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Abstract 

Salt stress is a major constraint to global crop production, particularly under intensifying climate pressures, and 

identifying effective soil amendments is critical for sustaining productivity in salt-affected agroecosystems. This study 

evaluated the effects of two straw-derived biochars viz. maize straw biochar (MBC) and wheat straw biochar (WBC) 

on soil salinity, soil fertility, and winter wheat performance using a pot experiment with a salt-affected Entisol from 

central China. Biochars were applied at 2% and 5% (w/w) prior to winter wheat sowing, and soil and plant samples 

were collected before planting and at harvest to assess changes in soil pH, total salt content, Na⁺ concentration, soil 

organic carbon (SOC), nutrient availability, plant growth traits, yield components, and tissue ion composition. Both 

MBC and WBC significantly reduced soil salinity indicators, including soil pH, total salt content, and Na⁺ 

concentration, with stronger effects observed at the 5% application rate. Biochar application increased SOC, total 

nitrogen, available phosphorus, and available potassium, while soil cation exchange capacity remained unchanged. 

Wheat growth, root development, yield components, and biomass were significantly enhanced under biochar 

treatments, particularly with WBC at 5%. In addition, biochar reduced Na⁺ accumulation and increased K⁺, Ca²⁺, and 

Mg²⁺ concentrations in wheat roots and leaves, indicating improved ionic balance under salt stress. Overall, straw-

derived biochar especially wheat straw biochar at higher application rates effectively mitigated salt stress and 

improved soil fertility and winter wheat productivity under the non-leaching pot conditions of this study. These 

findings highlight the potential of straw biochar as a sustainable amendment for improving crop performance in salt-

affected soils while providing a value-added pathway for crop residue utilization. 

Keywords: Salt-affected soil, Sodium stress, Soil nutrients, Root growth, Biochar amendment, Sustainable agriculture

Introduction 

Crop residues, including wheat and maize straw, are 

potential sources of nutrients for crop production. The 

release of nutrients through crop residue decomposition 

increases the availability of mineral nutrients and soil 

organic matter content, which in turn improves soil fertility 

and helps sustain agricultural productivity (Singh & Rengel, 

2007; Kumari  et al., 2019; Hossain et al., 2020; Fu et al., 

2021). However, incorporating crop residues into the soil 

can create challenges, such as hindering the use of 

cultivation equipment (Bhuvaneshwari et al.,  2019; Shinde 

et al., 2022), promoting the spread of residue-borne crop 

diseases (Kerdraon et al., 2019; Abalos et al., 2022), and 
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inhibiting seed germination and plant growth due to the 

production of phytotoxins (Raaijmakers et al., 2009; 

Chaudhary et al., 2019). Moreover, decomposition of crop 

residues quickly releases carbon (C) fixed through 

photosynthesis back into the atmosphere (Qiao et al., 2014), 

and can increase the loss of native soil organic carbon 

(SOC) due to the positive priming effect (Guenet et al., 

2018), thereby contributing to CO₂ emissions from 

terrestrial ecosystems (Langley et al., 2009; Varney et al., 

2023; Zhang et al., 2023). Converting straw residues into 

biochar provides an alternative management pathway that 

can retain a larger fraction of biomass carbon in a more 

stable form while recycling nutrients back to agricultural 

soils. Because biochar properties depend strongly on 

feedstock (e.g., wheat vs. maize straw) and pyrolysis 

conditions. Different straw-derived biochars may vary in 

their effectiveness for improving soil functions and crop 

performance. 

Soil salinity is a serious constraint on arable-land 

productivity because it can disrupt soil physical structure 

and suppress microbial activity (Graber et al., 2010; Ud Din 

et al., 2023). As a result, salinization is now recognized as 

a worldwide problem that reduces crop yield and can also 

compromise food quality (El Sabagh et al., 2020; 

Khondoker et al., 2023). The area of salt-affected farmland 

is still increasing, often driven by inefficient water use, 

inadequate drainage, and inappropriate irrigation practices; 

these trends are frequently reported in countries such as 

Australia, Pakistan, China, and Indonesia (Sharma & Singh, 

2017; Basak et al., 2022; Kebede, 2023). In saline and sodic 

soils, excess soluble salts and exchangeable Na⁺ can restrict 

plant water uptake and nutrient acquisition, degrade soil 

aggregation, and ultimately reduce crop productivity. 

Winter wheat is widely cultivated and is sensitive to salinity 

during early growth and grain formation; therefore, 

strategies that improve soil conditions and reduce salt stress 

are critical for stabilizing wheat yield in salt-affected 

regions. 

