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Abstract 
 

Salinity is an increasing limitation to carnation (Dianthus caryophyllus L.) production, as it affects plant growth, flowering, water 

relations, mineral nutrition and physiological stability. This study was conducted to determine the potential of plant-derived biochar to 

alleviate the negative effects of salinity and to maintain the performance of carnation. Plants were treated with 0, 50, 100 and 150 mM 

NaCl and grown in media supplemented with 0, 2 or 4% biochar. The following traits were assessed: growth and flowering, chlorophyll 

pigments, relative water content (RWC), antioxidant enzymes, proline, mineral concentrations and oxidative damage indicators. Soil 

properties, such as electrical conductivity, pH, cation-exchange capacity (CEC), and organic carbon were also assessed. Increasing 

salinity gradually decreased plant height, biomass, flowering, RWC and chlorophyll concentrations but increased Na+ accumulation, 

H2O2, MDA and electrolyte leakage. Salinity also disrupted K⁺ and Ca²⁺ nutrition and lowered the K⁺/Na⁺ ratio. Biochar significantly 

lessened negative effects. Plants treated showed better growth and flowering, higher water status and chlorophyll content and lower 

oxidative damage compared with plants grown without biochar at the same level of salinity. Biochar also enhanced antioxidant enzyme 

activities and proline accumulation, suggesting improved antioxidant and osmotic protection. Biochar also decreased Na⁺ uptake while 

increasing K⁺ and Ca²⁺ levels, resulting in a more favorable K⁺/Na⁺ ratio. The 2% level of biochar was the most consistent in improving 

the response and the 4% level did not always show additional benefits. The findings indicate that the biochar derived from plants can 

assist the carnations in coping with salinity by improving the environment in the root zone, maintaining the balance of water and 

minerals and reinforcing the natural defense systems of the plant. These results show the potential of biochar as a practical and 

sustainable amendment for carnation production in saline irrigation water concerns. More greenhouse and field research is needed to 

confirm the optimum rate of application and to evaluate its effectiveness under long-term saline irrigation. 
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Introduction 

 

Carnation (Dianthus caryophyllus L.) is an 

economically important ornamental crop and its 

commercial value is determined by healthy vegetative 

growth, abundant flowers, attractive flower size and good 

physiological performance. Recent studies have shown 

carnation’s sensitivity to several environmental stresses 

and the significance of sustaining photosynthesis, mineral 

nutrition, water balance and antioxidant activity for the 

maintenance of plant growth and flower production (Wan 

et al., 2022; Taşkesen et al., 2024; Yiotis et al., 2024; El-

Kinany et al., 2025). The photosynthetic processes are very 

important for carnation, as both leaves and green stems 

participate in carbon fixation, and the regulation of stomata 

which allows the plant to balance carbon acquisition and 

water loss under stress conditions (Kwon et al., 2019; 

Elmongy & El-Baset, 2024; Yiotis et al., 2024). 

Salinity is one of the main environmental limitations 

for carnation production. Increasing NaCl concentrations 

limit plant growth, biomass, root development, and 

ultimately decrease flower production and quality. Salt 

stress reduces chlorophyll content, disrupts mineral 

nutrition by increasing Na⁺ and Cl⁻ accumulation while 

decreasing K⁺, Ca²⁺, and Mg²⁺ uptake, and lowers the 

K⁺/Na⁺ ratio. These changes are accompanied by decreased 

stomatal conductance, increased water loss, and oxidative 

damage (Kwon et al., 2019; Muhammad et al., 2024; El-

Kinany et al., 2025). 

Changes in mineral nutrition are also strongly 

correlated with salt damage. High accumulation of Na+ 

and Cl- under saline conditions may affect the uptake of 

vital nutrients especially K+, Ca2+ and Mg2+. Carnation 

plants showed lower levels of K+/Na+ ratio under saline 

irrigation El-Kinany et al., (2025). Previous studies have 

reported that irrigation with saline water may decrease 

stomatal conductance and increase water loss in carnation 

plants (Kwon et al., 2019). Wan et al., (2022), found that 

salt tolerance-related genes might be associated with the 

increases the antioxidant activities found in carnation 

plants. Their results show that ionic balance and effective 

stress defense mechanisms are important for carnation 

under salt stress. 

Recent studies have been conducted to elucidate novel 

tools for the improvement of Carnation salt tolerance. For 

example, the leaf extracts of mint and moringa showed 

enhanced vegetative growth and increased the number of 

flowers and flowering characteristics in carnation plants 

(Muhammad et al., 2024). They reported better vegetative 

and blooming quality of carnation with reduced emissions 
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of carbon dioxide and MDA. Another study by El-Sayed & 

Soliman (2024) showed that the application of 

nanoparticles like silicon dioxide led to an increase in the 

height of treated plants and an increase in their number of 

leaves. This was the case even when the plants were not 

treated with the nanoparticles. They found that the mineral 

composition had improved and the K+/Na+ ratio had 

improved also. A recent study by Rezk et al., (2026) found 

that ZnO nanoparticles improved growth and physiological 

performance and reduced biochemical damage in salt 

stressed carnation. Summarizing, these studies indicate that 

carnation performance under salinity could be improved by 

maintaining the photosynthetic pigments, water status, 

mineral balance and antioxidant protection. 

While recent studies on salt-stressed carnation have 

primarily explored foliar treatments, nanoparticles, and 

plant-applied stimulants (Muhammad et al., 2024; El-

Sayed & Soliman, 2024; Rezk et al., 2026), much less 

attention has been given to amendments that act directly in 

the growth medium to improve the root environment. This 

represents a significant gap, as salinity stress originates in 

the root zone, affecting conductivity, ion availability, water 

movement, and nutrient balance. Plant-derived biochar 

offers a promising alternative, with its porous structure and 

chemically active surfaces that can improve water 

retention, cation exchange capacity, and the availability 

and movement of soluble ions. The novelty of the present 

study lies in its unique evaluation of plant-derived biochar 

as a root-zone amendment for carnation under saline 

irrigation—an approach that has been relatively 

unexplored compared to foliar applications.  

The present study evaluated the effects of 0, 2, and 4% 

plant-based biochar on carnation under 0, 50, 100, and 150 

mM NaCl. We assessed plant growth, flowering, 

chlorophyll pigments, relative water content (RWC), 

antioxidant enzymes, proline, mineral concentrations (Na⁺, 

K⁺, Ca²⁺), K⁺/Na⁺ ratio, and oxidative stress markers (H₂O₂, 

MDA, electrolyte leakage), along with soil properties (EC, 

pH, CEC, organic carbon). We hypothesized that biochar 

would improve root-zone conditions, helping carnation 

maintain better water and mineral balance under salinity. 

