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Biochar represents carbon rich material product obtained from pyrolyzing biomass and has been 
postulated to enhance soil health and agricultural productivity. This study examined the effect of 
amending the soil with biochar on yield as well as the physical and chemical properties of Valencia 
oranges. A control (no biochar) (T1), biochar applied at 2.0 (T2), 4.0 (T3), and 6.0 (T4) kg/tree/year were 
among the treatments used in a field experiment. Results showed that, when compared to control, 
biochar significantly (p < 0.05) increased leaf nutrient content in terms of N, P, K, and total chlorophyll 
content of leaves. The effect was strongest at the highest application rate of 6 kg/tree/year (T4). 
Biochar treatments also enhanced physical properties of fruit; the most marked improvements again 
being observed in T4. Yield was observed to increase progressively with increased biochar application 
rates. In the first year, yield increases over control were 52.9% in T2, 69.0% in T3, and 73.3% in T4. 
For T2, T3, and T4, the corresponding increases in the second season were 47.7%, 59.9%, and 67.9%. 
Biochar application also improved fruit chemical properties. Therefore, it was demonstrated that 
biochar could be utilized as a significant soil amendment to enhance Valencia orange production by 
increasing the soil’s nutrient availability, increasing leaf chlorophyll content, fruit physical attributes, 
and ultimately fruit yield. In conclusion an application rate of biochar at the rate of 6 kg/tree/year is 
recommended for fulfilling the productivity of Valencia orange orchards.
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Abbreviations
N	� Nitrogen
P	� Phosphorus
K	� Potassium
TA	� Total acidity
TSS	� Total soluble solids

Oranges (Citrus sinensis L. Osbeck) represent one of the most economically important fruit crops worldwide 
and are a major component of Egypt’s fruit industry, contributing substantially to national income and 
export revenues. Among citrus cultivars, Valencia orange holds a dominant position due to its adaptability, 
late maturity, and high juice quality, which meet both domestic consumption and export demands1. However, 
sustaining high productivity and fruit quality in Egyptian citrus orchards remains a challenge due to adverse 
soil conditions and climatic constraints. The predominance of sandy soils, low organic matter content, rapid 
nutrient leaching, and limited microbial activity frequently lead to nutrient imbalances and reduced fruit yield 
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and quality2. To overcome these limitations, growers commonly rely on soil amendments and organic inputs 
to improve soil fertility, structure, and water-holding capacity. On the other hand, it has been reported that the 
use of organic fertilizers gives superior results in fruit quality and has positive effects on yield3. In the present 
study, biochar was produced from locally available citrus pruning residues, providing a practical example of 
recycling agricultural waste and promoting sustainability. While biochar’s benefits in soil improvement are well-
documented, limited information exists regarding its direct influence on leaf nutrient composition, chlorophyll 
content, fruit yield, and quality in Valencia orange under Egyptian orchard conditions. By focusing on this 
region-specific application, the study addresses a knowledge gap in sustainable citrus management, linking 
biochar amendments to both local resource utilization and improved citrus productivity. Although biochar 
research has expanded rapidly in recent years, most studies have focused primarily on soil improvement rather 
than its direct influence on perennial fruit crops, particularly citrus. In fruit trees, the leaf nutrient composition 
serves as a sensitive indicator of nutrient uptake and is closely related to growth performance, yield, and fruit 
quality4. Therefore, understanding how biochar-induced soil modifications influence leaf chemical composition 
and subsequent fruit characteristics is essential.

Several studies in different fruit crops have demonstrated positive effects of biochar on tree performance 
and fruit quality. For instance, growth, blooming, and yield improved in peach trees5; biochar addition (1–4%) 
enhanced soil properties and yield in Satsuma mandarin6; 10 t ha⁻¹ increased growth of apple trees7,8  and 
biochar application between 213 and 426 g tree⁻¹ improved the nutritional and quality traits of blueberries9, 
while 250–500 g tree⁻¹ enhanced grape fruit size and firmness10. These studies collectively demonstrate the 
potential of biochar to improve nutrient cycling and fruit quality through its effects on soil–plant interactions11. 
However, information remains scarce regarding biochar application in citrus orchards, especially under Egyptian 
conditions characterized by sandy soils and arid climates. The extent to which biochar can influence leaf nutrient 
composition, fruit yield, and quality in fully grown Valencia orange trees cultivated in the El Salheya region 
has not been fully explored. Considering the region’s unique soil texture, irrigation system, and environmental 
setting, biochar may behave differently than in other ecosystems. Therefore, the present study was designed to 
evaluate the effect of biochar soil application on leaf chemical composition, fruit yield, and quality of Valencia 
orange trees grown under the conditions of El Salheya, Egypt. This work aims to bridge the knowledge gap 
regarding biochar–citrus interactions and provide insights into the potential of biochar as a sustainable soil 
amendment for enhancing citrus productivity and fruit quality in sandy soils.

