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Abstract

The global shortage of freshwater, especially in agriculture, has become a serious threat
to food security and safety; therefore, using brackish water with soil amendments in
facility-grown vegetable production has drawn more attention recently. In this study, the
effects of the combined use of peat or biochar at different rates (1%, 3%, and 5%) on soil
properties, plant growth, and physiological responses were investigated in cherry belle
radish (Raphanus sativus L.) irrigated with brackish water (5 g/L). The results revealed
that peat significantly cut soil electrical conductivity (EC) by 42.61% and the pH value by
0.29, while biochar reduced soil EC by 32.44% but increased the pH value slightly. Both
peat and biochar significantly increased the chlorophyll content and photosynthetic charac-
teristics in cherry belle radish leaves and effectively promoted the accumulation of plant
biomass. The net photosynthetic rate (Pn) of cherry belle radish in the soil amended with
5% peat or with 3% biochar increased by 89.06% and 85.94%, respectively, compared with
CK, while the fresh weight of fleshy roots rose by 74.40% and 50.27%, respectively. This
study further found that peat and biochar had effectively inhibited lipid peroxidation and
proline accumulation in plants. The plasma membrane permeability was reduced by 41.18%
and 39.90%, and the malondialdehyde (MDA) content decreased by 49.66% and 41.90%,
respectively. In addition, peat and biochar significantly improved ion homeostasis in plants
by increasing the ratios of K+/Na+ and Ca2+/Na+ in leaves, with the increment amplitudes
reaching 90.21%/81.45% and 60.47%/79.15%, respectively. Nevertheless, biochar exhib-
ited a superior effect compared to peat on balancing plant ions. In conclusion, a proper
application of peat or biochar under brackish water irrigation has a significant potential to
ameliorate soil properties and alleviate salt stress in plants, providing a safe approach for
using brackish water with soil amendments in facility vegetable production in arid and
semi-arid regions.
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1. Introduction
With the intensification of global freshwater shortages and soil salinization, the sus-

tainable development of agriculture is facing serious challenges, which has also drawn
considerable attention to the efficient utilization of non-conventional water resources [1].
Agricultural water consumption accounts for 60–75% of the total water consumption in
China each year. To reduce the massive consumption of freshwater resources in agricultural
production, brackish water, as a type of non-conventional water resource, has become a
promising approach in arid regions where scarce inland freshwater resources are available
across the world and in China [2,3]. Wang et al. [4] found that irrigation with brackish water
could increase the soil moisture content in the topsoil layer, and irrigation with brackish
water of a low mineralization degree could reduce soil salt content. Although brackish
water irrigation (BWI) increases soil moisture and alleviates water deficits in crops, it easily
induces salt accumulation on the soil surface and further triggers ionic toxicity, osmotic
stress, and photosynthetic inhibition in crops [5,6]. Chen et al. [7] indicated that long-term
irrigation with brackish water exacerbates the risk of secondary soil salinization, which is
unsuitable for crop growth. Therefore, exploring scientific methods to amend soil irrigated
with brackish water is of great practical significance.

The negative effects of brackish water irrigation, such as aggravated soil salinization
and physiological stresses, have severely restricted its agricultural use. The application
of soil amendments is considered as one of the key approaches to safely use brackish
water [8–10]. Peat is rich in humic acids, acidic with a high cation exchange capacity. It
inhibits salt migration by reducing soil pH and binding Na+ [11], reducing evapotranspira-
tion and salt accumulation on surface, and improving water efficiency in soil [12]. Chen
et al. [13] confirmed that peat enhances the water holding capacity in aeolian sandy soil,
decreases soil pH, increases soil nutrients, and facilitates the accumulation of dry matter in
Chinese cabbage. Biochar is alkaline, porous and absorbs not only harmful ions such as Cl−

and Na+ in soil, but also promotes the formation of soil aggregates [14]. Gharred et al. [15]
demonstrated that biochar improves the efficiency of water use, nutrient absorption, carbon
assimilation capacity and antioxidant activity. Wu et al. [16] showed that biochar could
promote chlorophyll synthesis, increase leaf stomatal conductance, maintain cell membrane
stability and inhibit the excessive production of reactive oxygen species in plants under
drought and saline–alkali stress. Nevertheless, there is no definitive assessment on the
systematic effects of using peat or biochar at different application rates on soil properties
and crop physiological metabolisms under BWI conditions. Yang et al. [17] reported that
an appropriate application of biochar can promote tobacco plant growth, regulate enzyme
activity and increase biomass accumulation, but an excessive application can result in an
adverse effect. Singh et al. [18] suggested that low-dose biochar can retain and slowly
release ions such as Ca2+ and K+ in soil through its adsorptive features, while high-dose
biochar may immobilize these ions, making them difficult to be absorbed and utilized
by crops.

