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Abstract: The efficient transfer of nutrients to plants in the form of biofertilizers on poor substrate
was investigated. Biochar and dried algae biomass as well as mineral fertilizer were used to test the
growth of the Palestinian ‘Rehan’ barley cultivar under salinity stress (4, 8, and 16 mS/cm EC). Rehan
cultivar showed resilience to moderate levels of salinity and could still grow under high salinity
stress (16 mS/cm EC). Rehan barley possessed better growth at early growth stage under the applied
biofertilizers such as dried freshwater algal biomass (Chlorella vulgaris) and nutrient-laden biochar. It
showed better growth than wheat (ssp. scirocco) under the same conditions. Its growth was highly
improved by biochar treatment in low and moderate salinity conditions. Moreover, the combined
effect between biochar and dried algae biomass could improve Rehan barley growth, but less than the
effect of each biofertilizer separately. The biofertilizers affected most plant growth parameters under
the salinity level of 4 and 8 mS/cm EC positively, while the growth declined again at 16 mS/cm
EC. Overall, the biochar treatment showed the same effect as the mineral fertilizer on most of the
parameters. The dried algae biomass and biochar also affected soil conditions. The highest soil water
content (15.09%) was found in algae biomass treatments with 16 mS/cm EC. Biochar with 8 and
16 mS/cm EC had the highest pH value (8.63) near the rhizospheres. The nitrogen level was highest
in the bottom soil sample (0.28 g N/kg soil) for biochar with 0 and 4 mS/cm EC. Meanwhile, the
phosphate concentration was the highest (3.3 mg PO3

−2/kg soil) in algae fertilizer treatments with
0 mS/cm EC in the bottom soil sample and lowest (4.14 mg PO3

−2/kg soil) for the biochar with
8 mS/cm EC. The dried algae biomass and the biochar treatments can subsequently be viewed as
conditioner substrates for improving the quality and fertility of the soil. Where possible, they should
be considered as complement or replacement of mineral and manure fertilization to improve the
impact on soil and environment.

Keywords: algae; biochar; biofertilizer; Chlorella vulgaris; Rehan Palestinian barley cultivar;
salinity stress

1. Introduction

Agriculture in Palestine is suffering from severe reduction in agricultural land due to
population explosion, Israeli settlements, bypass roads, military bases, and quarries [1,2].
In addition, factors such as decreasing freshwater availability and increasing soil stresses
such as drought, salinity, and alkalinity are major limitations for crop production [3].

There are two kinds of stress factors affecting agriculture. Biotic stresses are defined as
the damage in plants due to the negative effect of living organisms such as bacteria, viruses,
fungi, parasites, beneficial and harmful insects, and weeds. Abiotic stresses include all
the environmental conditions that decrease plant growth and yield to a certain level [4].
Abiotic stresses can cause around 65% crop loss, while the biotic stresses cause around
of 10% crop yield loss, e.g., in Palestinian tomato crop [5]. Salinity is one of the major
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abiotic stress factors in arid and semi-arid areas which are prevalent in Palestine. Soil
salinity stress results in a significant loss of crop yield around the world [6,7]. Moreover,
soil contamination by xenobiotic (human-made) chemicals is one of the main challenges
to agriculture worldwide. Recently, quarries and their landfills have been recognized as
source of soil contaminants [2,8], for example, causing high alkalinity in the soil [9]. It
is desired to reclaim quarry land for agriculture, which generates a need to replenish or
ameliorate those substrates. Another important contaminant there is salt.

Salinity effects on plants include reduced soil water availability, nutrient imbalance,
nutrient limitation, membrane dysfunction, inhibition of basic metabolic pathways such
as photosynthesis and oxidative stress [10]. Na+ and Cl- are the ions that cause most
nutritional imbalances in soil [11], most apparent in the Palestinian agricultural water
resources [12,13]. Around 50% of agricultural lands around the world, which produce
more than 30% of the world’s food, are affected by salinity stress [14]. Salinity stress is
becoming a major abiotic stress in Palestine due to climate change factors, e.g., low annual
precipitation, high temperature, salt-laden irrigation water [5]. The most affected areas in
Palestine are the Gaza strip, Jericho and the southern of West Bank [12].

Generally, salinity stress levels pose direct and detrimental effects on plant growth and
production [11]. High salinity can delay seed germination and cause growth rate reduction
in the plant. Furthermore, at very high salt concentration, it can cause plant death [5]. For
multi-stem plants such as wheat or barley, salinity can cause reduction in the number of
their tillers and lower overall yield [15]. Salt-resilient crops or mitigating soil treatments
are necessary in affected areas.

In general, Palestinian soil is fertilized by organic fertilizer (manure), which can
have side effects on the agricultural land such as the accumulation of excessive nutrients,
pathogens, and salinity [16]. Nevertheless, the use of chemical or inorganic fertilizers
is not a sustainable approach due to its excessive accumulation of salts that may result
in degradation of the soil biological environment [17]. The application of biochar in the
soil as a technique for improving soil quality, e.g., structure and water holding capacity,
and fertility is recommended for such substrates. It improves the soil greenhouse gas
(GHG) retention, organic carbon content, and water retention capacity [18,19]. Moreover, it
can increase microbial activity, biomass accumulation, and nutrient availability and soil
ventilation [20,21].

More recently, other new biofertilizers have been introduced to agriculture. The
micro-algal biomass of Chlorella vulgaris was produced successfully on a large scale in a
limited light area of Western Germany [22]. The dried and powdered biomass of the micro-
algae was used as biofertilizer and soil conditioner to improve wheat (Triticum aestivum L.)
production on sandy poor soil [23]. Algae can be a valuable addition to a plant production
process aimed at nutrient cycling. They grow very quickly when their environment is
full of nutrients, as in wastewater [24]. The most important characteristics of algae in
wastewater treatment are their high degree of absorption of nitrogen and phosphorus and
their production of oxygen through photosynthesis, which helps bacteria to break down
organic compounds [25]. When added to a soil substrate, the algae biomass is broken
down, releasing the formerly remediated nutrients which become gradually available to
plants and adding to the soil carbon content.

