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Figure 1; Evolution des superficies, productions et rendements de légumineuses alimentaires 
durant la période allant de 2005 à 2016 (Statistiques MADRP-DSASI) 
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CHAPITRE II : Acquisition du phosphore et 

absorption du calcium par la fèverole     

(Vicia faba L.) en sols calcaires 
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Tableau 2: Principales propriétés des sols des différents sites (12) collectés (valeur moyenne ± erreur standard, n = 4). 

Sites de 
champ 

 
Sable (%) 

 
Argile (%) 

 
Limon (%) 

 
pH 

 
CaCO3 (%) 

 
MO (%) 

 
N-Total (g kg-1) 

 
P-Total (mg kg-1) 

 
P-Olsen (mg kg-1) 

 

p-value *** *** *** 

 
** 

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

S1 23.96 ± 0.61cd 30 ± 1.13cde 46 ± 2.3abc 8.27 ± 0.1bc 23.56 ± 0.31b 1.63 ± 0.03ab 4.21 ± 0.27a 233.33 ± 12.71d 20.50 ± 0.72c 

S2 28.32 ± 1.8abcd 38.84 ± 2.73ab 35.71 ± 1.76c 7.16 ± 0.14d 21.33 ± 0.88bc 1.67 ± 0.09ab 1.16 ± 0.09d 140.33 ± 4.05e 7.60 ± 0.61d 

S3 24.93 ± 1.5bcd 33 ± 1.53ab 42 ± 2.10abc 8.10 ± 0.12bc 23.50 ± 1.26b 1.27 ± 0.12b 3.4 ± 0.3b 174.33 ±  8.41de 16.53 ± 1.23c 

S4 28.33 ± 2abcd 19.82 ± 1.13e 51.63 ± 2.68ab 7.40 ± 0.2d 20 ± 0.57bc 1.26 ± 0.03b 2.05 ± 0.03c 106 ± 3.61ef 5.53 ± 0.54d 

S5 31.72 ± 1.40ab 28.71 ± 1.5cde 39.73 ± 3.50bc 8.80 ± 0.06a 29.20 ± 0.98a 1.30 ± 0.12ab 1.26 ± 0.09d 364.67 ± 7.53b 35.53 ± 2.05ab 

S6 23.98 ± 1.50cd 24.54 ± 0.98de 51.33 ± 1.48ab 7.26 ± 0.03d 19.57 ± 0.72c 1.40 ± 0.17ab 1.52 ± 0.07cd 90.67 ± 4.41f 6.13 ± 1.01d 

S7 31.22 ± 1.1abc 32 ± 1.72b 37 ± 2.03c 8.47 ± 0.03ab 26.50 ± 0.29a 1.60 ± 0.26ab 1.54 ± 0.07cd 403 ± 3.61a 40.97 ± 3.12a 

S8 23.53 ± 0.81d 28 ± 2.62cde 48.61 ± 1.90abc 8.11 ± 0.11bc 24 ± 1.15b 1.42 ± 0.05ab 2.77 ± 0.08b 289.67 ± 6.64c 20.33 ± 0.43c 

S9 22.23 ± 1.33d 40.31 ± 1.50a 37.34 ± 0.87c 8.81 ± 0.05a 28.33 ± 0.38a 1.76 ± 0.07ab 1.13 ± 0.09d 352 ± 9.46b 32.93 ± 0.69b 

S10 28.13 ± 2.1abcd 32 ± 1.12b 40.04 ± 5.50bc 8.53 ± 0.13ab 25.53 ± 0.49a 1.83 ± 0.04a 1.51 ± 0.05cd 276 ± 7.94c 29.87 ± 0.73b 

S11 33 ± 1.50a 24.34 ± 0.93de 42.61 ± 3.12abc 7.70 ± 0.11d 19.40 ± 0.78c 1.32 ± 0.06ab 1.78 ± 0.11cd 112.67 ± 6.06ef 6.90 ± 0.98d 

S12 21 ± 1.12d 22.81 ± 0.71e 55.74 ± 2.39a 7.93 ± 0.09c 23.07 ± 0.23b 1.31 ± 0.06ab 3.27 ± 0.12b 232 ± 6.08d 17.16 ± 1.13c 

*,** and *** stand for p < 0.05,p < 0.01 and p < 0.001, respectively. Different letters indicates significant difference. 
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Tableau 3: Principales propriétés physico- chimiques des trois clusters de sols A, B et C  (moyenne ± erreur standard, n = 16). 