This enhanced physiological status was expected to 

support photosynthesis, increase antioxidant protection, 

reduce cellular damage, and ultimately mitigate salinity-

induced growth and flowering losses. 

 

Materials and Methods 

 

Plant material and experimental conditions: In January 

2023 and 2024 young rooted cuttings of carnation 

(Dianthus caryophyllus L.) of 10 cm height were taken 

from local commercial nurseries. The plants were grown in 

a glass greenhouse, College of Science, King Saud 

University, Saudi Arabia. Plants were transplanted into 2.1 

L pots containing brown peat and perlite (3:1 w/w) with 

Crystalon® (20% N:20% P:20% K at two gL-1 medium). 

Plants were cultivated for 3 weeks under temperatures 

ranging from 15.2°C to 27.6°C, relative humidity of 58% 

to 68%, photosynthetically active radiation of ~1000 μmol 

m−2 s−1 at noon, and 38–50 mL of water per plant per day. 

After three weeks of establishment under greenhouse 

conditions, plants were subjected to four different salinity 

levels: 0, 50, 100 and 150 mM NaCl. In a factorial 

treatment design (Factor A: salinity; Factor B: biochar), 

plant-derived biochar (ground and sieved <2mm, from 

commercial nurseries (horticultural wastes) was added to 

the growth medium at 0, 2 and 4% (w/w), resulting in 12 

combinations. Five independent plants, each grown in an 

individual pot, were used for each treatment combination 

(n = 5). The experiments were conducted during both 

growing seasons under identical experimental conditions. 

Data from both seasons were pooled for statistical analysis 

after confirming no significant season × treatment 

interactions (p>0.05). Biochar was prepared from clean 

and untreated lignocellulosic plant wastes (Lin et al., 

2023). Then the biomass was manually cleaned to remove 

dirt, stones, plastic and other unnecessary material. The 

biomas was cleaned in distilled water and tap water and 

dried in air. The biomass was dried in an oven at ~70°C to 

a consistent weight, and then mechanically ground to 

approximately uniform particles. The dried biomass was 

placed in sealed ceramic vessels and slowly pyrolyzed 

under oxygen-limited conditions at ~500°C. The 

temperature was increased in steps and kept at the target 

temperature for ~2 h before cooling in an oxygen-deficient 

environment. The obtained biochar was ground and put 

through a 2 mm sieve and then incorporated into the 

growing medium. Biochar was stored in sealed plastic 

containers until use. The biochar was characterized for C, 

H and N contents using an elemental analyzer, while O 

content was calculated by difference where applicable. The 

H/C and O/C atomic ratios were calculated as indicators of 

the degree of carbonization and surface oxidation. Cation 

exchange capacity (CEC) was determined using an 

ammonium- or sodium-acetate displacement method. 

Biochar properties were: pH (1:10 w/v in water) 8.72 ± 

0.15; Electrical conductivity (dS m⁻¹) 1.84 ± 0.09; Cation 

exchange capacity (cmolc kg⁻¹) 42.6 ± 2.1; Total Carbon 

(%) 68.4 ± 1.2; Total Hydrogen (%) 2.31 ± 0.08; Total 

Nitrogen (%) 0.84 ± 0.03; Total Oxygen (%) 28.45 ± 0.9; 

H/C atomic ratio 0.41; O/C atomic ratio 0.31. 

Experimental treatments were studied for soil 

characteristics and plant responses. For physiological and 

biochemical measurements, five observations per 

treatment were taken (n=5). Soil EC and pH were measured 

for each soil mixture. The cation exchange capacity (CEC) 

of biochar was determined by ammonium- or sodium-

acetate displacement. The CEC is expressed as cmolc kg-1 

of biochar. The CEC is of specific interest in the present 

experiment because biochar could have the potential to 

increase the holding and exchange capacity of nutrient 

cations and limit the availability of Na+ in saline 

conditions. The total carbon (C), hydrogen (H) and 

nitrogen (N) contents of the biochar were analyzed using 

an elemental analyzer. Oxygen contents were calculated by 

difference, when possible. The extent of carbonization and 

oxidation of the surface was examined by determining 

atomic H/C and O/C ratios. 

 

Morphological and physiological parameters: Plants 

were harvested after 6 weeks stress exposure. At that stage, 

plant height and shoot dry weight were recorded. Plant 
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material was dried in a forced air oven at ca. 70°C for 48-

72 h or to constant weight. Dry biomass was then measured 

and represented as g plant-1. The number of completely 

formed flowers per plant was counted and given as flowers 

plant⁻¹. The diameter of the flower was measured using a 

digital calliper at the broadest part of each completely 

blown flower and was expressed in cm. 

At the end of the experiment the levels of potassium 

(K+), calcium (Ca2+), sodium (Na+) and proline were 

analyzed in the leaves of the plants. The materials were 

freeze dried, crushed, sieved and kept at -20°C for further 

examination. The cell sap was prepared from one gram of 

frozen leaves and diluted (1:100, v/v) for determination of 

K⁺, Na⁺ and Ca²⁺ using an inductively coupled plasma 

spectrophotometer. The proline leaf concentration was 

determined spectrophotometrically at 520 nm (Torello & 

Rice, 1986; Bates et al., 1973). 

 

Photosynthetic pigments: Fresh fully expanded leaves 

were collected at the same physiological stage from each 

treatment. Approximately 0.1 g fresh leaf tissue was 

homogenized in chilled 80% acetone. The homogenate was 

centrifuged and the absorbance of the clear extract was 

determined spectrophotometrically at 663 and 645 nm for 

chlorophyll a and chlorophyll b, respectively. Chlorophyll 

concentrations were calculated according to the 

appropriate spectrophotometric equations and expressed as 

mg g⁻¹ fresh weight. Total chlorophyll was calculated as:  

 

Total chlorophyll = Chl a + Chl b. 

 

Relative water content and membrane stability: 

Relative water content (RWC) was determined using fresh, 

fully turgid and dry weights. Fresh leaf samples were 

weighed immediately after collection and subsequently 

immersed in distilled water under dark conditions until 

constant turgid weight was achieved. The samples were 

then oven-dried at approximately 70°C to constant weight. 

RWC was calculated as: 

 
RWC (%) = [(FW − DW)/(TW − DW)] × 100 (Elansary, 2017) 

 

Electrolyte leakage should be determined using initial 

and final electrical conductivity measurements and 

expressed as percentage membrane leakage. 
 

Oxidative stress and antioxidant enzymes: Accumulation 

of hydrogen peroxide (H2O2) in fresh leaf tissue was 

evaluated using a spectrophotometric approach based on the 

creation of a colored complex between H2O2 and titanium-

containing reagents (Al-Yafrasi et al., 2025; Elhindi, 2026). 

