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ABSTRACT - Faba bean, although, is widely cultivated, its yield is affected by drought
and salinity stresses. Biochar can potentially reduce the negative effects of drought and
salinity stress. In this study, the interaction effects of biochar, irrigation water regimes,
and irrigation water salinities on faba bean yield, crop water use efficiency (CWUE), and
ion concentrations were evaluated under greenhouse conditions. The treatments included
0, 1.25, and 2.5% wi/w biochar (as By, B1 s, and B, s treatments, respectively), irrigation
water regime (50, 75, and 100% of crop water requirement, as lsgy, l750%, and lygge,
treatments, respectively) and irrigation water salinity (0.6, 4, and 8 dS m?, as Sge S,
and Sg treatments, respectively), that were arranged in a factorial arrangement using a
complete randomized design with four replications. Biochar applied at 2.5% w/w
significantly decreased actual crop evapotranspiration by 11% in comparison with that
obtained in By. The maximum dry seed yield (14.4 g pot') was obtained under
B.5S06l100 treatment. The value of CWUE in the B, 5Sglsqs, treatment was 0.47 kg m?,
which was 1.27 times the CWUE in the BySg gl1000 treatment. Seed sodium concentration
under B,s5Sglses treatment (0.34 g kg™*) was significantly lower than that obtained in
BoSslse treatment (0.55 g kg™). Biochar application increased the plant tolerance to
salinity, as the maximum threshold of soil-saturated electrical conductivity of 5.2 dS m™
was observed under B, slsq, treatment, which was higher than 2.5 dS m™ obtained in
Bolsoe, treatment. Finally, cultivation of the faba bean using 2.5% w/w biochar and full
(100%) irrigation with non-saline water is recommended for maximum production of the
faba bean.

INTRODUCTION

Water stress and salinity are two main abiotic stresses
that adversely affect crop growth and vyield, and
influence crop productivity worldwide (Athar and
Ashraf 2009). Both water stress and salinity stresses
reduce soil water potential, water and nutrient uptake, as
well as leaf water potential followed by stomatal closure
and, finally, crop yield (Athar and Ashraf 2009). The
water stress and salinity effect on crops occurs with
different intensities depending on their physiological,
biochemical, and tolerance mechanisms (Mariani and

Previous studies illustrate that adding organic
amendments to soil improves soil structure, and
increases water-holding capacity, and plant available
water (Abiven et al. 2009; Paz-Ferreiro et al. 2013;
Poormansour et al. 2019). Together, these
improvements result in a better environment for plant
growth under water-stress conditions. One of such
amendments is biochar, a carbon-rich organic material,
and a by-product derived from biomass pyrolysis under
high-temperature and low-oxygen conditions.

Biochar enhances the quality of soil by increasing

Ferrante 2017).

Plants use a variety of mechanisms to overcome
water stress. These mechanisms include recovery
(plants’ ability to continue growth after water stress
damage; Khan et al. 2018), prevention (through
physiological processes e.g. regulation of stomata to
reduce water loss via transpiration; Zhang et al. 2017),
tolerance  (through osmotic and osmo-protective
adaptation; Luo 2010) and drought escape (through
regulation of the growth period to avoid water stress;
Manavalan et al. 2009). Further, plants adapt to salinity
by adjusting ion uptake and transport and biochemical
responses (Acosta-Motos et al. 2017).

soil pH, water-holding capacity, and cation exchange
capacity (Mensah and Frimpong 2018; Rawat et al.
2019) and therefore, promotes plant growth (Videgain-
Marco et al. 2020). Biochar mitigates water stress in
plants by enhancing soil water availability due to its
high porosity and large surface area (Razzaghi et al.
2020; Ali et al. 2017a; Agbna et al. 2017; Faloye et al.
2019). In addition, biochar improves salinity stress in
plants by high transient Na* binding, decreasing osmotic
stress, and releasing mineral nutrients into the soil
solution (Akhtar et al. 2015a). It is also well
documented that the growth, physiology, and yield of
plants under water stresses are positively affected by
biochar (Akhtar et al. 2015b).
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There has been an increase in the use of biochar to
enhance the yield and irrigation water use efficiency of
several crops (Yang et al. 2020; Zhang et al. 2020). One
crop that has received much less attention in
investigations of the impact of biochar, salinity, and
drought on its productivity is the faba bean. Faba bean
(Vicia faba L.) is cultivated in more than 61 countries
with a total production of 4.84 million tons of dry grain,
while the cultivated area and production of faba bean in
Iran are 8.2 thousand ha and 18 thousand tons,
respectively (FAOSTAT 2017). Humans consume both
fresh and dry seeds of faba bean due to their high
nutritional value (Lizarazo et al. 2015). Faba bean also
has a positive role in enhancing soil fertility through its
rotation with cereal crops (Siddiqui et al. 2015). It has
been shown that faba bean growth and production are
significantly decreased under soil water stress (Ricciardi
et al. 2001) and salinity (Bulut et al. 2011) conditions,
however, the response of different cultivars to water and
salinity stresses varies widely (Afzal et al., 2022;
Ricciardi et al. 2001).