Clusters de sol 
 

Argile (%) 
 

Limon (%) 
 

Sable (%) 
 

pH 
 

CaCO3 (%) 
 

MO (%) 
 

N-Total (g kg-1) 
 

P-Total (mg kg-1) 
 

P Olsen (mg kg-1) 
 

p-value 
 

ns 
 

ns 
 

ns 
 

*** 
 

*** 
 

 

ns 

 
*** 

 
*** 

 
*** 

 

A 
(S5,S7,S9 and S10) 33.33 ± 2.51a 38.53 ± 0.76a 28.33 ± 1.47a 8.65 ± 0.06a 27.39 ± 0.51a 1.62 ± 0.09a 1.37 ± 0.06b 348.92 ± 14.26a 34.83 ± 1.48a 

B 
(S1, S3, S8 and S12) 28.45 ± 2.13a 48.09 ± 2.93a 23.36 ± 0.88a 8.10 ± 0.05b 23.53 ± 0.39b 1.40 ± 0.05a 3.42 ± 0.18a 224.42 ± 13.50b 18.63 ± 0.67b 

C 
(S2, S4, S6 and S11) 26.89 ± 4.11a 45.32 ± 3.81a 28.41 ± 1.80a 7.38 ± 0.08c 20.08 ± 0.40c 1.41 ± 0.06a 1.61 ± 0.11b 112.41 ± 5.77c 6.54 ± 0.42c 

ns, *,**, and *** stand for not significant, p < 0.05, p < 0.01 and p < 0.001, respectively. Different letters indicates significant difference. 
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Figure 9: Efficience de l'utilisation de la symbiose rhizobienne EURS de la féverole dans les différents sites et 
au niveau de chaque cluster de sol durant les deux saisons de croissance 2016 et 2017. Les valeurs sont la 
moyenne de 10 répétitions par site. R2 coefficient de détermination de la droite de régression. *, **, *** 
indiquent le degré de signification p < 0.05, p < 0.01 et p < 0.001 respectivement, 
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Tableau 5: Concentrations en P et Ca dans les parties aériennes et les racines et absorption de P et Ca par la fèverole dans les trois clusters de sol 
A, B et C (moyenne ± erreur-type, n = 40). Ratio élémentaire calculé sur une base molaire. 

Cluster de sol Saison de 
croissance 

P partie aérienne 
(mg g-1) 

P racine  
(mg g-1) 

P absorbé 
 (mg plt-1) 

Ca partie aérienne 
(mg g-1) 

Ca racine 
 (mg g-1) 

Ca absorbé 
 (mg plt-1) 

Ca/P absorbé  
ratio  

p-value  *** 
 

*** 
 

*** 
 

*** 
 

*** 
 

** 
 

*** 
 

A  
(S5. S7. S9 et 
S10) 

 6.9 ± 0.5a 3 ± 0.2a 154 ± 16a 7.6 ± 0.4b 4.4 ± 0.2b 170 ± 10ab 0.88 ± 0.06c 

B 
(S1. S3. S8 et 
S12) 

2016 3.6 ± 0.3b 2.1 ± 0.1b 62.6 ± 4.7b 7.2 ± 0.5b 3.8 ± 0.2b 120 ± 8b 1.50 ± 0.09b 

C 
(S2. S4. S6 et 
S11) 

 1.7 ± 0.1c 1.2 ± 0.1c 25.1 ± 3.5c 15.1 ± 0.9a 5.8 ± 0.3a 210 ± 30a 6.46 ± 0.32a 

A  
(S5. S7. S9 et 
S10) 

 4.9 ± 0.5a 2.6 ± 0.3a 101.3 ± 13.3a 6.7 ± 0.5b 4 ± 0.3b 140 ± 10ab 1.04 ± 0.09b 

B 
(S1. S3. S8 et 
S12) 

2017 3.6 ± 0.4a 2.8 ± 0.2a 48.8 ± 4.4b 6.6 ± 0.4b 3.9 ± 0.2b 90 ± 5b 1.46 ± 0.17b 

C 
(S2. S4. S6 et 
S11) 

 1.6 ± 0.1b 1.3 ± 0.12b 20.3 ± 2.6c 14 ± 0.5a 6.1 ± 0.3a 170 ± 20a 6.48 ± 0.42a 

**,*** stands for p < 0.01  and p< 0.001.Different letters indicates significant difference. 
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Table 3 : Paramètres de la biomasse des parties aériennes (BA),  racines (BR), et nodules 
(BN) durant la saison 2016 

 

 

 

 

 

 

 

 

 



