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Abstract: Use of saline water for irrigation is essential to mitigate increasing agricultural water
demands in arid and semi-arid regions. The objective of this study is to address the potential of
using straw biochar as a soil amendment to promote wheat production under saline water irrigation.
A field experiment was conducted in a clay loam soil from eastern China during 2016/2017 and
2017/2018 winter wheat season. There were five treatments: freshwater irrigation (0.3 dS m™1), saline
water irrigation (10 dS m™'), saline water irrigation (10 dS m~!) combined with biochar of 10, 20,
30 t ha~!. Saline water irrigation alone caused soil salinization and decreased wheat growth and yield.
The incorporation of biochar decreased soil bulk density by 5.5%—11.6% and increased permeability by
35.4%-49.5%, and improved soil nutrient status. Biochar also reduced soil sodium adsorption ratio by
25.7%-32.6% under saline water irrigation. Furthermore, biochar alleviated salt stress by maintaining
higher leaf relative water content and lower Na*/K* ratio, and further enhanced photosynthesis and
relieved leaf senescence during reproductive stages, leading to better grain formation. Compared to
saline water irrigation alone, biochar application of 10 and 20 t ha~! significantly increased wheat
grain yield by 8.6 and 8.4%, respectively. High dose of biochar might increase soil salinity and limit N
availability. In the study, biochar amendment at 10 t ha~! would be a proper practice at least over two
years to facilitate saline water irrigation for wheat production. Long-term studies are recommended
to advance the understanding of the sustainable use of straw biochar.

Keywords: saline water irrigation; winter wheat; straw biochar; soil amendment

1. Introduction

Winter wheat (Triticum aestivum L.) is one of the most crucial cereals for human consumption.
In arid and semi-arid areas, the winter wheat production depends highly on additional irrigation since
precipitations during the winter wheat growing season are regularly insufficient to meet the water
requirements for achieving optimum yields [1-3]. Due to the increasing dry weather under the current
climate changes and the aggravated competitions for water use in urban and industrial sectors, the
freshwater shortage is becoming the main bottleneck for winter wheat production in these regions [4].
To cope with the scarcity of water resources, water-saving scheduling (e.g., deficit irrigation) has been
widely adopted to optimize wheat yield with limited water supplies. On the other hand, the use
of low-quality water resources such as saline water and brackish water to mitigate the increasing
irrigation water demands in wheat production has gained significant attention.

Previous studies have reported that applying saline water irrigation during wheat
drought-sensitive stages can achieve higher grain yield compared to skipping irrigation [5,6]. However,
saline water irrigation could aggravate the risks of soil salinity and sodicity build-up, resulting in
destabilized soil structure, surface crust, and infiltration problems [7]. Meanwhile, salt accumulation
in the root zone could cause osmotic stress, ionic toxicity, nutritional deficiency in plants, and thereby
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reduce crop growth and yield [8]. Wheat is classified as moderately tolerant to salinity with soil salinity
threshold of 6 dSm™! and irrigation water salinity threshold of 4 dS m~! [9,10]. Sharma and Rao [11]
reported that using drainage water with a salinity of 6.0-18.8 dS m™! for irrigation notably increased
soil salinity and sodicity after harvest, causing a reduction of 4.2%-22.2% in wheat yield. Murtaza et
al. [12] revealed that irrigation with saline-sodic water alone could induce soil secondary salinization,
leading to higher soil bulk density, lower infiltration rate, as well as reduced wheat straw and grain
yield. Studies also showed that as the irrigation water salinity and consequently soil salinity increased,
the wheat production decreased significantly [1,9,13]. Therefore, proper agricultural management
strategies should be adopted to alleviate these adverse impacts of saline water irrigation on soil health
and crop yield. Soil application with organic materials has been considered as one of the effective
practices to facilitate wheat production under saline-irrigated conditions [12,14-16].

Biochar is a carbon-rich organic material produced from the pyrolysis of biological matter under
a low oxygen condition and possesses several advantages like porous structure, large surface area,
and high ion exchange capability [17,18]. The application of biochar to agricultural soils can improve
soil physical properties, e.g., bulk density, total porosity, aggregate stability, water holding capacity,
permeability, and aeration [19,20]. Biochar also helps to increase soil organic matter content, mineral
supply, and cation exchange capacity, leading to higher soil nutrient availability [21,22]. Furthermore,
biochar application is conducive to promoting the rhizosphere biological environment, thus increasing
soil enzyme activities and microbial growth [23,24]. In addition, a number of studies have shown
several benefits of biochar on the plant growth under salt stress like improved plant water status,
enhanced photosynthesis, decreased Na* uptake, increased nutrient uptake, mitigation of oxidative
stress, and regulation of stomatal conductance and phytohormones [25,26]. As a result, biochar
has been increasingly used as a soil amendment to facilitate agricultural development under saline
conditions. Studies have reported that biochar amendment effectively enhanced wheat growth and
yield in salt-affected soils [23,27-29], and also increased yields of several crops under saline water
irrigation such as potato, maize, tomato, soybean, and sweet melon [26,30-33].

