropped legumes, as
a consequence of the competition with the intercropped cereal for
nitrate uptake (Bedoussac and Justes, 2010; Jensen, 1996; Li et al.,
2009; Naudin et al., 2010).

Alkalization observed in the rhizosphere of durum wheat
confirmed previous results obtained for nitrate-fed grasses (Devau
et al., 2010, 2011b; Gahoonia et al., 1992; Zhang et al., 2004). In the
studied soil, nitrate concentration was 36-fold greater than
ammonium concentration, which is in line with the hypotheses of
a preferential uptake of N as nitrate by durum wheat during the
experiment. In intercropping, alkalization was significantly higher
in the rhizosphere of durumwheat in the�P treatment (Fig. 3). This
increase was however not associated with an enhanced N uptake
for the intercropped durum wheat (Table 2). We can assume that
rather than a change in the amount of N taken up, it was the relative
proportion of inorganic N (NO3

�/NH4
þ) taken up by the durumwheat

that was influenced when intercropped with chickpea. It may be
explained by a change in available N forms in soil due to altered
composition/activity of microbial communities in the rhizosphere
of intercropped species (Song et al., 2007b). It may alternatively
have resulted from differences in interspecific competition for
inorganic N forms taken up (Miller et al., 2007), durumwheat being
more competitive than chickpea to access nitrate (Hauggaard-
Nielsen et al., 2001; Jensen, 1996).
4.3. Root-induced processes altering P availability

Root-induced pH change is one of the major processes influ-
encing P availability in soils (Hinsinger, 2001; Hinsinger et al., 2003).
We did not observe any rhizosphere acidification, even for chickpea,
which invalidates our hypothesis. This can be explained by the
low level of N2 fixation achieved by chickpea. In our experiment,
rhizosphere alkalization was associated with increases in water-P
and Olsen-P (Figs. 3 and 4). These results contradicted the general
assumption that in neutral and alkaline soils acidification rather
than alkalization increases P availability through solubilization of
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sparingly-soluble inorganic P (Ca-bound P) or affecting adsorption/
desorption processes in soils (Hinsinger, 2001; Richardson et al.,
2009). But Devau et al. (2010, 2011a, 2011b) recently demonstrated
that alkalization can also lead to increased P availability in neutral,
non-calcareous soils. These authors successfully simulated the
observed increase in water-P in the rhizosphere when Ca uptake by
plants was considered on top of P uptake and rhizosphere alkaliza-
tion. In the case of durum wheat in the present experiment, the
observed rhizosphere alkalization (Fig. 4) was associated with an
increase in water-P in the low P soil (Fig. 3), but there was no
significant correlation between rhizosphere pH and P availability, as
shown in supporting information (Fig. A1). Rhizosphere alkalization
and P uptake, presumably combined with Ca uptake were thus
probably the root-induced processes implied in the enhanced P
availability, as we used the same crop species and the same soil as
Devau et al. (2011b). In the case of chickpea, the observed increase in
P concentration, as occurred for water-P (Fig. 3), was not associated
with pH change except when intercropped with durum wheat for
the þP treatment where a significant alkalization was observed
(Fig. 4). One should then consider the potential driving effect of the
interaction betweenpH and Ca uptake on P availability as stressed by
Devau et al. (2010, 2011b). Dicotyledonous species such as chickpea
are known to take up more Ca than monocotyledonous species such
as wheat (White and Broadley, 2003). This may explain the differ-
ences observed between durum wheat and chickpea when consid-
ering root-induced changes of pH and P availability in their
respective rhizosphere. Other root-induced processes may have also
interacted with P uptake and pH change in the rhizosphere of
chickpea to contribute some increase in P availability. Legumes such
as chickpea are known to exude substantial amounts of carboxylates,
contrary towheat (Neumann and Römheld,1999; Pearse et al., 2006;
Veneklaas et al., 2003), as well as phosphatases (Gahoonia and
Nielsen, 2004; Nuruzzaman et al., 2006). These P-solubilizing
compounds may well have positively impacted rhizosphere P avail-
ability for chickpea in the present experiment.

4.4. Phosphorus uptake and plant growth

The P concentrations observed in �P and þP treatments were
slightly below the critical value for P deficiency of 2.2 mg g�1 and
1.5e2.0 mg g�1 of dry weight reported respectively for durum
wheat and chickpea at a similar growth stage (Reuter and Robinson,
1997). Biomass, and consequently the amount of P taken up by
durumwheat and chickpea were also below the values reported in
the literature, even for plants grown at an earlier phenological stage
or low soil availability (Cu et al., 2005; Li et al., 2003, 2004). It
suggests that even the þP treatment was somewhat limiting for
plant growth. Indeed at þP, concentrations of P and N in shoots
indicated that P or N were limiting although soil P availability was
considered to exceed plant requirements (Colomb et al., 2007) and
N fertilization was added as urea. Contrary to most prior studies on
P facilitation in intercrops we did not add large quantities of N to
avoid inhibiting the potential effect of symbiotic N2 fixation, as we
assumed that chickpea would thereby acidify its rhizosphere and
increase P availability. According to the ‘multiple limitation
hypothesis’ (Rubio et al., 2003), we can assume that N was limiting,
and restricted root growth that ultimately limited P uptake even for
the þP treatment.