                                                                                                                                           Annexe 
 

Table 3 ; Paramètres de la biomasse des partie aérienne (BA),  racines (BR), et nodules 
(BN) durant la saison 2017 
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Table 6 : Paramètres liés à la rhizosphère pour la féverole (Vicia faba minor L.) 
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Photo N° 14: Site agriculteur S10 à Skikda  

(Houassine D., Avril 2017) 
Photo N° 15: Site agriculteur S9 à Skikda  

(Houassine D., Avril 2017) 

  
Photo N° 16: Echantillonnage  effectué au stade plein floraison de la féverole au niveau des essais multi- 

locaux (Houassine D., Fin avril 2017) 
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Photo N°17 : Racines de la féverole avec les nodules 

(Houassine D., Avril 2017) 
 

 

 

 

 

 

 





Phosphorus acquisition processes in the field: study of faba bean
cultivated on calcareous soils in Algeria
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ABSTRACT
Little is known about the occurrence of phosphorus (P) acquisition pro-
cesses in the field, especially for faba bean (Vicia faba L.) in calcareous
soils. We sampled soil, rhizosphere and plant materials in 12 calcareous
field sites in Algeria and performed physicochemical analysis during two
growing seasons. Both proton exudation and root exploration increased in
P-deficient soils as compared to P-sufficient soils. Inhibition of nitrogen (N)
fixation and rhizosphere alkalization were observed in N-rich soils. We also
found that calcium (Ca) concentrations in both shoots and roots signifi-
cantly increased with P-deficiency. The same trend, although less signifi-
cant, was observed with respect to Ca uptake. These field observations
suggested that acidifying roots acquired P from dissolving Ca-P minerals.
The concomitant increase of the ratio Ca/P uptake should further enhance
their dissolution. Other rhizosphere processes such as the mineralization of
organic P should control P acquisition as alkalization occurred in the root
zone in response to the inhibition of N fixation. In conclusion, P-acquisition
processes in the field were consistent with previous findings made at the
laboratory. In addition, the variety of faba bean cultivated by local farmers
appeared relatively well adapted to field conditions thanks to the deploy-
ment of rhizosphere processes.
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Introduction

Nitrogen (N) and phosphorus (P) availability are the most important limiting factors for biomass with
particularly negative consequences for food security (Richardson et al. 2009; Dawson and Hilton
2011). The application of P fertilizers is essential for improving crop yield (Gonzalez-Dugo et al. 2005;
Li et al. 2007). However, P fertilization is generally little efficient for crops; i.e. only a few percent of
the added P is usually taken up the same year, while the rest is stored in soil under organic, adsorbed
and mineral forms (Li et al. 2008; Zhang et al. 2014; Gérard 2016). Nitrogen fixation by legumes crops
is considered as an alternative pathway for sustainable agriculture, paving the way towards the
decreased application of N fertilizer inputs and consequently resulting in a reduction of environ-
mental pollution and greenhouse gas emissions (Li et al. 2014; Latati et al. 2016). However,
P availability tightly controls N fixation efficiency (Isaac et al. 2012; Lazali et al. 2016), and several eco-
environmental issues urge us to decrease P fertilization (e.g. Dawson and Hilton 2011).

A practical solution proposed to decrease the amount of inorganic P fertilizers relies on the
solubilization of the soil P reserve through processes and mechanisms governing P availability in
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the root zone: i.e. the rhizosphere (Zhang et al. 2010; Richardson et al. 2011; Shen et al. 2011).
Plants can use different root processes in an attempt to increase P uptake by solubilizing soil P. It
appears that the intensity of these processes increases under P deficiency, indicating the active
nature of P acquisition processes in a sense that they can be induced and promoted by P-starvation
(Hinsinger 2001; Richardson et al. 2009; Wen et al. 2017). The plasticity of several P acquisition
processes have been frequently studied, particularly root exploration (e.g. Niu et al. 2013; Liu et al.
2016a; Erel et al. 2017) and exudation of protons and organic ligands (e.g. Alkama et al. 2012; Tang
et al. 1999; Zhu et al. 2005).