Therefore, biochar application seems to be a reasonable practice to improve the utilization of
saline water in wheat production. Nonetheless, most previous studies have been conducted under
greenhouse conditions, particularly using pot experiments. Additional research in the field level is still
needed to evaluate the effects of saline water irrigation and biochar on soil properties and wheat growth.
Furthermore, the influences of biochar amendment could be closely related to its application rate [19].
Either neutral or even negative effects of biochar amendment on crops due to inappropriate application
rates have been reported [27]. It is essential to explore reliable and suitable biochar application rates for
wheat production under saline water irrigation. Thus, a field experiment was designed and conducted
over two consecutive years to investigate: (i) soil physic-chemical properties changes, (ii) physiology
responses of winter wheat during growing seasons, (iii) winter wheat yield and yield components,
under saline water irrigation with different biochar application treatments.

2. Materials and Methods

2.1. Experimental Site

The experiment was conducted during 2016/2017 and 2017/2018, two growing seasons of winter
wheat, under a mobile rain shelter at the Hohai University Water-saving Park (latitude 31°57" N,
longitude 118°50” E). The experimental site has a subtropical humid monsoon climate, with annual
average temperature 15.4 °C, annual evaporation rate 900 mm, annual sunshine duration 2017 h, and
annual precipitation 1051 mm [34]. The growing season of winter wheat at the experiment site usually
is from late October to early June. The field study was performed in 20 plots (length x width X depth
= 2.5 x 2 x 2m). Each plot was surrounded by a concrete panel and sealed with waterproof paint.
The bottom was filled with coarse gravel (20 cm depth) to allow free drainage. The groundwater level
during the experiment period was about 3 to 5 m below the ground surface. The topsoil (0-20 cm) had
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a pH of 7.7, an electrical conductivity (EC) of 1.1 dS m~!, a sodium adsorption ratio (SAR) of 3.4, and
contained 20.8 g kg~! soil organic matter, 0.78 g kg™ total N, 15.2 mg kg™~! available P and 102.4 mg
kg™! available K. Table 1 shows the soil texture and hydraulic parameters.

Table 1. Soil texture and hydraulic parameters at the plots.

Depth Texture Bulk Density Field Capacity Saturated Hydraulic
(cm) (g cm=3) (cm3 ¢cm~3) Conductivity (cm h~1)
0-20 Clay loam 1.36 0.38 3.7

20-40 Clay loam 1.39 0.40 2.7

40-60 Clay loam 1.41 0.39 3.2

60-90 Clay 1.49 0.41 1.0

90-120 Clay 1.52 0.43 0.7

2.2. Biochar Preparation and Characterization

Biochar was produced with the pyrolysis of wheat straw at approximately 550-600 °C for 4-6 h in
an oxygen-free kiln (NYSWT-25KG, Yuzhongao Agricultural Technical Company, Zhengzhou, China).
The biochar had a bulk density of 0.2 g an=3, a pH of 10.1, an EC of 4.5 dS m~! a specific surface area
of 9.4 m? g1, a cation exchange capacity of 61.6 cmol kg1, and contained 644 g kg™! organic carbon,
17.3 g kg~! total N, 10.1 g kg~! available P, 56.6 g kg~! available K, 32.2 mg kg~! Ca, and 24.3 mg kg™!
Mg. The biochar mass was ground to pass through a 2 mm sieve before the field experiment.

2.3. Experimental Setup

The experiment was set up in a randomized complete block design with four replications.
The treatments consisted of: freshwater irrigation alone (F0), saline water irrigation alone (B0), saline
water irrigation and biochar application of 10 tha~! (B10), saline water irrigation and biochar application
of 20 t ha™! (B20), saline water irrigation and biochar application of 30 t ha~! (B30). Biochar of 10, 20
and 30 t ha™! were spread uniformly on the soil surface before sowing and thoroughly incorporated
into the topsoil (0-20 cm) by rotary and moldboard ploughing. Biochar amendment was only applied
in 2016. Agronomic management such as sowing density, fertilizers, and weed and disease control
was the same in all plots across the two seasons according to local conventional practices. Winter
wheat, a local cultivar of Sumai-10, was sown with a density of 200 seeds m~2 and a row spacing
of 15 cm on October 22 in 2016 and October 25 in 2017. Basal fertilizer of diammonium phosphate,
urea, potassium chloride was applied at 300 kg ha~!, 150 kg ha~!, and 150 kg ha™!, respectively. An
additional 150 kg ha™! of urea was top-dressed at the jointing stage. After harvest, all above ground
materials were removed, and the soil was tilled to a depth of 20 cm before the following season.

The freshwater (0.3 dS m~!) was from the tap water system of the lab. Saline water was prepared
by blending the tap water into the saline groundwater from a local well to a salinity of 10 dS m~*.
The average quality of irrigation water during each growing season was measured (Table 2). For this
saline irrigation study, the mobile rain shelter was used to eliminate rainfall effects during growing
seasons. Pre-sowing irrigation of 80 mm using freshwater was implemented to grow seedlings.
Irrigation scheduling was based on water depletion in the 60 cm soil profile using Time-domain
reflectometer (TDR) from freshwater treatments. Each irrigation event was set to 70 mm to restore the
root zone moisture to near field capacity when the soil water content of 60 cm depth approached about
70% of field capacity [35]. The saline water treatments were irrigated with an equal amount of saline
water on the same day. Irrigation water was applied by surface irrigation using a plastic tube and a
low-pressure pump. Five irrigation events were applied in 2016/2017 season (15 February, 3 April,
23 April, 1 May, and 13 May) and 2017/2018 season (12 February, 31 March, 18 April, 30 April and 10
May), respectively.
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Table 2. Average quality of irrigation water during 2016/2017 and 2017/2018 season.