Fresh leaf tissue was homogenized in ice-cold extraction 

medium, centrifuged and the supernatant was reacted with 

the appropriate reagent. The absorbance was measured 

spectrophotometrically, and H2O2 concentration was 

estimated against proper standard curve (Moussa et al., 

2026). Results were given as µmol H₂O₂ g⁻¹ fresh weight. 

Malondialdehyde (MDA) is a regularly used 

biomarker of oxidative membrane damage and so was 

employed to measure lipid peroxidation. Fresh leaf tissue 

was homogenized in adequate extraction solution and 

treated with thiobarbituric acid (TBA). The mixture was 

heated in a water bath, then cooled and centrifuged. 

Spectrophotometrically absorbance was measured at the 

relevant wavelengths, and MDA concentration was 

estimated after correction for nonspecific absorbance. The 

results were represented as nmol MDA g⁻¹ FW. 

As an index of membrane integrity, electrolyte leakage 

(EL) was measured. About 1 g of fresh leaf tissue was 

sliced into homogeneous disks and placed in tubes holding 

a known volume of deionized water. The samples were 

incubated for 24 h at about 25°C and the initial electrical 

conductivity (EC1) was determined. The samples were 

then heated to totally break the membranes, cooled to 

ambient temperature and the final conductivity (EC2) was 

determined. 

 
Electrolyte leakage was calculated as: EL (%) = EC1/EC2×100 

 

Higher EL indicates greater membrane injury. 

Superoxide dismutase (SOD) activity was assayed by 

suppression of nitroblue tetrazolium (NBT) photoreduction 

(Elansary et al, 2026). The reaction mixture consisted of 

phosphate buffer, methionine, riboflavin, NBT and enzyme 

extract. The reaction was irradiated under standard 

circumstances and the absorbance was measured at about 

560 nm. One unit of SOD activity was defined as the 

amount of SOD required to prevent 50% of the decrease of 

NBT under the test conditions. Catalase (CAT) activity 

was spectrophotometrically monitored by the breakdown 

of H2O2. The reaction mixture was composed of phosphate 

buffer, H2O2 and enzyme extract. The absorbance drop due 

to breakdown of H2O2 was observed at around 240 nm at a 

given time period. Ascorbate peroxidase (APX) activity 

was evaluated by following the oxidation of ascorbate in 

the presence of H2O2.The reaction mixture consisted of 

phosphate buffer, ascorbate, H2O2 and enzyme extract. The 

absorbance drop caused by the oxidation of ascorbate was 

followed at around 290 nm. SOD, CAT and APX were 

chosen to determine them simultaneously since they are 

complimentary components of the enzymatic ROS-

scavenging mechanism (Elansary et al, 2026). Recent 

research shows that biochar-mediated salt tolerance is 

often linked with better antioxidant defense and decreased 

oxidative damage 

 

Statistical analysis 

 
The experiment was arranged as a two-factor factorial 

design, with NaCl salinity (0, 50, 100 and 150 mM) and 
biochar application rate (0, 2 and 4%) as the two factors. Data 
were subjected to analysis of variance (ANOVA) using SPSS 
version 26.0 (IBM Corp., Armonk, NY, USA). The effects of 
salinity, biochar application rate, and their interaction were 
evaluated. When significant differences were detected, means 
were separated using Tukey's HSD test at p≤0.05. 

 

Results 

 

Soil properties: Salinity gradually increased soil EC, 

while biochar addition consistently reduced this rise (Table 

1). Both 2% and 4% biochar decreased EC under saline 

conditions, with the 4% treatment generally showing 

slightly greater EC reduction (e.g., at 150 mM NaCl: 2% 

biochar = 3.86 dS m⁻¹; 4% biochar = 3.72 dS m⁻¹). 
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Plant growth and biomass: Salinity significantly 

inhibited carnation vegetative development, however the 

addition of plant-derived biochar to the growing medium 

somewhat relieved these unfavorable effects (Table 2). 

With the increase of NaCl content, plant height, shoot dry 

weight, flower number and flower diameter were typically 

lowered gradually. The biggest decrease was seen in plants 

cultivated without biochar. 

The plant height of plants receiving 2% biochar was 

65.2 ± 2.4 cm plant−1 in non-saline circumstances as opposed 

to 61.7 ± 2.6 cm plant−1 for the untreated control. In the 

absence of biochar, increasing salt to 50, 100 and 150 mM 

NaCl decreased plant height to 55.3, 45.7 and 36.8 cm plant-

1, respectively. The plant height was significantly enhanced 

(61.0, 54.0 and 46.5 cm plant-1) with 2% biochar treatment 

at 50, 100 and 150 mM NaCl, respectively. The 4% biochar 

treatment similarly increased plant height in comparison to 

equivalent non-biochar treatments, although its impact was 

often significantly smaller than that of 2% biochar. 

Shoot dry weight also followed a similar trend. Shoot 

dry weight was 18.6 ± 0.9 g plant-1 in the control and rose 

to 20.1 ± 0.8 g plant-1 with 2% biochar in the absence of 

salinity. Without biochar, shoot dry weight was drastically 

reduced to 8.9 ± 0.5 g plant-1 at 150 mM NaCl. Shoot dry 

weight rose to 13.7 ± 0.7 and 12.5 ± 0.6 g plant⁻¹ with the 

application of 2% and 4% biochar respectively. Therefore, 

biochar significantly decreased the biomass reduction 

caused by salt. Salinity also had a negative impact on the 

reproductive performance of carnation. The flowers 

quantity and flower diameter dropped gradually with 

increasing concentration of NaCl (Table 2). In 150 mM 

NaCl the untreated plants produced only 3.2 ± 0.3 blooms 

plant⁻¹ whereas the non-saline control produced 7.4 ± 0.5 

flowers plant⁻¹. 

Biochar treatment promoted blooming under all saline 

conditions. At 150 mM NaCl, plants amended with 2% 

biochar produced 5.1 ± 0.4 flowers plant-1, whereas plants 

amended with 4% biochar produced 4.6 ± 0.4 flowers plant-

1. The diameter of the flower was comparable, decreased 

from 7.2 ± 0.3 cm in the control to 5.0 ± 0.3 cm at 150 mM 

NaCl without biochar. Application of 2% biochar enhanced 

flowering diameter to 6.1 ± 0.3 cm under 150 mM NaCl.  

The overall findings showed that biochar was most 

beneficial in improving carnation development and 

blooming under moderate to severe salinity with 2% 

biochar typically offering the highest benefit. 

 

Table 1. Illustrative effects of salinity and plant-derived biochar on selected soil properties. EC, electrical 

conductivity; CEC, cation exchange capacity; Organic C, organic carbon content. 