Some P acquisition processes have been overlooked so far. This is particularly the case for calcium
(Ca) uptake, although it is recognized that this root process, which is ubiquitous given the impor-
tance of Ca for plant functioning (White and Broadley 2003), can solubilize soil P by promoting two
geochemical processes controlling the release of phosphate ions within the rhizosphere. These
geochemical processes are: i) the dissolution of Ca-P minerals (Akhtar et al. 2009a, 2009b;
Andersson et al. 2016; Gérard et al. 2017), and ii) the desorption of P from metal (oxy)hydroxides
and clay minerals (Devau et al. 2010, 2011), through the so-called synergetic effect of Ca2+ desorption
onto PO4

3- desorption (Weng et al. 2012). To the best of our knowledge, changes in Ca uptake in
response to P deficiency has been only studied for diverse brassica cultivars (Akhtar et al. 2009a,
2009b), a cultivated variety of durum wheat (Devau et al. 2011), and a P-tolerant maize cultivar (Bera
et al. 2018). These first laboratory works revealed that root Ca2+ influx is strongly correlated with H+

efflux. They found that depending on the ratio Ca/P uptake can pronouncedly increase as the
solubility (and availability) of the Ca-P mineral source decreases (Akhtar et al. 2009a, 2009b; Devau
et al. 2011; Bera et al. 2018).

Moreover, the nature of P acquisition processes becomes uncertain when it comes to the field.
Indeed, only a few studies were performed in the field (Betencourt et al. 2012; Latati et al. 2014; Erel
et al. 2016), and most of them were carried out under controlled conditions of the laboratory, using
solution cultures, pots and rhizotrons (e.g. Tang et al. 2004; Pearse et al. 2006; Solaiman et al. 2007;
Zhou et al. 2009; Akhtar et al. 2009a, 2009b; Devau et al. 2010, 2011; Bargaz et al. 2012; Zhang et al.
2016; Liu et al. 2016b; Bera et al. 2018).

In order to improve this knowledge, the present study was performed at the field-scale and we
measured the uptake of both Ca and P by plants in addition to several other P acquisition
processes. We studied a range of cultivated calcareous soils in Algeria in order to cover most of
the growth conditions encountered in the field with respect to P and N availability.

Materials and methods

Field sites and plant species

The field study was carried out during the growing seasons from 2016 to 2017 at the reference
agrosystems of Skikda (latitude, 36°53’N; longitude, 6°54’E) and Guelma (36°28ʹN; 07°28ʹE) regions,
which are both located in the northeast of Algeria. The study was performed with 12 field sites chosen
with farmers to represent a very large variability of soil conditions. Guelma sites (noted S1, S2, S3, S11
and S12) are located in the plain and the hills, in the center of Guelma, between 260 and 500 m of
altitude. The climate is subhumid to semi-arid, with an annual mean rainfall of 400 to 450 mm during
the period from 2016 to 2017. The second region (sites noted S4, S5, S6, S7, S8, S9 and S10) is situated in
the Valley of El Harrouch and Mezghiche district, in south of the Skikda plain between 145 and 260 m of
altitude. The climate is also subhumid Mediterranean, with an annual mean rainfall of 450 mm
distributed mostly during winter and spring over 2016 and 2017 growing seasons.

We studied a faba bean cultivar (Vicia faba L. cv. Sidi Aich) which is the most cultivated by
farmers in Algerian agroecosystems. Regarding crop management, all farmers tried to practice as
much as possible the organic farming system for a sustainable use of agro-ecosystem without
application of inorganic fertilizer. In addition, sowing and weeding practices were identical, and all
the field sites were tilled.
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Sampling and analysis

Before the sowing of the first growing season (2016), physicochemical properties of soil in each
field site were measured on five topsoil samples (0–20 cm) collected by auger.

We collected four samples of rhizosphere and corresponding bulk soil at the full flowering stage
(120 d after sowing) in order to perform pH measurements. This sampling was carried out from 25 to
30 cm depth. The rhizosphere was sampled in a standard manner; i.e. by brushing off the <1–4-mm
aggregates of soil adhering to faba bean roots gently using a paintbrush (Hinsinger 2001; Latati et al.
2014). We bulked the four replicates of rhizosphere and corresponding bulk soil samples correspond-
ing to each site.

Plants samples were also sampled at the full flowering stage for faba bean, i.e. when the first
pod was 2 cm long for 50% of the plant. In each field-site, 10 plants were harvested and separated
into shoots and roots (0–30 cm), dried for 48 h at 65 °C, and weighed. The nodules were separated
from the roots, dried and weighed separately. Shoot and roots were ground and digested in
a microwave oven in nitric and perchloric acids at 135 °C and 1.5 × 106 Pa. P concentrations in
shoots and roots were measured using malachite green method as performed for total soil P. Plant
Ca concentrations were measured using flame spectrophotometry. Note that we also performed
these measurements with 100 seeds, in order to calculate P and Ca uptake at the full flowering
stage in a standard way; i.e. by subtracting the seed content to the plant content.