EC SAR Ca?* Mg?* Na* HCO3~ Cl- S042~
(dSm-1) (mmol2L-12)  (mmolL-1) (mmolL-1) (mmolL-1) (mmolL1) (mmolL-1) (mmolL-1)

2016/2017 season

0.3 1.0 1.2 0.5 0.9 0.7 0.6 1.6

10.0 11.6 17.6 14.0 46.2 5.0 70.8 16.6
2017/2018 season

0.3 1.3 1.1 0.6 1.2 0.6 0.8 1.8

10.1 11.9 18.1 15.0 48.5 25 76.2 18.1

2.4. Observations, Sampling, and Sample Analysis

After harvest, three undisturbed soil cores (100 cm®) were randomly collected from the 0-20 soil
layer in each plot to determine soil bulk density and saturated hydraulic conductivity. The means of
the three replicate samples were calculated as one value per plot. Soil bulk density was measured as
the ratio of the oven-dried weight (105 °C) and the volume of the soil core. Soil cores were fixed within
a permeameter (CST-1, Nanjing Ningxi Soil Instrument Company, Nanjing, China). Soil saturated
hydraulic conductivity was determined using the constant-head method [36]. The composite soil
samples at 0-20 depth were collected using an auger and then mixed thoroughly. Soil electrical
conductivity and sodium absorption rate were determined according to the method of Li et al. [37].
The composite samples were air-dried, ground, and passed through a 1 mm sieve. A 50 g soil sample
was taken to prepare soil saturated extract with distilled water (1:1). Soil electrical conductivity was
measured using a conductivity meter (DDBJ-350, INEAS Scientific Instrument Company, Shanghai,
China). Soluble cation Na*, Ca®*, and Mngr contents were measured using ICP-MS (Perkin-Elmer,
Waltham, MA, USA). Soil sodium absorption rate was calculated as the Na* content divided by the
square root of one-half of the Ca?* + Mg?* content. Total mineral N content in soil was measured by
the potassium chloride extraction method [38]. Available P was determined by the Olsen method [39].
Available K was measured by the ammonium acetate extraction method [40].

Wheat physiological attributes were monitored with 7-day intervals after anthesis (1 May 2017 and
30 April 2018). On each measurement date, five uniform wheat plants were randomly collected in each
plot to determine leaf area index. Leaf photosynthesis, water status, and ion content were determined
on the first flag leaf of the selected plants. The means of the five replicate samples were calculated
as one value per plot. Total leaf area was determined with Li-3100 (Li-Cor, Lincoln, NE, USA). Leaf
area index (LAI) was calculated as the ratio between the total leaf area and the corresponding land
area. Photosynthetic rate (Pn) was measured on the flag leaves by TPS-2 (PP Systems, Amesbury, UK)
between 9:00 h to 11:00 h. Observations were made in the leaf chamber with an LED light intensity of
1000 to 1800 umol m~2 s~! and a CO, concentration of 400 umol mol~!. Then, flag leaf tissues were
sampled to determine leaf relative water content (LRWC). Fresh weight (FW), turgid weight (TW), and
oven-dried weight (DW) were obtained. Leaf relative water content was calculated as (FW — DW)/(TW
— DW) x100. Leaf ion content was assayed following the method of Fu et al. [41]. Oven-dried leaf
tissues were ground and digested using sulfuric peroxide. Leaf Na* and K* content was measured by
a flame photometer (FP6400A, Shanghai, China), and the leaf Na*/K* ratio was recorded.

At harvest, plants were collected from a 1 m? area in the center of each plot and air-dried to
constant weight. The aboveground biomass and the spike numbers per 1 m? were obtained. Then,
plants were threshed using a thresher to measure grain yield per m? and 1000-grain weight. Harvest
index was defined as the ratio of grain yield and aboveground biomass. The kernel number per spike
was counted by selecting additional 30 plants in each plot.

2.5. Statistical Analysis

Data were analyzed in SPSS 20.0 statistical program (SPSS, Chicago, IL, USA). The field experiment
was a two-factor design with four replications. Year (2016/2017, 2017/2018) and treatment (F0, BO, B10,
B20, B30) were considered as fixed effects. A two-way ANOVA was performed to test the main effects
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of year and treatment, as well as for their interactions on soil properties and crop parameters. Trait
means were separated using Duncan’s multiple-range test at the 0.05 level of significance.

