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Abstract: Soil salinization presents a significant challenge, driven by factors such as in-
adequate drainage, shallow aquifers, and high evaporation rates, threatening global food
security. The sunflower emerges as a key cash crop in such areas, providing the opportunity
to convert its straw into biochar, which offers additional agronomic and environmental
benefits. This study investigates the effectiveness of biochar interlayers in enhancing salt
leaching and suppressing upward salt migration through integrated laboratory and field
experiments. The effectiveness of varying biochar interlayer application rates was assessed
in promoting salt leaching, decreasing soil electrical conductivity (EC), and enhancing crop
performance in saline soils through a systematic approach that combines laboratory and
field experiments. The biochar treatments included a control (CK) and different applica-
tions of 20 (BL20), 40 (BL40), 60 (BL60), and 80 (BL80) tons of biochar per hectare, all applied
below a depth of 20 cm, with each treatment replicated three times. The laboratory and field
experimental setups maintained consistency in terms of biochar treatments and interlayer
placement methodology. During the laboratory column experiments, the soil columns
were treated with deionized water, and their leachates were analyzed for EC and major
ionic components. The results showed that columns with biochar interlayers exhibited
significantly higher efflux rates compared to those of the control and notably accelerated
the time required for the effluent EC to decrease to 2 dS m−1. The CK required 43 days
for full discharge and 38 days for EC stabilization below 2 dS m−1. In contrast, biochar
treatments notably reduced these times, with BL80 achieving discharge in just 7 days and
EC stabilization in 10 days. Elution events occurred 20–36 days earlier in the biochar-treated
columns, confirming biochar’s effectiveness in enhancing leaching efficiency in saline soils.
The field experiment results supported the laboratory findings, indicating that increased
biochar application rates significantly reduced soil EC and ion concentrations at depths
of 0–20 cm and 20–40 cm, lowering the EC from 7.12 to 2.25 dS m−1 and from 6.30 to
2.41 dS m−1 in their respective layers. The application of biochar interlayers resulted in
significant reductions in Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
− concentrations

across both soil layers. In the 0–20 cm layer, Na+ decreased from 3.44 to 2.75 mg·g−1,
K+ from 0.24 to 0.11 mg·g−1, Ca2+ from 0.35 to 0.20 mg·g−1, Mg2+ from 0.31 to 0.24 mg·g−1,
Cl− from 1.22 to 0.88 mg·g−1, SO4

2− from 1.91 to 1.30 mg·g−1 and HCO3
− from 0.39 to

0.18 mg·g−1, respectively. Similarly, in the 20–40 cm layer, Na+ declined from 3.62 to
3.05 mg·g−1, K+ from 0.28 to 0.12 mg·g−1, Ca2+ from 0.39 to 0.26 mg·g−1, Mg2+ from
0.36 to 0.27 mg·g−1, Cl− from 1.18 to 0.80 mg·g−1, SO4

2− from 1.95 to 1.33 mg·g−1 and
HCO3

− from 0.42 to 0.21 mg·g−1 under increasing biochar rates. Moreover, the use of
biochar interlayers significantly improved the physiological traits of sunflowers, including
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their photosynthesis rates, stomatal conductance, and transpiration efficiency, thereby
boosting biomass and achene yield. These results highlight the potential of biochar
interlayers as a sustainable strategy for soil desalination, water conservation, and en-
hanced crop productivity. This approach is especially promising for managing salt-affected
soils in regions like California, where soil salinization represents a considerable threat to
agricultural sustainability.

Keywords: biochar interlayer; salt leaching; soil salinization; sunflower yield;
photosynthetic activity

1. Introduction
Recent findings from the Food and Agriculture Organization of the United Na-

tions (FAO) highlight a significant environmental challenge, revealing that approximately
1.4 billion hectares (ha) of land, which represents more than 10% of the planet’s total land
area, are currently experiencing degradation due to rising salinity levels. This type of degra-
dation not only reduces soil fertility but also negatively impacts agricultural productivity
and biodiversity. Additionally, there is a troubling risk to another billion hectares of land,
primarily driven by the effects of climate change, such as changing weather patterns and
increased temperatures, along with poor land management practices that worsen these
vulnerabilities and threaten the sustainability of these essential ecosystems [1].

Soil salinization alone leads to the loss of up to 1.5 million hectares of farmland
each year, while the productive capacity of approximately 46 million hectares decreases
annually [2]. This degradation has a significant impact on ecosystems and agricultural
productivity, presenting a major global challenge, especially in arid and semi-arid regions
where food security and sustainability are deeply threatened [2].

To mitigate the impacts of salinity, it is vital to implement strategic measures focused
on safeguarding arable land and sustainably enhancing crop productivity. These initiatives
are critical for ensuring food security, considering a rapidly growing global population.

Soil salinization is characterized by the excessive buildup of water-soluble salts in the
root zone, which negatively impacts plant growth [3]. The primary soluble salts involved
in saline soils include cations such as sodium (Na+), potassium (K+), calcium (Ca2+), and
magnesium (Mg2+), along with anions like carbonates (CO3

2−), bicarbonates (HCO3
−),

sulfates (SO4
2−), and chlorides (Cl−). Saline soil is typically found in arid and semi-arid

regions, where inadequate precipitation fails to offset evaporation, resulting in the upward
movement of salts through capillary action. This issue is exacerbated by poor drainage
and excessive irrigation practices, which can introduce even more soluble salts into the
soil. High evaporation rates lead to the concentration of these salts in the topsoil, thereby
increasing salinity levels [4].

The sunflower is a vital cash crop, with its seed oil being the primary edible oil in
numerous countries. Although classified as a salt-tolerant species, sunflowers are par-
ticularly sensitive to salinity during their early growth stages, especially in the seedling
phase. In saline soil, the buildup of salt in the root zone is a significant factor contribut-
ing to decreased yields [4]. Moreover, it is important to note that the processing and
utilization of sunflowers generate considerable byproducts; however, the utilization rate
of sunflower straw remains low, often resulting in its disposal through incineration. This
practice not only leads to the underutilization of valuable biomass resources but also con-
tributes to environmental pollution. Therefore, promoting the production of biochar, a
carbon-rich material derived from sunflower straw, can help conserve natural resources,



Sustainability 2025, 17, 5642 3 of 19

reduce environmental impacts, and foster the sustainable and efficient development of the
sunflower industry.

The interplay between shallow groundwater tables and heightened evaporation rates
is crucial to the buildup of salt in soils. As water moves upward through capillarity
and evaporates from the soil surface, it leaves behind concentrated dissolved salts in
the root zone. This process exacerbates salinity levels, adversely affecting plant health
and vitality [3].