Intercropping resulted in a significant increase in both shoot and
root biomass of durum wheat at �P while no significant changes
were observed atþP and for chickpeawhatever the soil P availability
(Fig. 1). Facilitation of growth of cereal by a legume has been
frequently reported in the literature. For fertilized treatments,
biomass of either wheat (Li et al., 2003) or maize (Li et al., 2004) was
increased when intercropped with chickpea. But no intercropping
effect was reported for maize in the low P treatment contrary to our
results or those reported by Li et al. (2007) for maize intercropped
with faba bean. Those contradictory results stress the difficulties to
conclude on the stress-gradient hypothesis that is still a matter for
debate in ecology (Maestre et al., 2009).

Observed facilitation of durumwheat by chickpea at �P was not
associated with an enhanced P nutrition though (Table 1). Actually
no positive effect of intercropping on P taken up by either durum
wheat or chickpea was detected. This contradicts most of studies on
P in cerealelegume intercrops, which reported an increase in P
uptake compared to sole crops. Our results suggest that the
enhanced rhizosphere P availability thatwas observedwhen the two
specieswere intercroppedwas not sufficient to positively affect plant
growth, except for durum wheat in �P, and P bioavailability. Even
though durum wheat exhibited a larger root biomass when inter-
cropped at �P, it was not sufficient to increase P bioavailability
contrary to the previous results ofWang et al. (2007) in a root barrier
experiment. The positive effect of chickpea on durumwheat biomass
in �P cannot be directly attributed to an enhancement of P uptake
through increased P availability, but we cannot exclude positive
interactions occurring for other resources (i.e. other nutrients, water,
light). Enhanced growth observed for intercropped durum wheat
may also have resulted from a decrease in interspecific competition
for one resource (i.e. complementarity). In þP, the positive effect of
chickpea on durum wheat may have resulted from an enhanced N
nutrition due to either complementary use of N through N2 fixation
or a decrease in interspecific competition.
4.5. Conclusions

The aim of our study was to test the effect of durum
wheat-chickpea intercrop on P bioavailability for each species. We
focused on P availability in relation to root-induced changes in pH
as this process was supposed to have a major effect on P concen-
tration in the studied soil. We showed that P availability increased
in the rhizosphere of either durum wheat or chickpea, and this
increase was even larger when the two species were intercropped.
Such an increase was to some extent associated with alkalization of
the rhizosphere, and surprisingly no acidification was observed in
the rhizosphere of chickpea, which occurred to fix low amounts of
N2 due partly to P limitation. We suggested that P availability in the
rhizosphere was not affected only by P uptake and pH but also by
the interaction with some other root-induced processes, e.g.
exudation of phosphatases, carboxylates and the uptake of other
nutrients such as Ca. Consequently in our experiment N2 fixation
did not appear to be involved in increasing P availability in the
rhizosphere of the cerealelegume intercrop, which invalidated our
hypothesis. Because P availability was increased in the rhizosphere
of both species grown as sole crops and even more so when
intercropped, facilitative mechanisms occurred both ways. Conse-
quently, the cereal may also facilitate the legume via increased
rhizosphere P availability, although most previous studies have
neglected this possibility. Significant positive effects of intercrop-
ping were observed in the rhizosphere but such belowground
interactions between the two intercropped species did not improve
their growth (except for durum wheat in the low P soil), P or
N nutrition. Although we observed enhanced rhizosphere P avail-
ability in durum wheat-chickpea intercrop compared to sole
crops we cannot demonstrate any facilitation related to enhanced
P bioavailability. Species interactions resulted in an increase in
growth only for durumwheat in the low P soil. Because of multiple
complex interactions either positive or negative, facilitative
mechanisms altering P availability were not sufficient to increase
chickpea growth when intercropped with durum wheat.
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The other objective of our work was to evaluate the effect of soil P
availability on species interactions when intercropped. Most of our
results supported the stress-gradient hypothesis, which stipulates
increasing positive interactions with increasing environmental
stress. But again this stands mostly for belowground processes and
the growth of durum wheat. Thus, relations between nutrient
availability and planteplant interactions are still complex and need
to be tested for other parameters, and for a broader gradient, from P
deficiency to P sufficiency.
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