To slow or prevent further salinization, several 

management approaches have been promoted, including 

water-saving strategies, improved irrigation scheduling, 

effective drainage systems, and adjustments in cropping 

patterns (Cuevas et al., 2019; Haj-Amor et al., 2022). 

Where soils are already affected, remediation commonly 

relies on chemical amendments (e.g., plaster or gypsum) 

and the incorporation of organic materials to reduce salinity 

impacts and improve soil conditions (Bello et al., 2021). In 

China, these concerns are especially pressing because 

climate change is intensifying both drought pressure and the 

risk of salinity buildup, particularly across northern 

agricultural zones (Maheshwari et al., 2022; Ud Din et al., 

2023). Accordingly, reclaiming salt-affected soils and 

preventing new salinization have become key priorities 

within China’s agricultural planning (Kumar et al., 2022; 

Gang et al., 2024). Overall, there is growing emphasis on 

developing low-cost, sustainable, and scalable solutions 

that can alleviate salt stress and support stable crop 

production (Shokat & Großkinsky, 2019; Johnson & Puthur, 

2021; Ashraf & Munns, 2022). 

Biochar has been increasingly investigated as an 

organic amendment for salt-affected soils because it can 

influence soil chemical and physical properties that are 

directly related to salinity stress and fertility. Potential 

mechanisms include (i) increasing soil organic carbon and 

improving aggregation, (ii) supplying ash-derived base 

cations and nutrients, (iii) enhancing ion exchange and 

retaining plant-available nutrients, and (iv) reducing Na⁺ 

stress by promoting Na⁺ displacement and improving the 

soil’s ionic balance. 

Most biochar studies have been conducted under short-

term (i.e., several weeks to a few months) laboratory 

incubation conditions (Farkas et al., 2018; Igalavithana et 

al., 2019; Leng et al., 2019). However, laboratory settings 

can differ significantly from field conditions, limiting the 

applicability of such findings to real-world agriculture. 

Therefore, it is crucial to examine changes in soil properties 

induced by biochar application under field conditions for a 

better understanding of its impact on soil fertility (Korai et 

al., 2018; Diatta et al., 2020; Alkharabsheh et al., 2021). In 

addition to incubation studies, pot experiments provide a 

controlled way to link biochar-induced changes in soil 

salinity-related indicators (e.g., EC and sodicity indices 

such as ESP/SAR) with crop growth and yield responses. 

Importantly, comparisons among biochars derived from 

different straw feedstocks under the same soil and 

management conditions can clarify whether “straw biochar” 

effects are consistent or feedstock-specific. 

The effects of biochar on plant growth are highly 

variable ranging from positive to neutral or even negative 

while the underlying mechanisms remain unclear. The 

structure and properties of biochar, influenced by feedstock 

type and pyrolysis temperature, play essential roles in the 

interactions at the biochar-soil-plant interface. These 

interactions may contribute to mitigating climate change 

and supporting plant development. Additionally, novel 

applications of biochar as a pathogen control agent have 

recently emerged (Poveda et al., 2021; Bhatt et al., 2024). 

For salt-affected soils, these properties are especially 

relevant because they govern ash alkalinity, nutrient release, 
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surface functional groups, and sorption/ion-exchange 

behavior, which collectively determine the amendment’s 

capacity to reduce salinity stress and enhance fertility. 

Therefore, studies that explicitly compare wheat straw 

biochar and maize straw biochar while tracking soil salinity 

indices, fertility parameters, and crop yield components are 

needed to provide mechanistic and agronomically 

meaningful evidence. 

We hypothesized that incorporating wheat and maize 

straw into the soil could enhance soil fertility, while applying 

biochar derived from wheat and maize straw with equivalent 

carbon content could alleviate salt stress. Therefore, in this 

study we have evaluated the effects of two straw biochar 

amendments (wheat straw biochar and maize straw biochar) 

on (i) reducing soil salinity/sodicity indicators, (ii) improving 

soil fertility-related properties, and (iii) enhancing winter 

wheat growth and yield in a pot experiment using salt-

affected soil. 

Materials and Methods 

Soil sampling and Experimental site 
description 

Soil used for the pot experiment was collected from a 

salt-affected agricultural field located in Kangzhuang Village 

(34°32′N, 115°30′E), Liangyuan District, Shangqiu 

Municipality, Henan Province, China. The region lies within 

a semi-arid to semi-humid agroecological zone where soil 

salinization is a persistent constraint to cereal production. The 

experiment was conducted in 2017, and climatic data for the 

experimental year, including temperature and precipitation, 

were obtained from the nearest meteorological station to 

characterize the prevailing growth conditions. Surface soil 

(0–20 cm), corresponding to the main rooting zone of wheat, 

was collected using a composite sampling approach. The soil 

was air-dried, gently crushed, and passed through a 2-mm 

sieve prior to pot preparation. 