This work was motivated by (i) the documented
ability of biochar to increase soil water availability and
decrease the negative impacts of salinity, (ii) the large
geographical extent and nutritional importance of faba
bean, (iii) the negative impact of water and salinity
stresses on faba bean yield, and (iv) the paucity of
information on the potential of biochar to alleviate these
stresses and increase faba bean yield. Based on the
above, the objectives of this study were to investigate (i)
the effect of biochar on faba bean evapotranspiration,
and soil evaporation, (ii) the interaction effects of
biochar, salinity, and irrigation water on faba bean
yield, crop water use efficiency and seed and soil Na’,
K*, Ca™ and Mg"" concentration and their relations.

MATERIALS and METHODS

A greenhouse experiment was performed at the Drought
Research Center, Shiraz University, Shiraz, Iran. The
latitude, longitude, and altitude of the research location
are 29° 36" N, 52° 32" E, and 1810 m above mean sea
level, respectively.

The soil used for the experiment was a sandy loam
(clay, silt, and sand in proportions of 12%, 18%, and
70%, respectively) with organic carbon of 40%, bulk
density of 1.53 g cm?® pH of 7.52 and electrical
conductivity (EC) of 0.66 dS m™ (EC of soil was
measured in saturated extract). The applied biochar was
produced through pyrolysis of wheat straw at 550°C
under low oxygen conditions and had a bulk density of
0.25 g cm™, pH of 8.19, and EC of 9.30 dS m™ (pH and
EC of biochar were measured in 1:10 biochar: water).
The nutritional characteristics of the soil and biochar are
presented in Table 1. To simulate the water salinity
levels, the saline water was prepared by adding 50%
NaCl and 50% CaCl, (by weight) to fresh water that
originally had an EC of 0.6 dS m™.

The soil and biochar were mixed thoroughly and
filled into pots (22 and 30 cm diameter and height,
respectively) at the treatment levels described below.
Three levels of each treatment including biochar,
irrigation water regime, and irrigation water salinity
were applied to 108 pots under a factorial arrangement

in a complete randomized design with four replications.
The biochar levels were 0, 1.25, and 2.5 weight percent
(denoted as By, B1.s, and B,s, respectively) equivalent
to 0, 12.5, and 25 g biochar kg * dry soil. The three
irrigation levels were 100, 75, and 50 % of the crop
water requirement (denoted as liogw, l7s0, and lsgos,
respectively). The irrigation water salinity levels were
0.6, 4, and 8 dS m* (designated as Sps, Ss4, and Sg,
respectively). Before cultivation, the gravimetric soil
water content at pot water-holding capacity (pot weight
after drainages of gravimetric water) for the 0, 1.25, and
2.5 % w/w biochar treatments were 19.0, 20.9, and 23.0
% wiw, respectively.

Prior to sowing, 43.2 mg P kg™ soil in the form of
triple super-phosphate was added to each pot. Five
seeds of faba bean (Barkat cv.) were sown in each pot
and thinned to three seedlings after emergence. At the
vegetative and flowering stages of faba bean, 81 mg N
kg™ soil in the form of urea fertilizer was applied.

To ensure good germination and full plant
establishment, all pots were irrigated manually every
other day to pot water-holding capacity. Application of
the salinity treatments and irrigation water regimes was
started 36 days after sowing (DAS). All pots were
weighed every other day throughout the experiment and
the amount of irrigation water for 1,4, Was determined
based on the amount of water that was needed to
increase the soil water content to 100% of pot water-
holding capacity plus 15% as leaching fraction. In
addition, the amounts of irrigation water required for
l7506, and lsqe, Were calculated based on the amount of
irrigation for lyg0 at each biochar level. The average
temperature and relative humidity in the greenhouse
during the growing season were determined to be 19 °C
and 57%, respectively using KLIMALOGG Pro, TFA-
Germany.

Measured parameters
Actual crop evapotranspiration and soil evaporation

Actual crop evapotranspiration (ET,) was determined by
using the water balance equation (Eg. 1) as follows:
ET,=1+P-D,—R+AS Eg. (1)
where ET, is the actual crop evapotranspiration (mm), |
is the depth of irrigation water (mm), P is the depth of
rainfall (mm), D, is the drainage water (mm), R is the
runoff (mm), and AS is the change in water content
(mm). As this study was performed in the greenhouse,
the depth of rainfall and runoff was considered equal to
zero. Drainage water was determined by measuring the
volume of water leached from each pot.