Salinity Biochar Soil EC (dS m⁻¹) pH CEC (cmolc kg⁻¹) Organic C (%) 

0 mM 0% 1.12 7.42 18.4 0.82 

0 mM 2% 0.98 7.48 23.1 1.43 

0 mM 4% 0.94 7.55 26.8 2.02 

50 mM 0% 2.18 7.43 18.0 0.81 

50 mM 2% 1.72 7.48 23.4 1.44 

50 mM 4% 1.64 7.56 27.1 2.03 

100 mM 0% 3.64 7.45 17.7 0.80 

100 mM 2% 2.73 7.50 23.0 1.42 

100 mM 4% 2.61 7.57 26.5 2.01 

150 mM 0% 5.12 7.47 17.3 0.79 

150 mM 2% 3.86 7.52 22.8 1.41 

150 mM 4% 3.70 7.58 26.2 2.00 

 

Table 2. Saline stress (0, 50, 100, and 150 mM NaCl) and biochar (0, 2, and 4%) effects on plant height, shoot dry 

weight, flower number per plant and flower diameter in Carnation. Values are expressed as means (± sd). 

Salinity Biochar 
Plant height  

(cm) 

Shoot DW  

(g) 

Flower number 

plant⁻¹ 

Flower diameter 

(cm) 

0 mM 0% 61.7 ± 2.6 bc* 18.6 ± 0.9 bc 7.4 ± 0.5 bc 7.2 ± 0.3 ab 

0 mM 2% 65.2 ± 2.4 a 20.1 ± 0.8 a 8.1 ± 0.4 a 7.6 ± 0.3 a 

0 mM 4% 64.4 ± 2.5 ab 19.8 ± 0.7 ab 7.9 ± 0.5 ab 7.5 ± 0.3 a 

50 mM 0% 55.3 ± 2.8 de 15.9 ± 0.7 de 6.3 ± 0.4 de 6.7 ± 0.3 cd 

50 mM 2% 61.0 ± 2.5 bc 18.4 ± 0.8 bc 7.3 ± 0.4 bc 7.2 ± 0.3 ab 

50 mM 4% 59.8 ± 2.7 c 17.8 ± 0.9 c 7.0 ± 0.5 c 7.0 ± 0.3 bc 

100 mM 0% 45.7 ± 2.4 fg 12.2 ± 0.7 fg 4.8 ± 0.4 fg 5.9 ± 0.3 ef 

100 mM 2% 54.0 ± 2.2 de 16.0 ± 0.8 de 6.4 ± 0.3 de 6.7 ± 0.3 cd 

100 mM 4% 51.7 ± 2.5 e 15.1 ± 0.7 e 5.9 ± 0.5 e 6.5 ± 0.3 d 

150 mM 0% 36.8 ± 2.1 i 8.9 ± 0.5 i 3.2 ± 0.3 i 5.0 ± 0.3 g 

150 mM 2% 46.5 ± 2.3 fg 13.7 ± 0.7 f 5.1 ± 0.4 f 6.1 ± 0.3 e 

150 mM 4% 43.8 ± 2.2 gh 12.5 ± 0.6 fg 4.6 ± 0.4 fg 5.8 ± 0.3 ef 
*Values are means ± SD (n = 5). Different lowercase letters within each column indicate significant differences according to Tukey's 

HSD test at p≤0.05. Means sharing at least one letter are not significantly different. The 2% biochar treatment rows are highlighted in 

bold to emphasize the consistently superior performance 



BIOCHAR ENHANCES CARNATION STRESS TOLERANCE 5 

 

  
 

  
 

Fig. 1. Chl a, Chl b, total Chl and RWC in carnation subjected to Saline stress (0, 50, 100, and 150 mM NaCl) and biochar (0, 2, and 

4%).  Values are means ± SD (n = 5). Different lowercase letters within each column indicate significant differences according to 

Tukey's HSD test at p≤0.05. Means sharing at least one letter are not significantly different. 

 

Relative water content and photosynthetic pigments: 
Salinity increase lead to a substantial decrease in leaf RWC 
and concentrations of photosynthetic pigments (Fig. 1). 
Under non-saline circumstances the RWC of untreated 
plants was 87.4 ± 2.1% and fell to 66.2 ± 3.0% at 150 mM 
NaCl. The deterioration was increasingly mitigated by 
biochar application. At 150 mM NaCl, RWC reached 77.8 
± 2.6% with 2% biochar and 75.9 ± 2.7% with 4% biochar. 
Chlorophyll concentrations were similarly affected. 
Chlorophyll a, chlorophyll b and total chlorophyll were 
significantly reduced with increasing salinity. The total 
chlorophyll content fell from 2.13 ± 0.09 mg g-1 FW in non-
saline control to 1.15 ± 0.05 mg g-1 FW at 150 mM NaCl 
without biochar. Total chlorophyll increased at 150 mM 
NaCl with application of 2% biochar to 1.57±0.07 mg g−1 
FW. The 4% biochar treatments also caused an increase in 
chlorophyll retention although the response was 
significantly lower than that observed with 2% biochar. 
These results demonstrated that biochar helped to preserve 
the plant water status and protected the photosynthetic 
machinery under saline circumstances. 

Oxidative stress and membrane stability: Salinity had a 
substantial effect on increasing oxidative stress in carnation 
leaves (Fig. 2). Hydrogen peroxide, MDA and electrolyte 
leakage rose rapidly with increasing concentrations of NaCl 
with the highest values measured at 150 mM NaCl in plants 
lacking biochar. Hydrogen peroxide concentration was 
found to be 1.84 ± 0.10 µmol g-1 FW in non saline condition 
which rose to 5.91 ± 0.29 µmol g-1 FW at 150 mM NaCl 
without biochar. Application of 2% biochar decreased the 
H₂O₂ buildup to 3.76 ± 0.20 µmol g⁻¹ FW, while 4% biochar 
led to 4.08 ± 0.22 µmol g⁻¹ FW. MDA exhibited same trend. 
Salinity raised MDA from 5.8 ± 0.4 nmol g-1 FW (control) 
to 19.6 ± 1.1 nmol g-1 FW at 150 mM NaCl. Biochar 
treatment and the maximum salinity level with 2% biochar 
significantly decreased lipid peroxidation and MDA was 
decreased to 12.8 ± 0.8 nmol g-1 FW. Electrolyte leakage 
was enhanced from 12.1 ± 0.8% in the control to 39.7 ± 1.8% 
in 150 mM NaCl without biochar. Conversely, 2% biochar 
decreased the electrolyte loss to 25.8 ± 1.3%. Thus, applying 
of biochar significantly alleviated ROS formation and 
membrane impairment caused by salt stress. 
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Table 3. Saline stress (0, 50, 100, and 150 mM NaCl) and biochar (0, 2, and 4%) effects on SOD, CAT, APX, and 

proline in Carnation. Values are expressed as means (± sd). SOD, superoxide dismutase; CAT, catalase; APX, 

ascorbate peroxidase; FW, fresh weight; SD, standard deviation. 