The use of such abovementioned fertilizers on crop plants has not yet been widely
examined. However, it is of significant interest when applied to a lacking substrate com-
bined with a resilient crop. One such plant is barley (Hordeum vulgare L.) which is a more
salt-tolerant crop plant than cultivated wheat (Triticum aestivum L.) as reported in [6]. In
this context, barley cultivars withstand salt concentrations up to 250 mM NaCl (equivalent
to 50% seawater); meanwhile, wheat stops growing at around 100 mM NaCl [15]. Generally,
the recommended soil pH for barley production is 6.3–7, with respect to cultivar variations.
Therefore, the Rehan cultivar reveals 50% germination at 120 mM CaCO3 (unpublished
study). Pertaining to nutritional needs, the average quantities of nutrients removed per ton
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of grain and straw for barley are around 26 and 3.5 kg/ha for nitrogen and phosphorus,
respectively [26].

Barley is the most important crop after wheat, maize, and rice around the world [27].
It is an important crop for animal feed, food, and medical uses [15], for example in the
treatment of cancer and geriatric diseases [25]. Barley water (seed extract) is used as a
cough remedy and diuretic. The plant itself is used as a biological control to protect crops
from frost [28]. Plants, such as a resilient barley species, combined with an appropriate soil
amelioration method will help reclaim areas such as quarries for agriculture.

In this research study, the Palestinian barley ‘Rehan’ was used as model plant to resist
salinity stress (abiotic) under the effect of biofertilizers. The main goal of this research
work was to improve and determine the barley production under soil salinity stress when
treated by biochar and freshwater-grown dried algae biomass. The ultimate objectives
were to measure the growth parameters and determine the level of nutrients in the plant as
an indicator for plant salt stress resilient mechanisms and gain insight into how to transfer
this result to agricultural applications.

2. Materials and Methods
2.1. Experimental Conditions

Most of the experimental work was conducted in a greenhouse (50◦54′35.1′ ′ N 6◦24′47.4′ ′

E) at Forschungszentrum Jülich GmbH, 52,428 Jülich, Germany. The greenhouse climate
was kept at a minimum temperature of 20 ◦C during the day and 16 ◦C at night, which
resulted in summer conditions in a minimum temperature of 25 ◦C, with additional lighting
of 20 kLux from 6–22:00 and regular air moisturization to 64%, which can to as low as
46%. The average daily light integral DLI on the plant level was 14.35 mol/m2d in August,
declining to 8.8 mol/m2d in October (outdoor DLI 41 and 14 mol/m2d, respectively).
The preliminary experimental work was conducted at Applied Biology Labs/Palestine
Polytechnic University, Hebron, Palestine.

2.2. Plant Seeds

Ten certified Palestinian barley cultivars seeds were kindly provided by the seed
bank of the Palestinian Agricultural Research Center (NARC), North Palestine. NARC
produces barley seeds in the center’s experimental stations using the same method as
the multiplication in the Union of Agricultural Work Committee (UAWC). In addition,
a wheat cultivar (Triticum aestivum L. var. scirocco) was kindly provided by FZJ seed
storage department.

2.3. Methods
2.3.1. Fertilizers

Biochar, mineral fertilizer, and biofertilizer (freshwater dried algae biomass) [22]
amounts were standardized to an application of 45 kg P/ha.

2.3.2. Mineral Fertilizer ‘Hoagland Solution’ Preparation

Hoagland stock solution (100 times concentrated) [29] of 2 L of 1 M KNO3, 2 L of
1 M Ca(NO3)2, 1 L of 1 M MgSO4, and 1 L of 1 M KH2PO4; 1 L of trace elements; and 1 L
of Fe EDTA (0.0896 mol/L Fe) was prepared and diluted to 40 times concentration. Then,
100 mL distilled water, 100 mL 40 times concentrated Hoagland, and 4 mL KH2PO4 were
added to each pot (see Table S2).

2.3.3. Comparative Effects of the Fertilizers under Saline Conditions

Palestinian barley ‘Rehan’ seeds were germinated for 7 days on wet paper. Next,
120 seedlings were planted from July 2019 to August 2019 for 7 weeks in 3 l plastic pots
containing 3.2 kg sand as poor nutrient soil (its characteristics are described in [23]) with
64 g biochar, 14 g dried algae biomass corresponding to 115 mg (P) as contained within the
biomass, and Hoagland solution (mineral fertilizer which was added to deliver 120 mg P per
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pot), respectively, in 10 replicates for each fertilizer treatments. For each fertilizer treatment,
10 replicates were watered at the start of the experiment with saline solutions to meet (0, 4,
8, 16 mS/cm EC) salinity concentration, which approximately equals 0, 44, 87, and 175 mM,
respectively. The amount of added fertilizer correspond to the standardized p value of
~45 kg P/ha. Further, 10 pots containing 2.53 kg ‘SoMi513 substrate’ (Industrie-Erdenwerk
Archut, Lauterbach, Germany, a ‘luxury’ substrate, comprising 20% crushed pumice,
50% furnace bottom ash, and 30% quality peat, with 375 mg/LNO3-N, 99 mg/L P2O5,
348 mg/L K2O and 285 mg/L Mg) were prepared as a reference for maximum growth.
Barley plants (10 replicates) in pots containing biochar (no nutrients) with sand were
prepared as control for biochar with mineral treatment. Those and the ‘SoMi’ treatment
pots were not photographed by the automated system (capacity reached) but documented
by hand. All other plants were watered, randomized on every measurement day, and
photographed automatically by ‘Screen House’ (Visser Crane). The watering was done
to reach 60% of the respective water holding capacity of substrate water content by an
automated watering balance (compare [23]) to ensure comparable water treatment of
all pots.