Most studies on BWI have focused mainly on various crops, but on vegetables that are
fast-growing, short in life span, and sensitive to salt stress. Research on soil amendments to
enhance salt tolerance in facility-grown vegetables remains relatively unexplored. With
a short growth cycle and high sensitivity to soil salinity, cherry belle radish (Raphanus
sativus L.) is regarded as an ideal experimental material to evaluate crop physiological
responses to BWI. Therefore, it is hypothesized that the growth, physiological activities and
salt tolerance of cherry belle radish irrigated by brackish water can be enhanced by adding
peat or biochar to amend soils. The results derived from such a study can also provide
a theoretical basis and technical guidance for the safe agricultural utilization of brackish
water for producing high-quality facility vegetables in arid and semi-arid regions.
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2. Materials and Methods
2.1. Experimental Materials

Peat and biochar were used as soil amendments. Biochar (Pingdingshan Lvzhiyuan
Activated Carbon Co., Ltd., Pingdingshan, China) was prepared through the pyrolysis of a
mixture of crop straw, wood chips, and fruit shells at 600 ◦C and crushing the remnants into
powder with a mesh size of 50–100. Peat was imported directly from Latvia by Shouguang
Qinghe Runyang Agriculture Co., Ltd., Shouguang, China.

The brackish water was prepared by adding 5 g of crude sea salt into 1 L of water, and
potted soil was collected from topsoil at the experimental site located near the campus of
Weifang University of Science and Technology (WUST). The basic chemical properties and
nutrient contents of potted soil, peat, and biochar are listed in Table 1.

Table 1. Chemical properties and nutrient compositions of topsoil and soil amendments.

Total
Nitrogen (g/kg)

Hydrolyzable
Nitrogen
(mg/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium

(mg/kg)

Organic
Matter
(g/kg)

Total Salt
Content (%)

Electrical
Conductivity EC

(µS/cm)
pH

Soil 0.79 51.36 13.60 123.60 12.20 0.041 301.33 7.91
Peat 9.86 120.60 20.23 75.60 95.00 0.037 364.67 6.03

Biochar 1.12 20.32 653.20 635.70 78.62 0.360 2510.00 8.11

Cherry belle radish (Raphanus sativus L.) used in the experiment is a fast-growing
vegetable, highly sensitive to soil salinity, and ideal as an experimental plant to evaluate
its physiological responses to brackish water, growth rate and yield. The seedlings were
germinated from seeds, transplanted into pots, and tested under greenhouse conditions.

2.2. Experimental Methods

The experiment was carried out in a greenhouse at the experimental station of WUST,
Shouguang City, Weifang City, Shandong Province, from April to May 2024. Plastic flower-
pots (21 × 26 cm) filled with 7 kg of soil were used for three seedlings. Peat or biochar was
mixed with topsoil at a 1%, 3% or 5% rate, respectively [19]. A total of seven treatments
were established in this experiment, including CK (topsoil without any soil amendment),
1% PT (soil mixed with 1% peat), 3% PT (soil mixed with 3% peat), 5% PT (soil mixed with
5% peat), 1% BC (soil mixed with 1% biochar), 3% BC (soil mixed with 3% biochar), and
5% BC (soil mixed with 5% biochar). Three uniform and healthy seedlings at 2-leaf-1-bud
stage were transplanted into a pot, with three pots per treatment as replicates. All potted
plants were randomly arranged in a greenhouse and irrigated with 300 mL salted water
(5 g/L) per pot once every 2 days throughout the whole season [20].