Materials and methods
Soil analysis

Study site and experimental design
In the typical subtropical climate of the El Salheya region, Sharqia Governorate, Egypt, this study intends to 
examine the effects of applying biochar at different rates on the fruit production and quality of mature Valencia 
orange (Citrus sinensis L. Osbeck) trees. This study was conducted at a commercial citrus orchard located in the 
El Salheya, Sharqia Governorate, 30°46’30"N 32°00’47"E, which has a subtropical climate characterized by warm 
temperatures and sea-sonal rainfall (Fig. 1) during the successive seasons 2023 and 2024. The experimental site 
was chosen for its uniform soil type, similar water availability, and history of Valencia orange cultivation. At 
the beginning of the experiment, the Valencia orange trees were ten years old, and the orchard was maintained 
according to accepted agronomic procedures. The trees were planted at a spacing of 3 × 5 m apart (633 tree ha− 1), 
and the soil in the orchard is classified as sandy. Surface methods of drip irrigation were used in the research 
farm with 8 adjustable discharge emitters/trees (8 L/h), through 2 irrigation lines.

Soil depth cm 0–30 30–60 60–90

Soil properties Values

Sand (%) 94.71 93.72 92.21

Silt (%) 3.00 5.00 4.65

Clay (%) 2.28 1.28 3.20

Soil texture Sand

pH 7.00 7.20 7.40

EC (dS/m) 0.50 0.47 0.40

Available K+ (ppm) 0.21 0.22 0.20

Available Ca++ (meq/l) 2.00 2.00 2.00

Available Mg++ (meq/l) 1.11 0.90 0.80

Available Na+ (meq/l) 1.50 1.17 1.04

HCO3
− (meq/l) 2.00 2.00 2.00

Cl− (meq/l) 2.00 2.00 1.60

SO4
= (meq/l) 0.82 0.29 0.34

Table 1.  Physical and chemical properties of the experimental orchard soil.
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Biochar application and soil preparation
A randomized complete block design (RCBD) was employed with four biochar treatments (0, 2, 4, and 6 kg 
tree⁻¹ year⁻¹) and three replications, giving a total of 12 experimental plots. Each replication (block) represented 
a uniform section of the orchard to account for potential field variability. Within each block, the four treatments 
were randomly assigned to individual plots, each consisting of 10 Valencia orange trees of uniform vigor and age, 
making a total of 30 trees per treatment. The outermost rows were used as borders to minimize edge effects. Data 
were collected from the central six trees in each plot. The statistical model for ANOVA included both treatment 
and block as fixed effects to account for spatial variation among replicates. The treatments were as follows:

T1: Control: No biochar application (conventional management practices).
T2: Biochar applied at a rate of 2.0 kg/tree/year.
T3: Biochar applied at a rate of 4.0 kg/tree/year.
T4: Biochar applied at a rate of 6.0 kg/tree/year.
The biochar used in the study was produced from biomass source, citrus pruning agricultural waste, using 

a pyrolysis process at a temperature of 550˚C for 40 min12,13. The physicochemical properties of the biochar 
(Table 2), including surface area, pH, total carbon content, and ash content, were characterized using standard 
methods14,15. Citrus pruning agricultural waste, a plentiful and underutilized feedstock in the area, is used in this 
study to make biochar. This method helps with sustainable waste management in the citrus industry in Egypt in 
addition to investigating the potential benefits of biochar in citrus production. Investigating the effectiveness of 
biochar made from this particular feedstock gives the study an additional level of originality.

Biochar properties Values

Humidity % 2.60

pH 8.10

EC dS/m (electrical conductivity) 2.40

OM % (Organic matter) 38.0

N % 0.25

P % 0.11

K % 0.21

Ca % 4.50

Mg % 3.00

Na % 0.20

Fe mg/kg 6.76

Zn mg/kg 100

Mn mg/kg 7.70

Cu mg/kg 53.0

Co mg/kg 23.0

CaCO3% 5.70

C/ N 170.4

Table 2.  Physical and chemical characteristics of the biochar.

 