2.3.4. Biofertilizer (Dried Algae Harvested from Freshwater)

Twelve seedlings of Rehan Palestinian barley cultivar and wheat (ssp. scirocco) were
planted after 7-day germination and cultivated from August 2019 to October 2019 (7 weeks)
in 3 l plastic pots containing 3.2 kg sand with 14 g dried algae biomass. As discussed in
Section 3.1, dried algae biomass fertilizer did not support the growth of barley as expected
according to the results of [23]. This section explores the real effect of dried algae biomass
fertilization by comparing its effect on the growth of ‘Rehan’ cultivar. Wheat was used as a
control to test if the effect is due to barley not being able to utilize algae biomass like wheat
did in earlier experiments that aimed to determine the effect of fertilizers (biochar, dried
algae biomass from freshwater) on ‘Rehan’ barley during the early growth stage.

2.3.5. Comparison of Biochar and Dried Algae (Freshwater) Fertilizing Wheat and Barley
‘Rehan Cultivar’

In order to investigate possible differences of nutrient availability for barley versus
wheat under the effect of the aforementioned fertilizers, eight pots were filled with 3.2 kg
sand, 14 g dried algae, and 64 g biochar. Four replicates of both wheat (ssp. scirocco) and
Rehan Palestinian barley cultivar seedlings (7 days after germination) were planted form
September 2019 to November 2019 (7 weeks). An overview about all experimental setups
is shown in Table 1.

Table 1. Summary of the experimental design of pots.

Section No. Fertilizers Used Used Plant Harvesting
Differences Comments

2.3.3 Comparative
effects of the fertilizers

Biochar, mineral
fertilizer (Hoagland

solution), dried algae
(Chlorella from

greenhouse cultivation)
SoMi (full nutrient soil)

Rehan Palestinian
barley cultivar

Three Soil samples for
each pot (T, B, R)

Automated system for
shoot imaging
and analysis

2.3.4 Biofertilizer (dried
algae harvested from

freshwater)

Dried algae (Chlorella
from greenhouse

cultivation)

Rehan Palestinian
barley cultivar+ wheat

(Triticum aestivum L.
ssp. scirocco)

Three soil samples for
each pot (T, B, R)

Target: effect
differences of algae
biomass for wheat

and barley

2.3.5 Comparison of
biochar and dried algae

fertilizing wheat and
barley ‘Rehan cultivar’

Biochar +dried Algae

Rehan Palestinian
barley cultivar+ wheat

(Triticum aestivum L.
ssp. scirocco)

Three Soil samples for
each pot (T, B, R)

Target: synergic effect
of both biochar and
dried algae together.
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2.3.6. Plant Harvesting and Soil Analysis

At the end of the experiment (7 weeks of cultivation), roots and leaves were collected
separately. Tillers and number of ears were counted. Three shoot samples of each treatment
were analyzed for leaf area (via a LI-3100 area meter, LI.COR, Inc., Lincoln, NE, USA).
Three root samples each were analyzed using a WinRhizo scanner and software (Regent
instruments Inc., Québec, QC, Canada). All shoots and roots were place into paper bags
and dried in the oven at 60 ◦C for 72 h. For measuring nutrient concentration in our
soil, a weighted amount of soil was collected from top soil (T), bottom soil (B), and soil
near the rhizosphere (R) as well as mixed (MIX) samples from all places (Figure 1). The
collected samples were placed in 100 mL PE bottles. Samples were analyzed for soil
moisture, PO4

3−, total N concentrations, and EC. The samples were dried in the oven at
40 ◦C for 72 h prior to extraction, and dry weight was determined. The vials/PE bottles
were then mixed with 25 mL of distilled water and shaken for 1 h. Then the samples were
centrifuged at 4100 rpm for 10 min. pH and EC were determined from the supernatant
using a MettlerToledo 7Go pH conductivity meter. Total nitrogen (N) content was measured
from the supernatant using Hach-Lange tests (Laton). Phosphate (PO4

3−) content was
measured for the supernatant using PiBlue (BioAssaySystems, Hayward, CA, USA) test
and LCK138 Hach-Lange tests.

Figure 1. Soil sampling locations (T: top soil sample, B: bottom soil sample, R: rhizosphere
soil sample).

2.3.7. Statistical Analysis

IBM SPSS Statistics V22.0 provided the parametric and nonparametric statistical tools
which were used to test the hypothesis. An independent sample t-test was used to test
the differences between two means with normal distributions and equal variance in two
groups. The Mann–Whitney U Test was utilized to examine the differences between means
with non-normal distributions or non-equal variance in two groups. A one-way analysis of
variance (one-way ANOVA) test was applied to examine the differences of means when
the variable distributions in all groups were not significantly different from a normal
distribution and had a homogenous variance. The Kruskal–Wallis test was utilized to test
the non-parametric alternative of variance test (one way-ANOVA). The respective tools are
indicated at the end of each result table.
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3. Results
3.1. Effects of Organic Fertilizers on ‘Rehan’ Barley under Salinity Stress

The effects of different combinations of salinity levels and fertilizer types on the early
growth stage of the Rehan barley cultivar are presented in Figures 2–4. The results reveal
that the highest shoot growth appears in the mineral fertilizer treatment at 4 and 8 mS/cm
EC. Biochar treatment shows the highest value for number of ears, followed by mineral
fertilizer at EC 4 and 8 mS/cm (Figure 2). There was almost no growth in both shoot and
root systems in algae fertilization treatment for 0 and 16 mS/cm EC (Figure 3). The root
system shows the highest root length for biochar at 0 mS/cm EC, followed by biochar at
4 mS/cm EC (Figure 4). However, dry algae treatment shows the highest root diameter at 8
mS/cm EC, followed by biochar at 0 mS/cm EC (Figure 2). For more detailed information
see Table S1.