2.3. Measurements and Methods
2.3.1. Soil Salinity and pH Indicators

Soil samples in each pot were collected by a five-point sampling scheme, four at the
edge and one in the center, before sowing and after harvest. A total of 100 g of soil collected
0–20 cm beneath the surface from each sampling point was composited, bagged, sealed,
and air-dried at room temperature in a laboratory. The sample soils were ground and
passed through a 1 mm standard sieve. Soil extract was prepared at a soil-to-water ratio
of 5:1 with sufficient stirring and homogenization. EC and pH values for sample topsoil
were measured using a conductivity meter (Leici DDS-307A, Shanghai INESA Scientific
Instrument Co., Ltd., Shanghai, China) and a pH meter (Leici pHS-2F, Shanghai INESA
Scientific Instrument Co., Ltd., Shanghai, China), respectively.
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2.3.2. Fresh and Dry Weight of Plants

After harvest, leaves and fleshy roots of three uniform radish plants were separated,
and the fresh weight of each tissue was immediately measured separately using an elec-
tronic analytical balance with a precision of 0.001 g. All samples were then placed in
separate paper bags and dried in an electric constant temperature drying oven at 75 ◦C to a
constant weight for their dry weight measurement.

2.3.3. Chlorophyll Content and Photosynthetic Parameters

The photosynthetic parameters were measured under a laboratory environment us-
ing a portable photosynthesis system (TARGAS-1, PP Systems, Inc. Amesbury, USA)
from 9:00 a.m. to 11:00 a.m. on sunny days with a built-in light source. The effective
light intensity for photosynthesis was 300 µmol m−2 s−1, with a CO2 concentration at
450 ± 20 µmol mol−1 and room temperature at 24 ± 1 ◦C. Three plants from each treat-
ment and three leaves per plant were randomly selected for the measurement.

Mature leaf blades were picked, rinsed, and cut into pieces. A total of 20 mL of 95%
ethanol was added to a 50 mL centrifuge tube containing approximately 0.2 g of leaf samples
to extract chlorophylls. The absorbance values of each extract were determined using a
spectrophotometer at 649 nm, 665 nm and 470 nm to calculate the content of chlorophyll a,
chlorophyll b and carotenoids, respectively, using the following formulas [21]. The total
chlorophyll content was the sum of chlorophyll a and chlorophyll b.

Concentration of chlorophyll a: Ca = (13.95 × A665 − 6.88 × A649);
Concentration of chlorophyll b: Cb = (24.96 × A649 − 7.32 × A665);
Concentration of carotenoids: Cx.c = (1000 × A470 − 2.05 × Ca − 114.8 × Cb)/245;
Tissue pigment content (mg/g) = C × V/(W × 1000).
Note: C: pigment concentration (mg/L); V: volume of the extract (mL); W: fresh weight

of the sample (g).

2.3.4. Membrane Stability and Antioxidant Enzyme Activities

Plasma membrane permeability was determined through the relative conductivity
method. In this step, 0.2 g mature leaf samples in 20 mL of deionized water were measured
for initial EC (L1) 12 h after preparing the samples, and the final EC (L2) was measured
after boiling samples. The relative conductivity was calculated using the formula Relative
conductivity = L1/L2 × 100%, which was used to characterize the level of plasma membrane
permeability [22]. To extract crude enzymes, 1 g leaf samples were ground thoroughly in
5 mL of 100 mM phosphate-buffered solution, homogenized, and centrifuged at 15,000× g
for 10 min. The supernatant was collected to determine enzyme activities and the MDA
content. The content of superoxide dismutase (SOD), catalase (CAT) and MDA were all
determined using commercial assay kits (SOD: A001-1-1; CAT: A007-1-1; MDA: A003-1-1);
Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.3.5. Mineral Ion Contents in Leaves

Dried leaf samples were weighed before being placed in a muffle furnace at 550 ◦C
for 8 h. The ash remnant was dissolved in water to prepare a test solution for subsequent
detection. The amount of potassium (K+), sodium (Na+) and calcium (Ca2+) ions in the
samples were determined using a Sherwood M410 flame photometer (Sherwood Scientific
Ltd., Cambridge, UK).
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2.3.6. Osmolytes Attributes

Fresh leaf samples (0.5 g) were ground in 5 mL of 100 mM phosphate-buffered solution
(pH 7.2). The homogenate was centrifuged at 12,000× g for 5 min. The supernatant was
collected to measure the content of proline [23] and soluble proteins [24].