3. Results

3.1. Altered Soil Physic-Chemical Properties

Year and treatment significantly affected selected soil physic-chemical properties, and their
interaction was detected on electrical conductivity (Table 3). The average BD, EC, and SAR values
were increased by 3.6, 25.9, 7.9% in 2017/2018 than that in 2016/2017, while Ks value was reduced by
10.8%. Compared to freshwater irrigation, bulk density significantly increased when saline water was
used alone, while it decreased with the addition of biochar amendment. The average BD value of BO
was 4.0, 5.5, 8.3, and 11.6% higher than FO, B10, B20, and B30, respectively. Contrarily, the average
Ks value of BO was 31.1, 35.4, 42.7, and 49.5% lower than F0, B10, B20, and B30, respectively. Both
EC and SAR values were significantly increased by saline water irrigation. The EC and SAR values
of BO were 305.2% and 207.0% higher than FO. Biochar amendment also increased soil EC values,
especially at 30 t ha~! application rate in 2016/2017 (Figure 1). The EC values of B10, B20, B30 were 4.6,
6.2, 11.1% higher than B0 in 2016/2017, and 3.2, 4.1, 6.5% higher in 2017/2018, respectively. However,
biochar application remarkably reduced soil SAR values. Compared to B0, the SAR of B10, B20, B30
was decreased by 25.7, 29.7, 32.6%, respectively.

Table 3. Main effects of year and treatment on topsoil (0-20 cm) bulk density (BD), saturated hydraulic
conductivity (Ks), electrical conductivity (EC), and sodium adsorption ratio (SAR).

Variable BD (g cm™3) Ks (cm h™1) EC(dSm™1) SAR (mmolY/2 L-1/2)
Year
2016/2017 134+ 0.06b! 4.16+0.89a 344+1.29b 5.80 + 1.98 b
2017/2018 1.39 + 0.05 a 3.72+0.88b 4.33 +1.60 a 6.26 +2.04a
Treatment
FO 1.39+0.04b2 3.70+0.29c¢ 1.09+0.17d 2.85 + 0.66 ¢
BO 1.44 + 0.03 a 255 +047d 440 +0.59 ¢ 8.75+0.84a
B10 1.37 £ 0.03b 395+0.24 ¢ 4.57 £ 0.58 b 6.50 + 0.44b
B20 1.33+0.03 ¢ 445+021b 4.62 +0.58 b 6.15+0.68 b
B30 1.29+0.04d 5.05+ 043 a 4.77 £ 0.54 a 590+ 0.35b
ANOVA
Year 3% *% *3% *
Treatment ** ** ** **
Year X Treatment 0.88 0.50 ** 0.80

! Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. *: Significant at the 0.05 probability level. **:
Significant at the 0.01 probability level. FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined
with biochar application of 0, 10, 20, 30 t ha L.

3.2. Improved Soil Nutrient Content

Soil total mineral N, available P, available K content was significantly affected by year and
treatment (Table 4). The soil nutrient contents were generally higher in the first season. Biochar
amendment evidently increased mineral N content, especially at low application rate. The highest
mineral N content was observed at 10 t ha~! level. The mineral N content of B10 was 111.3% higher
than FO, and the corresponding increases in B20 and B30 were 54.2 and 11.0%, respectively. Both
available P and K content were remarkably increased with the addition of biochar. The available P
content of B10, B20, B30 was 22.0, 41.1, 52.2% higher than FO0, respectively. The corresponding increases
in available K content were 26.8, 42.9, 56.5%, respectively.
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Figure 1. Interaction effect of year and treatment on topsoil (0—20 cm) electrical conductivity. Values are
average of four replications. Bars with different letters significantly different at 0.05. FO: freshwater irrigation.
B0, B10, B20, B30: saline water irrigation combined with biochar application of 0, 10, 20, 30 t ha1.

Table 4. Main effects of year and treatment on topsoil (0-20 cm) total mineral N, available P, available

6 of 15

K content.
Variable Total Mineral N (mg kg~1) Available P (mg kg=1) Available K (mg kg=1)
Year
2016/2017 2492 +8.16al 21.64 +4.08 a 143.24 + 26.90 a
2017/2018 2214 +£756b 20.28 £3.76 b 129.40 + 23.59 b
Treatment
FO 17.25 + 0.85 ¢ 2 17.05 + 0.80 d 108.25 + 4.61 d
BO 18.20 £+ 1.20 ¢ 16.95 +0.97d 112.00 + 5.96 d
B10 36.45 £ 3.68 a 20.80 £241c¢ 137.30 + 14.07 ¢
B20 26.60 £ 5.01 b 24.05+1.07b 154.65 + 10.43 b
B30 19.15+2.29 ¢ 2595+ 157 a 169.40 + 13.18 a
ANOVA
Year ** *% .
Treatment ** ** **
Year X Treatment 0.48 0.11 0.37

! Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. **: Significant at the 0.01 probability level.
FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined with biochar application of 0, 10, 20,

30 tha .

3.3. Changes in Leaf Area Index and Photosynthesis Rate

The leaf area index (LAI) was significantly affected by year and treatment (Table 5). The LAI value
was decreased by 13.3 and 3.9% at 0 and 7 days after anthesis in 2017/2018 while increased by 3.9 and
16.6% at 14 and 21 days after anthesis, respectively. Saline water irrigation significantly reduced wheat
leaf area index during reproductive stages. The LAI value of FO was 33.1%-80.6% higher than BO at
0-21 days after anthesis. Under saline water irrigation, biochar application treatments maintained
higher LAI value, especially at 10 and 20 t ha~! level. The LAI values of B10 and B20 after anthesis
were 22.5%-46.9% and 23.0%-56.3% higher than B0, respectively. The corresponding increment in B30

was 9.0%-25.7%.
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Table 5. Main effects of year and treatment on leaf area index at 0, 7, 14, 21 days after anthesis.