Figure 2. The effects of salinity stress and fertilizer types on five measured plant parameters during
the early growth stage (7 weeks) for Rehan barley cultivar (MIN: mineral fertilization, BIO: biochar
with mineral fertilization, ALG: dried algae biomass powder from freshwater (0, 4, 8, 16 mS/cm EC:
the salinity concentrations in soil). No. = number, Avg. = average. The mean value and standard
deviation are shown.

Figure 3. The effects of salinity stress and fertilizer types on leaf area and root area during the early
growth stage (7 weeks) for Rehan barley cultivar (MIN: mineral fertilization, BIO: biochar with
mineral fertilization, ALG: dried algae biomass powder from freshwater (0, 4, 8, 16 mS/cm EC are
the salinity concentrations in soil). The mean value and standard deviation are shown.
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Figure 4. The effects of salinity stress and fertilizer types on root length during the early growth
stage (7 weeks) for Rehan barley cultivar (MIN: mineral fertilization, BIO: biochar with mineral
fertilization, ALG: dried algae biomass powder from freshwater, 0, 4, 8, 16 mS/cm EC are the salinity
concentrations in soil). The mean value and standard deviation are shown.

The growth dynamics (plant leaf area, Figure 5) reveal that the highest leaf area growth
rate is obtained under the fertilization with biochar at 8 mS/cm EC and mineral fertilizer
at 0 mS/cm EC. However, leaf area declines with increased salinity levels under mineral
fertilizer. In contrast, algae fertilizer shows slow growth at 4 and 8 mS/cm EC while
no growth at all in its control. Algae fertilizer with 16 mS/cm EC shows significantly
declined growth. Finally, biochar shows a decrease in the leaf area from 0 to 4 mS/cm EC
treatment, then a significantly higher value at 8 mS/cm EC followed by strong decline at
16 mS/cm EC.

Figure 5. Average leaf area (pixels, px) and growth dynamics of Rehan under three fertilizers and four
salinity levels analyzed by ScreenHouse system [30] (MIN: mineral fertilization, BIO: biochar with
mineral fertilization, AlG: dried algae biomass powder from freshwater (0, 1, 2, 3: 0, 4, 8, 16 mS/cm
EC, respectively). x-axis: measurement day during the growth period.
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3.2. Comparative Effects of Organic Fertilizers on Soil Parameters during the Early Growth Stage
of Palestinian Barley Rehan Grown in Saline Soil

As shown in Figure 6a, the highest soil water content appeared in the algae biomass
treatment at 16 mS/cm EC, followed by algae biomass treatment at 8 mS/cm EC, while the
lowest value appeared for biochar at 4 mS/cm EC.

Figure 6. The effects of salinity stress and fertilizer types on soil parameters during the early growth
stage (7 weeks) for Rehan barley cultivar. MIN: mineral fertilization, BIO: biochar with mineral
fertilization, ALG: dried algae biomass powder from freshwater; 0, 4, 8, 16 mS/cm EC are the salinity
concentrations in soil. EC = electric conductivity, TN = total nitrogen (mg/kg), P = phosphate
(mg/kg), T = top soil sample, B = bottom soil sample, R = rhizosphere soil sample, mix = mixed soil
sample. The mean value and standard deviation are shown. The data have been arranged to put as
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many parameters as possible on a readable scale. To provide an option for different sorting, the
data are also available in Supplementary Material (Table S3). Subfigures (a–d): (a). The effects of
salinity stress and fertilizer types on soil water content (%), pH for mixed sample, pH for top soil
sample, total nitrogen (TN) concentration (µg N/g soil (mg/kg) for top soil sample, pH for bottom
soil sample, and pH for rhizosphere soil sample during the early growth stage (7 weeks) for Rehan
barley cultivar. (b). The effects of salinity stress and fertilizer types at harvest on EC (µS/cm) for
mixed samples, EC (µS/cm) for bottom soil samples, and phosphate (P) concentration (µg PO3

−2/g
soil mg/kg) for bottom soil samples during the early growth stage (7 weeks) for Rehan barley cultivar.
(c). The effects of salinity stress and fertilizer types on total nitrogen (TN) (µg N/g soil (mg/kg) for
mixed samples and phosphate (P) concentration (µg PO3

−2/g soil mg/kg) for mixed samples, EC
(µS/cm)for top soil sample, total nitrogen (TN) concentration (µg N/g soil (mg/kg) for bottom soil
sample, and total nitrogen (TN) concentration (µg PO3

−2/g soil mg/kg) for rhizosphere soil sample
during the early growth stage (7 weeks) for Rehan barley cultivar. (d). The effects of salinity stress
and fertilizer types on phosphate (P) concentration (µg PO3

−2/g soil mg/kg) for top soil sample, EC
(µS/cm) for rhizosphere soil sample, and phosphate (P) concentration (µg PO3

−2/g soil mg/kg) for
rhizosphere soil sample during the early growth stage (7 weeks) for Rehan barley cultivar.

The highest pH value (8.53, 8.67) was detected in the bottom of the experimental pot
in algae and 4 and 8 mS/cm EC. Biochar at 4 and 8 mS/cm EC have the highest pH value
near the rhizosphere. In general, pH was between 6 and 8.80.

According to EC changes in Figure 6b, the highest values (898.9 µS/cm) were found
near roots at 16 mS/cm EC for biochar and mineral fertilizer. Moreover, the highest values
at the top soil is in algae biomass at 8 and 16 mS/cm EC, while the lowest values are in
algae biomass and mineral fertilizer with 4 mS/cm EC. The nitrogen level for biochar with
4 and 8 mS/cm EC was the highest in most of the pot positions but not in the top soil of
the experiment. It shows the highest value in algae with 8 mS/cm EC. The lowest values
are in algae biomass at 4 and 8 mS/cm EC.

