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Abstract: Faba bean (Vicia faba L.) is an important legume crop grown worldwide, especially under
rainfed conditions. Faba beans require phosphorus (P) fertilization to maintain high N2 fixation rates
and to obtain high yields. However, farmers in many countries use low quantities of P because of its
cost and the risk of drought, which reduces the crop’s response to P fertilization. The objective of the
present study was to determine the effect of P fertilization on two faba bean cultivars, examining
several key traits to identify the most efficient genotype. Seed yield was influenced by the main
effect of variety, the two-way interaction between year and variety, and the three-way interaction
among year, treatment, and variety. In the KK-14 cultivar, seed yield increased by 99% during the first
year. Similar trends were observed for the yield components. Additionally, the morphological and
physiological characteristics were affected by the fertilization treatments and the interaction between
cultivars and year. Therefore, the use of appropriate cultivars, along with proper management in
cropping systems, can significantly impact growth, biomass yield, and productivity under different
conditions, leading to higher yields and greater economic returns for farmers.
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1. Introduction

Legumes are grown worldwide due to their important benefits, since they produce
nutritional and healthy products, together with their positive effect of maintaining the
sustainability of the agricultural systems through N2 fixation and diversification of cropping
systems [1]. Additionally, legumes rank as the second major crop family globally, following
cereals, and they cover approximately 14% of agricultural land [2]. Legumes play a crucial
role in producing a variety of essential products for human and animal nutrition, including
cooking oil and biofuels [3]. Some of the most significant legume species cultivated
worldwide include beans, peas, chickpeas, and faba beans [4].

Faba bean (Vicia faba L.) is one of the most important legume crops that is grown for
its high seed protein content and adaptability to diverse conditions [5–7]. The grain of faba
bean contains high-quality protein with numerous essential nutrients, making it valuable
for animal nutrition [8,9]. Faba beans also offer farmers flexibility in cropping rotations
due to their rapid growth, providing forage with high nutritive value and palatability in
a short period [10]. Incorporating faba beans into crop rotations with cereals enhances
soil properties such as physical, chemical, and biological aspects, reduces the incidence of
diseases and pests, and diminishes the need for nitrogen fertilizers thanks to biological N2
fixation [3].

Faba bean efficiently acquires most of the nitrogen (N) it needs for growth through N2
fixation, allowing it to grow in various climatic areas [11,12]. However, symbiotic N2 fixa-
tion is an energy-intensive process, requiring 16 adenosine triphosphate (ATP) molecules
to produce 2 NH3 molecules [13–15]. Due to its high phosphorus (P) requirements, P
deficiency or low P availability in the soil become limiting factors adversely affecting
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nodulation, N2 fixation, faba bean growth, and productivity [16]. Overcoming P deficiency
is essential to enhance the productivity of faba bean and other legumes, necessitating yearly
P fertilization. Unfortunately, only a small fraction (15–30%) of the applied P fertilizer is
utilized by the crop [17], leading to potential eutrophication of aquatic ecosystems and
zinc deficiency in certain crops [18–20]. Additionally, in soils with abundant phosphorus,
a significant portion of it remains unavailable for plant growth because it forms highly
insoluble forms of P with soil components such as iron, zinc, aluminum, and calcium,
resulting in low availability for crop plants.

While the use of P fertilizers can be part of the solution, they are expensive and
can become immobilized in the soil. Moreover, global reserves of P fertilizers are de-
pleting rapidly, and it is projected that these reserves will be exhausted in the next
30–50 years [21,22]. Hence, there is a critical need to identify and evaluate P-efficient
cultivars suitable for P-limited soils, offering better growth and yields while reducing
production costs and farmers’ dependence on soil amendment inputs [23]. P-efficient
legume genotypes have evolved various chemical, biological, and biochemical responses
to thrive in P-limited environments [24–26]. These responses include rhizosphere acid-
ification, which solubilizes inorganic P, and exudation of organic anions, as well as
the acquisition of phosphatase enzymes that desorb sparingly available inorganic and
organic P forms [14,27–29]. However, the response of legumes to P fertilization can
exhibit considerable variability [30–32]. In addition, it is important to identify key traits
that can be used to identify phosphorus-efficient cultivars, as there are a number of
traits (such as morphological, physiological, and agronomical [33–36] that can be used
to find the most efficient genotype under low P availability which can be used by the
farmers [33–36].

The objective of the present study was to evaluate the impact of phosphorus fer-
tilization on different faba bean cultivars, evaluating morphological, physiological, and
agronomical traits and to identify P-efficient cultivars suitable for dryland conditions.

2. Materials and Methods
2.1. Experimental Protocol

The experiments described in the present study were conducted for two consecutive
growing seasons, 2020–2021 and 2021–2022, at the Experimental University Farm of Aristo-
tle University of Thessaloniki, located in North Greece (40◦32′12.2′′ N, 22◦59′29.9′′ E, 2 m).
The experimental field that was used over the two growing seasons had a loam soil type
and the chemical properties were as follows: pH of 7.7 (1:2 H2O), ECse at 0.547 dSm−1,
organic matter 1.6 g kg−1, N-NO3 15.3 mg kg−1, 4.52 mg kg−1 P (Olsen), and 204 mg kg−1

exchangeable K. The field had not been cultivated for two years, and before the experiments
it was plowed, harrowed, and then a cultivator was used. Mean temperature and rainfall
were recorded daily using an automatic weather station on-site, and the weather data are
presented as monthly means of both growing years (Figure 1).