Leaf Area Index
Variable Days after Anthesis
0 7 14 21
Year
2016/2017 386 +040al 355+045a 2.60 +0.40 b 1.45+0.33b
2017/2018 3.35+040b 341+046Db 270 +£0.51a 1.70 +£ 0.36 a
Treatment
FO 408 +025a2 4.04+013a 326 +0.16 a 2.01+0.20a
BO 3.07+0.26d 287 +0.17 e 204 +0.15e 1.11+0.17d
B10 376 £041b 3.75+0.18b 2.69 +£0.17 ¢ 1.63+0.15b
B20 377 £0.29b 359 +0.18¢ 290+0.16 b 1.74 £ 0.28 b
B30 3.34+035¢ 3.15+0.13d 236 +0.17d 1.40 + 0.18 ¢
ANOVA
Year X% *% * *¥
Treatment ** x* x* i
Year X Treatment 0.08 0.49 0.20 0.06

7 of 15

1 Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. *: Significant at the 0.05 probability level. **:
Significant at the 0.01 probability level. FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined

with biochar application of 0, 10, 20, 30 t ha=L.

The main effects of year and treatment on wheat leaf photosynthesis rate (Pn) were significant
(Table 6). The average Pn values during reproductive stages were decreased by 15.4%-21.4% in
2017/2018. The Pn value was notably decreased by saline water irrigation, and the reduction appeared
more severe with leaf senescence. Compared to F0, the Pn value of BO was remarkably reduced by 21.7,
32.5,43.2,68.1% at 0, 7, 14, 21 days after anthesis, respectively. On the other hand, biochar application
treatments displayed higher Pn under saline water irrigation. Compared to B0, the Pn values of B10,
B20, B30 at 0-21 days after anthesis were significantly increased by 22.0%-151.7%, 20.3%-139.1%,
8.4%-58.6%, respectively. The interactive effect on Pn was observed at 7, 14, and 21 days after anthesis
(Figure 2). In 2016/2017, B10 generally performed higher Pn values during 7-21 days after anthesis
under saline water irrigation. However, higher Pn values were observed at B20 treatment in 2017/2018.

Table 6. Main effects of year and treatment on photosynthesis rate at 0, 7, 14, 21 days after anthesis.

Photosynthesis Rate (umol m~2 s~1)

Variable Days after Anthesis
0 7 14 21
Year
2016/2017 2312+239al 1956 +2.64a 1584 +3.00a 10.36 +3.60 a
2017/2018 19.56 + 2.08 b 1618 +251b 1296+293b 8.14+3.42Db
Treatment
FO 2355+ 1.75a2 2090+ 154a 1795+1.75a 13.65+152a
BO 1845 +1.65d 1410+ 1.64d 1020+1.72d 435+1.66d
B10 22.50 + 3.17 ab 1855+3.10b 1575+2.66b 1095 +247b
B20 22.20 +2.08 b 1895+1.88b 1555+1.17b 1040+ 0.80b
B30 20.00 +2.37 ¢ 16.85+2.09¢c 1255+1.75¢ 690 +1.22¢
ANOVA
Year *X *% *% *
TreatTI‘lent *X *% *% *X
Year X Treatment 0.07 * * **

1 Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. *: Significant at the 0.05 probability level. **:
Significant at the 0.01 probability level. FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined
with biochar application of 0, 10, 20, 30 t ha=l.
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Figure 2. Interaction effect of year and treatment on photosynthesis rate at 7, 14, 21 days after anthesis.
Values are average of four replications. Bars with different letters significantly different at 0.05. FO:
freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined with biochar application of 0,
10,20,30 tha™™.

3.4. Altered Leaf Water and Ion Status

Leaf relative water content (LRWC) was significantly affected by year and treatment (Table 7).
The LRWC values were higher at 7-21 days after anthesis in 2016/2017 than that in 2017/2018. The saline
water irrigation treatments displayed lower LRWC than freshwater irrigation one, especially at the late
of the reproductive stage. The LRWC of B0 at 0, 7, 14, 21 days after anthesis was 13.4, 24.5,43.7, 81.1%
lower than FO, respectively. Biochar application remarkably increased leaf relative water content with
higher increases at 10 and 20 t ha~! level. The LRWC values of B10, B20, B30 at 0-21 days after anthesis
were 7.1%—-228.6%, 8.7%—-285.0%, 3.1%-104.5% higher than B0, respectively.

Table 7. Main effects of year and treatment on leaf relative water content at 0, 7, 14, 21 days after anthesis.