The phosphate concentration has the highest values in mineral fertilizer at 4 mS/cm
EC in most of the pot positions but not in bottom soil. For mixed samples, the highest value
(336 µg PO3

−2/g soil) is found in mineral fertilizer at 0 mS/cm EC, while the lowest value
(4.14 µg PO3

−2/g soil (mg/kg)) is in the biochar treatment at 8 EC (Figure 6). Regarding
the nutrients leaching into the soil, the total nitrogen level had the highest value at the
bottom at all salinity levels in mineral treatments. However, the phosphate concentration
was the highest between top soil and rhizosphere areas in 0 and 4 EC, respectively, and the
highest at the bottom of the soil at salinity levels 8 and 16 EC.

For biochar treatments, the total nitrogen level had the highest value at the bottom
at all salinity levels, as observed in mineral treatments but not at 0 salinity where it was
highest in the rhizosphere area. For phosphate level, the highest values were at the bottom
of the soil for 8 and 16 EC.

For algae treatments, the total nitrogen level had the highest value at the bottom at all
salinity levels, as observed in mineral treatments, but lower in comparison with mineral
treatments. For phosphate level, the highest values were at the top in 0 and 4 EC, and at
the bottom of the soil for 8 and 16 EC.

3.3. The Effect of Biochar (Alone) on the Early Growth Stage for Rehan Barley Cultivar

The results show that the shoot and root growth in biochar with mineral treatments
is significantly higher and faster during the growth period of 7 weeks. According to soil
parameters, the addition of minerals did not affect soil water content, while pH decreased
with the addition of minerals to biochar. The nutrient concentration was greater in biochar
with minerals than biochar alone (Table 2).
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Table 2. Comparative effects of biochar alone and biochar with minerals on Rehan cultivar during the early growth stage
(7 weeks). No. = number, Avg. = average, EC = electric conductivity (µS/cm), TN = total nitrogen (mg/kg), P = phosphorus
(mg/kg), mix = mixed soil sample, sig. = significance of the test.

Fertilizer type Biochar + Minerals Biochar Alone Sig.

Plant Parameters

No. of tillers 9.17 ± 3.43 1.00 ± 0.00 0.000a

No. of ears 4.67 ± 1.21 0.67 ± 0.52 0.003b

Leaf area (cm2) 275.5 ± 157.98 7.78 ± 0.78 0.009a

Shoot dry weight (g) 7.23 ± 1.41 0.05 ± 0.02 0.000a

Root dry weight (g) 2.76 ± 2.86 0.06 ± 0.04 0.044a

Shoot/root dry weight 11.36 ± 16.32 1.25 ± 1.05 0.055b

Root length (cm) 5496.62 ± 341.37 277.03 ± 38.43 0.000a

Root area (cm2) 1149.49 ± 83.70 21.20 ± 2.64 0.000a

Avg. diameter (mm) 0.33 ± 0.00 0.24 ± 0.01 0.003b

Soil Parameters

Soil water content (%) 9.67 ± 2.77 8.34 ± 3.11 0.450b

pH for mix 7.18 ±.14 7.93 ± 0.03 0.000b

EC (µS/cm) for mix 1308.33 ± 726.22 75.77 ± 1.09 0.009b

TN (total N in soil in µg/g soil (mg/kg)for mix 157.85 ± 32.07 8.91 ± 1.94 0.000b

P(PO3
−2 in soil in µg/g soil (mg/kg) for mix 13.58 ± 3.99 3.21 ± 0.64 0.001b

Note: p-values are displayed in bold script when p ≤ 0.05. Different letters in significance column indicate (a) independent sample t-test,
(b) Mann–Whitney U Test. Values in categories column represent mean ± standard deviation.

3.4. The Effect of Dried Algae Biomass (Freshwater-Grown) Biofertilizer on the Early Growth Stage
of ‘Rehan’ Barley Cultivar

Rehan barley growth is faster than wheat in all plant parts, except for the appearance
of tillers, which is the same (Table 3). Pertaining to soil parameters, soil water content is
higher in wheat soil due to less water uptake by the plants. However, the pH in wheat
soil is lower than barley soil in all pot positions. Moreover, the nutrient concentrations are
higher in wheat soil than barley ones.

Table 3. The effect of dried algae biomass on the early growth stage (7 weeks) of wheat and barley biomass (7 weeks). No. =
number, Avg. = average, TN = total nitrogen, P = phosphorus, T = top soil sample, B = bottom soil sample, R = rhizosphere
soil sample, mix = mixed soil sample sig. = significance of the test.

Wheat Barley Sig.

Plant Parameters

No. of tillers 4.83 ± 1.45 6.83 ± 3.50 0.02b

No. of ears 0.17 ± 0.30 0.17 ± 0.30 1.00b

Leaf area (cm2) 248.33 ± 99.70 577.40 ± 314.11 0.002a

Shoot dry weight (g) 1.69 ± 0.63 2.62 ± 1.49 0.062a

Root dry weight (g) 0.26 ± 0.07 0.61 ± 0.38 0.01b

Shoot/root dry weight 6.90 ± 2.59 4.53 ± 0.93 0.00b

Root length (cm) 1819.95 ± 719.41 2151.95 ± 1098.66 0.77b

Root area (cm2) 224.52 ±88.79 956.16 ± 600.82 0.01b

Avg. diameter (mm) 0.40 ± 0.03 0.50 ± 0.08 0.00b
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Table 3. Cont.

Wheat Barley Sig.