2.2. Crop Species and Plant Cultivars Used in the Study

During the two growing seasons, 2020–2021 and 2021–2022, two different cultivars of
faba bean (Vicia faba L.) were evaluated under two different fertilization treatments in field
conditions to assess their morphological, physiological, and agronomical characteristics.
More specifically, the cultivars were “KK-14” and “Polycarpi”, which are both Greek
cultivars with favorable characteristics to farmers and well adapted to the Mediterranean
area [33].

2.3. Experimental Design and Crop Management

A completely randomized block design was used with four replications. The treatments
that were used were: (1) 0 kg ha−1 P2O5 no fertilization (control) and (2) application of TSP
(0-46-0) fertilizer in the amount of 60 kg ha−1 P2O5.The fertilizer was applied by hand and
incorporated to a depth of 10–15 cm 10 days before sowing. The sowing of the two cultivars
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took place on 30 December 2020 and on 3 December 2021 by hand, at a seeding rate of
200 kg ha−1. The dimensions of the experimental area that was used were 773 m2, and each
plot was 5 m× 1.25 m, covering an area of 6.25 m2. The harvest took place between 28 May
and 3 June 2021 for the first growing season and 30 May and 3 June 2022 for the second
growing season due to the differing maturity of the two cultivars which were used.
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Figure 1. Weather conditions recorded daily (mean temperature and total rainfall) for both growing
seasons, 2020–2021 and 2021–2022, of the experiment in the University Farm of Aristotle University
in Thessaloniki. Weather data were recorded with an automatic weather station on-site.

Weed control was performed manually or by tilling them, and no herbicides were used.
Pest control was achieved with Deltamethrin 500 mL ha−1 and Imidacloprid 1250 mL ha−1.
Various characteristics were measured, including morphological, physiological, and agro-
nomical characteristics, as well as seed yield and seed yield components. Representative
plants from the middle row of each plot were selected for these measurements. The rep-
resentative plants were in the same growth stage, with healthy leaves at full growth. All
measurements were conducted from March up to May for both years of the study. In total,
four measurements were conducted: the first one before anthesis, the second one at the
beginning of the anthesis, the third one at full bloom, and the last one at the physiological
maturity of the plants.

2.4. Morphological Characteristics
2.4.1. Plant Height

Plant height was determined from five plants from each plot that were selected
randomly, located in the middle rows with a measuring tape. The average value of plant
height for each plot was obtained from the five measurements.

2.4.2. Leaf Area Index

Leaf area index (LAI) was determined nondestructively using the AccuPAR, LP–80
device (Decagon Devices, Inc., Pullman, WA, USA). The device comprises of a microproces-
sor, an external sensor with 1 m length which records Photosynthetically Active Radiation
(PAR) and a data recorder. For the determination of LAI, one measurement was taken
above the plants’ canopy for the PAR estimation in the 400–700 nm waveband in units of
micromoles per meter squared per second (µmol m−2 s −1). Subsequently, at soil level,
three measurements were taken following the recommendations from the manufacturer.
The mean value of these measurements was used as the value of LAI. The measurements
were conducted between 11 a.m. and 1 p.m.
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2.5. Physiological Characteristics
2.5.1. Leaf Greenness Index (SPAD)

A dual-wavelength meter handheld (SPAD 502, Chlorophyll meter, Minolta Camera
Co., Ltd., Tokyo, Japan) was used to measure the leaf greenness index. The device calculates
the content of leaf chlorophyll, which absorbs maximum at two different wavelengths
(400–500 nm and 600–700 nm) and zero absorption in the near-infrared region. For each
measurement, a total of 25 leaves from different plants from the central rows of each plot
were used. The average value of these plants constitutes the chlorophyll content at each of
the three growing stages of the plants where the measurements were held.

2.5.2. Gas Exchange Measurements

A portable photosynthesis system (LCi-SD, ADC BioScientific Ltd., Hoddesdon, UK)
was employed to assess the gas exchange parameters of the plants. These parameters
encompassed the assimilation rate (A), the transpiration rate (E), the stomatal conductance
(gs), and the concentration of intercellular CO2 (Ci). From each plot’s central rows, five
plants were chosen. The measurements were conducted during two growth stages (full
bloom and physiological maturity) between 10:00 a.m. and 1:00 p.m. For each plot, the
parameter value was determined as the mean of the five measurements.

2.6. Seed Yield and Yield Components Determination

In both years of experimentation, all cultivars reached maturity concurrently, leading
to the harvest occurring at the full-maturity stage. This procedure was carried out to
ascertain the seed yield of the plants from the middle rows of each plot. All cultivars were
gathered, and the LD 350 laboratory thresher (Wintersteiger AG, Ried im Innkreis, Austria)
was utilized to extract the seeds.

The yield components (seeds per pod, pods per plant) were established by quantifying
the pod and seed count from five plants in each plot’s inner rows during harvest. In
addition, seed yield was obtained by weighting the seeds of each experimental plot after
threshing and cleaning them.

2.7. Water Use Efficiency

The WUE was determined by dividing the seed yield from each plot by the rainfall
that the crop received during the growth period [34].

2.8. Phosphorus Use Efficiency

The calculation of phosphorus use efficiency (PUE) was based on an equation adapted
from Moll et al. [35], originally designed for nitrogen but also applicable to phosphorus.
The equation that was used was:

PUE = SY/Pavailable

where:
SY: is the seed yield;
Pavailable = Psol + Padded as fertilizer;
Psol: denotes the phosphorus supply sourced from the soil itself, estimated as follows:
Psol = d × S × Z × P(sol);
d: dry bulk density (1.2 g cm−3);
S: total area (1 ha);
Z: approximated rooting zone for mineral nutrition (30 cm);
and P (sol) represents phosphorus content as indicated by the Olsen method (mg P

kg−1 sol).
We estimated soil supply by 16.27 kg ha−1 P for both years.
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2.9. Statistical Analysis

Data for height, LAI, SPAD, and gas exchange measurements were subjected to analy-
sis using the ANOVA method. This analysis followed a 2 × 2 × 2 × 4 experimental design
within a Randomized Complete Block Design framework. The experiment included four
factors in a split-split-split plot arrangement, with four replications (blocks) per treatment
combination (years × fertilizer treatments × cultivars × growth stages). The years were
considered as main plots, fertilization treatments as sub-plots, faba bean cultivars were
categorized as sub-subplots, and growth stages as sub-sub-sub-plots.