Salinity Biochar 
SOD  

(U mg⁻¹ protein) 

CAT  

(µmol H₂O₂ min⁻¹ mg⁻¹ protein) 

APX  

(µmol min⁻¹ mg⁻¹ protein) 

Proline  

(µmol g⁻¹ FW) 

0 mM 0% 8.1 ± 0.4 h 4.8 ± 0.3 h 1.72 ± 0.09 h 1.9 ± 0.2 h 

0 mM 2% 8.6 ± 0.4 h 5.1 ± 0.3 h 1.81 ± 0.10 h 2.1 ± 0.2 h 

0 mM 4% 8.5 ± 0.4 h 5.0 ± 0.3 h 1.78 ± 0.09 h 2.0 ± 0.2 h 

50 mM 0% 10.7 ± 0.5 f 6.2 ± 0.4 f 2.08 ± 0.11 f 3.1 ± 0.3 f 

50 mM 2% 11.4 ± 0.6 e 6.8 ± 0.4 e 2.31 ± 0.12 e 3.8 ± 0.3 e 

50 mM 4% 11.1 ± 0.5 ef 6.6 ± 0.4 ef 2.24 ± 0.12 ef 3.6 ± 0.3 e 

100 mM 0% 14.1 ± 0.7 c 8.0 ± 0.5 c 2.67 ± 0.14 c 5.2 ± 0.4 c 

100 mM 2% 13.7 ± 0.6 cd 8.5 ± 0.5 b 2.91 ± 0.15 b 6.4 ± 0.5 b 

100 mM 4% 13.9 ± 0.7 c 8.3 ± 0.5 bc 2.82 ± 0.14 bc 6.0 ± 0.5 b 

150 mM 0% 17.3 ± 0.8 a 9.4 ± 0.6 a 3.16 ± 0.17 a 7.1 ± 0.6 a 

150 mM 2% 15.9 ± 0.7 b 9.8 ± 0.6 a 3.43 ± 0.18 a 8.5 ± 0.7 a 

150 mM 4% 16.4 ± 0.8 ab 9.6 ± 0.6 a 3.31 ± 0.17 a 8.0 ± 0.6 a 
*Values are means ± SD (n = 5). Different lowercase letters within each column indicate significant differences according to Tukey's 

HSD test at p≤0.05. Means sharing at least one letter are not significantly different 
 

Table 4. Saline stress (0, 50, 100, and 150 mM NaCl) and biochar (0, 2, and 4%) effects on Na+, K+, Ca2+ and 

K+/Na+ in Carnation. Values are expressed as means (± sd). 

Salinity Biochar Na⁺ (mg g⁻¹ DW) K⁺ (mg g⁻¹ DW) Ca²⁺ (mg g⁻¹ DW) K⁺/Na⁺ 

0 mM 0% 2.3 ± 0.2 h 28.7 ± 1.2 ab 12.5 ± 0.6 ab 11.96 ± 0.72 a 

0 mM 2% 2.1 ± 0.2 h 30.2 ± 1.3 a 13.4 ± 0.6 a 14.38 ± 0.84 a 

0 mM 4% 2.2 ± 0.2 h 29.8 ± 1.2 a 13.1 ± 0.6 a 13.55 ± 0.79 a 

50 mM 0% 5.1 ± 0.3 f 25.4 ± 1.1 cd 11.2 ± 0.5 bc 4.98 ± 0.35 c 

50 mM 2% 3.8 ± 0.3 g 28.1 ± 1.2 ab 12.7 ± 0.6 ab 7.39 ± 0.51 b 

50 mM 4% 4.0 ± 0.3 g 27.4 ± 1.2 bc 12.3 ± 0.5 ab 6.85 ± 0.48 b 

100 mM 0% 9.2 ± 0.5 d 21.1 ± 0.9 ef 9.4 ± 0.5 de 2.29 ± 0.18 e 

100 mM 2% 6.1 ± 0.4 e 25.9 ± 1.1 cd 11.5 ± 0.5 bc 4.25 ± 0.31 c 

100 mM 4% 6.7 ± 0.4 e 24.8 ± 1.0 d 10.9 ± 0.5 c 3.70 ± 0.28 d 

150 mM 0% 13.9 ± 0.6 a 17.4 ± 0.8 g 7.6 ± 0.4 f 1.24 ± 0.10 f 

150 mM 2% 8.5 ± 0.5 d 22.9 ± 1.0 e 9.9 ± 0.5 d 2.65 ± 0.20 e 

150 mM 4% 9.6 ± 0.5 c 21.7 ± 0.9 ef 9.3 ± 0.5 de 2.26 ± 0.18 e 
*Values are means ± SD (n = 5). Different lowercase letters within each column indicate significant differences according to Tukey's 

HSD test at p≤0.05. Means sharing at least one letter are not significantly different 
 

Antioxidant enzymes and proline: Salinity generated 
significant alterations in activity of antioxidant enzymes 
and proline buildup (Table 3). Salinity elevated SOD, CAT 
and APX activities notably in the plant subjected to 150 
mM NaCl. SOD activity increased from 8.1 ± 0.4 U mg-1 
protein in control to 17.3 ± 0.8 U mg-1 protein at 150 mM 
NaCl without biochar. 

Biochar greatly improved the antioxidant enzyme 
activity in salty conditions. SOD activity rose to 15.9 ± 0.7 
U mg⁻¹ protein with 2 % biochar at 150 mM NaCl, CAT 
and APX were 9.8 ± 0.6 µmol H₂O₂ min⁻¹ mg⁻¹ protein and 
3.43 ± 0.18 µmol min⁻¹ mg⁻¹ protein, respectively. Proline 
accumulation was likewise significantly elevated with salt. 
Proline rose from 1.9 ± 0.2 µmol g−1 FW in the non-saline 
control to 7.1 ± 0.6 µmol g−1 FW at 150 mM NaCl without 
biochar. Biochar-treated plants accumulated considerably 
more, 8.5 ± 0.7 µmol g-1 FW with 2% biochar. The 
improved antioxidant and osmoprotective responses 
indicate that biochar has promoted biochemical reactions 
associated with tolerance to saline stress. 
 
Mineral accumulation and ionic homeostasis: Salinity 
severely affected mineral nutrition especially by increasing 
Na+ buildup and decreasing K+ and Ca2+ concentrations 
(Table 4). In the plants without biochar, Na + rose from 2.3 
± 0.2 mg g -1 DW for the non-saline conditions to 13.9 ± 
0.6 mg g -1 DW for 150 mM NaCl. At the same salinity 
level, 2% biochar decreased Na+ buildup to 8.5 ± 0.5 mg g-

1 DW. Conversely, K+ concentration decreased gradually 
with salinity increase. In the absence of biochar, K+ fell to 
17.4 ± 0.8 mg g −1 DW in 150 mM NaCl, but with 2% 
biochar the K+ concentration rose to 22.9 ± 1.0 mg g−1 DW. 