Leaf Relative Water Content (%)

Variable Days after Anthesis
0 7 14 21
Year
2016/2017 80.38 £5.31 b1 69.00 +7.51 a 47.26 + 8.59 a 23.02+11.24a
2017/2018 75.74 £ 5.08 a 65.06 £7.30b  43.08 +10.04b 18.14 +9.96 b
Treatment
FO 8430+4.11a2 76.20 + 3.65 a 57.05+3.26a 3520 +4.27 a
BO 73.05 +3.72d 57.55 +3.75d 3210 £3.95d 6.65 +2.51 e
B10 78.25 £ 5.27 bc 69.85 + 5.69 b 4755 +531b 21.85 +5.65 ¢
B20 79.40 £4.07b 69.00 £3.24b 48.75+3.50b 25.60 +4.80 b
B30 7530 £4.27 cd 62.55 + 3.80 ¢ 4040 £5.34 ¢ 13.60 +3.80 d
ANOVA
Year 3k *% 3k *
Treatment ** ** ** **
Year X Treatment 0.59 0.24 0.06 0.23

! Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. *: Significant at the 0.05 probability level.
**: Significant at the 0.01 probability level. FO: freshwater irrigation. BO, B10, B20, B30: saline water irrigation

combined with biochar application of 0, 10, 20, 30 t ha L.

Year and treatment significantly affected leaf Na*/K* ratio (Table 8). The leaf Na*/K* ratio
during reproductive stages in 2017/2018 was 16.7%-33.4% higher than that in 2016/2017. Saline water
irrigation significantly increased leaf Na*/K* ratio, and the increments appeared more intense along
with leaf senescence. Compared to FO, the leaf Na*™/K* ratio of BO was notably increased by 160.3,
193.1, 207.0, 252.1% at 0, 7, 14, 21 days after anthesis, respectively. Nonetheless, saline water irrigation
combined with biochar remarkably reduced leaf Na*/K* ratio than using saline water alone. B20
generally displayed lower leaf Na*™/K* ratio under saline water irrigation, which was 37.9%-54.6%
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lower than B0. The corresponding decreases of B10 and B30 compared to BO were 26.3%-45.0% and
32.4%—46.3%, respectively.

Table 8. Main effects of year and treatment on leaf Na*/K* ratio at 0, 7, 14, 21 days after anthesis.

Leaf Na+/K+ Ratio

Variable

Days after Anthesis
0 7 14 21
Year
2016/2017 053+£021b! 0.76 £+ 0.32b 129 £052b 217 £0.87b
2017/2018 071+0.24a 1.01 £0.39 a 155+ 0.64 a 253 +1.02a
Treatment
FO 0.37 +0.11d2 051 +£0.10 ¢ 0.79 £0.10d 1.10+0.15e
BO 095+0.13a 148 +024 a 241 +0.31a 3.86 + 0.36 a
B10 0.70 £ 0.18 b 0.87 £0.15b 1.33+0.19b 2.23+0.30¢
B20 0.59 + 0.15 bc 0.77 £0.16 b 1.10+0.17 ¢ 1.98+025d
B30 051 +0.16 ¢ 0.82+0.29b 149 +024b 261 +£0.30b
ANOVA
Year 3k *% *% *%
Treatment ** ** ** **
Year X Treatment 0.63 0.08 0.17 0.15

! Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. **: Significant at the 0.01 probability level.
FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined with biochar application of 0, 10, 20,
30 thal.

3.5. Wheat Yield and Yield Components

The average values of aboveground biomass, grain yield, kernel number, and 1000-grain weight
were notably reduced by 4.3, 5.5, 2.0, and 2.6% in 2017/2018, respectively. The main effect of treatment
was significant on all wheat yield parameters, while no interactive effect was tested (Table 9). Saline
water irrigation significantly reduced wheat production. Compared to F0, the aboveground biomass,
grain yield, and harvest index of BO were remarkably reduced by 7.2, 13.9, 7.1%, respectively. The spike
number, kernel number, and 1000-grain weight of BO were 5.9, 8.1, 5.9% lower than FO, respectively.
Saline water irrigation with biochar application achieved higher wheat grain yield than that with saline
water alone, especially at 10 and 20 t ha~! application rates. The grain yield of B10, B20, B30 were 8.6,
8.4, 2.2% higher than B0, respectively. The grain yield increment was associated with biochar-induced
higher kernel number, 1000-grain weight, and harvest index. Compared to B0, the kernel number of
B10 and B20 were significantly increased by 6.4 and 8.2%, respectively. The corresponding increases in
1000-grain weight were 6.6 and 6.1%, respectively. The harvest index of B10 and B20 were 6.8 and 5.4%
higher than B0, respectively.

4. Discussion

4.1. Changes in Soil Properties

In the field study, the topsoil salinity (EC) after harvest was increased with saline water irrigation.
The saline water containing considerable Na* amounts also elevated soil sodicity at the surface
layer (higher SAR values). The salinity and sodicity build-up can lead to soil structure deterioration
and infiltration problems through slaking, swelling, and dispersion effects of excessive Na* [7].
Compared to freshwater irrigation, increased soil bulk density and reduced saturated hydraulic
conductivity was observed after saline water irrigation, perhaps indicating the soil degradation due to
secondary salinization.
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Table 9. Effect of year and treatment on aboveground biomass, grain yield, harvest index, spike number,

kernel number, and 1000-grain weight.