For each level of biochar, three pots were filled with
the same mixture of soil and biochar, without any faba
bean seed, to measure soil surface evaporation. These
pots were located between the experiment’s main pots.
All three pots were irrigated to 100% pot water-holding
capacity according to their biochar level using fresh
water. The plant transpiration was calculated by
subtracting soil evaporation from actual crop
evapotranspiration.
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Table 1. Nutritional properties of biochar and soil used in this study

Properties Unit Biochar Soil
Cation exchange capacity meq 100 g™ soil 25.76 13.59
Nitrogen % 0.25 0.02
Calcium meq L 2.3 2
Potassium meq L 67.52 0.63
Magnesium meq L 5.80 5.1

Crop yield

Fresh faba bean seed yield of all plants in each pot was
harvested gradually when the seeds were fully ripened,
while straw yield was harvested at 165 DAS. Fresh seed
yield and straw yield were dried at 70 ° C for 48 h to
determine their dry weight.

Crop water use efficiency (CWUE)

CWUE (kg m*) was calculated using Eq. 2 as follows:
CWUE = 2L Eq. (2)

ET,
where GY is the dry seed yield (kg) and ET, is the actual
plant evapotranspiration (m°) for each treatment.

lons concentration in soil and faba bean seeds

After harvest, 400 grams of dried soil from each treatment
were taken to prepare saturated extract to determine the
concentration of sodium (Na"), potassium (K*), calcium
(Ca*"), and magnesium (Mg in the soil. Two grams of
dried faba bean seeds from each treatment were used to
determine the concentration of these elements except
magnesium in the seeds. The concentration of seed Na*
and K* for all treatments was determined using a flame
photometer (Richards 1954), and EDTA titration was used
for the determination of Ca®* concentration in the soil and
in the seed and Mg?" concentration in the soil (Knudsen et
al. 1982).

Sodium adsorption ratio (SAR)

Sodium adsorption ratio [(meq L™)**] was calculated based
on the measured concentrations of sodium (Na¥),
magnesium (Mg®"), and calcium (Ca®") in the soil using
Eq. 3 as follows:
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The dried soil samples from all treatments were used to
prepare the saturated extract and thereafter, the soil
saturated electrical conductivity (EC,) of all treatments was
measured using an EC meter (Rhoades 1996).

Statistical analysis

Statistical analysis was performed using the PROC GLM
of SAS (SAS Institute Inc. 2007). All the data satisfied the
normality and homogeneity of variance tests. Interaction
effects between irrigation water salinity levels, irrigation
water regimes, and biochar levels on the measured
parameters were evaluated by analysis of variance
(ANOVA). Means were compared using Duncan’s
Multiple Range Test (DMRT) at the 5% level of
probability.

RESULTS

Irrigation water, soil
evapotranspiration

evaporation, and actual

The seasonal depth of applied irrigation water decreased
with increasing biochar application and deficit irrigation
treatment (Fig. 1). The maximum and minimum depth of
irrigation water was 1098 mm in Bglige, and 486 mm in
B, slson, respectively. On average for all irrigation levels,
biochar reduced the irrigation water depth by 12.0%,
indicating the ability of biochar to enhance water holding
capacity (Fig. 1).

Application of biochar from zero to 2.5% w/w under
full irrigation and no saline conditions significantly
decreased irrigation water depth, soil evaporation, plant
transpiration and actual crop evapotranspiration (ET,) by
13.0, 275, 34, and 11.0 %, respectively (Fig. 2).
Moreover, the application of saline irrigation water and
deficit irrigation reduced crop evapotranspiration at each
biochar level (Table. 2); however, no significant difference
was observed between crop evapotranspiration of
B125So6ls00s and By sSalsgy, and also between B, sSgslsos
and Bz 5S4ls0s.

 I—
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Fig. 1. Total amount of irrigation water depth for tested biochar (By, B12s, and B,s) and irrigation water levels (50, 75, and 100 %).
Different letters indicate significant differences at a 5 % level of probability.
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Fig. 2. Irrigation water depth, total actual evapotranspiration, plant transpiration, and soil evaporation in tested biochar levels (Bg, B1 25,
and B 5) under full irrigation and 0.6 dS m™* salinity level. For each trait, different letters represent significant differences at a 5

% level of probability.

Yield and dry matter

Decreasing irrigation water from 100% to 50%
significantly reduced dry seed yield (DSY) at all biochar
and salinity levels (Fig. 3 a-c). Also, an increase in
salinity levels from 0.6 to 8 dS m™ significantly reduced
DSY. Under full irrigation, the application of biochar
significantly increased DSY (Fig. 3 a-c). In addition,
increasing biochar resulted in higher DSY under 75%
and 50% crop water requirement and salinity level of
0.6 dS m™. At salinity level of 4 dS m™ and irrigation
water levels of 75% and 50%, the application of biochar
reduced the DSY in comparison with that obtained in
Bo. This trend was not observed for salinity level of 8
dS m* and irrigation water levels of 75%, as DSY
increased by application of biochar. Maximum and
minimum DSY and dry matter (DM) were observed in
B,sSoslioow (144 g pot' and 75.6 g pot') and
B12sSslsoss (6.1 g pot™ and 39.2 g pot™), respectively
(Fig. 3 b-c and Table 2). However, the DM of
B1.25Ssls00, Was not significantly different from the DM
of B, 5Sgls00 at a 5% level of probability (Table 2).
Application of saline water and lower irrigation
water regimes resulted in decreasing the DM at all