Initial soil physicochemical and salinity 
characterization 

Prior to treatment application, soil samples were 

analyzed to establish baseline physicochemical properties 

and salinity status. Soil pH (H₂O) was measured in a soil–

water suspension using a glass electrode pH meter. Soil 

salinity was assessed by determining total salt content (g 

kg⁻¹) following standard gravimetric procedures. Soil sodium 

(Na⁺) concentration was measured after extraction using 

ammonium acetate and quantified by flame photometry. Soil 

total organic carbon (TOC) was determined using the 

dichromate oxidation method, and total nitrogen (TN) was 

measured using the Kjeldahl digestion method. Cation 

exchange capacity (CEC) was determined using the 

ammonium acetate (NH₄OAc) extraction method. These 

baseline measurements provided the reference values 

presented in Table 1 and were used to evaluate changes in 

soil properties following wheat cultivation under different 

biochar treatments. 

Biochar preparation and characterization 

Two straw-derived biochars, wheat straw biochar 

(WBC) and maize straw biochar (MBC), were used in the pot 

experiment. Both biochars were produced by slow pyrolysis 

of air-dried straw feedstocks at temperatures between 400 

and 500 °C under oxygen-limited conditions. After pyrolysis, 

the biochars were allowed to cool under an inert atmosphere 

and then ground and sieved to a particle size of <1 mm to 

ensure homogeneous mixing with soil in the pot experiment. 

Prior to application, the physicochemical properties of both 

biochars were characterized. Biochar pH was measured in a 

biochar–water suspension, while total organic carbon (TOC) 

and total nitrogen (TN) were determined using standard 

analytical methods. Total salt content and cation exchange 

capacity (CEC) of the biochars were also measured to support 

interpretation of biochar-induced changes in soil salinity and 

fertility. The key properties of the wheat and maize straw 

biochars, together with those of the experimental soil, are 

summarized in Table 1. 

Experimental design and Biochar treatments 

The pot experiment was conducted using a completely 

randomized design. Five treatments were established: An 

unamended control (CK), maize straw biochar applied at 2% 

(MBC 2) and 5% (MBC 5, w/w on a soil mass basis), and 

wheat straw biochar applied at 2% (WBC 2) and 5% (WBC 

5). Each treatment was replicated four times, resulting in a 

total of 20 experimental units. Biochar application rates were 

selected to represent moderate and high amendment levels 

commonly used in pot experiments investigating soil salinity 

remediation and fertility improvement. The rates of 2% and 

5% (w/w) correspond to approximately 20–50 t ha⁻¹ under 

field-equivalent conditions, allowing assessment of dose-

dependent responses of soil properties and wheat 

performance. 

Pot preparation and crop establishment 

Plastic pots (25 cm diameter × 30 cm height; 10 L 

capacity) were filled with 8 kg of air-dried and sieved soil. 

The required amounts of wheat straw biochar or maize straw 

biochar were thoroughly mixed with the soil prior to pot 

filling to ensure uniform distribution. Control pots received 
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soil without biochar amendment. After pot preparation, seeds 

of winter wheat (Triticum aestivum L.) were sown, and 

seedlings were thinned after emergence to maintain five 

uniform plants per pot across all treatments. All pots were 

maintained under natural light conditions during the 

experimental period. Soil moisture was regularly monitored 

and maintained near field capacity to avoid both drought and 

waterlogging stress, ensuring that plant responses were 

primarily associated with biochar-induced changes in soil 

properties under salt-stressed conditions.  

Nutrient and irrigation management 

To avoid nutrient deficiency and ensure comparable 

growth conditions among treatments, all pots received a 

uniform nutrient supply during the experimental period. A 

modified Hoagland nutrient solution was applied at regular 

intervals to provide essential macro- and micronutrients 

(Arnon, 1950). This approach was adopted to minimize 

nutrient limitation and to ensure that observed plant 

responses were primarily attributable to biochar-induced 

changes in soil salinity and fertility rather than differences in 

nutrient availability. Irrigation was applied using deionized 

water to maintain soil moisture near field capacity throughout 

the experiment. Water was supplied uniformly to all 

treatments, and the number of irrigation events and 

approximate volume per pot were kept consistent across 

treatments to avoid confounding effects of water stress. 