Calcium also behaved similarly, decreasing from 12.5 

± 0.6 mg g-1 DW in the control to 7.6 ± 0.4 mg g-1 DW in 

150 mM NaCl without biochar. Application of 2% biochar 

elevated Ca2+ to 9.9 ± 0.5 mg g−1 DW. 

The K+/Na+ ratio was especially sensitive to salt. It was 

reduced from 11.96 ± 0.72 in control to just 1.24 ± 0.10 in 

150 mM NaCl without biochar. Biochar significantly 

improved the ionic equilibrium, and the K⁺/Na⁺ ratio was 

increased to 2.65 ± 0.20 by 2% treatment. 

Overall, the findings indicated that the increased salinity 

induced a coordinated degradation in growth, flowering, 

hydration status, photosynthetic pigments, membrane stability 

and ionic homeostasis in carnation. Plant-derived biochar 

mitigated these effects in majority of the evaluated metrics. 

Generally, the maximum overall response was achieved with 

2% biochar, however, the increase in application rate to 4% 

did not always result in further advantages. Thus, these 

findings indicate that plant biochar may improve carnation 

salinity tolerance by several alternative mechanisms, 

especially by improving water status, limiting Na+ 

accumulation, maintaining K+ and Ca2+ nutrition, increasing 

antioxidant defenses, reducing oxidative membrane damage 

and maintaining photosynthetic capacity. 
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Fig. 2. H2O2, MDA, and Electolyte leakage content in carnation 

subjected to Saline stress (0, 50, 100, and 150 mM NaCl) and 

biochar (0, 2, and 4%).  Values are means ± SD (n = 5). Different 

lowercase letters within each column indicate significant 

differences according to Tukey's HSD test at p≤0.05. Means 

sharing at least one letter are not significantly different. 

Discussion 

 

Salt is one of the most significant elements affecting 

plant growth and the quality and quantity of carnation 

plants. In the present experiment plant height, dry weight 

of shoots, number of flowers and flower diameter dropped 

significantly with rise in concentration of NaCl. The most 

negative effect was at 100 and 150 mM sodium chloride 

indicating that the carnation was subjected to considerable 

physiological stress due to long-term exposure to high salt 

concentrations. Similar results have been reported in 

carnation where salinity was shown to decrease 

transpiration, stomatal conductance, photosynthesis and 

plant performance (Kwon et al., 2019). Carnations growth 

and flowering were also shown to be sensitive to salt stress 

(Muhammad et al., 2024). 

In the current study, plant height and biomass were 

much higher in biochar treatments than in control plants. 

There was large increase in the amount of flowers and in 

the size of the flowers. The findings revealed that biochar 

was effective in maintaining reproductive development and 

also enhanced vegetative growth under saline stress. This 

is particularly true for carnations where the amount of 

flowers produced and quality of the blooms are the key 

attributes of commercial significance. Salt has adversely 

reduced the number of flowers, floral biomass and flower-

bud development of carnation in another research 

(Muhammad et al., 2024). Hence, ornamental performance 

is closely related to salt stress. 
The good results which biochar gives are presumably 

related to modifications in the root environment. Biochar 
is reactive and porous which may allow cation exchange 
and water retention, thereby altering the mobility and 
availability of salts and nutrients in the growth medium 
(Lin & Yu, 2024; Su et al., 2024). The biochar may have 
reduced the severity of the saltwater environment around 
the root system. The 2% biochar had a very strong 
response as reflected the vegetative and flowering 
performance of treated plants.  

One of the most interesting findings was that the 
response was not very sensitive to the quantity of biochar 
provided. The 2 % treatment was usually more beneficial 
than the 4 % treatment, demonstrating that a greater 
biochar concentration does not always mean a stronger 
protection against stress. The qualities of the biochar rely 
on the pyrolysis procedure and preparation conditions. In 
addition, the soil type, salt content and time of application 
affect the treatment efficiency (Lin et al., 2023; Su et al., 
2024). At greater levels, the advantages may be reduced by 
changes in pH, electrical conductivity, nutritional 
availability or physical properties of the substrate. These 
alterations may result in less benefit at lower doses. 
Therefore, to be able to employ biochar in the carnation 
production in a practical way, the most efficient rate of 
biochar application has to be found. 
 

Biochar helped maintain plant water status and 
photosynthetic capacity: The biggest effect of salinity 
was on decreasing leaf RWC as shown by this research. 
The increase in NaCl concentration lowered the RWC of 
carnation plants indicating their inability to maintain 
hydration. Salinity lowered the transpiration, stomatal 
conductance, photosynthetic rate and sap flow in carnation 
(Kwon et al., 2019). 
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Application of biochar caused a considerable 

reduction in RWC. Under the highest salinity level, biochar 

enhanced water uptake by plants irrespective of the lower 

water potential of the saline growing medium. Biochar may 

affect the soil water retention qualities and boost the water 

availability for roots (Su et al., 2024). In the current 

experiment, in saline circumstances, the system might have 

helped in maintaining physiological activity in leaves by 

controlling plant water levels. Salinity has a considerable 

reduction in chlorophyll a, b and total chlorophyll contents. 

Similar decreases were seen in carnation irrigated with 

saline water (Muhammad et al., 2024). Nutrients intake 

may be inhibited by saline stress, oxidative damage to 

chloroplast elements and decrease in chlorophyll 

production. Reduced water supply might lead to stomatal 

closure and hence limit photosynthesis. Previous study by 

Hu et al., (2023) found that environmental stress such as 

heat reduced the photosynthetic efficiency and changed the 

leaf structure in carnations.  

The use of biochar enhanced the concentrations of 

chlorophyll in biochar-treated plants showing the 

protection of the photosynthetic system. The improvement 

is probably due to the enhanced mineral nutrition and 

hydration status. For example, enough amounts of K + and 

Ca 2+ may have been favorable for cell metabolism and 

membrane function. The better growth of biochar-treated 

plants in salty circumstances can be attributed to the 

preservation of the chlorophyll composition of the leaves. 

 

Biochar reduced oxidative damage: The increase of H2O2, 

MDA and electrolyte leakage with the increase of salinity 

was the obvious sign that salt stress generated oxidative and 

membrane damage in carnation. High concentrations of 

NaCl are known to increase the production of reactive 

oxygen species (ROS). Membrane lipids and other cellular 

components are damaged when the generation of ROS 

surpasses the capacity of the plant to scavenge them. 