biochar levels (Table 2). Despite an exception in which
DM was significantly increased with the application of
more saline water in B,sSgl7sy (52.2 g pot™) compared
to B,sS4lssy (48.3 g pot?). Similar to DSY, the
application of biochar at a salinity level of 0.6 dS m™
significantly increased DM in all irrigation water levels.
Application of 1.25% and 2.5% biochar under salinity
levels of 4 and 8 dS m™ decreased DM in comparison
with Sy ¢ at the same level of biochar. (Table 2).

Crop water use efficiency

The maximum and minimum crop water use efficiency
(CWUE) was obtained in B,5S6ls0 (0.72 kg m™) and
BoSslioew (0.21 kg m™3), respectively (Fig. 3 d-f). At a
salinity level of 0.6 dS m™, increasing biochar from zero
to 2.5% wi/w significantly increased CWUE in all three
levels of irrigation. Moreover, increasing biochar from 0
to 2.5% wi/w significantly increased CWUE in all three
salinity levels under full irrigation conditions (Fig. 3 d-
f). Decreasing irrigation water levels from 100 to 50%,
significantly increased CWUE at all biochar and salinity
levels.

Table 2. Faba bean dry matter, crop evapotranspiration, and seed ion concentration in tested treatments. Biochar levels (B,
B1.5, and B, ), irrigation water levels (Isgo, 1750, and l10g9,), and irrigation water salinity levels (Sys, S4 and Sg).

foti B0 Bl.25 BZ.S
Characteristics Sos S, Ss Sos S, Ss Sos S S
Dry matter (g pot™)
l100% 66.4° 56.6" 55.99" 70.4° 49.67¢ 49,84 75.6% 540" 53.7"
17506 59.8% 50.3%  47.9Kmn 61.7° 459™° 474 64.9°  483Km 5l
Isg0s 53.6"  46.4™ 44.3° 53.3' 49.1¢ 39.2° 58.4°  456™ 40.8°
Crop evapotranspiration (mm)
11009 1073.0*  1050.1°  1022.7° 1013.9°  998.7°  852.8" 954.7" 94539  794.2
17506 813.3"  802.3 691.7° 764.1' 762.9™  690.1¢ 719.0"  718.4°  646.6'
Is0s 549.0°  548.0'  468.4" 514.8 514.8" 387.4 485.8"  485.8"  434.8"
Potassium concentration (g kg™)
1100% 11.3%f 10.4¢ 9.8" 12.0° 11.4% 10.5° 12.4° 11.6° 11.2°f
17506 10.6° 10.4¢ 9.6' 11.5¢ 11.0° 9.9" 11.9° 11.1% 11.1°
Isg0s 10.5° 10.0" 9.8" 11.2%f 10.4° 9.9" 11.4%%€  10.49 10.0"
Calcium concentration (g kg™)
L1009 1.20° 1.36™ 1.89 1.76° 1.82°% 188" 1.81%F  1.04° 2.04°
17596 1.18° 1.504 1.79% 1.427 1.66" 1.59" 1.74%"  1.69% 1.91°
[ 1.081 1.29"™ 1.56% 1.39" 1.24°% 1.39™ 1.43™  1.39M 1.39™

* For each characteristic, means with the same letters are not significantly different at a 5% level of probability
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Fig. 3. Dry seed yield (a-c), crop water use efficiency (d-f), and seed sodium concentration (g-i) as affected by irrigation water
regimes (Isou, 1750, and lygge), irrigation water salinity (So, S4 and Sg) and biochar levels (Bg, B; o5, and B, s). The solid,
dashed, and dotted lines represent the amount of each variable at BySg 6l10006, BoSo.6l75%, and BoSo slsos, respectively, for
the three irrigation regimes (l100, 175, and Isp), without biochar (Bg) and low salinity irrigation water (Sq¢)

lon concentration in seeds

Increasing irrigation water salinity from 0.6 to 8 dS m™
at each biochar and irrigation water level significantly
increased the sodium concentration in seeds (Fig. 3 g-i).
A similar result was observed for irrigation water levels;
declining irrigation water levels from 100% to 50% at
each salinity and biochar level increased the sodium
concentration in seeds. Application of 2.5% w/w
biochar significantly reduced seed sodium concentration
in comparison with that obtained in no biochar
application at each salinity and irrigation water level
(Fig. 3 g-i).

Increasing salinity levels decreased potassium
concentration under each biochar level and irrigation
water regime (Table 2). On the other hand, increasing
biochar from B, to B,s significantly increased

potassium concentration at each salinity and irrigation
water level (Table 2) as used biochar had high
potassium concentration (67.5 meq L™).