Leaching Conditions 

No intentional leaching was allowed during the 

experiment. Pots were designed without drainage collection, 

and irrigation was carefully controlled to avoid water 

percolation and loss of soluble salts. This experimental setup 

was adopted to simulate salt accumulation conditions 

commonly observed in salt-affected soils with limited 

drainage and to enable assessment of biochar effects on soil 

salinity and ion dynamics under non-leaching conditions. 

Table 1: Physico-chemical properties of the topsoil and biochar used in the pot experiment 

Sample pH  (H2O) TOC  (g kg-1) TN (g kg-1) Salt (g kg-1) CEC (cmol kg-1) 

Soil 8.3 5.01 0.8 13.23 22.31 

MBC 9.6 404.3 10.4 32.45 19.21 

WBC 9.1 465.3 11.4 40.98 15.46 
Note: TOC, total organic carbon; TN, total nitrogen; CEC, cation exchange capacity; MBC, maize biochar; WBC, wheat biochar. 

 
Figure 1: Effects of straw biochar treatments on soil pH, total salt content (g kg⁻¹), and Na⁺ concentration (g kg⁻¹). Bars 

represent means ± SD (n = 4). Different letters indicate significant differences among treatments (p < 0.05) 

Table 2: Basic properties of topsoil under two types of biochar treatments in salt-stressed conditions 

Treatment SOC (g kg-1) CEC (cmol kg-1) TN (g kg-1) AP (mg kg-1) AK (g kg-1) 

CK 6.68 ± 0.3 d 26.41 ± 0.0 a  0.82 ± 0.0 d  30.2 ± 0.0 e  0.169 ± 0.1 d  

MBC 2 7.42 ± 0.8 c  26.25 ± 0.1 a  1.15 ± 0.1 c 31.4 ± 0.1 d 0.193 ± 0.0 cd 

MBC 5 8.67 ± 0.7 b  26.34 ± 0.1 a  1.35 ± 0.0 b 38.8 ± 0.5 b  0.397 ± 0.1 bc  

WBC 2 8.17 ± 0.2 b  26.41 ± 0.2 a 1.52 ± 0.1 ab  32.5 ± 0.1 c  0.322 ± 0.1 b 

WBC 5 9.53 ± 0.3 a  26.32 ± 0.1 a  1.55 ± 0.1 a  45.9 ± 0.9 a  0.600 ± 0.6 a  
SOC, soil organic carbon; CEC, cation exchange capacity; TN, total nitrogen; AP, available phosphorus; AK, available potassium; CK, control; MBC 

2, maize straw biochar at 2%; MBC 5, maize straw biochar at 5%; WBC 2, wheat straw biochar at 2%; WBC 5, wheat straw biochar at 5%. Values are 

means ± SD (n = 4). Different letters indicate significant differences among treatments (p < 0.05). 
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Plant growth and yield measurements 

Wheat plants were harvested 100 days after sowing, 

corresponding to the active growth stage under pot 

conditions. At harvest, plant growth parameters were 

recorded, including plant height, tiller number per plant, leaf 

area, and shoot fresh weight. Root traits, including root length 

and root fresh weight, were also measured after carefully 

washing roots free of adhering soil. Yield-related parameters 

were determined at maturity. Grain number per spike and 

1000-grain weight were recorded to assess yield formation 

under different biochar treatments. In addition, shoot dry 

weight and root dry weight were measured after oven-drying 

plant samples at 70 °C to constant weight. All growth and 

yield data were expressed on a per-plant or per-pot basis, 

consistent with the experimental design and statistical 

analysis.  

Statistical analysis 

All experimental data were subjected to analysis of 

variance (ANOVA) to assess the effects of biochar type and 

application rate on soil properties and wheat growth and yield 

parameters. When significant differences were detected, 

treatment means were compared using the Least Significant 

Difference (LSD) test at a significance level of p < 0.05. 

Statistical analyses were performed using SPSS software 

(version 22.0) (MILLS, 2003; Gray & Kinnear, 2012). 

Results are presented as mean ± standard deviation (SD) 

based on four replicates per treatment. 

Results 

Effects of straw biochar on soil pH, salt 

content, and Na⁺ concentration 

Changes in soil salinity indicators (pH, total salt content, 

and Na⁺ concentration) under different biochar treatments are 

shown in Figure 1. Compared with the control (CK), all 

biochar treatments significantly reduced soil pH, total salt 

content, and Na⁺ concentration (p < 0.05). Soil pH decreased 

by 7.0%, 5.9%, 5.9%, and 5.3% in the MBC 2%, MBC 5%, 

WBC 2%, and WBC 5% treatments, respectively. Total salt 

content declined by 15.0%, 23.2%, 14.3%, and 27.9%, while 

Table 3: Effect of two straw biochar treatments on growth characteristics of wheat plants under salt-stressed 

conditions 

Treatment Plant Height (cm) Tiller Number/Plant Leaf Area (cm) Shoot Fresh Weight/Plant 