. Ab(_)veground Grain Yield Harvest Spike Number Kernel 1000-Grain
Variable Biomass (t (t ha1) Index (m—2) Number Weight (2)
ha-1) (spike—1) ghtis
Year
2016/2017 12.75+052a! 574+ 033 a 0.46 £ 0.02 a 496.98 + 15.96 a 2410+1.07a 4698 +1.71a
2017/2018 11.87 +0.45b 542+0.32b 046+0.02a 500.12+16.15a 23.62+0.83b 4578 +1.52b
Treatment
FO 12.75 + 0.36 a 2 6.05+0.16 a 047 £0.01a 52480 +7.52a 2470 £0.80 a 4725+1.25a
BO 11.84 +0.35b 521+025d 044+0.01b 49405+802bc 2270+0.39b 4445 +095b
B10 12.02 +0.65b 5.66+026b 047 +0.02a 485.85 +8.74 ¢ 2415+ 0.84 a 4740 +148a
B20 12.17 £ 0.50 b 5.65+0.23b 0.46 £ 0.01 a 491.10 £ 6.71 bc 2455 +0.57 a 4715+139a
B30 1194 +041b 535+0.15¢ 045+0.02b 496.95+ 1047 b 2320+ 021b 45.65+147b
ANOVA
Year ** o 0.17 0.27 * i
Treatment *3% *% *3% % 3% *%
Year x 0.87 053 0.97 0.99 0.55 0.47
Treatment

! Values are means averaged across treatments. 2 Values are means averaged across years. Means followed by
different letters within each column are significantly different at 0.05. *: Significant at the 0.05 probability level. **:
Significant at the 0.01 probability level. FO: freshwater irrigation. B0, B10, B20, B30: saline water irrigation combined
with biochar application of 0, 10, 20, 30 t ha L.

The incorporation of straw biochar notably reduced soil bulk density and increased permeability.
It is consistent with previous studies [19,42,43] that biochar can improve soil physical properties
including soil structure, porosity, aggregation stability, and hydraulic properties, due to its porous
structure and high specific surface area. Furthermore, biochar amendment induced remarkable
declines in soil SAR values under saline water irrigation. Soil application with organic materials
has been reported to effectively mitigate the adverse impacts of low-quality water irrigation on soil
sodicity [15,44]. In the study, the straw biochar contained a certain content of Ca2* and Mg2+, directly
reducing soil SAR by providing Ca?" and Mg?* into the soil solution. In addition, biochar amendment
increased soil cation exchange capacity, and thus decreased Na* content in soil solution by absorbing
Na* in the new available exchange sites. On the other hand, the Ca?* supplied from biochar can
promote Na* displacement from exchange sites, and further facilitate Na* leaching in percolating
water [24,27,42]. Nonetheless, the EC values of biochar-amended soil were higher than that without
biochar due to the added minerals from biochar application. The soil salinity and sodicity problems
also aggregated in the second season due to consecutive saline water irrigation. Therefore, although
the biochar amendment improved soil physical properties and mitigated sodium hazard under saline
water irrigation, adequate salt leaching is still needed to ensure sustainable land use. Except for
using pre-sowing irrigation, substantial rainfall during monsoon periods can take a crucial role in salt
leaching and contribute to long-term use of saline water irrigation. Several studies [1,11,45] have also
reported that most of the salts accumulated during the previous wheat season can be leached out by
off-season rains before the next growing season.

Furthermore, wheat straw biochar has been considered as an additional source of nutrients such
as N, P and K, which could directly improve soil nutrient levels [27,46]. Meanwhile, a number of
studies have reported that biochar application can enhance soil nutrient availability and nutrient
retention due to the increased soil cation exchange capacity and surface area [17,19,21,22]. In the field
trial, the incorporation of straw biochar significantly improved the soil available N, P, K content, and
the elevated soil nutrient level maintained at least over two years. However, high rates of biochar
application could result in N immobilization due to the elevated soil C/N ratio [47,48]. In the study,
total mineral N content decreased when biochar application increased from 10 to 30 t ha™!, probably
indicating the limitation effect of substantial biochar amounts on N availability. Similar results were
also reported by Agbna et al. [49] that over 25 t ha~! wheat straw biochar application significantly
reduced both nitrate N and ammonium N content.
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4.2. Alleviated Salt Stress

The reproductive stage is a crucial period for winter wheat to determine final yield, and leaf
photosynthetic capacity during this stage is the most sensitive parameter to achieve high yield [50,51].
In the study, saline water irrigation significantly reduced wheat leaf area index and photosynthesis rate
during the after anthesis stage, resulting in limited wheat growth and accelerated leaf senescence. This
was mainly associated with disturbed plant water and ionic status due to salt stress [52]. Saline water
irrigation might decrease soil solution osmotic potential, and thus limit root water uptake, causing an
evident decline in leaf relative water content. Physiological water deficit in wheat plants can lead to
stomatal closure, photosynthesis inhibition, and stunted growth [8]. Saline water irrigation might also
increase Na* accumulation in mature leaves while decreased K™ uptake, and therefore increase wheat
leaf Na*/K™ ratio. This salt-induced ionic stress can involve severe physiological injuries and aggravate
senescence of mature leaves or death, causing sharp decreases in wheat growth and photosynthetic
CO; assimilation [52,53]. However, the addition of biochar effectively alleviated adverse effects of
saline water irrigation by maintaining higher leaf relative water content and lower leaf Na*/K™* ratio,
and thereby increased leaf area index and photosynthesis rate during the reproductive stage, which to
some extent relieved wheat leaf senescence under salt stress.