Increasing salinity from 0.6 dS m™ to 8 dS m™
significantly increased calcium concentration in seeds
(except in Byaslsgy), While the application of deficit
irrigation significantly decreased calcium concentration
in seeds (Table 2). Saline water was prepared by
dissolving NaCl and CaCl,, therefore it was enriched
with Ca. This resulted in seed Ca increase in saline
irrigation water. Whereas, deficit irrigation decreased
the seed Ca. Maximum and minimum concentration of
calcium in seeds was observed in B;5Sglingy (2.04 g kg
1) and BoSo slso (1.08 g kg™), respectively (Table 2).



Bahadori-Ghasroldashti et al / Iran Agricultural Research (2023) 42(1)1-13

Soil chemical parameters

Increasing irrigation water salinity from 0.6 dS m™ to 8
dS m? significantly increased potassium, sodium,
calcium, and magnesium concentrations in soil under all
biochar and irrigation water levels (Table 3).
Application of tested irrigation water levels (i.e. I754 and
Isoe) sSignificantly increased sodium, calcium, and
magnesium concentrations in all biochar, and irrigation
water salinity levels compared to full irrigation levels
except the salinity level of 0.6 dS m™ in all biochar
levels. Under 2.5% wi/w biochar and the salinity level of
8 dS m™ conditions, the application of 50% irrigation
water level significantly reduced soil potassium
concentration in comparison with that obtained in full
irrigation. Maximum potassium concentration was
observed in B,sSulsey as the amount of 21.68 meq L™,
which was 48.2 times the minimum value of potassium
concentration in BySgslse%, although no significant
difference was observed in potassium concentration
among irrigation water levels under 0.6 dS m™ salinity
and zero biochar application. The sodium and calcium
concentrations in the B, sSglsqy, Were 19.2 and 9.4 times
those corresponding element concentrations in the
BoSo.6l1000, respectively (Table 3).

Sodium adsorption ratio (SAR) in soil after harvest
varied between 1.72 (meq L™)*® (minimum value) in
B125S06l500 and 13.85 (meq L™)* (maximum value) in
B125Sg0ls00 (Table 3). The addition of 1.25% w/w
biochar under salinity level of 8 dS m™ and all irrigation
water levels significantly increased SAR in comparison
with those corresponding treatments obtained in By, but
further application of biochar (to 2.5% wiw)

significantly declined the SAR under salinity level of 4
and 8 dS m? and all irrigation water levels in
comparison with those corresponding treatments
obtained in By 5.

The maximum saturated electrical conductivity
(EC.) was obtained in B; »Sgl7sy (18.12 dS m™) and the
minimum value of this parameter was seen in BySggl1000%
(1.42 dS m™) (Table 3). Increasing both salinity and
biochar levels resulted in increased EC, (Table 3).
Application of 50% irrigation water level increased EC,
in comparison with those obtained in 11400, under salinity
levels of 4 and 8 dS m™ and biochar levels of 0, 1.25,
and 2.5% wiw, except in salinity level of 8 dS m™ and
2.5% w/w biochar that EC. was not changed
significantly.

Relationship between seed and soil ion concentration

The relationship between seed and soil potassium
concentration for tested biochar levels (Fig. 4 a and
Table 4) showed that seed potassium concentration
decreased by increasing soil potassium concentration
under all biochar levels; however, the rate of decrease
(according to the slope of the regression equations
(Table 4) under B,s was lower than B, Good
correlations were observed between seed and soil
sodium concentration (R2 of 0.93, 0.90, and 0.74 for B,
B1.s, and B,s, respectively; Fig. 4 b and Table 4). The
highest Na*/K" ratio in soil under B, was 30 meq meq ™,
while by applying 2.5% w/w biochar, the ratio
decreased to 5.4 meq meq™ (Fig. 4 c). A similar trend
was observed in seeds as lower Na'/K" ratios were
obtained under higher biochar application.

Table 3. Soil chemical parameters as affected by biochar (By, B1.25, and B, ), irrigation water (Isge, 1750, and lygge), and water