Salinization not only modifies the chemical composition of the soil but also impacts
its physical properties [5], resulting in decreased carbon availability and a reduction in
microbial activity. Consequently, crops experience diminished access to essential water
and micronutrients [6,7].

To address salt accumulation, leaching is the primary strategy employed. This process
involves intensive irrigation aimed at removing accumulated salts from beyond the root
zone while ensuring adequate drainage [8]. Large-scale flood irrigation is often used
during fallow periods to facilitate the leaching of excess salt [9]. However, poorly designed
irrigation systems and inadequate drainage can worsen rising groundwater levels, leading
to increased salt accumulation. The continued use of flood irrigation in arid regions poses a
significant challenge to sustainable agricultural development [10], as salts from deeper soil
layers and shallow aquifers can migrate to the surface through capillary action, resulting in
the formation of saline–alkali soils [11–13].

The strategy of leaching, although seemingly straightforward, has not been sufficient
to prevent the decline of agricultural water resources in recent decades. This decline is
attributed to several factors, including global warming, population growth, urbanization,
and industrialization [14]. Consequently, the sustainability and effectiveness of current
salinity management practices that depend on leaching are at risk [4]. Therefore, there is an
urgent need to develop innovative and water-efficient strategies for managing soil salinity
that align with sustainable agricultural practices.

Recent studies indicate that incorporating straw interlayers at depths of 20 to 40 cm
can significantly reduce the upward movement of saline groundwater, resulting in lower
soil salinity levels [15]. These interlayers not only enhance soil moisture retention and
mitigate salt buildup, but also promote root development. Notably, applying a 5 cm layer
of straw can boost beneficial microbial populations in the soil [15]. However, challenges
related to deep straw mulching, such as high labor and machinery requirements, its short-
term effectiveness (approximately 100 days), and its limited impact on evaporation control
during later crop growth stages, hinder its wider adoption [15].

On the other hand, converting straw into biochar offers a promising solution to
improve the durability and effectiveness of deep mulching techniques. Biochar, a carbon-
rich material created from biomass (e.g., crop residues) through pyrolysis in an oxygen-
limited environment at temperatures between 300 and 700 ◦C, has garnered attention for its
beneficial properties in soil management [16]. Research shows that biochar can lower soil
bulk density while enhancing various soil characteristics, including aeration, permeability,
water retention, aggregate stability, and saturated hydraulic conductivity [17–20].

An indoor soil column experiment demonstrated that incorporating biochar interlayers
at depths of 10, 20, and 30 cm can significantly reduce soil infiltration rates while improving
the efficiency of salt leaching [21]. The interlayer placed at 30 cm was particularly effective
in preventing reverse salt migration and minimizing evaporation. This result identifies
biochar as a viable strategy for managing salinity and conserving water, especially in arid
and semi-arid agricultural environments.

The application of biochar also alters the distribution of salts within the soil, facilitating
efficient desalinization by allowing the removal of just the top 2 cm of soil with minimal
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water usage [21]. Initially, biochar increases evaporation through enhanced moisture
retention and capillary action; however, it later reduces evaporation by decreasing soil
cracking and compaction. This can lead to a reduction in evaporation of up to 43% at
a 10% application rate. Collectively, these advantages suggest that biochar could serve
as a sustainable solution for salinity management and reduced water requirements in
salt-affected agricultural regions, potentially offering an alternative to the use of traditional
straw interlayers for reclaiming saline soils.

While recent research has focused primarily on the surface application of biochar,
there is a lack of studies investigating its role as a subsurface barrier impacting salt leaching
distribution. This research aims to bridge that gap through a series of laboratory experi-
ments and field trials designed to enhance the understanding of how a biochar interlayer
can influence the movement of both salt and water within the soil profile. The primary
objective is to elucidate the mechanisms regulating soil water and salt dynamics, which is
essential for developing effective strategies for water conservation and salt remediation in
saline agricultural contexts, particularly in arid and semi-arid regions.

To achieve these objectives, the research will concentrate on three key areas: (1) quanti-
fying the duration necessary for effective leaching of soluble salts from columns of saline
soil, thereby clarifying the timeframe required for salt removal; (2) analyzing the sequence
of different salt ions during leaching to provide insights into their interactions and behav-
iors; and (3) recommending an optimal application rate for biochar, including the ideal
interlayer thickness, to maximize its benefits for salt and water management. Through this
research, we aim to contribute valuable theoretical frameworks and practical guidelines
that support sustainable agricultural practices in challenging environments.

2. Materials and Methods
2.1. Laboratory Experiment

The soil utilized in the laboratory experiment was sourced from an experimental
field at the Agronomy Research Farm, University of Agriculture, Peshawar, Pakistan. To
facilitate a comprehensive analysis, soil samples were collected from two distinct depths:
0–20 cm and 20–40 cm. This stratified sampling approach enhances the understanding of
how soil properties may vary by depth.

To assess the soil texture, the hydrometer method was employed to accurately measure
the mass fractions of various particle groups within the soil. The analysis revealed a
composition of 15% sand, 80% silt, and 5% clay, classifying the soil as silty loam, which is
characterized by its high silt content, at both depths (0–20 cm and 20–40 cm).

Before conducting the experimental tests, all soil samples were carefully transported to
the laboratory for further processing. Each sample was dried to eliminate excess moisture,
ground for uniformity, and sieved through a 2 mm mesh screen. This sieving process
effectively removed larger particles and impurities, thereby enhancing the overall quality
and consistency of the soil samples for analysis. A summary of the detailed properties and
characteristics of the soil can be found in Table 1, which provides a clear overview of its
physical and chemical attributes.

Table 1. Physical and chemical properties of experimental soil.

Soil Properties Units 0–20 cm 20–40 cm

pH --- 8.20 8.09
EC dSm−1 8.43 8.05

Texture --- Silt loam Silt loam
Bulk density g cm−3 1.40 1.34

Soil organic matter g·kg−1 5.88 5.10
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Table 1. Cont.