Soil Parameters

Soil water content (%) 12.61 ± 1.67 8.45 ± 4.89 0.02b

pH for mix 6.93 ± 0.04 7.01 ± 0.06 0.00b

TN for mix (total N in soil in µg/g soil (mg/kg)) 37.31 ± 7.68 21.65 ± 4.51 0.000a

P for mix (PO3
−2 in soil in µg/g soil (mg/kg)) 3.96 ± 1.65 3.15 ± 0.48 0.82b

pH for T 6.97 ± 0.09 7.14 ± 0.08 0.000a

TN for T (total N in soil in µg/g soil (mg/kg)) 33.00 ± 13.01 36.72 ± 3.56 0.56b

P for T (PO3
−2 in soil in µg/g soil (mg/kg)) 5.39 ± 2.96 5.13 ± 1.91 0.42b

pH for B 6.82 ± 0.08 7.00 ± 0.10 0.00b

TN for B (total N in soil in µg/g soil (mg/kg)) 60.56 ± 6.24 34.26 ± 10.00 0.00b

P for B (PO3
−2 in soil in µg/g soil (mg/kg)) 4.57 ± 3.37 3.41 ± 2.20 0.331a

pH for R 6.89 ± 0.10 7.12 ± 0.12 0.00b

TN for R (total N in soil in µg/g soil (mg/kg)) 45.94 ± 12.15 26.17 ± 12.87 0.02b

P for R (PO3
−2 in soil in µg/g soil (mg/kg)) 4.95 ± 3.31 3.28 ± 1.37 0.121a

Note: p-values are displayed in bold script when p ≤ 0.05. Different letters in significant column indicate (a) independent sample t-test,
(b) Mann–Whitney U Test. Values in categories column represent mean ± standard deviation.

3.5. Comparison of the Combined Effects of Biochar and Dried Algae Biomass Grown in Freshwater
on Wheat and Barley ‘Rehan Cultivar’

The growth under the fertilization by biochar and dried algae biomass is faster in
wheat than barley for both shoot and root systems, with little difference (Table 4). In
addition, there is no ear growth during the 7-week period. On the other hand, soil water
content is higher in barley soil than in wheat soil. However, there are no differences in pH
and nutrient content, except for phosphate in the bottom of the experimental pot.

Table 4. The synergic effect of biochar and dried algae biomass on early growth stage (7 weeks) of wheat and barley.

Fertilizer Algae + Biochar
Sig.

Plant Type Wheat Barley

Plant Parameters

No. of tillers 3.67 ± 0.73 1.67 ± 0.73 0.001a

No. of ears 0.00 ± 0.00 0.00 ± 0.00 -

Leaf area (cm2) 106.21 ± 48.12 76.20 ± 66.35 0.393a

Shoot dry weight (g) 0.57 ± 0.28 0.47 ± 0.43 0.642a

Root dry weight (g) 0.23 ± 0.03 0.07 ± 0.05 0.000a

Shoot/root dry weight 2.37 ± 0.90 4.30 ± 2.38 0.110a

Root length (cm) 757.54 ± 126.47 654.10 ± 559.82 0.676a

Root area (cm2) 102.04 ± 20.18 89.73 ± 78.69 0.724a

Avg. diameter (mm) 0.43 ± 0.03 0.37 ± 0.07 0.103b

Soil Parameters

Soil water content (%) 16.89 ± 0.54 18.21 ± 0.72 0.006a

pH for mix 7.54 ± 0.03 7.54 ± 0.08 1.000a

TN for mix (total N in soil in µg/g soil (mg/kg)) 39.13 ± 5.54 37.01 ± 3.13 0.439a

P for mix (PO3
−2 in soil in µg/g soil (mg/kg)) 5.55 ± 0.70 5.94 ± 2.12 0.685a
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Table 4. Cont.

Fertilizer Algae + Biochar
Sig.

Plant Type Wheat Barley

pH for T 7.69 ± 0.02 8.06 ± 0.32 0.037a

TN for T (total N in soil in µg/g soil (mg/kg)) 27.38 ± 15.39 22.82 ± 12.13 0.582a

P for T (PO3
−2 in soil in µg/g soil (mg/kg)) 7.16 ± 1.51 8.99 ± 1.92 0.098a

pH for B 7.69 ± 0.10 7.94 ± 0.13 0.117a

TN for B (total N in soil in µg/g soil (mg/kg)) 49.82 ± 16.38 46.82 ± 11.18 0.719a

P for B (PO3
−2 in soil in µg/g soil (mg/kg)) 4.46 ± 0.06 6.74 ± 0.39 0.000a

pH for R 7.75 ± 0.04 7.85 ± 0.15 0.168a

TN for R (total N in soil in µg/g soil (mg/kg)) 55.76 ± 18.75 40.22 ± 8.88 0.108a

P for R (PO3
−2 in soil in µg/g soil (mg/kg)) 7.09 ± 1.70 7.68 ± 0.38 0.439a

Note: p-values are displayed in bold script when p ≤ 0.05. Different letters in significant column indicate (a) independent sample t-test,
(b) Mann–Whitney U Test. Values in categories column represent mean ± standard deviation.

4. Discussion

Plants that are able to cope with high salinity are important in an agricultural world
where increasing soil salinity is one of the main challenges. Furthermore, fertilizers that
can mitigate salt effects and that may even be able to help close the nutrient cycle are highly
needed. After the described treatments, Rehan barley, which was proposed as a resilient
crop species, coped better than wheat under the given conditions and proved its ability to
face harsh highly saline environment.

4.1. The Maximum Growth of Barley in SoMi513 (Luxury Substrate)

SoMi513 substrate was applied in the experiment that aimed to determine the effect of
fertilizers (biochar, dried algae biomass from freshwater) on Rehan barley during the early
growth stage as a positive control for the maximum growth of the used plant (see Table S5).
The growth of biochar treatments is slightly lower than SoMi treatments. The growth of
algae was also less than SoMi treatments. This is the same finding as with wheat growth
under the effect of dried algae biomass [23]. Therefore, the abovementioned biofertilizers
are a successful sustainable soil conditioner for the improvement of plant growth and yield.

4.2. Salinity Effect

Seed germination faces a lot of limitations such as environmental conditions, dif-
ferences in soil mineral concentrations, and diseases. The present study reveals that the
salinity stress delayed the seed germination especially at 175 mM NaCl (see Table S5). This
finding coincides with sunflower [31], and Palestinian tomato cultivars that showed strong
development speed decrease at 100 mM level [5]. Rehan cultivar in our experiments could
compromise with up to 4 mS/cm EC during the early growth stage, then its performance
declined with 8 and 16 mS/cm EC, proving that Palestinian barley is indeed a moderately
salt-tolerant plant [6].