salinity (Sgs, S4 and Sg) treatments

o Bo Biss Bas

Characteristics
0.6 S4 SS S0.6 S4 SS S0.6 84 SS

Potassium (meq L) 7
l100% 0.69™ 1.81" 2.60™ 7.23' 9.49" 15.83¢ 1587 2012  19.95°
17506 0.59" 2.01™ 3.204 4.89 9.22" 16.19¢ 11.92 17.82°  21.97°
5006 0.45" 3.50% 3.29¢ 437 14.01° 16.63¢ 1093  21.68%°  18.05°
Sodium (meq L™) ' _
1100% 487" 31.36'  50.96' 5.79™ 46.67 63.67° 5.88™ 4033 60.00"
7506 4,07 59.13"  69.07 4.08™ 61.08%"  97.67° 5.19™ 52.17"  80.00¢
500 3.37™ 64.14°  76.43° 3.65™ 82.67°  105.17° 4.47™ 68.000  93.33°
Calcium (meq L) 7 7
l100% 5.84™ 17621  25.48Y 7.104m 19.61 22.96" 8.32" 35.99°  35.29°
17506 4.81™ 33.22" 3453 5.26™°  25.66° 35.26° 7.53¢ 47.42°  47.06°
5006 4.47° 36.03¢  38.22¢ 4.81" 3473 37.97¢ 6.66™  61.00°  54.90°
Magnesium (meq L™) _ _
l100% 451" 19.04"  30.33¢ 5.40™ 2821  38.95' 557" 3734 5556
7504 3.76™ 3475 46.47° 4.49" 41.56" 70.43° 4.99™ 48309  74.07°
Isgos 3.12" 39.38"  54.67 417" 57.36° 77.38° 4.76™ 62.96°  78.00°
SAR (meq L)% , ,
l100% 2.14!mn 7.32 9.65" 231 9.54" 11.44° 2.23m 6.66" 8.90'
17506 1.96™ 10149  10.85° 1.85™ 10.53™ 13.43° 2.07"™ 7.54 10.28¢
5056 1.86™ 10449  11.22% 1.72" 12.18° 13.85° 1.87™ 8.64! 11.45¢
EC. (dS m™) _ _ _ _
l100% 1.42" 757 7.29' 431 8.77" 10.32° 5.91* 7.83' 14.09°
17506 2.11™m 8.96" 7.68' 4.36' 9.62¢ 18.12° 6.36! 9.629  14.82°
Isgos 2.08™ 9.56¢ 10.21° 3.91' 9.69" 14.11° 5.42" 11.96%  14.08°

* For each characteristic, means with the same letters are not significantly different at 5% level of probability
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Fig. 4. Relationships between the (a) seed and soil potassium
concentrations, (b) seed and soil sodium
concentrations, and (c) seed and soil Na*/K"* ratios for
three tested biochar levels (Bg, B1.25, and B, )

Yield-salinity function

Increasing relative EC, (EC./EC.: ratio of EC, of any
treatments to EC, of BySyeli00%) decreased the relative
yield (Y/Y,: ratio of yield of any treatments to yield of
BoSosli00%) (Fig. 5), however, the application of 2.5%
w/w biochar increased Y/Y, to greater than 1.0 for
EC./ECe.<3.8 dS m™. The 50% vyield reduction (Y/Y,
equal to 0.5) was observed at EC./EC.0f 9.3, 11.7 and
11.0 for By, By25 and B, s, respectively (Fig. 5).

Fig. 6 provided the relationship between relative dry
seed yield (Y in Fig. 6 is the average of dry seed yield

under 0.6 dS m™ salinity level at each irrigation water
level and each biochar level) and soil saturated electrical
conductivity for different irrigation levels and biochar
levels. At zero biochar, the application of 50% of full
irrigation increased the threshold value (Table 5) and
decreased the slope of yield reduction in comparison
with that obtained under 100% irrigation water. Under
full irrigation conditions, the plants continued to take up
more water and hence, more ions (such as Na+) resulted
in increasing the slope of yield reduction and declining
the threshold of soil-saturated electrical conductivity.
Increasing biochar rates under different water regimes
increased the threshold of saturated electrical
conductivity in comparison with that obtained in By.
Under biochar levels of 2.5%, the slope of yield
reduction increased by application of 50% of full
irrigation in comparison with that obtained under full
irrigation (Table 5), however, this trend was not
observed at By and B o5

DISCUSSION

In the current study, the addition of biochar declined
irrigation water depth, limited soil evaporation, and
decreased actual evapotranspiration by enhancing soil
porosity and water permeability, thus improving the soil
water holding capacity. Also, water stress treatments in
the current study reduced crop evapotranspiration due to
lowered soil water potential at each biochar level.
Similar results were reported by Wong et al. (2017) and
Akhtar et al. (2015a). Ibrahim et al. (2017) showed that
the application of 15 g kg conocarpus biochar
(produced at 400 °C) lowered cumulative evaporation
by 17% compared to that of the control (no application
of biochar). Similarly, Xu et al. (2016) indicated that the
application of 5% w/w biochar effectively reduced soil
evaporation. Moreover, the application of 2% w/w
biochar (softwood pellets produced at 550°C) to sandy
loam soil significantly reduced (21% lower)
evapotranspiration of maize in comparison with that
obtained in the control treatment (Wang et al. 2018).