Soil Properties Units 0–20 cm 20–40 cm

Total N g·kg−1 0.33 0.28
Available P mg·kg−1 2.83 2.52
Available K mg·kg−1 52 46

Na+ mg·g−1 3.38 3.49
K+ mg·g−1 0.22 0.5

Ca2+ mg·g−1 0.34 0.36
Mg2+ mg·g−1 0.31 0.33

HCO3
− mg·g−1 0.44 0.42

Cl− mg·g−1 1.19 1.15
SO4

2− mg·g−1 1.74 1.80

2.1.1. Soil Column

The experimental soil column was meticulously designed using a durable gray PVC
cylinder measuring 70 cm in height and featuring an inner diameter of 10 cm, thereby
creating an optimal environment for soil analysis. This cylinder was carefully filled with
air-dried saline soil and layered thoughtfully to replicate natural soil horizons. The soil was
packed into two distinct layers, corresponding to depths of 0–20 cm and 20–40 cm, ensuring
authentic stratification that mirrors the natural layering found in terrestrial ecosystems.
The bulk densities of these packed layers were precisely controlled at 1.40 g cm−3 for the
upper 0–20 cm layer and 1.34 g cm−3 for the lower 20–40 cm layer, accurately simulating
real-world soil conditions. To investigate the effects of biochar, specifically measured inter-
layers of biochar were incorporated within the soil column, maintaining a bulk density of
0.52 g cm−3. Five different amounts of biochar were applied, representing various treat-
ment groups: a control group without biochar (CK), alongside groups containing 20 tons
(BL20), 40 tons (BL40), 60 tons (BL60), and 80 tons (BL80) per hectare of biochar.

To enhance the experiment’s integrity, a finely graded layer of quartz granules, each
measuring less than 2 mm in diameter, was strategically placed atop the soil layers. This
essential quartz layer serves as a barrier, effectively preventing the intermixing of the
underlying soil layers during the subsequent experimental procedures. Additionally, a
double layer of gauze was carefully laid over the quartz layer to reduce interfacial tension
and facilitate improved water infiltration into the packed soil below.

A secure PVC plate was expertly sealed at the base of the column, featuring a centrally
located 2 mm diameter hole. This hole was fitted with a robust rubber stopper, creating
a reliable pathway to a sturdy plastic tube designed specifically for collecting the eluent
during the leaching events, thereby ensuring accurate data collection.

Each treatment combination, which included four variations of biochar and a control
group without biochar, was replicated three times to strengthen the study’s overall rigor.

2.1.2. Leaching Experiment

Deionized water, with a specific pH of 6.75, was administered gradually from a storage
container using a precision drip system. This system was engineered to maintain a flow
rate of approximately 100 drops per minute, resulting in a delivery volume of roughly
5 milliliters per minute. The leaching process commenced under these controlled conditions
and continued until a stable water column height of about 1 cm was established within the
column, creating optimal conditions for subsequent experimental procedures.

Once the desired waterhead was set, the eluate that percolated downward through the
column was collected at predetermined time intervals. To monitor temporal fluctuations in
ionic concentration, the electrical conductivity (EC) of the collected eluates was measured
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every two days. This systematic approach provided an in-depth view of the ionic dynamics
throughout the experiment.

The investigation focused on both cationic and anionic constituents in the leachate at
three critical stages of the leaching process. In Stage 1, the EC exhibited a significant decline
of 25% compared to the initial peak measurement, indicating efficient removal of soluble
ions from the substrate. As the experiment progressed into Stage 2, this trend became
more pronounced, with EC values reflecting a remarkable 50% reduction. This indicated
a continued mobilization of salts from the matrix, likely involving a diverse spectrum of
ionic species contributing to the leachate.

By Stage 3, the EC had decreased dramatically, achieving a notable reduction of 75%
from the initial peak value, ultimately stabilizing at levels below 2 dS m−1. This stabilization
suggested that the most readily soluble ions had been leached, thereby allowing for a
detailed analysis of the ionic composition within the leachate.

The defined stages of this experiment were pivotal for characterizing the sequential
leaching behavior of the predominant salt ions in the eluents. The conclusion was marked
by a comprehensive evaluation of EC values, where the variation between the consecutive
measurements consistently remained below a 10% threshold. This milestone indicated
the establishment of a steady-state condition concerning the ionic composition of the
leachate, facilitating a deeper understanding of ion dynamics and behavior throughout the
experimental process. This meticulous methodology enabled researchers to build a robust
framework for comprehending the factors governing ion mobility and behavior in various
environmental contexts.

2.2. Field Experiment
2.2.1. Experimental Site Description

The field experiment was carried out at the Agronomy Research Farm within the
University of Agriculture, Peshawar, Pakistan, as depicted in Figure 1. The facility
is precisely located at 34.01◦ N latitude and 71.35◦ E longitude, with an elevation of
359 m above sea level. The surrounding environmental conditions are characterized as
warm to hot semi-arid subtropical, with an average annual precipitation of approximately
360 mm. This climate presents both challenges and opportunities for agricultural practices
in the region. The interaction between altitude and climatic factors plays a crucial role in
local agronomy, influencing crop selection and necessitating specific farming strategies to
optimize yield outcmes.

Figure 1. Map of the study area.
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2.2.2. Soil Salinity Assessment and Site Uniformity

Before implementing the treatment, a baseline soil salinity assessment was performed
to ascertain the uniformity of the experimental field. Soil samples were systematically
collected at depths of 0–20 cm and 20–40 cm in a grid pattern throughout the plot. Electrical
conductivity (EC) was measured using a calibrated EC meter to ensure accuracy. The coeffi-
cient of variation (CV) for EC across the site was calculated to be under 10%, indicating a
relatively homogeneous distribution of salinity. These results validated the appropriateness
of the field for controlled experimental purposes.

2.2.3. Experimental Design and Procedure

The field experiment was conducted to evaluate the effects of varying biochar applica-
tion rates on soil and sunflower growth. Soil samples were collected from the experimental
site to support a concurrent laboratory analysis. Five biochar treatments were implemented:
a control (0 tons/ha, CK), and four treatments of 20 tons/ha (BL20), 40 tons/ha (BL40),
60 tons/ha (BL60), and 80 tons/ha (BL80), respectively.

The study employed a completely randomized block design with three replications,
resulting in a total of 15 plots measuring 2 m × 2 m each. Biochar was incorporated into
the soil at a depth of 20 cm, with the primary objectives of enhancing sunflower growth,
mitigating phreatic evaporation, and curtailing the upward movement of salts from deeper
soil horizons.

Post-application, the displaced soil was carefully layered and compacted to maintain
its original bulk density, ensuring an optimal environment for seed germination and
root establishment. The experimental field underwent flood irrigation two weeks before
sunflower sowing to achieve adequate soil moisture, facilitated by a tube well.

The sunflower (Helianthus annuus) was selected as the test crop, with sowing executed
on 22 May 2022. At the time of sowing, base fertilizers were applied, consisting of 120 kg/ha
of nitrogen, supplied as urea, and 90 kg/ha of phosphorus, provided as diammonium
phosphate. All agronomic practices adhered to standard protocols for sunflower cultivation,
thereby establishing a reliable framework to assess the efficacy of the biochar amendments.

Comprehensive soil characteristics and analytical results from both laboratory and
field studies are systematically documented and presented in Table 1.