Root morphology is one of the best parameters to describe the ability of the plant to
find the needed water and dissolved nutrients [32]. The increase in salinity level leads
to an increase in root thickness, due to the increase in cortex thickness as an effect of
compartmentalization of toxic ions. Salinity increase also causes reduction in root length
and reduces both root and shoot systems [5] and subsequently productivity. The presented
results correspond with the aforementioned facts, as here (Figure 2) root length was also
reduced, and overall biomass was less than in the controls.

On a highly saline substrate, high sodium accumulation in the cells causes osmotic
imbalance and ion toxicity [14,30]. Moreover, the stomata close, as a defense mechanism
of salinity stress, to prevent loss of the limited amount of water [33]. This leads to pho-
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tosynthesis reduction because of the reduction in the CO2 supply. Then, cell metabolic
processes suffer from low to no water [15]. Accordingly, this metabolic imbalance causes
high oxidative stress.

Stress responses could also be observed in other parameters. Wheat showed decline
and delay in ear appearance and numbers under the effects of 100–175 mM NaCl [34]. In
our results, barley showed delay at 4 mS/cm EC but not at 16 mS/cm EC, which proves that
barley has tolerance to salinity stress. In this context, sunflower grown under 50–200 mM
NaCl concentrations possesses a significant reduction in shoot length. In addition, it was
also reported that the fresh and dry weight for both shoot and root systems was reduced at
high salinity levels [31]. Similar results are also evident in our study.

Salinity stress affects the physical and chemical properties of the soil in addition to the
directly visible effect on the plant growth. Soil salinity causes phosphorus deficiency for
the plant because of phosphorus precipitation and subsequently lowered availability [33].
The transpiration rate declines as defense mechanism to prevent the high salt uptake, and
to save more water in plant tissue. As a result, the nitrogen uptake process from root to
shoot system slows down [14]. The water content for high saline soil is higher, since it is
not well absorbed by the plant. In general, it is postulated that EC for wheat and barley
should not exceed 4–5 mS/cm EC [35].

In present study, the soil water content increased with the increase in salinity level.
This is due to the low consumption of water by the plant. PH changes in soil are more
affected by the type of fertilizer rather than by the degree of salinity, which coincides
with earlier findings [11]. In our study, the nutrient concentration decreased with salinity
increase. This may be because of chemical reaction processes, which lessen the ratio of
elements from a beneficial to a less beneficial chemical composition available to the plant,
an effect of chemical antagonistic effect between supplementary elements and salt particles.
These processes decrease elemental absorption by the plant and decrease its dry weight [11].
Plants that are able to cope with these effects are needed, and barley has proved to be a
promising candidate.

4.3. Fertilization Effect of Biochar Treatment

The addition of biochar can create a high moisture nutritionally favorable environment
for plant growth. It improves soil physical, chemical, and biological properties, which in
addition improves plant growth and development [36]. It increases the soil ability in water
and nutrient absorption, especially in sandy soil [36,37]. Biochar can increase the water
holding capacity, plant growth, and soil workability [38,39].

In this study, there was an improvement of shoot and root growth in comparison to
mineral fertilizer. Biochar growth treatments were higher in root system growth than in the
shoot system. According to salinity treatments, the higher growth dynamics in the leaf area
was in biochar with 8 mS/cm EC, while it decreased with salinity increasing from 0–16 EC.
This agrees with the findings in the greenhouse experiment in FZJ-Germany which aimed
to determine the effect of biochar on improving carrot quality and yield [40] and Ohrem
et al. (under preparation). Here, the effect of biochar with compost highly increases the
dry biomass weight and plant height but less than the effect of compost alone. Moreover,
the effect of biochar with mineral fertilizers had higher growth than each of the fertilizers
separately [41].

Our results in the present study correspond with the abovementioned findings.
Biochar treatments did not show a significant change in water content when compared
with mineral treatments, which disagrees with [40] and Ohrem et al. (under preparation),
who reported an increase in water holding capacity. Treatments here, however, were
never watered to full water capacity to keep water availability in the different fertilizations
relatively similar; otherwise, we would expect a similar effect. pH showed an increase in
biochar fertilized soil. This is an expected effect of adding biochar to soil [36].

Nitrogen is higher in biochar treatments, while the opposite is the case for phosphorus
concentration. It is believed that biochar addition affects the transformation of nitrogen
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in soil, while it increases phosphorus uptake by the plant [37]. Furthermore, phosphate is
less abundant in the raw materials of biochar producers [42]. The application of biochar
has led to a 50% and 80% reduction in N2O emissions in soybean farms and pasture
systems [36,43].

In the present study, salinity affected soil properties which agreed with [34,35]. How-
ever, the pH, water content, and EC increased with increased salinity; meanwhile, nutrient
concentration decreased. All soil parameters showed decrease in the nutrient concentration
values at 4 and 8 mS/cm EC salinity levels, likely caused by high plant growth rate in
these treatments.

It is clear that biochar alone does not improve poor soil since biochar does not support
the needed minerals for favorable growth [37]. Our findings present that biochar loaded
with mineral fertilizer has high and significant growth for all plant parts, and high water
and nutrient availability. In contrast, very low growth and weak plants were apparent in
biochar treatment without any nutrient supply, as to be expected. The improved water
efficiency and soil structure is not enough to make the sand a favorable substrate without
nutrient addition. Currently, mixtures of biochar with different organic nutrient sources
such as manure are being tested with promising results [44].

Dried algae biomass in addition with biochar can improve soil productivity, but its
effect is still weak compared to biochar with minerals and algae without biochar (see
Table S4). There are no recorded studies of the synergic effect of dried algae and biochar
biofertilization yet. One available study explains the production of algae biochar form
algae biomass as a fertilizer and soil conditioner [45]. Maybe mineral fertilizer can be easily
released by water from biochar, but algae combined with it are not as easily broken down
as ‘free’ algae. This means the structural effect of biochar is important here for the positive
combined effect, and the algae express a not immediate availability of their whole nutrient
content; this may be unsuitable for short-term fertilization of a high-demand crop but
could be a very desirable effect of nutrient-release delay for soil amelioration on a longer
time scale.