The data pertaining to seed yield, number of seeds per pod, and number of pods
per plant were subjected to analysis following a 2 × 2 × 2 experimental design utiliz-
ing the Randomized Complete Block Design framework. In this case, the experiment
consisted of three factors, organized within a split-split plot arrangement, with four
replications (blocks) per combined treatment (years × fertilizer treatments × cultivars).
According to this arrangement, the two years were considered as main plots, the two
fertilization treatments were considered as sub-plots, and the two faba bean cultivars
were considered as sub-sub-plots. The main purpose of utilizing the ANOVA method
was to correctly compute standard errors that account for the variations among the mean
values of treatment combinations. For assessing differences among treatment means,
the “protected” Least Significant Difference (LSD) criterion was utilized. Throughout
all hypothesis testing procedures, the predetermined level of significance was set at
p ≤ 0.05. All the data were analyzed by using the SPSS software package (version 25,
SPSS Inc., Chicago, IL, USA).

3. Results

Between the two growing seasons of the experiment, 2020–2021 and 2021–2022, there
was significant variation in weather conditions, primarily in terms of the distribution of
rainfall (Figure 1). In the first season, total rainfall during December, January, and April was
considerably higher compared to the second growing season, where the largest amounts of
rainfall were reported during the months of February, March, and June. Average monthly
temperatures fluctuated at similar levels for both years. The combined ANOVA over the
years revealed that (Supplementary Materials) most of the evaluated characteristics were
influenced by the main effects of years and growth stages. Additionally, the two-way inter-
actions of treatment × year, treatment × cultivar, year × cultivar, and year × growth stage,
as well as the three-way interaction of year × treatment × cultivar, played significant roles.

3.1. Morphological Characteristics
3.1.1. Plant Height

Plant height was significantly influenced mainly by the following factors: the year,
growth stage, and the interactions year x cultivar, treatment x cultivar, and year x
growth stage. Specifically, during the year 2020–2021, the tallest plants were recorded
at the physiological maturity stage for both varieties, KK-14 and Polycarpi (100.2 cm
and 99 cm, respectively). In the cultivar KK-14, the tallest plants were observed in the
60 kg ha−1 of P2O5 fertilizer treatment, whereas for the cultivar Polycarpi, the tallest
plants were found in the absence of phosphate fertilization (Figure 2). In the second
year, the plants from both varieties, KK-14 and Polycarpi, were tallest in the 60 kg ha−1

of P2O5 treatment at the growing stage of physiological maturity of the plants (99.9 cm
and 100.2 cm, respectively) (Figure 3). Furthermore, it was evident from both years
that the KK-14 cultivar responded positively to the phosphate fertilization treatment, as
taller plants were observed in this cultivar from the early stages of development in the
field until crop harvest, with the highest difference of 15% between the two fertilization
treatments during the first year at the beginning of anthesis. On the contrary, in the
Polycarpi cultivar, the plants did not show significant height differences between the
two fertilizer treatments.
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3.1.2. Leaf Area Index

Leaf area index was influenced by the year, the growth stage, the two-way interaction
year × growth stage, and the three-way interaction treatment × cultivar × growth stage.
LAI showed an increase from the beginning of the flowering until the stage of full bloom
for both years (Figure 4). Furthermore, in the first growing season, 2020–2021, the values of
LAI in KK-14 were higher (3.91) when the P2O5 treatment was 0 kg ha−1, in contrast to 2.81,
when 60 kg ha−1 of P2O5 were added at the beginning of the anthesis; while, in full bloom,
the treatments showed similar LAI values (3.31 and 3.38, respectively). On the other hand,
it was found that Polycarpi had a larger LAI (40% more than the control) at the beginning
of anthesis (Figure 5). In the second year, 2021–2022, both faba bean cultivars gave higher
LAI values at the stage of full bloom and also at the 60 kg ha−1 of P2O5 fertilizer treatment.
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3.2. Physiological Characteristics
3.2.1. Leaf Greenness Index (SPAD)

Leaf greenness index (SPAD) was influenced by the year, cultivar, and growth stage,
and the two-way interactions of year × cultivar and year × growth stage. The highest
values of SPAD index were found in the first growing season, 2020–2021, on the KK-14
cultivar in all stages, except for full bloom, where Polycarpi gave a higher index value in
0 kg ha−1 of P2O5 fertilizer treatment (44.7). Furthermore, 60 kg ha−1 of P2O5 fertilizer
treatment gave greener plants, especially at the beginning of the flowering, in comparison
with non-fertilized plants for both faba bean cultivars (Figure 6). On the other hand, in the
second growing season, the highest SPAD values were found before anthesis and at the
full blooming in both cultivars. However, the plants of the KK-14 cultivar were found to
have higher values in the 0 kg ha−1 of P2O5 fertilizer treatment at the first three growth
stages (47.6, 40.3, and 41.8, respectively), in contrast to Polycarpi, which showed lower
SPAD values at the same treatments and growth stages (44.3, 41.1, and 42.4, respectively)
(Figure 7).
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Figure 6. Leaf greenness index for the first year growing season, 2020–2021, in two fertilization
treatments, for two cultivars and four growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the four
growth stages (before anthesis, beginning of the anthesis, full bloom, and physiological maturity of
plants), and the two genotypes (KK-14 and Polycarpi), according to the LSD0.05 (Least Significant
Difference) test (p = 0.05).
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Figure 7. Leaf greenness index for the second growing season, 2021–2022, in two fertilization
treatments, for two cultivars and four growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the four
growth stages (before anthesis, beginning of the anthesis, full bloom, and physiological maturity of
plants), and the two genotypes (KK-14 and Polycarpi), according to the LSD0.05 (Least Significant
Difference) test (p = 0.05).