2.2.4. Harvesting and Data Collection

The sunflower harvest occurred on 18 September 2022, concluding a rigorously mon-
itored cultivation period extending over several months. In this detailed study, we per-
formed measurements on five randomly selected plants from each plot to capture essential
growth metrics and yield data.

To evaluate seed quality, three samples of 1000 achenes were systematically collected
from each plot. This method ensured a representative analysis of seed quality, facilitating
a precise evaluation of the average achene weight. In addition, total biomass and grain
yield assessments were conducted following an extensive sun-drying process, which was
essential for achieving optimal moisture content and ensuring accurate yield measurements.

The harvested grains underwent manual threshing to gently separate the seeds from
the sunflower heads, with a focus on minimizing damage during the process. The seeds
were then weighed using a high-precision electronic balance, which allowed for an ac-
curate determination of the final yield. This thorough, methodical approach not only
yielded reliable data but also provided critical insights into sunflower production tech-
niques and best agronomic practices, significantly enhancing our understanding of effective
cultivation strategies.
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2.2.5. Analysis of Gas Exchange Characteristics

An infrared gas analyzer (CI-340 Photosynthesis System, CID Bio-Science, Camas,
WA, USA) was employed to assess the gas exchange dynamics in the plant systems. This
evaluation encompasses critical physiological mechanisms that govern the flux of carbon
dioxide (CO2), oxygen (O2), and water vapor (H2O) through stomatal apertures on foliar
surfaces. These processes are integral to photosynthesis, where CO2 is assimilated into
glucose through photon absorption and transpiration, which facilitates thermoregulation
and enhances the hydraulic transport of water and nutrients within the plant.

2.2.6. Soil Sample Collection and Analysis

Following the successful harvest of sunflowers, a systematic protocol was initiated
involving the comprehensive collection of soil samples from designated plots. Samples
were extracted at two specific depths: 0–20 cm and 20–40 cm. To elucidate the chemical
properties of the soil, we employed a 1:10 soil-to-water suspension method for precise
pH and electrical conductivity (EC) measurements. This approach guarantees accuracy in
representing the soil’s characteristics.

For a detailed analysis of soil texture, the hydrometer method was utilized [22],
providing insights into the particle size distribution. Water-soluble cations and anions were
extracted through the same 1:10 (volume weight) soil-to-water ratio.

In assessing essential cations, the concentrations of Na+ and K+ were determined using
flame photometry (Jenway, PF-7, Dunmow, UK), noted for its reliability in quantifying these
elements. The levels of Ca2+ and Mg2+ were measured through EDTA titration, a method
acclaimed for its precision in evaluating vital nutrients. Additionally, SO4

2− concentrations
were quantified via EDTA titration, while Cl− levels were ascertained using silver nitrate
titration, thereby mapping the soil’s complex chemical composition. HCO3

− content was
determined through titration with sulfuric acid (H2SO4), emphasizing its significance in
soil chemistry.

Total nitrogen content was analyzed through Kjeldahl methods, adhering to the
techniques outlined by Bremner and Mulvaney (1996) [23]. For organic matter assessment,
we followed the established methodology of Nelson and Sommers [24]. The availability
of phosphorus (P) and potassium (K) was evaluated using the AB-DTPA method, which
provides critical information regarding nutrient accessibility for plant uptake and the soil’s
fertility potential. P concentration was measured using an ultraviolet/visible (UV/Vis)
spectrophotometer (UV-1600PC, VWR, Radnor, PA, USA), while K was determined through
flame photometry (Jenway, PF-7).

2.3. Biochar Production and Characteristics

Biochar was produced from air-dried sunflower straw via a slow pyrolysis process,
conducted at a controlled temperature of 400 ◦C for three hours in a muffle furnace under
limited oxygen conditions [25]. This method facilitated the thermal decomposition of
biomass into biochar. Post-pyrolysis, the biochar was processed to achieve a uniform parti-
cle size of 2 mm, ensuring consistency and optimizing its applicability. A comprehensive
characterization of the biochar’s physical and chemical properties, including surface area,
porosity, and nutrient content, is outlined in Table 2.

Table 2. Characteristics of biochar used in the experiment.

Characteristics Units Biochar

pH - 7.89
EC dS m−1 3.62

Carbon % 52.22
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Table 2. Cont.

Characteristics Units Biochar

Hydrogen % 3.29
Nitrogen % 2.10

Available P g·kg−1 0.24
Available K g·kg−1 4.23

Available Mg g·kg−1 4.28
Available Ca g·kg−1 1.29
Surface area m2g−1 28.40

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted to assess statistically sig-
nificant differences among the treatment groups. This approach is particularly effective
for comparing means across three or more independent groups, allowing us to determine
if at least one group significantly deviates from the others. Following the ANOVA, we
employed the least significant difference (LSD) test as a post hoc analysis to perform pair-
wise comparisons between the treatment groups, while maintaining control over Type I
error rates. The significance threshold was set at 5%, ensuring a robust evaluation of the
treatment effects. The use of the LSD test afforded us a detailed insight into the specific
differences among the groups, thereby enhancing the interpretation of our results and
providing critical insights into the relative efficacy of each treatment.

3. Results
3.1. Column Experiment

The evaluation of the eluent discharge from soil columns featuring various biochar
interlayer treatments is detailed in Figures 2 and 3. Notably, the time to achieve eluent
discharge varies significantly among the treatments. The control treatment (CK) required
43 days, while the biochar-enriched treatments demonstrated markedly reduced discharge
times: 23 days for BL20, 15 days for BL40, 10 days for BL60, and just 7 days for BL80
(Figure 2). This variance underscores the potential of biochar to enhance leaching efficiency.

Figure 2. The time (days) for first effluent collection.
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Figure 3. The time (days) for EC reduction to 2 dS m−1.

For the CK treatment, it took 38 days for the electrical conductivity (EC) to stabilize
below the critical threshold of 2 dS m−1, indicating a slower rate of salt leaching under
conventional conditions (Figure 3). In contrast, the biochar-enhanced treatments exhibited
significantly accelerated EC reduction. The BL40 treatment stabilized in approximately
24 days, while BL60 did so in 19 days. The highest efficiency was observed with BL80,
reaching stabilization in only 10 days, suggesting a strong correlation between the quantity
of biochar applied and the dynamics of salt leaching.

Further analysis of the elution volumes revealed that the biochar-treated columns
(BL20, BL40, BL60, and BL80) experienced elution events occurring 20 to 36 days sooner
than those of the CK treatment, providing robust evidence for the efficacy of biochar in
enhancing leaching in saline substrates.