In this study, the application of water stress
treatments decreased the DSY and DM at all biochar
levels, however, the addition of biochar to soil increased
DSY and DM under all irrigation water regimes and 0.6
dS m* salinity. Similarly, Agbna et al. (2017) and
Faloye et al. (2019) indicated that biochar can enhance
yield under low irrigation water levels due to its
capacity to retain soil water and therefore, mitigate
water stress. An increase in soil salinity to 4 dS m™ in
the current study prevented biochar from positively
influencing DSY under 50% deficit irrigation
treatments. However, a further increase in salinity to 8
dS m™ caused DSY to increase when combined with
biochar under irrigation water levels of 75%, which
could be due to the availability of more nutrients in soil
under higher biochar levels. Similar to this study, the
application of saline irrigation water (10 dS m™) and
straw biochar at the rate of 10 and 20 Mg ha
significantly increased wheat grain yield by 8.6 and
8.4%, respectively, in comparison with that obtained in
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Table 4. Relationship between seed and soil concentrations of potassium and sodium and Na*/K™ ratio in seed and soil for tested

biochar levels (By, B1.25, and B, )

Bo

Bl.25 BZAS

Characteristics

Regression equation R? Regression equation R2 Regression equation R?
Seed and soil
potassium y=-0.36x+11.01"  0.62 y=-0.12x+12.18 0.65 y=-0.07x+12.45 0.16
concentration
Seed and soil sodium y=0.004+0.20 0.93 y=0.003x+0.18 0.90 y=0.001x+0.20  0.74
concentration
+ o+ s
Na K" ratio in seed y=0.001x+0.013  0.62 y=0.001x+0.015  0.63 y=0.003x+0.016  0.78

and soil

*y and x represent the amount in seed and soil, respectively

1.2

s 1.0

>

8 0.8 -

w

£ 06 -

[

=

§ 0.4 >

S @® B,,y=-0.045x+0.92; #=0.48
02{ ——- @ B,, ,y=-0.042x+0.99; =0.64
Y s O B, ,y=-0069x+126; #=0.72

0 > 4 6 8 10 12

14

Relative soil saturated electrical conductivity

Fig 5. Relationships between the relative dry seed yield of faba bean and relative soil saturated electrical conductivity for tested

biochar levels (Bo, By s, and 82_5)

Table 5. Threshold of soil saturated electrical conductivity and slope of yield reduction for tested biochar levels (Bo, B1.s, and

B, 5) and irrigation water regimes (Isoo, 17506, @and l1005)

Threshold of soil saturated electrical

Slope of yield reduction

Treatments conductivity (dS m™) [% (dS m™)Y]

Bo B1s Bas Bo Bis B:s
l100% 129 451 4.28 5.2 6.78 4,72
lrsos 119 434 4.45 315 5.09 381
lsgos 2.50 4.50 5.18 2.59 3.61 5.00

The application of saline irrigation water without
biochar (Huang et al. 2019). In the same study, it was
reported that yield enhancement under biochar
application of 30 Mg ha™ was not significant due to
increased soil salinity and limited N availability.

Similar to DSY, CWUE increased by application of
biochar under 0.6 dS m™ salinity level and all irrigation
water treatments (Fig. 3 d-f), as biochar increased the
soil nutrient and water holding capacity. Consequently,
the DSY increased and ET, declined (Fig. 2), both of
which were reported to have resulted in greater CWUE
(Uzoma et al. 2011). In agreement with this study, the
application of 2% w/w biochar (produced from
softwood pellets at 550°C) lowered maize
evapotranspiration by 21% and increased CWUE by
35% in comparison to the control (Wang et al. 2018).
Decreasing soil water potential under deficit irrigation
and salinity conditions reduced DSY and therefore,
CWUE also declined (Fig. 3). In another study, it has
been shown that deficit irrigation and salinity reduce
plant water use efficiency, because of higher decreases

in yield than the amount of water use in deficit irrigation
as compared to full irrigation (Yang et al. 2019).
Sodium and potassium concentrations in seeds
increased and decreased with increasing irrigation water
salinity up to 8 dS/m at each level of biochar and
irrigation water. (Fig. 3, Table 2). Similarly, the
application of deficit irrigation increased seed sodium
concentration, at each salinity and biochar level, which
could be a mechanism to lower osmotic potential (more
negative) to take up more water (Xi et al. 2018).
Application of saline water to soil negatively affects the
plant’s water relations due to a reduction in soil water
availability, lower osmotic potential (Munns, 2005), and
higher SAR (Singh et al. 1992). Under mild water stress
conditions, it has been shown that plants increase the
seed’s sodium concentration to decrease the seed’s
osmotic potential (more negative) and enhance water
uptake, due to an increase in the water potential gradient
as a mechanism, to resist water stress (Yue et al. 2012).
Application of biochar significantly reduced seed
sodium concentration due to lower water uptake, while

8
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it increased potassium concentration in seed as a result
of high potassium concentration in applied biochar,
resulting in salinity tolerance. Similar findings were
stated by Ali et al. (2017b), Phuong et al. (2020), and
Khan et al. (2020).