4.4. Fertilization Effect of Freshwater-Grown Algae

Algae can be used as soil conductor to improve both positive soil characteristics
and plant productivity [45]. The results of this study did not show an improvement in
Rehan Palestinian barley cultivar in the first experimentation (see Table S6). This was due
to circumstances during early germination, since the same experiment was repeated on
the same barley and wheat with the expected outcome. The difference between the two
experiments is very likely the different environmental temperatures in a crucial growth
phase, when the nutrients from the seed were depleted and the seedling had to exploit the
substrate (35 ◦C when barley was negatively affected, 24 ◦C during high yield with the
same setup). High temperature may have prevented soil microorganisms from properly
decomposing the high rigid cell wall of Chlorella cells, in addition to more rapid water
loss and higher stress for the seedling to successfully reach the nutrients. The results of
the repeated study ‘Section 2.3.4’ show successful growth for wheat and highly improved
performance of barley compared to the first experiment ‘Section 2.3.3’. This proves that
phosphorus can be well released from algae cells to plant roots and improve its growth
which coincides with [23], but there are critical phases which need to be considered during
application. Furthermore, the loss of nitrogen at pot bottom was lowest in the algae
treatment due to plant insufficient growth.

5. Conclusions

The results of this study emphasize the ability of biochar as a fertilizer carrier and
dried algae biomass from freshwater cultivation to improve the growth and performance
of Rehan barley. These kinds of fertilization processes can be used as soil conditioners to
improve quality and fertility. Accordingly, we recommend biochar addition in low and
medium saline levels, since it had the highest supporting effect to our barley’s growth
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compared to the control. Therefore, we recommend using this substrate with barley
(moderately resistant) for the highest effect, especially in a saline environment. This can
replace or be combined with chemical and manure fertilization to reduce negative impacts
of the pure resources, e.g., on Palestinian quarries and wastewater sludges, and improve
efficiency and nutrient transfer as a step towards a circular economy.

The performance of the abovementioned biofertilizers can be affected by different
salinity concentrations. The Palestinian Rehan barley cultivar is able to grow productively
even in high salinity concentration conditions (16 mS/cm EC). Salinity-tolerant plants
such as Rehan cultivars are recommended for cultivation in moderately saline and sandy
marginal soils in Palestine and should be explored again in regard to yield and productivity
in a full-time field experiment or agricultural application.

Regarding the nutrients leaching into the soil, the total nitrogen level had the highest
value (282.45 µg N/g soil (mg/kg)) at the bottom at all salinity levels in mineral treatments.
For phosphate the highest concentration (3381.42 µg PO3

−2/g soil (mg/kg) was at the
bottom of the soil with increasing salinity. The nitrogen loss effect at pot bottom was
lowest in the algae treatment with ~80 mg/g concentration, as compared to more than
~100/300 mg/g in mineral and biochar treatment, respectively.

Plants were capable of sufficient growth in the later algae treatments, where soil water
content was also lower than in the other treatments (9% vs. 10%) and grew comparably
to mineral fertilizer in the biochar treatment. Therefore, algae are also recommended as a
beneficial fertilizing option under non-optimum saline conditions.

Further research is needed to understand the mechanisms of nutrient cycling between
biomass or organic fertilizers and plants, especially the involved microbial community and
the fate of the nutrients from biofertilizer substrate in soil to plant. In addition, to detect
the best combination between these techniques, volume (waste and fertilizer need) and a
method of scaling up to a cost-efficient agricultural management option to compromise
with both agriculture and economy needs more exploration. All of the aforementioned
aspects are essential to develop bio-economic and independent sustainable agriculture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11112309/s1, Table S1. The effects of different combinations of salinity levels
and fertilizer types on early growth stage (7 weeks) for Rehan barley cultivar; Table S2. Hoagland
solution recipe with trace elements; Table S3. The effects of different combinations of different
fertilizers (mineral fertilizer MIN, dried algae biomass ALG, and biochar BIO) and salinity levels on
the soil parameters during the early growth stage (7 weeks) of “Rehan” cultivar. ECµS/cm= electric
conductivity, TN (µg N/g soil [mg/kg] = total nitrogen, P (µg PO3

−2/g soil [mg/kg] = phosphate,
T = top soil sample, B = bottom soil sample, R = rhizosphere soil sample, mix = mixture soil sample,
sig. = significance of the test. Table S4. The comparative effect between algae fertilization from
(August–October 2019), the synergic effect for dried algae and biochar (September–November 2019),
and biochar with mineral fertilization effect (July–September 2019) on the plant parameters during
the early growth stage (7 weeks) of “Rehan” cultivar. Table S5. Germination percentage of ten barely
cultivars growing in Palestine under the effect of 0, 50, 85 and 175 mM NaCl ([46], unpublished work).
Table S6. The comparative effect between dried algae fertilization from 1st treatment (July–September
2019) and dried algae fertilization from 2nd treatment (August–October 2019) on the plant parameters
during the early growth stage (7 weeks) of “Rehan” cultivar.
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Abbreviations

Symbol Abbreviation
ACSAD Arab Center for the Studies of Arid Zones and Dry Lands
ALG Algae dried biomass powder produced in freshwater
B Soil sample from the bottom of pot
BIO Biochar with mineral fertilization
EC Electric conductivity
FZJ Forschungszentrum Jülich
ICARDA International Center for Agricultural Research in the Dry Areas
MIN Mineral fertilization
mM Millimolar
NaCl Sodium chloride
P Phosphorus
R Soil sample from the rhizosphere area
SoMi Full nutrient soil
Synergic effect Combined effect of two factors ‘fertilizer + salinity’
T Soil sample from the top of pot
TN Total nitrogen
Px. Pixels
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