Biochar-induced promotions in plant growth could be ascribed to the improvement in soil
physic-chemical properties and nutrient level [24,25]. In the study, biochar amendment remarkably
reduced soil bulk density and increased permeability, which might promote soil aeration and water
infiltration, providing a more favorable plant growth condition. Meanwhile, biochar application
evidently elevated soil available N, P, K content during the two seasons. The improved soil environment
and increased nutrient level could be conducive to root growth, and consequently facilitate plant water
absorption and nutrient uptake [19,54]. A better nutrient status (especially K) in wheat plants can
play a crucial role to overcome salt stress by promoting photosynthesis, protein biosynthesis, water
regulation and ionic balance [55,56]. Furthermore, biochar amendment remarkably mitigated soil
sodicity build-up under saline water irrigation (lower SAR values). The diminished Na* content in soil
solution could directly reduce plant Na* uptake and enhance other essential minerals uptake, resulting
in the amelioration of salinity injuries [24,25,27,28]. In addition, the transient Na* adsorption capacity
of biochar may be another underlying mechanism responsible for the enhanced growth of wheat plants.
It has been widely reported that biochar addition can absorb Na* from the soil solution, and thus
to some degree improve soil water availability and relieve ionic hazards [23,26,32,57]. Nonetheless,
the advantageous effect of biochar application on wheat growth was more pronounced at the low
and medium rate (i.e., 10 and 20 t ha™!). This might be attributed to the fact that substantial biochar
amendment increased soil salinity due to its high mineral content, as well as the limited N availability
caused by high soil C/N ratio.

4.3. Improved Wheat Production

The photosynthesis depression and accelerated leaf senescence due to salt stress could be major
causes reducing grain yield in wheat [51]. In the study, saline water irrigation (10 dS m~') decreased
grain yield by 13.9% compared to freshwater irrigation. It is similar to the observations by Sharma
et al. [45] and Sharma and Rao [11] that use of 9-12 dS m™! salinity water led to 9.2%-16.3% yield
loss. Salinity also reduced wheat yield components such as aboveground biomass, harvest index,
spike number, kernel number, and 1000-grain weight, which is in line with the findings by Saqib et
al. [58] and Mostafazadeh-Fard et al. [13]. Saline water irrigation with biochar application significantly
increased grain yield compared to using saline water alone. This biochar-induced increase of wheat
production could mainly be attributed to the better grain formation, i.e., higher grain number per spike
and larger 1000-grain weight. Lashari et al. [27] and Lin et al. [28] also reported that straw biochar
effectively enhanced wheat spike weight, grain per spike, and grain weight under saline conditions,
probably due to the increased nutrient uptake and improved soil properties. In the present study,
biochar application increased leaf area and photosynthesis during the reproductive stage, which could
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help to capture more light energy, consequently supplying more CO, assimilates to promote grain
formation [50]. Furthermore, the remobilization of assimilates from wheat vegetative organs to kernels
during grain filling could buffer the yield reduction when subjected to abiotic stresses [59]. Biochar
application alleviated the accelerated leaf senescence under saline water irrigation. This may prolong
the duration of assimilates translocation process and cause higher rates of assimilates partitioning into
kernels, thus increasing grain weight and harvest index [60].

Generally, saline water irrigation in conjunction with biochar amendment could be an effective
practice to alleviate the freshwater shortage and stabilize winter wheat production. Compared to using
saline water alone, wheat grain yield was remarkably increased by 8.6%-8.9% with 10 and 20 t ha™!
biochar application. However, the yield increment under 30 t ha~! biochar amendment was smaller,
mainly due to the high salinity and immobilization of N. Thus, it may not be economically feasible to
implement high dose of straw biochar when using low-quality water for irrigation. During the two
growing seasons, the difference between grain yield under 10 and 20 t ha~! biochar application was
not evident. Considering the economic issue, 10 t ha™! could be a proper biochar amendment rate
for wheat production using saline water irrigation. It is in line with the findings by Zhang et al. [61]
that 10 t ha~! wheat straw biochar amendment achieved the highest multiple benefits in rice crop
production. Nonetheless, the high cost of straw biochar is still the major obstacle for the profits of
biochar application [43]. Developing low-cost techniques for biochar production from agricultural
waste materials seems to be essential to facilitate the wide-spreading use of biochar. Furthermore,
the positive effects of biochar amendment may weaken over time. For example, leaf photosynthesis
rate of 10 t ha™! treatment appeared lower than 20 t ha~! ones at the second season, and the average
soil nutrient contents were remarkably decreased compared to the first season. Thus, although the
promising grain yield was achieved for two consecutive seasons in the present study, long-term field
trials are still recommended to gain a better understanding of the sustained use of straw biochar.

5. Conclusions

The incorporation of straw biochar caused lower soil bulk density and higher permeability and
also increased total mineral N, available P, and available K content in the mixed soil layer. Furthermore,
biochar amendment was conducive to the mitigation of soil sodicity build-up under saline water
irrigation. As a result, biochar application relieved adverse effects of saline water irrigation on wheat
plants, leading to higher leaf area index and photosynthesis during reproductive stages. Under saline
water irrigation, 10 and 20 t ha™! biochar amendment significantly increased grain yield compared to 0
and 30 t ha™! treatments in both growing seasons. The results showed that straw biochar at 10 t ha™!
would be a proper strategy to facilitate saline water irrigation in wheat production.
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