2.4. Statistical Analysis

The data were analyzed using IBM SPSS Statistics 26 software (IBM, Armonk, NY,
USA). A one-way variance (ANOVA) combined with Duncan’s multiple test was employed
to examine the differences between various treatments. Significant differences between
means were tested at a probability level at p < 0.05.

3. Results
3.1. Soil EC and pH Value

Soil EC is a key indicator of soil salinity status. Brackish water irrigation (BWI) caused
soil salt to accumulate, while the application of peat and biochar significantly (p < 0.05)
improved soil EC values (Figure 1A).

 

Figure 1. Soil EC (A) and pH (B) values with different treatments under brackish water irrigation.
Different lowercase letters indicate significant differences between treatments (p < 0.05, n = 3).

Prior to BWI, peat-treated soil had the lowest EC value compared with CK, indicating
the same soil salinity, while biochar-treated soil exhibited significantly higher EC values
than CK soil. The EC values in biochar-treated soil increased significantly by 38.39%,
70.91%, and 96.57% for the soils amended with 1% BC, 3% BC, and 5% BC, respectively,
due to the high content of soluble salts in biochar.

Soils of CK had the highest EC values post-BWI, indicating an extensive salt accu-
mulation in soils through BWI. The EC values were significantly lower than those of CK
by 39.55%, 41.62%, and 42.61% in peat-treated soil amended with 1% PT, 3% PT, or 5%
PT, respectively, with no significant differences between the treatments. The EC values
of biochar-treated soils were also significantly lower than CK. The EC values in 1% BC,
3% BC, and 5% BC-amended soil decreased by 32.07%, 32.44%, and 23.04%, respectively,
suggesting that more biochar content, up to 3% biochar in soil, reduces salt accumulation
more effectively, but excessive biochar (5%) added to soil undercuts such an effect.

The application of different amounts of peat or biochar significantly (p < 0.05) im-
proved soil pH post-BWI (Figure 1B). Prior to BWI, the soil pH in CK was 7.91 and the soil
pH in peat-treated soils was significantly low, decreasing with the increment of peat content
in soil. The soil amended with 5% PT had the lowest pH by 0.29 pH units compared with
that of CK due to the acidic nature of peat. In contrast, the pH values of biochar-treated
soils increased with more biochar added to the soil. The pH values in soil amended with
3% BC or 5% BC were significantly higher than that of CK, since alkaline biochar tends to
increase soil pH. The pH values in soil amended with peat or biaochar at different amounts
increased slightly but not significant after the soil was irrigated with brackish water.
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3.2. Growth Characteristics of Cherry Belle Radish

In brackish water-irrigated soils, the biomass of cherry belle radish was significantly
(p < 0.05) increased in soil amended with 3% or 5% peat and 3% biochar (Figure 2A,B).
Compared with CK, the fresh weights of leaves/fleshy roots with the 3% PT and 5% PT
treatments increased by 35.10%/29.32% and 93.62%/74.40%, respectively, while their dry
weights of leaves/fleshy roots increased by 28.74%/16.99% and 70.55%/48.66%, respec-
tively. With the 3% BC treatment, the fresh/dry weight of leaves and the fresh/dry weight
of fleshy roots increased by 76.97%/50.27% and 51.72%/34.75%, respectively.

 

Figure 2. Fresh weight (A) and dry weight (B) of cherry belle radish (Raphanus sativus L.) with
different treatments under brackish water irrigation. Different lowercase letters indicate significant
differences between treatments (p < 0.05, n = 3).

In terms of the biomass increment of cherry belle radish in soils irrigated with brackish
water, the 5% PT treatment showed a better effect that the 3% BC treatment on fresh
root weight by 16.08% (p < 0.05) and dry root weight by 10.19% (p > 0.05). The result
indicated that peat might have retained the water content, reduced the salt amount, and
provided sufficient nitrogen in soils to promote fresh root growth, while biochar might
have facilitated the accumulation of dry materials in roots.

3.3. Photosynthetic Parameters

In brackish irrigated soils, the chlorophyll content in the radish leaves significantly
(p < 0.05) increased with the application of peat or biochar in general (Figure 3A), indicating
an alleviating effect of both soil amendments on damaged chlorophylls caused by salt stress.
The 3% PT or 3% BC amended soil exhibited the best effect, a 30.22% or 27.76% increase
in photosynthetic pigments, respectively. There were no significant differences between
treatments for the peat or biochar applications.