The data illustrated in Figure 4 quantify the leachate composition, predominantly
comprising ions Na+, Cl−, SO4

2−, and HCO3
−. Ion concentrations were evaluated across

three critical leaching stages: Stage 1 exhibited a 25% reduction in EC; Stage 2 reflected a
further 50% decrease; and by Stage 3, a total decline of 75% from the initial EC value was
observed to stabilize below the 2 dS m−1 threshold.

Throughout these stages, significant reductions in Na+, Cl−, SO4
2−, and HCO3

−

concentrations were recorded, which were particularly noticeable between Stages 2 and
3. The biochar treatments consistently resulted in lower ion concentrations than those of
the CK control, highlighting the effectiveness of biochar interlayers. Notably, the most
substantial reductions in ion concentrations were associated with higher biochar application
rates in treatments BL60 and BL80. Collectively, these results provide compelling evidence
that biochar interlayers not only enhance salt leaching but also play a crucial role in
mitigating salt accumulation in saline-affected soils, which is essential for sustainable soil
management and optimizing agricultural productivity.
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Figure 4. The concentrations of major salt ions at leaching stages 1, 2, and 3 obtained from the saline
soil columns with biochar added as an interlayer at various rates. Different letters indicate significant
differences between the treatments at stage 1, 2 and 3.

3.2. Effect of Biochar Interlayer on EC and Dynamics of Soluble Salts Content of the Soil Profile

Table 3 provides robust evidence that the incorporation of biochar as an interlayer in
the soil effectively reduces EC levels and lowers the concentrations of key soluble salts,
including Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
− throughout the soil profile.

Table 3. Effect of biochar interlayers on salt ion migration.

Soil
Depth (cm) Treatments EC (dS m−1) Na+ K+ Ca2+ Mg2+ Cl− SO42− HCO3−

mg·g−1

0–20 CK 7.12 ± 1.02 a 3.44 ± 0.09 a 0.24 ± 0.03 a 0.35 ± 0.02 a 0.31 ± 0.03 a 1.22 ± 0.08 a 1.91 ± 0.06 a 0.39 ± 0.04 a
BL20 6.09 ± 0.96 b 3.29 ± 0.06 ab 0.22 ± 0.02 a 0.32 ± 0.05 a 0.30 ± 0.02 a 1.11 ± 0.07 b 1.73 ± 0.08 b 0.31 ± 0.03 b
BL40 5.25 ± 0.95 c 3.05 ± 0.05 b 0.16 ± 0.02 b 0.27 ± 0.04 b 0.26 ± 0.02 b 1.09 ± 0.05 b 1.67 ± 0.05 b 0.24 ± 0.06 c
BL60 3.78 ± 0.97 d 2.88 ± 0.07 c 0.15 ± 0.02 b 0.22 ± 0.04 c 0.25 ± 0.04 c 1.01 ± 0.02 c 1.43 ± 0.09 c 0.19 ± 0.05 d
BL80 2.25 ± 0.08 e 2.75 ± 0.08 d 0.11 ± 0.04 c 0.20 ± 0.02 c 0.24 ± 0.03 c 0.88 ± 0.03 d 1.30 ± 0.05 d 0.18 ± 0.04 d

20–40 CK 6.30 ± 1.07 a 3.62 ± 0.03 a 0.28± 0.02 a 0.39 ± 0.03 a 0.36 ± 0.02 a 1.18 ± 0.04 a 1.95 ± 0.08 a 0.42 ± 0.06 a
BL20 4.49 ± 1.02 b 3.37 ± 0.09 b 0.23 ± 0.03 b 0.38 ± 0.03 a 0.32 ± 0.04 b 1.12 ± 0.03 b 1.70 ± 0.04 b 0.38 ± 0.07 a
BL40 3.75 ± 0.09 c 3.22 ± 0.05 c 0.18 ± 0.04 c 0.31 ± 0.03 b 0.31 ± 0.04 b 1.10 ± 0.03 b 1.66 ± 0.05 b 0.30 ± 0.04 b
BL60 2.98 ± 1.07 d 3.20 ± 0.07 c 0.17 ± 0.04 c 0.30 ± 0.03 b 0.31 ± 0.03 b 1.02 ± 0.04 c 1.50 ± 0.03 c 0.29 ± 0.02 b
BL80 2.41 ± 0.08 e 3.05 ± 0.07 d 0.12 ± 0.03 d 0.26 ± 0.03 c 0.27 ± 0.02 c 0.80 ± 0.03 d 1.33 ± 0.08 d 0.21 ± 0.02 c

±Standard deviation (n = 3). Different letters indicate significant differences between the treatments.

The data clearly demonstrates a consistent trend of decreasing EC with increasing
biochar application rates at soil depths of both 0–20 cm and 20–40 cm. At the 0–20 cm
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depth, EC saw a substantial reduction from 7.12 dS m−1 in the CK to 2.25 dS m−1 in the
highest biochar treatment (BL80). Similarly, at the 20–40 cm depth, EC decreased from
6.30 dS m−1 in CK to 2.41 dS m−1 in BL80. This trend across both soil layers indicates that
higher biochar application rates significantly enhance salinity mitigation.

In the upper 0–20 cm layer, biochar application resulted in significant reductions in
the concentrations of all measured cations and anions. For instance, the Na+ concentration
fell from 3.44 mg·g−1 in CK to 2.75 mg·g−1 in the BL80 treatment, while K+ concentrations
decreased from 0.24 mg·g−1 to 0.11 mg·g−1. Notable declines were also observed for
Ca2+ and Mg2+, which dropped from 0.35 mg·g−1 to 0.20 mg·g−1 and from 0.31 mg·g−1 to
0.24 mg·g−1, respectively. Among the anions, Cl− decreased substantially from
1.22 mg g−1 to 0.88 mg·g−1, SO4

2− from 1.91 mg·g−1 to 1.30 mg·g−1, and HCO3
− from

0.39 mg·g−1 to 0.18 mg·g−1.
Similarly, in the 20–40 cm layer, a parallel downward trend in concentration was

observed with increasing biochar rates. Specifically, the Na+ concentration decreased from
3.62 mg·g−1 (CK) to 3.05 mg·g−1 (BL80), and K+ dropped from 0.28 mg·g−1 to 0.12 mg·g−1.
Both Ca2+ and Mg2+ concentrations were reduced from 0.39 mg·g−1 to 0.26 mg·g−1 and
from 0.36 mg·g−1 to 0.27 mg·g−1, respectively. The anions also followed this trend, with
Cl− decreasing from 1.18 mg·g−1 to 0.80 mg·g−1, SO4

2− from 1.95 mg·g−1 to 1.33 mg·g−1,
and HCO3

− from 0.42 mg·g−1 to 0.21 mg·g−1.
The most significant reductions with increasing biochar application were observed

for EC, Na+, Cl−, and SO4
2− across both layers. These findings highlight the efficacy of

biochar interlayer treatments in not only reducing surface salt concentrations but also in
promoting enhanced leaching and the redistribution of salts within deeper soil profiles.
Such progressive salt leaching is critical for overall soil desalination, which in turn enhances
soil health and supports improved agricultural productivity.