All soil and rhizosphere samples were dried, sieved (2 mm) and stored at 4°C for 72 h before
analysis. We used the well-known Olsen method to assess P availability (Olsen et al. 1954) and pH
was measured in soil suspension with deionized water (soil: water ratio = 1:2.5; Shen et al. 1996).
The total soil P content was measured spectrophotometrically at 630 nm using malachite green
method after soil digestion by perchloric and nitric acids (Valizadeh et al. 2003). Total N and organic
matter contents were measured using the Kjeldahl (Kjeldahl 1883) and Walkley–Black (Walkley and
Black 1934) methods, respectively. The calcium carbonate (CaCO3) content was determined after
measuring the volume of CO2 evolved according to Horton and Newson method (Horton and
Newson 1953).

Statistics

We applied the ascending hierarchical classification (AHC) test on the measured properties of the 12
soils in order to distinguish homogeneous soil groups, which are termed as soil clusters. We also
performed a one-way ANOVA using either field site or soil cluster as factor. The Tukey test was used
to determine significant differences between the mean values (p < 0.05). Following previous studies
(e.g. Bargaz et al. 2012; Latati et al. 2016), we determined the efficiency in use of rhizobia symbiosis
(EURS) by the slope of the linear regression between shoot dry weight (SDW) and nodule dry weight
(NDW). All the statistics were performed with the Statistica (V.8.5) software.

Results

Soil properties and clustering

We show in Table 1 the physicochemical properties of the 12 field sites. The particle size distribution
varied significantly (p < 0.001). The 12 soils mainly showed a loamy clayed texture, with loam and clay
contents ranging from 36% (site S2) to 56% (site S12) and from 19% (site S4) to 40% (site S9), respectively.
Variations of the sand content were more moderate, as the value ranged from 21% (site S12) to 33% (site
S11). Soil pH ranged from 7.2 to 8.8 and was much more alkaline in sites S5 and S9 (8.8) than in sites S2
(7.2) and S6 (7.3). The highest content of CaCO3 was also found in S5 and S9 (about 29%), while the lowest
values were observed in the S6 and S11 (about 19.5%). Soil total N content also significantly differed
between sites. The maximum N content was measured in site S1 (4.2 g kg−1) and the minimum N content
was found in both sites S2 and S9 (1.2 and 1.1 g kg−1). Olsen P and total soil P varied the same way across
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sites (p < 0.001). The largest Olsen P and total P concentrations were found in site S7 (403 and 41 mg kg−1,
respectively) and the lowest concentrations in sites S4 (106 and 5.5 mg kg−1, respectively) and S6 (91 and
6.1 mg kg−1, respectively).

The AHC analysis indicated the presence of three soil clusters of contrasted physicochemical
properties. Each of them contained four field sites (Table 2). The particle size distribution and
organic matter content were no significantly (p > 0.05) different between clusters (loamy clayed
texture and about 1.5% of organic matter). Significant differences were found with respect to all
the other properties. The pH, CaCO3 content, Olsen-P and total P content of soils decreased from
cluster A to C. Cluster C corresponds to P-deficient conditions because of low value of Olsen
P (6.5 mg kg−1). It is also noteworthy to observe that the total N content of soil varied in a different
way between clusters. Soil cluster B showed almost two times more total N (3.42 g kg−1) than
clusters A and C (1.37 and 1.61 g kg−1, respectively), which exhibited no significant difference of
total N content.

Plant growth and nodulation

We show in Figure 1 that the three compartments of faba bean biomass (i.e. shoots, roots and
nodules) varied significantly between clusters. The largest shoot dry weight (SDW) was found in
cluster A, during the two growing seasons: 2016 (20.8 g plant−1) and 2017 (18.9 g plant−1), and the
lowest SDW were observed in cluster C (11.9 and 10.2 g plant−1, respectively). Root dry weight (RDW)
in cluster C (about 2.8 g kg−1) was always substantially higher than in cluster A (14% in 2016 and up
to about 100% and 2017). Overall, cluster B showed an intermediate value of RDW. Nodule dry
weight (NDW) significantly decreased as cluster A > C > B.

Symbiosis performance and ph variations

We show in Figure 2 the relationships found between SDW and NDW and the corresponding
linear regressions performed in each field site. No significant correlation was found in cluster
B between NDW and SDW during the two growing seasons. In contrast, these two plant
variables were significantly correlated in clusters A and C. Substantially greater EURS were
found in soils of cluster A (ranging from 99.5 to 55.2 and 72.7 to 47.6 g SDW g−1 NDW in 2016
and 2017 seasons, respectively) than in cluster C (from 59.2 to 43.1 and 52.2 to 38.3 g SDW g−1

NDW, respectively). The linear relationship between NDW and SDW was also less scattered in
cluster A (Figure 2).