3.2.2. Gas Exchange Measurements

Gas exchange measurements were affected by the factors of the experiment as assimi-
lation rate of CO2 (A) was affected by the main effects of year and growth stage. In the first
growing season, 2020–2021, higher values of assimilation rate were observed in Polycarpi
on 0 kg ha−1 of P2O5 fertilization treatment either at full bloom, or at the physiological
maturity of the plants (7.05 µmol CO2 m−2 s−1 and 5.19 µmol CO2 m−2 s−1, respectively).
On the other hand, KK-14 had higher values of assimilation rate in both growth stages on
the 60 kg ha−1 of P2O5 treatment (6.68 µmol CO2 m−2 s−1 and 5.59 µmol CO2 m−2 s−1,
respectively) (Figure 8). In the second growing season, 2021–2022, the highest assimilation
rate was found at the 0 kg ha−1 of P2O5 fertilization treatment. Both cultivars, KK-14
and Polycarpi, gave higher values of assimilation rate at 0 kg ha−1 of P2O5 fertilization
treatment than the 60 kg ha−1 of P2O5 treatment at the stage of full bloom and at the
physiological maturity of the plants (Figure 9).

The gas exchange measurements and especially the transpiration rate (E) were influ-
enced by the main effect of the year and the two-way interactions of treatment × cultivar
and year × growth stage. More specifically, in the first year, 2020–2021, plants of KK-14
cultivar recorded a lower transpiration rate in the non-fertilized treatment (0 kg ha−1

of P2O5) compared to the 60 kg ha−1 of P2O5 fertilizer treatment in both growth stages.
However, Polycarpi showed a higher transpiration rate in the 0 kg ha−1 of P2O5 fertilizer
treatment either at full blooming or at the physiological maturity of the plants (Figure 10).
In the second growing season, 2021–2022, both cultivars, KK-14 and Polycarpi, obtained
higher transpiration rate values in the 0 kg ha−1 of P2O5 fertilizer treatment in contrast to
the 60 kg ha−1 of P2O5 treatment, at full bloom and at the physiological maturity of the
plants (Figure 11).
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Figure 8. Assimilation rate of CO2 for the first growing season, 2020–2021, in two fertilization
treatments, of the two cultivars and two growth stages. Means followed by the same letter do not
differ significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5),
the two growth stages (full bloom and physiological maturity of plants), and the two genotypes
(KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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Figure 9. Assimilation rate of CO2 for the second growing season, 2021–2022, in two fertilization
treatments, of the two cultivars and two growth stages. Means followed by the same letter do not
differ significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5),
the two growth stages (full bloom and physiological maturity of plants), and the two genotypes
(KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05)).
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Figure 10. Transpiration rate for the first growing season, 2020–2021, in two fertilization treatments,
for the two cultivars and two growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the two
growth stages (full bloom and physiological maturity of plants), and the two genotypes (KK-14 and
Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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Figure 11. Transpiration rate for the second growing season, 2021–2022, in two fertilization treatments,
for the two cultivars, and two growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the two
growth stages (full bloom and physiological maturity of plants), and the two genotypes (KK-14 and
Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).

The stomatal conductance to water vapor (gs) was influenced by the year, growth
stage, the two-way interaction of treatment × cultivar, and also the three-way interaction of
year × treatment × cultivar. Particularly, in the 2020–2021 growing season, non-fertilized
plants of Polycarpi were observed to have higher stomatal conductance to water vapor
(0.07 mol m−2 s−1 and 0.06 mol m−2 s−1, respectively) compared to the fertilized plants
(0.06 mol m−2 s−1 and 0.02 mol m−2 s−1, respectively) at both growth stages. On the
other hand, the differences between the two fertilizer treatments of KK-14 plants were not
statistically significant, although the fertilized plants showed higher values of stomatal
conductance (Figure 12). In the second growing season, 2021–2022, plants of the KK-14 cul-
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tivar in the 0 kg ha−1 of P2O5 treatment for both growth stages, and plants of the Polycarpi
cultivar at physiological maturity, presented higher stomatal conductance to water vapor,
in contrast to those in the 60 kg ha−1 of P2O5 fertilizer treatment. On the contrary, the plants
of the Polycarpi cultivar did not show any statistically significant differences between the
two fertilizer treatments at full bloom in terms of stomatal conductance (Figure 13).
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Figure 12. Stomatal conductance for the first growing season, 2020–2021, in two fertilization treat-
ments, for two cultivars and two growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the two
growth stages (full bloom and physiological maturity of plants), and the two genotypes (KK-14 and
Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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Figure 13. Stomatal conductance for the second growing season, 2021–2022, in two fertilization
treatments, for two cultivars and two growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the two
growth stages (full bloom and physiological maturity of plants), and the two genotypes (KK-14 and
Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).