3.3. Effect of Biochar Interlayer on Soil Organic Matter, Total N, Available P, and K

Table 4 presents a comprehensive analysis of the benefits associated with the integra-
tion of biochar interlayers into soil management, focusing on critical soil quality parameters.
The treatments designated as BL20, BL40, BL60, and BL80 revealed significant enhance-
ments in various key indicators.

Table 4. Effect of biochar interlayers on the soil nutrient status of saline soil.

Treatments Organic Matter (g·kg−1) Total N (g·kg−1) Available P (mg·kg−1) Available K (mg·kg−1)

CK 5.82 ± 0.23 b 0.30 ± 0.02 b 2.90 ± 0.13 b 57 ± 4.10 c
BL20 6.29 ± 0.21 ab 0.35 ± 0.01 ab 3.63 ± 0.10 b 58 ± 5.34 c
BL40 6.56 ± 0.25 ab 0.39 ± 0.02 a 4.36 ± 0.11 b 65 ± 3.01 b
BL60 6.18 ± 0.31 ab 0.38 ± 0.03 a 5.30 ± 0.12 ab 71 ± 3.04 a
BL80 6.93 ± 0.20 a 0.41 ± 0.01 a 6.14 ± 0.10 a 73 ± 2.80 a

The data are presented as the means ± SEs. Different letters indicate a significant difference at the p < 0.05 level.

The total N content exhibited an increase from 0.30 g·kg−1 in the control group (CK)
to 0.41 g·kg−1 in biochar-treated soils, marking a substantial enhancement of 36.67%. This
surge in nitrogen, a vital macronutrient, directly correlates with improved plant growth,
thereby impacting agricultural yields.

Phosphorus (P) availability experienced a dramatic increase, escalating from
2.90 mg·kg−1 in the control group to 6.14 mg·kg−1 in the biochar-amended soils, equating
to an impressive rise of 111.72%. This enhancement indicates that biochar not only bol-
sters nutrient retention but also facilitates more efficient nutrient uptake by plants, thus
contributing to their metabolic processes.



Sustainability 2025, 17, 5642 13 of 19

Additionally, available K levels significantly increased from 57 mg·kg−1 in the control
group to 73 mg·kg−1 in biochar-treated soils, representing a 28.07% improvement. These
findings underscore the role of biochar in enhancing nutrient accessibility within the soil,
which is critical for optimizing crop productivity.

Furthermore, soil organic matter content rose notably from 5.82 g·kg−1 in the control
group to 6.93 g·kg−1 with the application of biochar, reflecting a 19.07% enhancement.
The increase in organic matter is pivotal for improving soil structure, water retention, and
overall ecological health, thereby supporting sustainable agricultural practices.

In conclusion, these findings underscore the significant influence of biochar interlayers
on soil quality, which in turn fosters enhanced agricultural productivity and sustainability.

3.4. Effect of Biochar Interlayer on Gaseous Exchange Characteristics and Yield of Sunflower

The application of biochar interlayers has demonstrated marked effects on the gaseous
exchange parameters and biological yield metrics in sunflowers, specifically regarding ach-
ene yield and the weight of one thousand achenes, with statistical significance established
at p < 0.05 (refer to Table 5 for comprehensive data). A range of biochar treatments were
investigated, including the control (CK) and varying concentrations (BL20, BL40, BL60,
BL80) of biochar, all contributing to significant enhancements in the gaseous exchange
characteristics of sunflowers cultivated under saline soil conditions.

Table 5. Effect of biochar interlayer application on sunflower gaseous exchange characteristics in
saline soil.

Treatments Transpiration Rate
(mmol CO2 m−2 s−1)

Photosynthetic Rate
(µmol CO2 m−2 s−1)

Stomatal Conductance
(mmol CO2 m−2 s−1)

Sub-Stomatal Conductance
(H2O m−2 s−1)

CK 1.36 ± 0.01 e 9.47 ± 0.02 e 52.65 ± 1.07 d 143.67 ± 2.33 d
BL20 1.66 ± 0.02 d 10.35 ± 0.03 d 54.19 ± 0.36 d 148.65 ± 0.88 d
BL40 1.85 ± 0.03 c 13.20 ± 0.07 c 63.43 ± 1.08 c 163.30 ± 2.40 c
BL60 2.05 ± 0.02 b 14.11 ± 0.05 b 73.09 ± 0.46 b 170.33 ± 0.93 b
BL80 2.25 ± 0.03 a 16.5.8 ± 0.12 a 77.8 ± 1.26 a 178.67 ± 0.90 a

The data are presented as the means ± SEs. Different letters indicate a significant difference at the p < 0.05 level.

These biochar treatments resulted in substantial increases in photosynthetic rates,
reflecting improved efficiency in regards to sunlight conversion to biochemical en-
ergy. Enhanced stomatal conductance was also observed, critical for optimizing gas ex-
change and transpiration efficiency, ultimately aiding in cellular hydration and nutrient
transport—essential factors that typically impede plant growth and productivity under
saline stress.

The biochar’s influence extended beyond photosynthetic performance, leading to
notable increases in overall biological yield, particularly in achene yield and the weight of
one thousand achenes (see Table 6). Significantly, treatments with higher biochar concen-
trations (BL60 and BL80) showcased remarkable improvements in these yield parameters,
indicating a positive correlation between biochar concentration and sunflower productivity.

Table 6. Effect of biochar interlayer application on sunflower yield in saline soil.

Treatments Biomass Yield
(kg·ha−1)

Achene Yield
(kg·ha−1) Thousand Achene Weights (g)

CK 7948 ± 10.4 d 1750 ± 5.77 d 38.23 ± 1.14 d
BL20 8650 ± 11.6 d 1890 ± 5.79 d 41.83 ± 1.28 c
BL40 11,880 ± 15.5 c 2270 ± 8.66 c 45.30 ± 1.15 b
BL60 14,540 ± 30.4 b 2520 ± 10.40 b 48.47 ± 2.31 a
BL80 16,890 ± 20.8 a 2842 ± 6.93 a 47.96 ± 1.15 a

The data are presented as the means ± SEs. Different letters indicate a significant difference at the p < 0.05 level.
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These pronounced effects associated with enhanced biochar treatments can essentially
be attributed to superior soil moisture retention capabilities, which are crucial in mitigating
the detrimental impacts of salt stress. Improved moisture retention facilitates more effective
carbon dioxide assimilation during photosynthesis and enhances the physiological health
and vigor of sunflower plants.