The carotenoid content in the leaves of cherry belle radish significantly increased
(Figure 3B) in the peat (3% and 5%) or biochar (1% and 3%)-amended soil under BWI by
27.08% and 21.77 or 22.66% and 20.31%, respectively. These results demonstrated that
the appropriate application of peat or biochar could significantly increase the contents of
chlorophyll and carotenoids in the leaves of cherry belle radish under BWI, enhance the
light energy capture and conversion capacity of photosynthetic pigments, and consequently
improve photosynthetic efficiency.

Under BWI, the Pn values in the radish leaves with all treatments increased to various
degrees in the peat or biochar amended soil (Figure 3C). With the peat treatments, the
Pn level presented a gradually increasing trend with more peat added to soil. The 5% PT
treatment achieved the highest Pn value, an 89.06% significant increase over that of CK.
In biochar-treated soil, the Pn values showed no difference between the 1% BC and CK,
while they reached an 85.94% and 48.44% increase, respectively, with the 3% BC and 5% BC
treatments. Therefore, the application of peat at a 5% rate or biochar at a 3% rate under
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BWI should be optimal to alleviate the inhibitory effect of salt stress on Pn, since both
applications showed no different effect on Pn values.

Figure 3. The content of chlorophyll (A) and carotenoid (B), and Pn (C) and Gs (D) values in cherry
belle radish (Raphanus sativus L.) leaves with different treatments under brackish water irrigation.
Different lowercase letters indicate significant differences between treatments (p < 0.05, n = 3).

Similar to Pn changes in leaves under BWI, the stomatal conductance (Gs) values in
leaves with CK were significantly lower than those with other treatments, indicating that
BWI restricted the CO2 exchange between leaves and the external environment by reducing
Gs, thereby inhibiting the photosynthetic process. After an application of peat or biochar,
the leaf Gs was significantly elevated, with the highest value in leaves with the 5% PT
treatment or the 3% BC treatment (Figure 3D). Therefore, 5% PT- or 3% BC-treated soil
could have effectively improved the stomatal openings on leaves under BWI, facilitated gas
diffusion into mesophyll cells, and further provided sufficient substrates for photosynthetic
carbon assimilation.

3.4. Lipid Peroxidation and Enzymatic Antioxidants Attributes

Under BWI, the plasma membrane permeability MDA content and SOD activity were
the highest in the radish leaves with the CK treatment, indicating that salt stress caused by
constant BWI induced damages to plasma membranes in leaves and promoted an accumu-
lation of reactive oxygen species (ROS) and MDA. After the application of peat or biochar,
both the plasma membrane permeability (Figure 4A) and the MDA content (Figure 4B)
in the radish leaves were significantly decreased by first reducing the accumulation of
superoxide anion radicals (O2·−) and then lowering the SOD activity in cells (Figure 4C).
Among all treatments, the 3–5% PT treatments maximized the reduction in the plasma
membrane permeability, MDA content, and SOD activity by 41.18%, 49.66%, and 35.19%,
respectively, while the 3% BC treatment reduced those parameters by 39.90%, 41.90%, and
43.48%, respectively. However, with a different effective pattern, peat (3% PT) or biochar
(3%) significantly enhanced the CAT activity in the radish leaves (Figure 4D), suggesting
that an appropriate amount of PT or BC activates and intensifies the activity of antioxidant
enzymes in plants.
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Figure 4. The plasma membrane permeability (A), MDA content (B), SOD activity (C) and CAT
activity (D) in the cherry belle radish (Raphanus sativus L.) leaves with different treatments under
BWI. Different lowercase letters indicate significant differences between treatments at (p < 0.05, n = 3).

3.5. Mineral Ions and Osmolytes in Leaves

Both peat and biochar significantly increased the ratios of K+/Na+ (Figure 5A) and
Ca2+/Na+ (Figure 5B) in the leaves of cherry radish, which effectively alleviated the
adverse effects of salt stress on ion absorption and markedly reduced the intracellular
accumulation of proline (Figure 5C). Compared with the control group without peat
and biochar application, the 3–5% PT treatments and 5% BC treatment exhibited the
optimal efficacy. Specifically, the 3–5% PT treatments maximally increased the leaf K+/Na+

and Ca2+/Na+ ratios by 90.21% and 60.47%, respectively, whereas the 5% BC treatment
enhanced the above two ratios by 81.45% and 79.15%, respectively. Regarding the soluble
protein content, only the 3% BC treatment resulted in an 8.40% increase compared with
the control check (CK), while the 5% PT treatment caused a significant decrease relative to
CK (Figure 5D). These findings indicated that the application of an appropriate amount of
biochar could enhance the osmotic adjustment function of soluble proteins in plant cells.