Table 3 shows that we also observed a significant rhizosphere acidification in clusters A and C. These
calculations also showed that soils were always much more acidified in cluster C than in cluster A. In
contrast, rhizosphere was significantly alkalinized in cluster B during the two growing seasons as well
(Table 3). Note that the extent of acidification and alkalization was calculated as it must be, i.e. in terms
of proton activity; noted aH+, with aH+ = 10−pH, given that soil samples/clusters showed marked pH
differences (see Tables 1 and 2).

Phosphorus and calcium in plants

Results showed in Table 4 indicate that P concentrations in shoot and root compartments of faba
bean varied significantly (p < 0.001) according to the soil cluster. The lowest P concentrations were
found in shoots and roots of plants grown in cluster C during the two growing seasons; i.e. 2016
(1.7 and 1.2 mg g−1, respectively) and 2017 (1.6 and 1.3 mg g−1). The highest P concentrations were
found in plants of cluster A and B but only during the first growing season (Table 4). Conversely, Ca
concentrations in shoot and roots were significantly (p < 0.001) larger in cluster C than in clusters
A and B, which exhibited no difference.
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The lowest P uptake was found in cluster C, during the two growing seasons, and the highest in
cluster A (Table 4). Soils of cluster B exhibited intermediate values of P uptake. Inverse results were
obtained with Ca uptake, since the highest Ca uptake was found in cluster C and the lowest value in
cluster B. Table 4 also shows the Ca/P uptake ratio calculated on a mole basis. It can be seen that the
Ca/P ratio markedly varied according to the soil cluster. It increased from a value close to the unity in
cluster A to roughly 6.5 in cluster C. Cluster B exhibited intermediate values close to cluster A.

Figure 1. (A) Shoot dry weight, (B) root dry weight and (C) nodule dry weight as measured in 2016 and 2017. Data are
corresponding to mean values ± standard error as calculated with 10 plants sampled 120 d after sowing. Letters show
significant differences between soil clusters (p < 0.05).

ARCHIVES OF AGRONOMY AND SOIL SCIENCE 7



Discussion

Plant, soil and rhizosphere properties

Clustering based on physicochemical properties of 12 calcareous soils enabled us to distinguish
three soil clusters exhibiting contrasted properties (Table 2). More precisely, the soil cluster A was

Figure 2. Linear relationships between nodule dry weight (NDW) and shoot dry weight (SDW) found using 10 plants harvested
120 d after sowing in 2016 (closed symbols) and 2017 (open symbols). ** and *** denote p < 0.01 and p < 0.001, respectively.
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relatively P-rich, contained much more CaCO3 and was more alkaline than the others. The soil
cluster C showed opposite properties; i.e. P-deficient, the lowest alkalinity and CaCO3 content.
However, both clusters A and C showed the same low total soil N content. The soil cluster
B showed higher total N than P-rich and P-deficient clusters A and C, respectively, but also
intermediate P concentrations (Olsen and total), CaCO3 content and pH. Accordingly, soil cluster
B is hereafter referred to as the N-rich cluster.

Results concerning faba bean biomass and EURS (Figures 1 and 2) were in good agreement with the
literature, as shown in what follows. Both shoot biomass (SDW) and EURS were found to increase with
P availability between clusters C and A, suggesting that EURS was P-limited in cluster C (Alkama et al. 2012;
Lazali et al. 2016). It is also well known that N fixation is inhibited in N-rich environments (Streeter 1988;
Tang et al. 1999; Hinsinger et al. 2003). Consistent results were obtained in the N-rich soils grouped in
cluster B, through the low level of EURS or, depending on the field site, its lack of statistical significance
(Figure 2). It can also be deducted from the data shown in Figure 1 that the root: shoot ratio was much
larger under P-deficiency (cluster C) during the two growing seasons. This observation suggests that
P-deficiency led faba bean to increase root exploration, as also observed by Liu et al. (2016a) for faba bean
in alkaline soil but at the laboratory.

By the same token, acidification has been frequently observed in the rhizosphere of N2-fixing legumes
grown in neutral to alkaline conditions (e.g. Tang et al. 1999; Rose et al. 2010). Moreover, our pH
measurements further showed that acidification was much greater in P-deficient soils than in P-rich
soils (Table 3), suggesting that faba bean roots released greater proton flux in an attempt to take up more
P by increasing the solubilization of Ca-P minerals in P-deficient soils. Such plant response to P-deficiency
is also consistent with previous studies (e.g. Hinsinger 2001; Zhu et al. 2005; Bera et al. 2018).