The intercellular CO2 concentration (Ci) was influenced by year, growth stage, and
the two-way interaction of year × treatment. In the first growing period, 2020–2021, higher
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values of the intercellular CO2 concentration were observed in Polycarpi in the 0 kg ha−1

of P2O5 treatment in both growth stages (213.83 µmol CO2 m−2 s−1 and 193.83 µmol
CO2 m−2 s−1, respectively). At the stage of full blooming, we noted that non-fertilized
plants of the KK-14 cultivar had lower intercellular CO2 concentration compared to those
in the 60 kg ha−1 of P2O5 fertilizer treatment (161.00 µmol CO2 m−2 s−1 and 186.91 µmol
CO2 m−2 s−1, respectively) (Figure 14). In the second year, 2021–2022, the highest concen-
trations of intercellular CO2 were noted in the 60 kg ha−1 of P2O5 fertilizer treatment, at
full blooming either for KK-14 or Polycarpi (281.55 µmol CO2 m−2 s−1 and 282.08 µmol
CO2 m−2 s−1, respectively). At the physiological maturity of the plants, the values of the
concentration of intercellular CO2 were lower for both cultivars and treatments, whereas
between the two fertilizer treatments, again the plants in the 60 kg ha−1 of P2O5 treatment
presented higher values compared to those in the 0 kg ha−1 of P2O5 treatment (Figure 15).
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Figure 14. Intercellular CO2 concentration (Ci) for the first growing season, 2020–2021, in two fertilization
treatments, for two cultivars and two growth stages. Means followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5), the two
growth stages (full bloom and physiological maturity of plants), and the two genotypes (KK-14 and
Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).

3.3. Seed Yield and Yield Components

The number of seeds per pod was affected by the three-way interaction between year
x treatment x cultivar. Specifically, during the first year, 2020–2021, there were no statistical
differences between the two fertilizer treatments either on KK-14 or Polycarpi (Figure 16),
although the highest numbers of seeds per pod were obtained from the 60 kg ha−1 of P2O5
treatment for KK-14 and the 0 kg ha−1 of P2O5 treatment for Polycarpi, with an average of
fewer than four seeds per pod for each cultivar. On the other hand, during the 2021–2022
growing season, the number of seeds per pod was consistently higher than four, especially
in the the 0 kg ha−1 of P2O5 treatment for KK-14 and the 60 kg ha−1 of P2O5 treatment for
Polycarpi (Figure 16).

The number of pods per plant was affected by the year and the two-way interaction
of year x cultivar. More specifically, between the two growing seasons, the number of
pods per plant was higher in the first one for both KK-14 and Polycarpi, with an average
of 19 and 22 pods per plant, respectively. In addition, the number of pods per plant for
Polycarpi in the 2020–2021 season was significantly higher in the 0 kg ha−1 of P2O5 fertilizer
treatment than in the 60 kg ha−1 of P2O5 treatment. This difference between the two
fertilizer treatment for Polycarpi was observed again in the second year of experimentation
(Figure 17). On the contrary, KK-14 did not show any significant difference between the
two fertilizer treatments regarding the number of pods per plant (Figure 17).
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Figure 16. Number of seeds per pod for the two consecutive growing seasons, 2020–2021 and 2021–2022,
in two fertilization treatments. Means in the same year followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two
genotypes (KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).

Seed yield was affected by the main effect of the cultivar, the two-way interaction of
year x cultivar, and also the three-way interaction of year x treatment x cultivar. According
to Figure 16, KK-14 showed the greatest variation among the two fertilizer treatments
and years of experimentation. More specifically, in 2020–2021, the seed yield of KK-14
was significantly higher in the 60 kg ha−1 of P2O5 treatment (2291 kg ha−1) compared to
the non-fertilized plants (1147 kg ha−1). In contrast, during the second growing period,
2021–2022, the highest seed yield was obtained in the 0 kg ha−1 of P2O5 treatment, with an
average of 2047 kg ha−1. Regarding the Polycarpi cultivar, in both years of the experiment,
there were no significant differences between the two fertilizer treatments. However, during
the 2020–2021 growing season, the highest seed yield was recorded, with an average of
2375 kg ha−1 (Figure 18).



Sustainability 2023, 15, 13172 15 of 24Sustainability 2023, 15, x FOR PEER REVIEW 15 of 24 
 

 
Figure 17. Number of pods per plant for the two consecutive growing seasons, 2020–2021 and 2021–
2022, in two fertilization treatments. Means in the same year followed by the same letter do not 
differ significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and 
the two genotypes (KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test 
(p = 0.05). 

Seed yield was affected by the main effect of the cultivar, the two-way interaction of 
year x cultivar, and also the three-way interaction of year x treatment x cultivar. According 
to Figure 16, KK-14 showed the greatest variation among the two fertilizer treatments and 
years of experimentation. More specifically, in 2020–2021, the seed yield of KK-14 was 
significantly higher in the 60 kg ha−1 of P2O5 treatment (2291 kg ha−1) compared to the non-
fertilized plants (1147 kg ha−1). In contrast, during the second growing period, 2021–2022, 
the highest seed yield was obtained in the 0 kg ha−1 of P2O5 treatment, with an average of 
2047 kg ha−1. Regarding the Polycarpi cultivar, in both years of the experiment, there were 
no significant differences between the two fertilizer treatments. However, during the 
2020–2021 growing season, the highest seed yield was recorded, with an average of 2375 
kg ha−1 (Figure 18). 

 
Figure 18. Seed yield for the two consecutive growing periods, 2020–2021 and 2021–2022, in two 
fertilization treatments. Means in the same year followed by the same letter do not differ signifi-
cantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two 

Figure 17. Number of pods per plant for the two consecutive growing seasons, 2020–2021 and 2021–2022,
in two fertilization treatments. Means in the same year followed by the same letter do not differ
significantly between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two
genotypes (KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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Figure 18. Seed yield for the two consecutive growing periods, 2020–2021 and 2021–2022, in two
fertilization treatments. Means in the same year followed by the same letter do not differ significantly
between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two genotypes
(KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).