 
Figure 5. The ratio of K+/Na+ (A) and Ca2+/Na+ (B), and the content of proline (C) and soluble
protein (D) in cherry belle radish (Raphanus sativus L.) leaves with different treatments under brackish
water irrigation. Different lowercase letters indicate significant differences between treatments
(p < 0.05, n = 3).
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4. Discussion
The global shortage of freshwater has driven the agricultural utilization of brackish

water more, even if the practice causes salt accumulation on the soil surface and crop salt
stress due to its repeated and long-term applications [25–27]. The results derived from
our study confirm that peat used in soil irrigated with brackish water is significantly more
effective in reducing soil EC than biochar, and its salt-suppressing effectiveness increases
steadily with more peat added to brackish water-irrigated soil. This experimental outcome
is reportedly associated with its richness in active functional groups such as carboxyl
(-COOH) and phenolic hydroxyl (-OH), which possess an extremely high cation exchange
capacity (CEC) [28]. In brackish-irrigated soil, peat efficiently adsorbs and immobilizes Na+

through ion exchange, and thereby significantly mitigates the risk of ion toxicity [29,30].
Instead, biochar physically adsorbs harmful ions such as Cl− and Na+ via its porous
structure and promotes soil aggregation to reduce soil EC [31–33]. However, biochar tends
to retain soluble salts during pyrolysis, but an excessive amount of biochar significantly
weakens its salt alleviating efficacy, as shown in our study. The result is consistent with
the report [34] on an abnormal soil salinization and crop undergrowth due to excessive
biochar usage, suggesting the dosage-dependent nature of plants in their physiological
and ecological responses to biochar [35]. Moreover, since soils in northern China are
slightly alkaline (pH 7.5~8.5), BWI may further exacerbate the risk of soil alkalization [36].
The natural acidic property of peat can significantly reduce soil pH and simultaneously
inhibit the alkalization induced by Na+ hydrolysis. Instead, although biochar is generally
alkaline, its excessive application over the threshold (3% BC) raises soil pH, and repeated
applications over a long period time with brackish water may significantly increase soil
pH and aggravate pH imbalance in saline–alkali soils [37–39]. Therefore, peat has a greater
advantage than biochar in amending soils irrigated with brackish water in northern China.
However, as an irreplaceable and non-renewable resource of wetlands, the use of peat in
agriculture is limited to a small scale. In response to this practical challenge, researchers
have shifted their focus to the development of acid-modified biochar [40,41] or peat–biochar
composite amendments for synergistic effects [42].

Stress affects crop photosynthesis by disrupting chlorophylls, reducing stomatal open-
ness and inactivating photosynthetic enzymes [43–45]. Excessive Na+ due to salt stress
damages the structure of photosynthetic membranes, while deficiencies in K+ and Ca2+

inhibit the activity of photosynthetic enzymes [46–48]. Meanwhile, salt stress induces
ion homeostasis imbalance in stomatal guard cells, leading to abnormal stomatal closure,
reduced intercellular CO2 concentration, and thus restricted photosynthetic carbon reac-
tions [49–51]. On the one hand, peat with a high cation exchange capacity (CEC) adsorbs
free Na+ in soils, greatly blocking the Na+ translocation from roots to leaves and alleviating
the direct damage to photosynthetic organelles [52]. On the other hand, humic acid con-
tained in peat can enhance the release of K+ and Ca2+ in soil through chelation, promote
mineral uptake, mitigate salt toxicity to stomatal guard cells, and reduce abnormal stomatal
closure [53]. In this study, the Gs value increases continuously with more peat added to
soils, and the CO2 flux into mesophyll cells was significantly elevated to increase the Pn
value steadily, which is consistent with the findings reported by Zhang et al. [54]. Moreover,
this study has indicated that the hydrolysable nitrogen content in peat was significantly
higher than that in non-amended soil, so peat might have an enhanced soil fertility to some
extent. The increased chlorophyll content and enhanced photosynthesis revealed in this
study might have resulted from the synergistic effect of mitigated salt stress and enriched
nitrogen in soils. Biochar provides many adsorption sites to hold harmful ions such as
Na+ and Cl− in soil, greatly due to its abundant porous structure and large specific surface.
Meanwhile, it reduces the competition between Na+ and K+, promotes K+ uptake, and