In summary, these findings underscore that optimized growing conditions achieved
through biochar treatment can significantly bolster sunflower productivity and resilience,
especially in saline-prone environments. This research highlights the potential benefits
of incorporating biochar as a soil amendment in agricultural systems affected by salin-
ity, which may promote sustainable crop production practices while alleviating the chal-
lenges posed by soil salinity and enhancing agricultural yields in the face of evolving
environmental pressures.

4. Discussion
4.1. Effect of Biochar Interlayers on Effluent Discharge, EC Reduction, and Ion Concentration in
the Eluent

Laboratory and field investigations have robustly established the significant benefits
of integrating biochar interlayers into agricultural systems, particularly concerning salt
leaching and soil health enhancement. The data indicates that biochar interlayers facilitate
the salt-leaching process, effectively reducing the duration necessary for effluent discharge
into the environment. Additionally, biochar applications have shown a marked reduction
in electrical conductivity (EC) within the soil profile when compared to that of the control
group (CK), underscoring its efficacy in salinity management.

Specifically, biochar treatments resulted in substantial decreases in the concentrations
of key soluble ions—Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
−—at both 0–20 cm

and 20–40 cm soil depths. Notably, higher rates of biochar application correlated with
greater reductions in these ions, highlighting a dose-dependent response that elevates its
effectiveness. These results illustrate that biochar interlayers not only enhance salt removal
efficiencies but also promote progressive soil desalination with depth, which is crucial for
facilitating favorable conditions for root development and sustainable crop production.

These findings align with those in the existing literature [25,26], indicating that biochar-
amended columns exhibited earlier efflux discharge, occurring 24 to 40 days earlier than in
the control treatment without biochar (CK). The application of biochar also reduced the time
required for efflux EC levels to decrease to 5 dS m−1 by 56 to 62 days. Among the biochars
tested, sunflower straw biochar (SSB) demonstrated significantly lower concentrations of
harmful ions, particularly sodium (Na+) and bicarbonate (HCO3

−), by the conclusion of
the experiment.

It is noteworthy that traditional early flooding irrigation practices, aimed at mitigating
soil salinity pre-planting, often result in substantial water loss to evaporation, primarily
contributing to atmospheric moisture loss rather than effectively leaching salt into ground-
water. The extended drainage periods—typically exceeding three weeks—necessary to
attain optimal soil moisture can delay planting times. This postponement not only curtails
the crop growth period but may also adversely influence overall yields [27].

Research indicates that the pre-plant leaching process frequently requires more than
double the water volume needed for irrigation throughout the growing season [25]. Con-
sidering this, our findings advocate for the incorporation of biochar interlayers to sig-
nificantly accelerate salt leaching, thereby minimizing the time required to clear most
salts from the soil profile (refer to Figures 2 and 3). This efficient salt removal process
allows for earlier sowing, potentially extending the critical crop growth period essential for
maximizing yields.
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Moreover, the biochar interlayer approach shows considerable promise for conserving
irrigation water resources. The rapid stabilization of soil EC, coupled with the enhanced
water retention properties observed in biochar-amended soils, may lead to reduced evapo-
ration rates, especially during the vital spring season when moisture is critical for young
crops. Nonetheless, the empirical evidence from field conditions remains sparse, under-
scoring the necessity for further investigation to substantiate these laboratory findings. To
address this gap, a field experiment has been initiated to thoroughly explore and verify the
observations observed in controlled settings.

In summary, these results suggest that biochar interlayers have the potential to con-
serve irrigation water, improve soil conditions, and facilitate earlier planting, thereby
contributing to sustainable crop production.

4.2. Effect of Biochar Interlayer on Leaching of Soluble Salts in the Soil Profile

The incorporation of biochar interlayers has been shown to substantially decrease soil
electrical conductivity (EC) and reduce the concentrations of crucial soluble ions such as
Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
− within the 0–20 cm and 20–40 cm soil profiles

when compared to the results for the control treatments (CK). Particularly, application rates
of biochar at BL60 and BL80 yielded pronounced reductions, with EC diminishing by up to
68.4% at the 0–20 cm depth and 61.7% at the 20–40 cm depth relative to the results for the
controls. These observations indicate that higher biochar applications significantly enhance
the soil desalination process by fostering improved salt leaching while minimizing ion
accumulation throughout the soil profile.

Field experiments corroborated these laboratory findings, reinforcing the credibility of
the controlled experimental data in practical agricultural settings. The consistent results
from both controlled environments and field conditions highlight the efficacy of biochar
interlayers in expediting salt leaching, leading to the early stabilization of soil EC and a
more uniform distribution of water and salts. This alignment emphasizes the predictive
capacity of laboratory studies for broader agricultural applications, positioning biochar
interlayers as a viable strategy for alleviating surface soil salinity and improving overall
soil quality across various field environments.

Biochar, a carbon-dense material produced via the pyrolysis of organic biomass, is gain-
ing recognition for its considerable potential in managing saline conditions in agricultural
soils. Its distinctive properties, including high porosity and significant cation exchange
capacity, enhance water retention and facilitate ion mobility within soil ecosystems [27].

Research has consistently shown that the strategic incorporation of biochar interlayers
at varying depths and concentrations—designated as CK (control), BL20, BL40, BL60,
and BL80—significantly influences salt accumulation dynamics in the upper soil strata.
These biochar interlayers serve to mitigate the upward migration of salts by enhancing
soil structure, diminishing capillary rise, and augmenting water retention in deeper soil
profiles [21,26]. Notably, higher biochar concentrations (BL60 and BL80) demonstrate a
pronounced efficacy in curbing surface salt accumulation compared to lower concentrations.

Moreover, the integration of straw barriers into the soil profile has been proven to
markedly alter soil structure, disrupt capillary continuity, and modify the vertical distribu-
tion of salts within the soil matrix [17,28,29]. This alteration facilitates the dissolution of
soluble salts in the upper soil layers, enhances the efficacy of salt-leaching processes, and
minimizes salt accumulation within the straw interlayer [29].

While extensive research has focused on straw interlayers to improve salt leaching
and mitigate surface accumulation in contexts characterized by shallow water tables and
high evaporation rates, the role of biochar interlayers in reducing soil water evaporation
and controlling salt migration to the surface remains underexplored. Establishing optimal
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application rates and interlayer thicknesses of biochar is essential for effectively enhancing
soil quality and supporting crop productivity in salt-affected domains. Evidence suggests
that a 6 cm thick peat layer is particularly effective for moisture retention in the upper soil
layers, while minimizing salt accumulation [28].