The extent of acidification between two soils can be used to assess the difference of proton flux
only if their proton buffer capacity is the same or close. The agreement of calculated proton fluxes
with the aforementioned literature suggests that such a consideration is correct. Accordingly, with
respect to the controlling factors of proton buffer capacity of soil: i.e. CaCO3 and organic matter,
the least acidified (P-rich) cluster A showed only 30% more CaCO3 than the P-deficient cluster C,
and the organic matter content of these two clusters was small and identical (Table 2).

Calcium and phosphorus in n2-fixing plants

Nitrogen fixation occurred in relatively N-poor clusters A and C. Our measurements interestingly
showed a statistically significant increase of Ca concentration in both shoot and roots with decreasing
P availability from A to C (Table 4). The same trend was observed with Ca uptake, although not
significant (p < 0.05). However, the difference of Ca uptake between clusters A and C became
significant assuming a 90% confidence interval (p < 0.1). It can also be observed that the RDW and
Ca uptake varied similarly between clusters A and C (Figure 1 and Table 4). The corresponding increase
of the total exchange capacity of the root system of faba bean in these P-deficient soils could explain
the little increase of Ca uptake with P deficiency (e.g. Li et al. 2011). However, as opposed, most of the
extra Ca taken up by faba bean was not allocated in roots but in shoots.

Plant P concentration and uptake increased with P availability. Such opposite variations between Ca
and P uptake produced a marked decrease in the ratio Ca/P uptake with soil P availability. Accordingly,

Table 3. Difference of proton activity between rhizosphere and bulk soils in cluster A (P-rich), B (N-rich)
and C (P-deficient) at the two growing seasons (mean ± standard error, n = 16). Different letters
indicate significant difference.

Growing seasons Soil clusters ΔaH
+ (rhizosphere – bulk)

2016 A 1.56.70–08 ± 4.54.10–09b

B −3.12.10–09 ± 1.18.10–09c

C 1.42.10–07 ± 2.83.10–08a

2017 A 7.66.10−09 ± 2.06.10−09b

B −3.04.10−09 ± 1.47.10−09c

C 9.74.10−08 ± 2.31.10−08a
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the lowest Ca/P molar ratio was obtained in the P-rich cluster A. It ranged from 0.88 to 1.04 in 2016 and
2017, respectively. This ratio markedly increased to 6.5 in P-deficient soils of cluster C. The Ca/P uptake
ratios found in cluster A was surprisingly small, because legumes are recognized to take up much more
Ca than cereals (White and Broadley 2003; Li et al. 2011), and a Ca/P ratio close to the unity was
reported for cereals in the field (Jones et al. 1990). Nevertheless, such an increase of the ratio Ca/P
uptake with the gradient of difficulty to access to Ca-P mineral sources; i.e. from P-rich to P-deficient
conditions, were in line with the observations made at the laboratory with Brassica, durum wheat and
maize cultivars (Akhtar et al. 2009a, 2009b; Devau et al. 2011; Bera et al. 2018). This knowledge was
missing for faba bean. It is also noteworthy that the positive correlation between acidification (proton
efflux) and Ca uptake (Ca influx) was also observed by Akhtar et al. (2009a, 2009b) and Bera et al. (2018)
in hydroponics can explain the increase of rhizosphere acidification in P-deficient soils (Table 3). Most of
the net proton efflux of legume roots stems from the occurrence of N fixation (e.g. Tang et al. 1999;
Hinsinger et al. 2003), but we did not observe an increase of EURS in these P-deficient soils (Figure 2).

Our interpretation of the variations of the ratio Ca/P uptake may be a matter of debates. Indeed,
a debate could arise because of the lack of measured dissolved Ca concentrations in soil as well as in
the rhizosphere in our study. Indeed, as shown by Devau et al. (2010), (2011) in neutral soils, dissolved
Ca should increase with acidification due to the increase of the positively charged surface sites of
natural organic matter and clay minerals (edge sites), inducing greater Ca desorption. If so, dissolved Ca
in the root zone of the less alkaline P-deficient soils (cluster C) would be greater than in the more
alkaline P-rich soils (cluster B), and as a consequence the increase of Ca uptake might be only resulting
from the passive uptake of a Ca-enriched soil water in soils of cluster C. However, we do not believe that
this way of thinking is correct, because we did not adjust the pH of a single soil/rhizosphere sample as
in Devau et al. (2010, 2011), but we studied a range of soils. Moreover, soils of cluster C were more acidic
and, quite accordingly, contained much less CaCO3 than soils of clusters A. So, this feature strongly
suggests that in reality dissolved Ca was much lower in cluster C than in cluster A.