https://doi.org/10.3390/horticulturae12020248

https://doi.org/10.3390/horticulturae12020248


Horticulturae 2026, 12, 248 10 of 13

maintains intracellular ion homeostasis [55,56]. With all biochar treatments in this study,
chlorophyll degradations caused by salt stress were effectively inhibited, and a relatively
high chlorophyll content was maintained, which ensures a stable absorption of light energy
and conversion during photosynthesis. Among these treatments, the 3% BC treatment not
only maintains a high chlorophyll content but also keeps Gs and Pn at an optimal and
maximal level, respectively, in accordance with previous studies [57,58].

In brackish irrigated soils, the enrichment of salt ions such as Na+ is prone to induce a
dual stress. On the one hand, a high-salt environment disrupts the osmotic balance in root
cells, leading to hindered water absorption. On the other hand, the ion imbalance causes
the expression of NADPH oxidase genes (e.g., respiratory burst oxidase homolog (ROBH)
RbohD and RbohF) on plasma membranes to promote an excessive production of ROS and
thus to trigger a cascade reaction of “osmotic stress–oxidative damages” [59,60]. In response
to those, plants maintain cellular osmotic stability by accumulating osmotic adjustment
substances such as proline and soluble proteins and activating antioxidant enzymes such
as SOD and CAT to scavenge excessive ROS to alleviate salt stress synergistically. In our
study, the physiological analyses indicate that peat or biochar significantly increases the
K+/Na+ value and reduces the SOD activity, suggesting that the use of pear or biochar may
have improved the ion balance, thus indirectly mitigating ROS accumulation by inhibiting
the expression of NADPH oxidase genes for less demand of activated SOD. Farhangi-
abriz et al. [61] also found that biochar effectively alleviates salt damage in common bean
seedlings, significantly reduces the ROS content, and maintains antioxidant enzymes and
osmotic adjustment substances at relatively low levels. Ahanger et al. demonstrate that
sufficient K+ inhibits the Rboh activity of plasma membranes, reduces the O2·− production,
and further decreases the demand for SOD. In this study, applications of peat or biochar
at various levels also significantly increased the K+/Na+ ratio in plant leaves, which may
be one of the important mechanisms underlying the stress-alleviating effects of these soil
amendments [62]. Asfaw et al. confirm that a moderate accumulation of H2O2 can serve as
a signal to specifically activate the CAT1 gene and induce the expression of ion transporter
genes such as SOS1 and NHX1 to enhance the Na+ efflux from roots, which is consistent
with the result derived from this study [63]. Moreover, an increased CAT activity and a
decreased SOD activity were noticed in the soils amended with both peat and biochar at
an adequate amount. The soil amendments may have maintained the ion balance in cells,
disrupted cellular redox homeostasis, and thereby trigged the H2O2-mediated upregulation
of CAT activities. However, the hypothesized regulatory pathways of related genes require
further confirmation through molecular experimentations.

5. Conclusions
Peat or biochar proves to be effective in promoting growth and alleviating salt stress in

cherry belle radish (Raphanus sativus L.) plants grown in soils irrigated with brackish water.
Peat significantly reduces EC, optimizes pH, and mitigates the risk of salt accumulation
and alkalization in soils, suitable for mildly alkaline or alkaline–salinized soils in northern
China. Although adequate biochar helps drop the soil EC value, its alkaline nature increases
the pH; its applicable amount in mildly alkaline soil requires an accurate calculation. Both
5% peat and 3% biochar significantly improve photosynthetic efficiency, promote the fresh
and dry weight of fleshy roots, reduce oxidative damage to cell membranes, and maintain
ion balance. Therefore, soils irrigated with brackish water should be amended by 3–5% peat
or 3% biochar to effectively improve soil properties, mitigate salt stress, and promote the
growth of cherry belle radishes or other vegetables as a practical and sustainable solution
in areas where fresh water is unavailable.
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