Recent findings indicate that a 5 cm thick biochar interlayer positioned beneath a
depth of 30 cm can proficiently manage soil salinity and bolster water conservation [26].
The biochar interlayer demonstrates its capacity to retain soil moisture over extended
durations while adsorbing salt leached from the upper layers, thus preventing reverse salt
migration from deeper soil horizons. The observed reduction in soil water evaporation
due to the biochar layer can be attributed to its superior water retention capabilities
and microporous structure, which disrupts capillary continuity and mitigates moisture
transport upward [21].

Biochar also critically influences the rhizosphere microenvironment through improve-
ments in soil structure, enhanced microbial activity, and modifications in ionic dynam-
ics. Collectively, these alterations better regulate salt transport and alleviate salt stress
in plants [30].

Recent studies advocate for deploying a biochar interlayer at an application rate of
45 tons per hectare as a viable strategy for the ecological restoration of saline wastelands,
highlighting its considerable potential in extremely arid ecosystems [31,32]. This holistic
approach towards managing soil salinity and promoting water retention ultimately aims to
enhance agricultural sustainability and productivity in adverse environments.

Although the application of biochar at rates up to 80 t ha−1 may appear excessive for
widespread agricultural use, it is critical to note that in this context, biochar was employed
as a single surface interlayer rather than being mixed into the soil matrix. This methodology
aims to facilitate salt leaching and mitigate capillary salt rise in salinized soils. Given its
structural stability and slow degradation characteristics, biochar may retain its functional
benefits in the soil for several years, thus justifying its use at higher application rates
for the reclamation of salt-affected soils for which the long-term advantages outweigh
initial costs. Furthermore, the porous structure and high specific surface area of biochar
can significantly enhance water infiltration and create a physical barrier to salt intrusion
in the root zone, providing a sustainable, low-maintenance solution over time [30,31].
Moreover, it is important to highlight that this investigation was conducted on a specific
soil type. The wider applicability of biochar across different soil textures, including sandy
and clayey soils, warrants further exploration, as variations in soil properties may influence
the physicochemical interactions between biochar and the soil matrix, thereby impacting
outcomes related to salinity reduction and overall soil fertility.

4.3. Effect of Biochar Interlayer on Gaseous Exchange Characteristics, Sunflower Yield, and
Soil Nutrients

The integration of biochar interlayers into agricultural systems has demonstrated
significant enhancements in gaseous exchange parameters and critical yield components
in Helianthus annuus, particularly under saline conditions. This improvement is closely
linked to the augmented bioavailability of essential nutrients, specifically nitrogen (N),
phosphorus (P), and potassium (K), all of which are vital for promoting optimal plant
growth and physiological development [22,31–33].

Furthermore, the utilization of straw biochar interlayers has been shown to facilitate
the leaching of excess salt from the rhizosphere, effectively boosting crop yields. Empirical
observations reveal a pronounced yield enhancement during the initial application phases
of these interlayers. This indicates that the biochar’s physical properties may play a pivotal
role in salt accumulation mitigation and soil structural enhancement, potentially offering
greater advantages than the nutrient release achieved through its decomposition.
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These results underscore the efficacy of employing an appropriate dosage of straw
biochar, estimated at around 60 to 80 tons ha−1, as a cost-effective methodology for improv-
ing soil health while enhancing agricultural productivity in sodic soils.

Salinity stress typically leads to diminished relative water content in plants and
restricts chlorophyll biosynthesis, resulting in a marked reduction in photosynthetic effi-
ciency [34]. However, substantial evidence indicates that biochar application ameliorates
soil characteristics and reduces salinity levels, thereby significantly enhancing photosyn-
thetic activity. This occurs through increased chlorophyll synthesis and the activation
of stress-responsive proteins that aid in maintaining osmotic regulation and hormonal
equilibrium, thereby bolstering plant tolerance to osmotic and ionic stresses [35,36].

Additionally, the use of biochar has been correlated with increased chlorophyll content
attributable to enhanced nitrogen availability, critical for chlorophyll production [34]. The
incorporation of biochar into saline soils is also associated with higher stomatal density
and conductance, optimizing the leaf gas exchange processes and markedly improving
photosynthetic performance [35,37].

The observed enhancements in photosynthetic pigments resulting from biochar ap-
plication correspond with the improved uptake and availability of crucial nutrients such
as potassium (K), phosphorus (P), magnesium (Mg), calcium (Ca), and sulfur (S). These
improvements reflect favorable changes in the physicochemical and biological properties
of the soil, indicating that biochar serves not only as a soil amendment but also as a viable
solution to mitigate the challenges of saline soils within agricultural frameworks [37].

The regulation of gas exchanges is not only essential for plant metabolic functions, but
it also significantly affects overall growth, productivity, and environmental stress responses.
The key parameters measured include the photosynthetic rate, reflecting the efficiency of
photosynthesis; the transpiration rate, indicative of water loss and cooling dynamics; and
stomatal conductance, which quantifies the gas exchange efficiency.

By analyzing these parameters, we gain crucial insights into the plant’s capacity
to manage water and carbon dioxide across varying environmental stressors such as
drought, salinity, and temperature fluctuations. Understanding these interactions is vital
for predicting plant performance under fluctuating climatic conditions and optimizing
agronomic practices to enhance crop resilience and yield.

5. Conclusions
Under controlled laboratory conditions, the experimental framework indicated that

the addition of biochar interlayers markedly expedited effluent discharge. This facilitation
resulted in a substantial reduction in the time needed to reach stable EC levels, alongside
promoting the leaching of essential ionic species including Na+, Cl−, SO4

2−, and HCO3
−.

In contrast, the control treatments exhibited markedly slower salt-leaching kinetics. Higher
application rates, especially in groups BL60 and BL80, led to the greatest salt removal and
EC reduction, highlighting biochar’s effectiveness in reducing soil salinity.

Field trials effectively corroborated the laboratory results, demonstrating the real-
world applicability of biochar interlayers under agricultural conditions. The data revealed
substantial reductions in soil EC and major soluble salt concentrations in both the top 0–20
cm and deeper 20–40 cm layers, highlighting the depth-wise effectiveness of biochar’s ame-
liorative properties throughout the soil profile. Sunflowers treated with biochar, showed
improved photosynthesis, stomatal conductance, and transpiration efficiency, leading to
higher biomass and achene yield, etc.

The application of biochar interlayers at rates of 60–80 tons per hectare is recommended
as a viable and sustainable strategy for facilitating salt leaching, optimizing irrigation water
conservation, and enhancing both soil health and crop productivity in saline environments.
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