3.4. Phosphorus Use Efficiency

The phosphorus use efficiency (PUE) of the plants differed between the two fertil-
ization treatments and also the two cultivars. More specifically, PUE was higher in the
60 kg ha−1 of P2O5 fertilization treatment in contrast to the 0 kg ha−1 of P2O5 treatment for
both years and faba bean cultivars. The genotype with the highest PUE in the absence of
phosphorus fertilization was Polycarpi in the first growing season. Additionally, during
the second year, there was no significant difference between the two cultivars for both
treatments of phosphorus fertilization (Figure 19).
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3.5. Water Use Efficiency

Water use efficiency (WUE) of faba bean cultivars varied between the two growing
seasons and the two cultivars that were tested. During the first year of experimentation,
plants of KK-14 showed higher values of WUE in the 60 kg ha−1 of P2O5 fertilization
treatment compared with the 0 kg ha−1 of P2O5 treatment, while plants of Polycarpi did
not present any differences among the fertilization treatments. In addition, in the second
year, where the total rainfall was higher than the first and the plants did not face any
drought stress, both faba bean cultivars had higher values of WUE in the 0 kg ha−1 of P2O5
treatment of phosphorus fertilization (Figure 20).
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Figure 19. Phosphorus use efficiency (PUE) for the two growing seasons, 2020–2021 and 2021–2022, in
two fertilization treatments. Means in the same year followed by the same letter do not differ significantly
between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two genotypes
(KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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Figure 20. Water use efficiency (WUE) for the two growing seasons, 2020–2021 and 2021–2022, in two
fertilization treatments. Means in the same year followed by the same letter do not differ significantly
between the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two genotypes
(KK-14 and Polycarpi), according to the LSD0.05 (Least Significant Difference) test (p = 0.05).
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4. Discussion
4.1. Plant Height

Plant height is a crucial morphological characteristic with a strong positive correlation
with biomass [36–38] and an impact on lodging susceptibility [37,39]. The study found
that plant height was affected by the year, the growth stage, and the interactions of year
x cultivar, treatment x cultivar, and year x growth stage. In the second year, both KK-14
and Polycarpi varieties exhibited the tallest plants in the 60 kg ha−1 of P2O5 treatment at
the growing stage of physiological maturity of the plants (99.9 cm and 100.2 cm, respec-
tively). Notably, the KK-14 variety was more affected by fertilization and especially by the
phosphate fertilization treatment compared with the other cultivar that was used in the
study. Plant height is a characteristic that can be affected by P fertilization, as was found
in other studies [40,41]. However, there are studies which have reported that P did not
have any significant effect on plant height when the plants are exposed to water stress, or
different forms of P fertilization are applied to the plants [42,43]. This is because of the
dryland conditions, or the fact that that the environment was not favorable for the growth
and response of faba bean to P fertilization. In addition, plant height is a characteristic that
is affected by the environment, as was shown in a previous study [33]. The plant height
ranged from 14 cm up to 100.25 cm and it was similar to values reported in a previous
study [33]. The plant height was at a desirable range for faba bean, as it is required to be
high enough to suppress weeds but also not high enough to be resistant to lodging [37,39].

4.2. Leaf Area Index

Leaf area index (LAI) is a critical characteristic that influences photosynthesis, assimi-
late partitioning, and biomass yield [42,44]. Our study found that LAI was influenced by
the year and growth stage, as well as the two-way interaction of year × growth stage and
the three-way interaction of treatment × cultivar × growth stage. There was a consistent
increase in LAI from the beginning of flowering until the stage of full bloom. P fertilization
can increase LAI, as was reported in other studies [42,45,46]. However, some studies report
no significant effect of P fertilization on LAI, especially under water stress, or limited
responsiveness to phosphorus fertilization [42,47].

4.3. Leaf Greenness Index (SPAD)

Leaf greenness index, measured with a chlorophyll meter, provides valuable informa-
tion about nutrient deficiencies in different crop species [48–51]. It measures the degree of
green color and also the degree of the leaf senescence, which is an important characteristics
for most plants that allows them to stay green [49–51]. The duration of leaf greenness is
a characteristic that is important for a long duration of photosynthesis and also ensures
high yield [50,52]. Leaf greenness index was found to be affected by P, the year, variety,
growth stage, and the two-way interactions of year× variety and year × growth stage. The
highest values of the SPAD index were found in the first growing season, 2020–2021, on
the KK-14 cultivar in all stages, except for full blooming, where Polycarpi showed a higher
index value in the 0 kg ha−1 of P2O5 fertilizer treatment (44.7). Furthermore, fertilization
with P increased SPAD values, especially at the beginning of flowering, in comparison with
non-fertilized plants for both faba bean cultivars. Leaf greenness index is a characteristic
that was affected by P fertilization in other studies [50,52–54].