CK 67.08 ± 0.9 d 2.41 ± 0.1 d  26.53 ± 0.1 e 10.28 ± 0.1 e 

MBC 2 79.11 ± 0.5 c  5.39 ± 0.1 c 30.36 ± 0.2 d 30.64 ± 1.0 d  

MBC 5 83.47 ± 0.5 b  7.79 ± 0.3 b  31.96 ± 0.1 c 41.24 ± 0.7 b  

WBC 2 82.71 ± 1.4 b  5.56 ± 0.2 c 34.44 ± 0.3 b  35.84 ± 0.2 c  

WBC 5 90.77 ± 2.6 a  8.11 ± 0.1 a  44.57 ± 0.3 a  60.53 ± 0.5 a  
Note: CK, control; MBC 2, maize biochar 2%; MBC 5, maize biochar 5%; WBC 2, wheat biochar 2%; WBC 5, wheat biochar 5%. Different letters in 

each column indicate significant differences (p < 0.05) between the biochar treatments. Values in each column indicate mean ± SD (n=4).  

 
Figure 2: Effects of straw biochar treatments on root length and root fresh weight of winter wheat. Bars represent 

means ± SD (n = 4). Different letters indicate significant differences among treatments (p < 0.05) 
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Na⁺ concentration decreased by 27.2%, 56.8%, 20.1%, and 

66.3% under the same treatments. In general, higher biochar 

application rates resulted in greater reductions in soil salinity 

indicators, and wheat straw biochar exhibited a stronger 

effect than maize straw biochar. 

Effects of straw biochar on soil organic carbon 
and nutrient status 

Soil organic carbon and nutrient status responded 

positively to straw biochar application under salt-stressed 

conditions (Table 2). Compared with the control (CK), SOC 

increased across all biochar treatments, rising from 6.68 g 

kg⁻¹ in CK to 7.42 g kg⁻¹ (MBC 2), 8.67 g kg⁻¹ (MBC 5), 8.17 

g kg⁻¹ (WBC 2), and 9.53 g kg⁻¹ (WBC 5). The highest SOC 

value was observed under WBC 5, indicating the strongest 

carbon improvement at the higher wheat biochar rate. Total 

nitrogen (TN) also increased significantly following biochar 

application. TN rose from 0.82 g kg⁻¹ in CK to 1.15 g kg⁻¹ 

(MBC 2), 1.35 g kg⁻¹ (MBC 5), 1.52 g kg⁻¹ (WBC 2), and 

1.55 g kg⁻¹ (WBC 5), with wheat biochar treatments 

producing the highest TN levels. Available phosphorus (AP) 

and available potassium (AK) increased significantly in 

biochar-amended soils relative to CK. AP increased from 

30.2 mg kg⁻¹ in CK to 31.4 mg kg⁻¹ (MBC 2), 38.8 mg kg⁻¹ 

(MBC 5), 32.5 mg kg⁻¹ (WBC 2), and 45.9 mg kg⁻¹ (WBC 

5), with WBC 5 showing the greatest enhancement. A similar 

trend was observed for AK, which increased from 0.169 in 

CK to 0.193 (MBC 2), 0.397 (MBC 5), 0.322 (WBC 2), and 

0.600 (WBC 5). In contrast, CEC did not differ significantly 

among treatments, remaining stable across all biochar types 

and application rates. Overall, wheat straw biochar 

particularly at the 5% application rate produced the strongest 

improvements in SOC and nutrient availability under salt 

stress. 

Effects of straw biochar on wheat growth and 
Root traits 

Application of straw biochar significantly enhanced 

wheat growth characteristics under salt-stressed conditions 

(Table 3; Figure 2). Compared with the control (CK), all 

biochar treatments resulted in marked increases in plant 

height, tiller number, leaf area, and shoot fresh weight. The 

magnitude of improvement generally increased with higher 

biochar application rates. Plant height increased from 67.08 

cm in CK to 79.11 cm (MBC 2), 83.47 cm (MBC 5), 82.71 

cm (WBC 2), and 90.77 cm (WBC 5). Similarly, tiller 

number per plant increased substantially across treatments, 

with the highest value observed under WBC 5. Leaf area also 

expanded significantly in biochar-amended soils, reaching a 

maximum of 44.57 cm² in the WBC 5 treatment. Shoot fresh 

weight showed pronounced increases following biochar 

application. 