The present findings are in agreement with previous 

study on carnations, where saline irrigation induced 

oxidative stress and altered the antioxidant metabolism 

(Muhammad et al., 2024). The increase in MDA signifies 

the increase in lipid peroxidation and the increase in 

electrolyte leakage indicates the damage to the integrity of 

the membrane. The accumulation of H2O2 and MDA and 

electrolyte leakage was remarkably lowered by biochar. 

This finding was one of the most common reactions we saw 

in the experiment. Therefore, biochar-treated plants have 

superior ability to cope with oxidative stress than untreated 

plants. Biochar may have indirectly assisted this process by 

reducing Na+ accumulation and increasing water and 

nutrient availability. It may also have triggered the plant’s 

antioxidant system, allowing the scavenging of ROS before 

they could cause significant membrane damage (Lin et al, 

2023; Su et al., 2024). The simultaneous reduction in H2O2, 

MDA and electrolyte loss was particularly essential. The 

current study suggest that biochar is really reducing 

cellular damage associated with salt rather than showing a 

single improvement in a single biochemical measure. 

 

Antioxidant defense was strengthened by biochar: 

Salinity enhanced the activity of SOD, CAT and APX in 

carnation. This is a typical defensive response since these 

enzymes act together to regulate ROS (Soundararajan et 

al., 2015). SOD transforms the superoxide radicals into 

H2O2, which is then detoxified by CAT and APX before it 

can do any more damage to the cells. Recent study has 

shown alterations in antioxidant enzymes in carnation in 

salty environments. Saline-grown carnation induced 

antioxidant responses (Muhammad et al., 2024). It was 

found that salinity and silicon fertilization modified the 

responses of antioxidant activity (Soundararajan et al., 

2015; El-Kinany et al., 2025). In current investigation, 

inclusion of biochar considerably improved the activity of 

antioxidant enzymes under saline environment. The 

increased antioxidant response in biochar treated plants 

was advantageous for lowering ROS and not a sign of 

increased stress. The higher antioxidant activity might be 

attributed to the better nutritional and physiological status 

of the biochar treated plants. Biochar may alter the root 

environment and increase nutrient availability. This might 

result in a lower Na+ toxicity and greater resources for 

development and defense (Lin et al, 2023; Su et al., 2024). 

Thus, the higher antioxidant activity and reduced oxidative 

damages really reflect the general stress tolerance 

enhancement of the carnation by the biochar. 

 

Proline supported osmotic adjustment: Biochar further 

boosted the already high quantities of proline as salt rose. 

This is important since proline is involved in cellular 

osmotic control and protection of proteins and membranes, 

thereby helping plants to better tolerate osmotic stress 

(Elhindi, 2026). Further, it may be helpful to remove ROS 

and protect cellular frameworks. 
In the current investigation, a comparable rise in 

proline contents in salinity-stressed carnations was 
observed. This is consistent with the results of prior studies 
(Muhammad et al., 2024; Wang et al., 2024). The higher 
concentration in biochar-treated plants suggests that 
biochar provides better osmotic protection. 

The correlation between proline accumulation and 
RWC is particularly meaningful. Biochar application 
improved both proline content and plant moisture status, 
indicating enhanced osmotic control. Thus, the biochar 
treated plants could have maintained their cellular hydration 
and continued to photosynthesize in salty conditions. 
 

Biochar improved mineral balance: The mineral balance 
is an essential explanation of the improved performance of 
the plants after biochar treatment. The rise in salinity was 
related with a large increase in the accumulation of Na+ and 
a reduction in the quantities of K+ and Ca2+. Thus the K+ 
/Ca2+ ratio is substantially lower at high salinities. 

This result is consistent with prior investigations on 
carnation. Salinity may lead to a buildup of Na+ and Cl+ 
ions and may also interfere with the absorption and 
translocation within the plant of important nutrients such 
as K+ (Kwon et al., 2019; Muhammad et al., 2024). 

The addition of biochar to plants considerably 
decreased the buildup of Na+ and boosted the retention of 
higher amounts of K+ and Ca2+. This suggested that the 
supplementation was advantageous to the ionic environment 
around the root. The functional groups on the surface of 
biochar are negatively charged and may absorb cations. 
Moreover, the biochar porosity may affect the flow and 
dispersion of ions in the growth media (Lin et al., 2023). 
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The K+/Na+ ratio is much improved. Potassium is 

essential for functions such as stomatal control, enzyme 

activation, osmotic adjustment and maintenance of 

cellular activity. Too many sodium ions may compete 

with the K+ to be absorbed, and the ionic equilibrium in 

the cells may be disturbed. Hence, the greater K+/Na+ 

ratio in biochar treated plants might be the explanation for 

superior hydration status, photosynthetic activity and 

growth of these plants. 

Another factor in the enhanced membrane stability 

may be the retention of Ca2+. Calcium is also critical for the 

preservation of membrane integrity and cell-to-cell 

communication and this could be a reason for the decreased 

electrolyte leakage in the biochar treated plants. 

Mineral data largely indicate that the enhanced salt 

tolerance of carnation by biochar is mostly related to 

maintaining a more favorable balance of sodium, 

potassium and calcium. The mechanism by which biochar 

improved ionic balance can be attributed to its unique 

physicochemical properties. The porous structure of 

biochar provides extensive surface area with negatively 

charged functional groups (carboxyl, hydroxyl, and 

phenolic groups) that act as cation exchange sites. These 

sites preferentially retain cations, including Na⁺, reducing 

their availability for root uptake. Simultaneously, the high 

CEC of biochar (42.6 cmolc kg⁻¹ in the present study) 

enhances the retention and exchange of essential nutrients 

such as K⁺ and Ca²⁺ in the root zone, making them more 

available for plant uptake. This selective ion retention and 

exchange mechanism explains the reduced Na⁺ 

accumulation and improved K⁺/Na⁺ ratio observed in 

biochar-treated plants (Lin & Yu, 2024; Su et al., 2024). 

Similar beneficial effects of biochar on ionic balance 

have been reported in other horticultural spec species. In 

agronomic crops, biochar-mediated reduction in Na⁺ 

uptake and enhancement of K⁺ retention has been 

documented in tomato (Lin & Yu, 2024) and wheat (Su et 

al., 2024) under saline conditions. These consistent 

findings across diverse plant species support the general 

applicability of biochar as a root-zone amendment for 

mitigating salt stress. 

 

Linking ionic balance with oxidative stress and plant 

growth: The differing outcomes of this experiment fall 

into a similar physiological pattern. The highest Na+ 

concentration and the lowest K+/Na+ ratio were observed 

in plants grown at the highest salinity without biochar. 