4.4. Gas Exchange Measurements

Photosynthesis is a process that can be affected by P fertilization in different crop
species [55,56]. One of the most important characteristics is the assimilation rate of CO2
that was affected by the by the year and growth stage. The reduction in photosynthesis
was reported in different nutrient deficiencies and has also been observed in many plant
species [42,55,57]. In the present study, there was a reduction in the assimilation rate in
most cultivars and this reduction was usually followed by a decrease in gs and E.
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The transpiration rate (E) was affected by the year and the two-way interactions of
treatment × variety and year × growth stage. Transpiration rate is a measurement that
shows how well water is utilized, together with the other measurements such as Ci and
gs [58]. The two cultivars showed different responses to P fertilization treatments, as the
KK-14 cultivar showed a lower transpiration rate in the non-fertilized treatment (0 kg ha−1

of P2O5) compared to the 60 kg ha−1 of P2O5 fertilizer treatment in both growth stages.
In contrast, Polycarpi had a higher transpiration rate in the 0 kg ha−1 of P2O5 fertilizer
treatment either at full bloom or at the physiological maturity of the plants. In the second
growing season, 2021–2022, for both cultivars, KK-14 and Polycarpi, higher transpiration
rates values were obtained with the 0 kg ha−1 of P2O5 fertilizer treatment in contrast to
60 kg ha−1 of P2O5 treatment, at full bloom and at the physiological maturity of the plants.

The stomatal conductance to water vapor (gs) was affected by the year, growth stage,
and several interactions, such as treatment × variety and the three-way interaction of year
× treatment × variety [42]. Differences related to the stomatal conductance of faba bean
plants were observed also in other studies in which different P fertilization or water stress
treatments were applied [59,60].

The intercellular CO2 concentration (Ci) was in the range of 161 up to 282 µmol CO2
m−2 s−1 and it was affected by the year, growth stage, and the two-way interaction of
year x treatment. At physiological maturity, the concentration of the intercellular CO2 was
higher in the 60 kg ha−1 of P2O5 treatment compared with the 0 kg ha−1 of P2O5 treatment.
Similar values were reported by others [55,61,62].

The use of physiological characteristics in many important crop species such as
legumes was not explored, and can be used to find genotypes that are better adapted
to different nutrient stresses or assist in finding genotypes that are better adapted across
environments. Also, the physiological characteristics have to be as simple as possible, the
measurements should be fast, and there is a need for good correlations with tolerance and
good interspecific genetic variation [56,63–65].

The significant variability of the physiological characteristics that were used in this
study were reported in other studies [33,65,66]. Therefore, these parameters can be used
for the selection of faba bean cultivars that are tolerant of P deficiency. In addition, in other
studies, a higher effect of P fertilization was seen at the highest P rates [67].

4.5. Seed Yield and Yield Components Determination

Seed yield was relatively high in the two years of the experiments, as it ranged
from 1147 up to 2375 kg ha−1. Similar seed yields were observed by other researchers
and especially in the Mediterranean area [68–71], indicating that these genotypes can
be cultivated in this area. Seed yield was not always affected by P fertilization as P is
immobilized in the soil [67,68,72–75].

The number of pods per plant (PP) ranged from 15.5 to 18.1 between genotypes and
the number of seeds per plant (SP) from 48.8 to 57.6. The number of pods per plant was
higher in the present study compared with lower values found in other studies, which
were in the range from 5.13 up to 10.17 [40].

The number of seeds per pod ranged from 3.25 up to 4.25 and was affected by the
three-way interaction of year × treatment × variety. The highest numbers of seeds per pod
were obtained from the 60 kg ha−1 of P2O5 treatment for KK-14 and the 0 kg ha−1 of P2O5
treatment for Polycarpi with an average of less than four seeds per pod for each cultivar.
On the other hand, in the 2021–2022 growing season, the number of seeds per pod was
consistently higher than four due to the better weather conditions in this year [67,68,71].

The differences that were found in the present study may be because of the limited P
availability of the soil, as P can react with soil components and can become unavailable
for plant roots. In addition, the experiments that were conducted were field experiments
under real conditions in which the results were dependent on the environment. In addition,
water stress or high temperatures can affect the growth of faba beans and can affect their
response to P fertilization [76,77].
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There are several reports that show an increase in faba bean seed yield with P fertil-
ization [78–81]. On the other hand, there are also studies that do not show any effect of P
fertilization [82]. This effect can be because of the depletion of soil fertility over time and the
rotation systems that the farmers are using; the different genotypes that were used [41,81]
found that for a seed yield of 1000 kg ha−1, faba bean requires 13–14 kg ha−1 of P2O5. In
addition, the response of faba bean seed yield on P fertilization depends on the residual
fertility level of nutrients in the soil [79,83,84].

4.6. Phosphorus Use Efficiency

The phosphorus use efficiency (PUE) of the plants was different between the two
fertilization treatments and the two cultivars. The genotype with the highest PUE in the
absence of phosphorus fertilization was Polycarpi in the first growing season, showing
that it can be better adapted to a P-limited environment. Different environmental condi-
tions, water stress, and water salinity could also contribute to different values in plants’
PUE [5]. Additionally, differences in PUE between the genotypes that were tested have
been observed in some studies [73,85–87].

4.7. Water Use Efficiency

The water use efficiency (WUE) of faba bean cultivars varied between the two growing
seasons and the two cultivars that were tested. In addition, in the second year, where
the total rainfall was higher than the first and the plants did not face any drought stress,
both faba bean cultivars had higher values of WUE in the 0 kg ha−1 of P2O5 treatment
of phosphorus fertilization. Also, rainfall was low in both growing seasons, as it was
168.6 mm and 222.8 mm in the 2020–2021 and 2021–2022 growing seasons, respectively.
The values of WUE efficiency were in the range of 6.8 and 14 kg mm−1 and are close to
values reported in other studies [86–89]. Also, the low rainfall indicates that this is a limited
factor for higher growth and yield.