Compared with CK (10.28 g plant⁻¹), shoot fresh weight 

increased to 30.64 g (MBC 2), 41.24 g (MBC 5), 35.84 g 

(WBC 2), and 60.53 g (WBC 5). Root traits responded 

similarly to biochar amendment (Figure 2). Root length 

increased from 12 cm in CK to 16 cm (MBC 2), 22 cm (MBC 

5), 18 cm (WBC 2), and 25 cm (WBC 5). Root fresh weight 

also increased markedly across treatments, with the highest 

value recorded under WBC 5, followed by WBC 2, MBC 5, 

and MBC 2. Overall, wheat straw biochar produced stronger 

improvements in both shoot and root growth than maize straw 

biochar, particularly at the higher application rate. 

Effects of straw biochar on wheat yield 
components and biomass 

Straw biochar application significantly improved wheat 

yield components and biomass production under salt-stressed 

conditions (Figures 3 and 4). Compared with the control 

(CK), all biochar treatments increased the number of grains 

per spike and 1000-grain weight, with the magnitude of 

response generally increasing with application rate. The 

number of grains per spike increased markedly relative to 

CK, with increases observed in all biochar treatments. 

Similarly, 1000-grain weight was significantly enhanced by 

biochar application, reaching the highest value under the 

WBC 5% treatment. Overall, wheat straw biochar produced 

greater improvements in yield components than maize straw 

biochar at comparable application rates (Figure 3). 

Biochar amendment also significantly increased wheat 

biomass accumulation (Figure 4). Both shoot dry weight and 

root dry weight were significantly higher in biochar-treated 

soils than in the control. Among the treatments, WBC 5% 

resulted in the highest shoot and root dry weights, followed 

by WBC 2%, MBC 5%, and MBC 2%, while CK consistently 

showed the lowest biomass values. The observed trends were 

consistent for both aboveground and belowground biomass, 

indicating that straw biochar application, particularly wheat 

straw biochar at higher rates, substantially enhanced wheat 

growth and dry matter accumulation under saline conditions. 

Effects of straw biochar on mineral ion 
accumulation in wheat roots and leaves 

Straw biochar application significantly influenced the 

accumulation of mineral ions in wheat roots and leaves under 

salt-stressed conditions (Table 4). Compared with the control 

(CK), all biochar treatments significantly reduced Na⁺ 

concentrations in both roots and leaves, with the magnitude 

of reduction increasing with higher application rates. Root 
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Na⁺ concentration decreased from 10.2 mg g⁻¹ DW in CK to 

9.27 mg g⁻¹ (MBC 2), 8.36 mg g⁻¹ (MBC 5), 6.39 mg g⁻¹ 

(WBC 2), and 5.28 mg g⁻¹ (WBC 5). A similar pattern was 

observed in leaves, where Na⁺ concentration declined from 

13.0 mg g⁻¹ DW in CK to 12.1 mg g⁻¹ (MBC 2), 11.2 mg g⁻¹ 

(MBC 5), 9.29 mg g⁻¹ (WBC 2), and 8.18 mg g⁻¹ (WBC 5). 

In contrast, the concentrations of K⁺, Ca²⁺, and Mg²⁺ in both 

roots and leaves increased significantly following biochar 

application. The highest concentrations of these beneficial 

cations were consistently observed under the WBC 5% 

treatment, followed by WBC 2%, MBC 5%, and MBC 2%. 

Overall, wheat straw biochar, particularly at the higher 

application rate, resulted in the strongest reduction of Na⁺ 

accumulation and the greatest enhancement of K⁺, Ca²⁺, and 

Mg²⁺ concentrations in wheat tissues under saline conditions.  

 
Figure 3: Effects of straw biochar treatments on grain number per spike and 1000-grain weight (g) of winter 

wheat. Bars represent means ± SD (n = 4). Different letters indicate significant differences among 

treatments (p < 0.05) 

 
Figure 4: Effects of straw biochar treatments on shoot dry weight and root dry weight (g) of winter wheat. Bars 

represent means ± SD (n = 4). Different letters indicate significant differences among treatments (p < 0.05) 

Table 4: Effect of two straw biochar treatments on sodium, potassium, calcium, and magnesium contents of 

wheat plants under salt-stressed conditions 

 
Note: CK, control; MBC 2, maize biochar 2%; MBC 5, maize biochar 5%; WBC 2, wheat biochar 2%; WBC 5, wheat biochar 5%. Different letters 

above the blocks indicate significant differences (p < 0.05) between the biochar treatments. Values represent the mean ± SD (n = 4). 
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Discussion 