N-rich soils

The ratio Ca/P uptake increased significantly (p < 0.05) in the N-rich cluster B compared to the
N-poor and P-rich clusters A. However, root and shoot Ca contents along with Ca uptake were not
significantly different between these two soil clusters (Table 4). This suggests that faba bean did
not increase Ca uptake and associated proton efflux in attempts to compensate the relatively low
availability of P in cluster B. Correspondingly, rhizosphere alkalization was observed in N-rich soils
of cluster B (Table 3) and this was certainly resulting from the inhibition of N fixation, since no
significant EURS was also found in this soil cluster (Figure 2). With respect to rhizosphere processes,
such root-induced alkalization must decrease the solubility and dissolution kinetics of hydroxya-
patite (Hinsinger 2001; Gérard et al. 2017). This result further suggests that faba bean did not take
up extra Ca in soil cluster B because of slower dissolution rate of hydroxyapatite in the root zone.
Accordingly, it seems very likely that root-induced dissolution of Ca-P minerals did not control
P uptake in cluster B. This finding was also made in the study of Gérard et al. (2017), in which the
authors compared their modeling with measured changes of P availability in the rhizosphere of an
alkalinizing plant (maize) also cultivated in alkaline soil (Latati et al. 2014).

Phosphorus acquisition was certainly controlled by other rhizosphere processes in the N-rich cluster
B. Such unraveled controlling processes could correspond to the synergetic effect of Ca desorption on
P desorption (Devau et al. 2010, 2011), or may have a biological origin, through the enzyme-mediated
degradation of organic P sources (e.g. Liu et al. 2016a; Wang et al. 2017). The release of organic ligands
can also be involved in P acquisition by faba bean in alkaline soils (Rose et al. 2010). Organic ligands,
particularly citrate, can induce P desorption and promote the dissolution of P-sorbents as clay minerals
(Duputel et al. 2013; Henintsoa et al. 2017). However, phosphatase activity and organic ligands were
not measured in this study, making aimless further discussions on this topic.
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Insights on the relevance of the cultivated variety

Our results supported the use by local farmers of this cultivated variety of faba bean (cv. Sidi Aich)
for the conditions encountered in the field with respect to N and P availability. We found that
N fixation, as evaluated through EURS, operated even in P-deficient soils (cluster C). We also found
an important increase of the ratio root/shoot with the decrease of P availability in soils (i.e. from
cluster A to C), when N-fixation is not inhibited by elevated N availability. Last, the increase of both
rhizosphere acidification and the ratio Ca/P uptake by N2-fixing crops with P deficiency further
supports the relatively good capacity of the cultivated variety of faba bean to adapt to P deficiency,
such as demonstrated for P-tolerant Brassica cultivars in solution culture experiments (Atkhar et al.
2009a, 2009b), as well as by Bera et al. (2018) using a P-tolerant maize cultivar.

Conclusions

Results of our field investigation were overall consistent with previous investigations performed at the
laboratory. Both showed an increase of P-acquisition processes (acidification, root exploration and Ca/P
uptake) with P deficiency. We also consistently found that N fixation was inhibited and that rhizosphere
alkalization occurs in N-rich soils. The most original finding made in this study concerned the ratio Ca/P
uptake by N2-fixing faba beans, as we found that this parameter markedly increased with the extent of
P-deficiency. Such an increase should further solubilize the Ca-P mineral pool of these calcareous soils.
The little increase of the uptake of Ca by N2-fixing faba bean in P-deficient soils as compared to
P-sufficient soils was not related to greater root exploration, since most of the Ca was allocated to
shoots and not to roots, but better corresponded to the increase of rhizosphere acidification with
P-deficiency in cluster A and C. We also found that the ratio Ca/P uptake only a little increased when
N fixation was inhibited, in spite of a lower P availability in the corresponding soils. This may be
explained by the slow dissolution rate of Ca-P minerals when alkalization occurs, and confirmed that
other rhizosphere processes should control P uptake under these conditions, such as P desorption, the
enzyme-mediated degradation of organic P, or the release of organic ligands by roots.

We also conclude that the variety of faba bean cultivated by local farmers (cv. Sidi Aich) is
relatively well adapted to field conditions, as demonstrated by a substantial level of N2-fixation in
P-deficient soils, and by greater rhizosphere acidification, root exploration, Ca uptake in P-deficient
soils as compared to P-rich soils. However, whatever the completeness of the rhizosphere pro-
cesses studied here, they revealed not enough efficient in releasing sufficient P from these
P-limited calcareous soils, since P uptake remained much lower than in P-rich soils.
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