5. Conclusions

The data from this study revealed that the two cultivars of faba beans responded
differently under the two levels of phosphorus (P) and also over the two years of the study.
Additionally, certain characteristics used to assess the response to P fertilization, such as
leaf area index (LAI) and plant height, demonstrated their potential for determining the
response to P fertilization. The cultivar that exhibited greater P efficiency was Polycarpi, as
it demonstrated the highest seed yield and outperformed the KK-14 cultivar that was tested.
Nevertheless, further research is required to identify more P-efficient cultivars that can
thrive and yield better results in P-limited environments. These findings can be particularly
beneficial for farmers, especially in dryland areas like the Mediterranean region.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151713172/s1, Table S1: Descriptive statistics (mean ± common
SE, median, standard deviation, minimum and maximum values) for the two consecutive years
of experimentation regarding the plant height, Leaf Area Index, Leaf greenness index (SPAD),
Assimilation rate, Transpiration rate, Stomatal conductance, Intercellular CO2, seeds per pod, pods
per plant, seed yield, Phosphorus Use Efficiency and Water Use Efficiency. Table S2. Descriptive
statistics (mean ± common SE, median, standard deviation, minimum and maximum values) for
the two fertilization treatments regarding the plant height, Leaf Area Index, Leaf greenness index
(SPAD), Assimilation rate, Transpiration rate, Stomatal conductance, Intercellular CO2, seeds per
pod, pods per plant, seed yield, Phosphorus Use Efficiency and Water Use Efficiency. Table S3.
Descriptive statistics (mean ± common SE, median, standard deviation, minimum and maximum
values) for the two faba bean cultivars regarding the plant height, Leaf Area Index, Leaf greenness
index (SPAD), Assimilation rate, Transpiration rate, Stomatal conductance, Intercellular CO2, seeds
per pod, pods per plant, seed yield, Phosphorus Use Efficiency and Water Use Efficiency. Table S4.
Analysis of variance results (significance of the effects) for testing the effects (main and interactions)
of Year (Y), Fertilization treatment (T), Cultivar (C), and Growth Stages (S) on the measured plant
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characteristics. Table S5. Mean values of plant height, for the two faba bean cultivars (KK-14 and
Polycarpi) during the two years of experimentation (2020–2021 and 2021–2022), the two fertilization
treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the four growth stages. Table S6. Mean values
of Leaf Area Index, for the two faba bean cultivars (KK-14 and Polycarpi) during the two years of
experimentation (2020–2021 and 2021–2022), the two fertilization treatments (0 kg ha−1 P2O5 and
60 kg ha−1 P2O5) and the four growth stages.; Table S7. Mean values of Leaf Greenness Index, for the
two faba bean cultivars (KK-14 and Polycarpi) during the two years of experimentation (2020–2021
and 2021–2022), the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the four
growth stages. Table S8. Mean values of Intercellular CO2, for the two faba bean cultivars (KK-14 and
Polycarpi) during the two years of experimentation (2020–2021 and 2021–2022), the two fertilization
treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two growth stages. Table S9. Mean values
of plants’ Transpiration rate, for the two bean cultivars (KK-14 and Polycarpi) during the two years
of experimentation (2020–2021 and 2021–2022), the two fertilization treatments (0 kg ha−1 P2O5
and 60 kg ha−1 P2O5) and the two growth stages. Table S10. Mean values of plants’ Assimilation
rate, for the two faba bean cultivars (KK-14 and Polycarpi) during the two years of experimentation
(2020–2021 and 2021–2022), the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5)
and the two growth stages. Table S11. Mean values of stomatal conductance, for the two faba bean
cultivars (KK-14 and Polycarpi) during the two years of experimentation (2020–2021 and 2021–2022),
the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5) and the two growth stages.
Table S12. Mean values of seeds per pod, for the two faba bean cultivars (KK-14 and Polycarpi) during
the two years of experimentation (2020–2021 and 2021–2022) and the two fertilization treatments
(0 kg ha−1 P2O5 and 60 kg ha−1 P2O5). Table S13. Mean values of pods per plant, for the two
faba bean cultivars (KK-14 and Polycarpi) during the two years of experimentation (2020–2021 and
2021–2022) and the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5). Table S14.
Mean values of seed yield, for the two faba bean cultivars (KK-14 and Polycarpi) during the two
years of experimentation (2020–2021 and 2021–2022) and the two fertilization treatments (0 kg ha−1

P2O5 and 60 kg ha−1 P2O5). Table S15. Mean values of Water Use Efficiency, for the two faba bean
cultivars (KK-14 and Polycarpi) during the two years of experimentation (2020–2021 and 2021–2022)
and the two fertilization treatments (0 kg ha−1 P2O5 and 60 kg ha−1 P2O5).; Table S16. Mean values
of Phosphorus Use Efficiency, for the two faba bean cultivars (KK-14 and Polycarpi) during the two
years of experimentation (2020–2021 and 2021–2022) and the two fertilization treatments (0 kg ha−1

P2O5 and 60 kg ha−1 P2O5).; Table S17. Analysis of variance for the parameter of plant height. Table
S18. Analysis of variance for the parameter of Leaf Area Index.; Table S19. Analysis of variance for
the parameter of Leaf Greenness Index.; Table S20. Analysis of variance for the parameter of plants’
Assimilation rate of CO2.; Table S21. Analysis of variance for the parameter of plants’ intercellular
CO2. Table S22. Analysis of variance for the parameter of stomatal conductance.; Table S23. Analysis
of variance for the parameter of plants’ transpiration rate. Table S24. Analysis of variance for the
parameter of seeds per pod. Table S25. Analysis of variance for the parameter of pods per plant.;
Table S26. Analysis of variance for the seed yield. Table S27. Analysis of variance for the parameter of
Water Use Efficiency. Table S28. Analysis of variance for the parameter of Phosphorus Use Efficiency.
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