Salt stress, through osmotic and ionic mechanisms, poses 

a major threat to crop growth in salt-affected croplands 

(Alkharabsheh et al., 2021; Basak et al., 2022). Salinity, 

primarily dominated by sodium ions (Na⁺), causes soil 

compaction and increased bulk density, which reduces pore 

size and hinders salt leaching, root penetration, and seed 

germination (Ud Din et al., 2023; Sun et al., 2024). Biochar, 

a porous and carbon-rich organic material, possesses 

favorable characteristics that can improve soil physical 

properties (Korai et al., 2018). When derived from crop 

residues or straw, biochar can enhance soil aggregation and 

increase porosity, which is evidenced by a reduction in soil 

bulk density. In the present study, this salinity-alleviation 

effect was reflected by the significant declines in soil total 

salt content and soil Na⁺ concentration under biochar 

treatments, with the strongest reductions observed at the 5% 

application rate particularly for wheat straw biochar (Figure 

1). 

Due to its highly porous structure and large surface area, 

biochar can significantly improve the water-holding capacity 

of sandy soils (Korai et al., 2018; Alghamdi, Alkhasha & 

Ibrahim, 2020; Li et al., 2021). The application of straw-

based biochar as a key component of compost may contribute 

to more effective removal of soluble salts. Additionally, 

biochar amendment can help form blocky soil structures and 

aggregates, which can block the upward movement of salts 

via capillary action. These mechanisms support the use of 

straw biochar in facilitating salt leaching and reducing salt 

stress during seed germination and crop development (Malik 

et al., 2023; Duan et al., 2024; Liu et al., 2024). However, 

because this pot study was conducted under a non-leaching 

setup (Section 2.7), the observed decreases in soil salt content 

and Na⁺ concentration (Figure 1) are more plausibly 

attributed to biochar-driven changes in salt distribution and 

ionic retention within the soil matrix (e.g., reduced upward 

movement and improved salt buffering), rather than physical 

salt removal via drainage. Consistent with this, soil pH 

decreased slightly under all biochar treatments relative to CK 

(Figure 1), indicating that the amendments modified the soil 

chemical environment under saline conditions. 

Improved crop growth and yield in salt-stressed soils 

often begin with better seed germination and consistent 

growth through to maturity. Yield reduction under salt stress 

is well-documented (Keshavarzi et al., 2011; Rath & Rousk, 

2015; Bhattarai et al., 2020; Kaiwen et al., 2020; Basak et al., 

2022; Singh et al., 2022). Various studies have reported 

positive (Qurashi & Sabri, 2011; Thomas et al., 2013; 

Hasanuzzaman & Fujita, 2022; Duan et al., 2024), 

insignificant (Fahad et al., 2018; Woolf et al., 2018), or even 

negative (Ashraf & Munns, 2022) effects of biochar 

application on crop growth and yield, especially when 

applied in large quantities. In the current study, wheat growth 

and yield-related traits improved consistently across all 

biochar treatments, with the greatest responses under WBC 

5%. Specifically, biochar increased plant height, tiller 

number, leaf area, shoot fresh weight, and root traits (Table 

3; Figure 2), and also enhanced yield components (grain 

number per spike and 1000-grain weight) as well as shoot and 

root dry biomass (Figures 3–4). 

Salt stress can negatively impact seed germination and 

plant survival rates. High osmotic pressure, limited moisture 

and oxygen availability, and toxicity from exchangeable 

sodium can restrict seedling establishment and yield (Guo, 

Shi & Yang, 2009; Hailu & Mehari, 2021). Although a 

reduction in soil salinity generally promotes seed 

germination, this trend was not evident in the current pot 

study. Nevertheless, the application of straw biochar may 

enhance germination and radicle growth (Das & Biswas, 

2022). Korai et al., (2018) observed that straw biochar 

improved the physiological performance of rice and wheat, 

although such effects may not be consistently observed 

across all crop species. Because seed germination was not 

directly measured in this experiment, the improvement in 

wheat performance is better supported by the measured 

responses in vegetative growth, root development, and yield 

components (Table 3; Figures 2–4), together with the 

concurrent reductions in soil salinity indicators (Figure 1). 