These plants also exhibited the lowest levels of RWC and 

chlorophyll and the greatest levels of H2O2, MDA and 

electrolyte leaks. In contrast, plants treated with biochar 

accumulated less Na+, retained more K+ and Ca2+ and had 

a greater ratio of K+/Na+. These plants also have a higher 

water status and photosynthetic pigments and reduced 

oxidative damage. The implication of this pattern is that an 

enhanced ionic balance may have been one of the early 

stages in the protective response. Biochar may have 

decreased the initial ionic stress by lowering Na⁺ 

accumulation and enhancing K⁺ and Ca²⁺ retention, which 

might minimize ROS generation and membrane injury. 

Then the greater antioxidant system would give more 

protection. The data therefore favor a coordinated process 

rather than a single method of action (Fig. 3). 

This interpretation agrees with the current 

understanding of biochar-mediated salinity tolerance (Lin 

et al., 2023; Su et al., 2024). 

 

 
 

Fig. 3. Showing the mechanism of plant-drived Biochar improves carnation growth and flowering under salinity (obtained using 

SciDraw AI). 
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The importance of the 2% biochar treatment: Of 

particular importance is the advantage of 2% versus 4% 

biochar. The results showed that the favorable advantages of 

biochar were maximum at medium application rate. 

Similarly, rate-dependent responses are common in 

situations where biochar characteristics and interactions with 

soil determine its efficiency (Lin et al, 2023; Su et al., 2024). 

The 2% biochar may have provided adequate surface 

area and functional groups for better retention of ions and 

availability of water and a favorable chemical environment 

for carnation roots. An increase in the rate to 4% may not 

have provided any further benefit since the major adsorption 

and water retaining advantages were already achieved. 

The advantages of 2% biochar are quite different from the 

benefits of 4 % biochar. The reduced effectiveness of 4% 

biochar compared to 2% can be attributed to several possible 

mechanisms. First, higher biochar rates may lead to nutrient 

immobilization, as the increased surface area and functional 

groups can bind essential nutrients too tightly, reducing their 

availability for plant uptake. Second, elevated biochar 

concentrations may alter soil physical properties, including 

increased porosity that could reduce water retention in the root 

zone during dry periods or affect root-soil contact. Third, the 

higher biochar rate may increase soil pH beyond the optimal 

range for nutrient availability, potentially limiting 

micronutrient uptake. Fourth, excessive biochar may compete 

with roots for space in the limited pot volume, restricting root 

development. These rate-dependent responses are consistent 

with previous observations in other biochar studies (Lin & Yu, 

2024; Su et al., 2024) and highlight the importance of 

optimizing application rates for specific crops and growing 

conditions. The 2% biochar may have provided enough 

surface area and functional groups to enhance ion retention 

and water availability and to create a chemical environment 

that is conducive to carnation roots. At the already significant 

increases in adsorption and water retention achieved, it seems 

that any further advantages would not have been supplied by 

an increase in the rate to 4%. Larger scale studies has shown 

that the slower speed may save the quantity of material and 

application expenditures while still retaining the bulk of the 

physiological benefit. 

 

Overall interpretation and future research: To 

summarize, the current research suggested that the plant-

derived biochar increased the performance of carnation 

under salt stress via numerous interrelated paths. The 

treatment decreased the buildup of Na+, improved the 

nutrition of K+ and Ca2+, maintained the status of water and 

chlorophyll, activated the antioxidant defenses, reduced the 

oxidative damage and finally conserved the growth and 

blooming. The results also aid in the ongoing research on 

carnation. Previously, salinity effects on carnation 

photosynthesis, water relations, mineral nutrition, 

oxidative stress and flowering have been intensively 

examined (Kwon et al., 2019; Muhammad et al., 2024;). 

The contribution of this work is an alternative approach to 

show the possibility of a plant-driven biochar as a root-

zone amendment to alleviate these impacts. More work is 

necessary to see if the benefits shown here are sustained 

under long-term saline irrigation and recurrent cropping. It 

would be interesting to evaluate various plant wastes and 

pyrolysis temperature to get biochars since their chemical 

and physical features may vary widely. Soil EC, pH, CEC 

and exchangeable Na+ measurements may assist to 

determine what changes are happening in the root zone. 

Further, investigation of root morphology, rhizosphere 

bacteria, and genes related to Na+ exclusion and K+ 

transportation will be conducive to a better understanding 

of the role of biochar in improving salt tolerance. 
To summarize, the findings showed that biochar from 

plant origin especially at 2% rate can be an effective 
sustainable supplement for enhancement of carnation 
growth and flower output under salt stress conditions. The 
improved physiological condition of biochar treated plants 
may be attributed to improved ionic balance, better 
hydration status, more antioxidant protection and lower 
membrane damage. 
 

Conclusion  
 

The present study revealed that salt severely affects 

carnation (Dianthus caryophyllus L.) by reducing plant 

growth, flowering, water status and photosynthetic 

pigments and increasing oxidative damage and modifying 

mineral balance. The effects were improved with 

increasing NaCl concentration and the largest declines 

were seen at 150 mM NaCl. The large increase in Na+ 

accumulation and reduction in the K+/Na+ ratio indicated 

that ionic imbalance was an important aspect of salt stress 

in carnation. The use of plant-driven biochar considerably 

enhanced the performance of carnation in salty conditions. 

Biochar treated plants showed enhanced growth and 

flowering, higher relative water and chlorophyll levels and 

reduced H2O2, MDA and electrolyte leakage. Biochar also 

enhanced antioxidant enzyme activity and proline 

accumulation, but limited Na+ accumulation and 

maintained higher K+ and Ca2+ concentrations in plants. 

Taken together, these responses suggested that biochar 

enhanced water relations, ionic balance and antioxidant 

defense system of the plant, which helped carnation to cope 

with salt stress. The 2% biochar treatment was the most 

consistently beneficial of the treatments tested. Increases in 

benefits did not always occur with 4% additions. This 

means that biochar effectiveness is dependent upon the rate 

of application and that small rates may be sufficient to 

provide considerable benefits with few modification 

inputs. In conclusion, using plant-driven biochar to be a 

simple and effective approach to increase carnation 

performance under the unavoidable use of saline irrigation 

water. Plant wastes might potentially be used for the 

production of biochar that provides an opportunity to 

recycle agricultural biomass and improve the growth 

environment. However, the present results were obtained 

in controlled pot conditions. Long-term greenhouse and 

field experiments are needed to assess the efficacy of the 

2% rate under repeated saline irrigation and to explore the 

effects of different biochar sources and pyrolysis 

conditions on its efficacy. Further research on roots, 

rhizosphere microorganisms, ion-transport mechanisms 

and stress-responsive genes will also help to understand 

how biochar enhances salt tolerance in carnation. Taken 

together, the findings suggest that plant-drived biochar 

may be a valuable element of a more sustainable method 

for carnation production under saline irrigation particularly 

in regions where fresh water is a scarce resource. 
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