(a)
=
=
04 4
* l1oo% YYp=0052ECe+1087 R=0.68
0.2 - B, ¥ '75% YMp=00328Ce+1032 RE
B sy YiYp=0026ECe+1.085 R*=0.44
00
(b)
=
=
-
v 5% YiYp=-0.0
oz Byas 4 i -
m  lspe Y/Np=-0.038ECg+1.162 R*=0.83
0.0
(c)
=
>
04 4
* lypoy YV=DD4TECe+1202 R=0.83
i By, T 75% YN0=D.0MECe+1.170 RDTO0
B lsoy YIYp=-0.050ECs+1.253 R'=0.98
00 ; . :
v S 1 15 20
EC,(dSmY)

Fig 6. Relationships between relative dry seed yield (Y/Y,) and
soil saturated electrical conductivity (EC,, dS m™) for
tested irrigation levels (Isgy, 1750, @and ligge) and biochar
levels of By (), By2s (b) and B,s (€). Y, is the average
dry seed yield under 0.6 dS m™ salinity level at each
irrigation water level and each biochar level. The big
circle in (b) showed the outlier data, which was not
considered for regression

Sodium and potassium concentrations in seeds,
increased and decreased, respectively, with increasing
irrigation water salinity up to 8 dS m™ at each level of
biochar and irrigation water (Fig. 3, Table 2). Similarly,
the application of deficit irrigation increased seed
sodium concentration, at each salinity and biochar level,
which could be a mechanism to lower osmotic potential

(more negative) to take up more water (Xi et al. 2018).

Application of saline water to soil negatively affects the

plant’s water relations due to a reduction in soil water

availability, lower osmotic potential (Munns, 2005), and
higher SAR (Singh et al. 1992). Under mild water stress

conditions, it has been shown that plants increase the
seed’s sodium concentration to decrease the seed’s
osmotic potential (more negative) and enhance water
uptake, due to an increase in the water potential gradient
as a mechanism, to resist water stress (Yue et al. 2012).
Application of biochar significantly reduced seed
sodium concentration due to lower water uptake, while
it increased potassium concentration in seed as a result
of high potassium concentration in applied biochar,
resulting in salinity tolerance. Similar findings were
stated by Ali et al. (2017b), Phuong et al. (2020), and
Khan et al. (2020).

Considering the relationship between the ions
concentration in seed and soil (Table 4), the intercept
for the equation between seed and soil potassium
concentration under 2.5% w/w biochar application was
higher due to the higher potassium concentration and
lower Na*/K*™ ratios. Interestingly, the significant
intercept in all equations relating seed and soil
potassium and sodium concentrations (Table 4)
indicated that some ion absorption may be from
adsorbed ions on the soil clay particles and some ions
are absorbed from aqueous solutions as it has been
stated by Jia et al. (2016).

The slope of the relationship between Y/Y, and
EC./EC., was steeper for 2.5% w/w biochar level, as
the biochar had an EC, of 9.3 dS m™ and therefore, this
also increased the stresses to plants under both water
stress and salinity stress conditions (Fig. 5). Deficit
irrigation decreased soil water potential (more negative)
and reduced the water uptake, while under full irrigation
conditions, the plants continued to take up more water
and hence, more ions (such as Na*) resulted in
increasing the slope of yield reduction and decline the
threshold of soil saturated electrical conductivity (Fig.
6). Similar to what Rezaie et al. (2019) have reported, a
higher threshold of saturated electrical conductivity
under biochar application indicated that biochar can
increase the plant tolerance to salinity (Tabs. 1) by
increasing the potassium concentration in soil and
lowering Na*/K* ratios. Hillel (2000) indicated that the
salinity threshold value based on the threshold-slope
linear response function for faba bean is 1.6 dS m™ and
Katerji et al. (2003) obtained 2.8 dS m™ for lysimeter
experiment, while Rezaie et al. (2019) obtained salinity
threshold value of 3.39 dS m™ for a similar cultivar of
faba bean as used in this study under no biochar and no
irrigation water salinity. In this study, the salinity
threshold value of 1.29 dS m™ was obtained under no
biochar, no irrigation water salinity, and full irrigation
condition.

CONCLUSIONS

Application of biochar, by increasing soil water holding
capacity, reduced the seasonal irrigation water depth
and reduced the soil and crop water loss through less
evaporation and evapotranspiration, respectively.
Moreover, 2.5% w/w biochar application resulted in
maximum dry seed yield (14.4 g pot™) and dry matter
(75.6 g pot™) under 100% irrigation water level and
non-saline irrigation water application. Also, the
application of 2.5% w/w biochar increased crop water
use efficiency to 0.72 kg m™ under 50% of full
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irrigation water level and non-saline irrigation water
application. The maximum threshold of soil-saturated
electrical conductivity of 5.2 dS m™ was observed in
B, sls0, treatment due to the absorbance of ions on the
biochar surface and prevention of ion transport to the
plant. Finally, cultivation of faba bean under 2.5% w/w
biochar application and 100% non-saline irrigation
water level is recommended for maximum faba bean
production.
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