The increased grain yield and total aboveground biomass 

following the application of two types of biochar during the 

wheat growing season, and the lack of a continued increase 

in a subsequent season in this pot study, indicate the potential 

of biochar incorporation in boosting crop production. The 

incorporation of biochar and crop residues not only supplies 

nutrients (Hussain et al., 2017; Sarkar et al., 2018; Sarwar et 

al., 2023) but also improves soil conditions that support plant 

growth. Nitrogen immobilized by microbes during residue 

decomposition may be released later to meet increased crop 

N demands, thereby enhancing synchronization between 

nutrient supply and crop requirements, and promoting higher 

yields (Kushwaha et al., 2000). However, straw incorporation 

may reduce plant N uptake and barley yield due to prolonged 

microbial N immobilization (Liu et al., 2019; Fontaine et al., 

2024). In this study, soil nutrient status increased 

substantially following biochar application, particularly 

under WBC 5%, as shown by the increases in TN, AP, and 

AK (Table 2). These changes in soil fertility were 

accompanied by improved ionic nutrition within the plant: 

Na⁺ concentrations declined in both roots and leaves, while 



Biochar application to wheat  
  

 

 

 

22 

Soil Environ. 45(1): xx-xx, 2026 

K⁺, Ca²⁺, and Mg²⁺ increased (Table 4), indicating enhanced 

ionic balance under salt stress. This coordinated shift lower 

Na⁺ accumulation together with higher essential cations 

provides direct support for the improved growth and yield 

traits observed under biochar amendment (Table 3; Figures 

2–4). 

The impact of biochar on crop yield depends not only on 

the properties of the biochar itself (Blanco-Canqui, 2013) but 

also on soil fertility, pH, and crop species (Alkharabsheh et 

al., 2021; Abukari et al., 2022). The observed improvements 

in crop traits and yield in this study may be due to the higher 

nutrient availability in low-temperature-produced biochar, 

which tends to retain more extractable cations and nutrients. 

In contrast, high-temperature biochar offers greater carbon 

stability but fewer available nutrients (Zhang, Voroney & 

Price, 2015; Nan et al., 2021; Wang et al., 2022). Differences 

between the two straw biochars were also evident: wheat 

straw biochar generally produced stronger effects than maize 

straw biochar at comparable rates, including greater 

reductions in soil salt content and Na⁺ (Figure 1), higher SOC 

and nutrient availability (Table 2), stronger increases in plant 

growth and biomass (Table 3; Figures 2–4), and a more 

favorable tissue ion profile (Table 4). Notably, despite clear 

improvements in SOC and nutrient availability, soil CEC 

remained statistically unchanged across treatments (Table 2). 

This outcome is consistent with the relatively short duration 

of the pot experiment and the fact that the measured CEC 

reflects the bulk soil exchange complex, which may not shift 

detectably over a single season even when carbon inputs 

increase. 

In sum, salt-stressed soils were effectively reclaimed 

through the application of two types of straw biochar, which 

improved soil structure for root development, preserved 

nitrogen, enhanced phosphorus and potassium availability, 

and facilitated the leaching of soluble salts. These combined 

effects created a favorable environment for wheat growth 

under salt stress. Overall, the present findings demonstrate 

that straw biochar amendments particularly wheat straw 

biochar at 5% reduced soil salinity indicators (salt content 

and Na⁺), improved soil fertility (TN, AP, AK, and SOC), 

promoted root development, enhanced plant ionic balance 

(lower Na⁺ and higher K⁺/Ca²⁺/Mg²⁺), and ultimately 

increased wheat yield components and biomass under salt 

stress (Tables 2–4; Figures 1–4). Given the non-leaching pot 

design, these benefits are most consistent with biochar-

mediated improvement of soil chemical buffering and plant 

ion regulation rather than salt removal via drainage. 

Conclusions 

The application of wheat straw biochar (WBC) and 

maize straw biochar (MBC) in a pot experiment with salt-

affected soil improved soil conditions and winter wheat 

performance. Compared with the control, all biochar 

treatments reduced soil salinity indicators, including soil pH, 

total salt content, and soil Na⁺ concentration (Figure 1), with 

the strongest reductions generally observed under WBC at 

5%. Biochar addition also increased soil fertility parameters, 

particularly SOC, total nitrogen, available phosphorus, and 

available potassium (Table 2), while soil CEC remained 

unchanged across treatments. These improvements were 

accompanied by enhanced wheat growth and root 

development (Table 3; Figure 2), increased yield components 

and biomass (Figures 3–4), and a more favorable tissue ion 

profile characterized by reduced Na⁺ and increased K⁺, Ca²⁺, 

and Mg²⁺ in roots and leaves (Table 4). Overall, straw-

derived biochar especially wheat straw biochar applied at 5% 

showed greater effectiveness than maize straw biochar in 

mitigating salt stress and improving soil fertility and wheat 

productivity under the experimental conditions. Because the 

experiment was conducted under a non-leaching pot setup, 

the observed benefits are most consistent with improved soil 

chemical buffering and enhanced plant ion regulation rather 

than salt removal via drainage. These findings support the use 

of straw biochar as a practical amendment for improving crop 

performance in salt-affected soils while providing a value-

added pathway for crop residue utilization. 
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