Fig. 1.  The monthly average of Climatic conditions at El Salheya region, Sharqia Governorate, Egypt. (T2M): 
temperature (°C), (TMIN): minimum temperature (°C), (TMAX) maximum temperature (°C) and (rain) 
precipitation (mm) during the growing seasons.
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Measurements
Biochar was applied during winter, prior to the onset of the growing season, so that it could interact with the 
soil before tree growth started accelerating16. Before the application of biochar, soil within each plot was tilled 
to a depth of 20 cm to facilitate mixing. For orange trees, biochar was applied by placing it into a pit (40 cm x 30 
cm x 30 cm) located under the drip emitters. The biochar was mixed with soil that had been excavated from the 
pit and the pit was backfilled. The pit was carefully positioned on the drip line (outer edge of the tree canopy) 
to avoid harming the fine, absorbent roots. The application was done in the middle of October of each season. 
One application each trial of the active microorganisms (EM) at a dose of 0.5 L was used as a soil treatment 
for each tree. The micronutrient mix, presented in a chelated form to promote uptake, was administered to the 
Valencia orange trees in March, May, and August; it consisted of 300 mg iron (Fe), 150 mg manganese (Mn), 
100 mg zinc (Zn), 50 mg copper (Cu), and 50 mg boron as boric acid (B). This micronutrient application was a 
continuation of the standard fertilization program recommended by the Egyptian Ministry of Agriculture (1000 
g N, 1500 g P2O5, and 500 g K2O per tree annually), which was administered uniformly to all experimental trees. 
Additionally, Valencia orange trees are impacted when biochar is added to the soil in addition to the standard 
drip irrigation techniques and fertilization schedule recommended by the Egyptian Ministry of Agriculture. A 
more realistic understanding of how adding biochar can affect citrus production in Egypt under normal farming 
conditions will be provided by this evaluation.

Data collection
Total leaf chlorophyll
Foliar total chlorophyll content was determined in September using a non-destructive Minolta SPAD-502 
chlorophyll meter, following the methodology described by17. Measurements were performed on the apical fifth 
leaf from three randomly selected branches per tree. On each leaf, three readings were taken at the base, middle, 
and tip of the leaf, and the mean of these readings was calculated to represent the chlorophyll content of that leaf. 
SPAD readings were conducted once throughout the experimental period to monitor changes in leaf chlorophyll 
content in response to biochar treatments. Measurements were performed between 9:00 and 11:00 a.m. under 
clear sky conditions to minimize the influence of light intensity on readings. A total of five trees per treatment 
were measured, and the average SPAD value per treatment was used for statistical analysis. While the SPAD-502 
instrument operates by measuring light transmittance at two wavelengths (red, λ = 650 nm, and near-infrared, λ 
= 940 nm) and converting the ratio into a numerical SPAD value.

Leaf chemical composition
Leaf samples were collected at the end of each growing season (August) from mature, fully expanded leaves from 
the middle section of the tree canopy. Samples from 5 trees within each plot were pooled to form a composite 
sample, which was analyzed for various chemical components. Key nutrients (e.g., nitrogen, phosphorus, 
potassium) were determined as follows: Dried samples were ground using an electric mill. Ground samples were 
digested according to the method of18. The determinations of various nutrients were as follows:

 

  	 a.	   Nitrogen content was determined by the modified micro Kjeldahl method as described by19 data ex-
pressed as g/100 g dry weight.

    	b.	   Phosphorous content was determined calorimetrically using the method of20.
    	c.	   Potassium and calcium contents were determined by using a flame photometer according to the method 

described by21. Data for all nutrients were expressed as g/100 g dry weight.   

 

Calculations of leaf nutrients

•	 Nitrogen (% DW):

	
N (%) = Nitrogen in digest (mg)

Sample dry weight (mg)
× 100

•	 Phosphorus (% DW):

	
P (%) = Absorbance of sample

Absorbance of standard
× Standard concentration (%)

•	 Potassium and Calcium (% DW):

	
K (%) = Concentration from photometer (mg/L) × Dilution factor

Sample dry weight (g)
× 100

Fruit yield and quality
At harvest, the total fruit yield from each tree was weighed using a digital scale and expressed in (kg/
tree) at the end of each growing season, and the yield increasing percentage was recorded as follows: 
Y ieldincreasing% = (Y ield(treatment)−Y ield(control)100

Y ield(control)
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To assess fruit quality, 30 fruits from each replicate were randomly selected and analyzed for the following 
parameters:

Fruit weight: Measured using an electronic scale. Fruit height: Measured as the average diameter of 10 fruits 
per replicate, using a caliper.

Juice content: Determined by extracting juice from a known weight of fruit and expressing it as a percentage 
of total fruit weight.

Chemical properties of the fruits analyzed included total soluble solids (TSS, %), total acidity (%), ripening index, 
and ascorbic acid content
To assess TSS (total soluble solids) and total acidity, 10 g of pulp from ‘Valencia orange’ fruits were homogenized 
with 50 mL of distilled water. The TSS content of the filtered juice was determined using a digital refractometer 
and expressed in percentage. titratable acidity was measured by titration with 0.1 N NaOH and expressed as a 
percentage of citric acid, following the methods described by Paez et al.22.

Ascorbic acid (vitamin C) content, expressed as mg of ascorbic acid per 100 mL of juice, was determined by 
titration with 2,6-dichlorophenol-indophenol dye, in accordance with Paez et al.22 procedures.

VC (mg/100 mL) = VDCPIP× NDCPIP× 1000× 100
Vjuice

Where:
VDCPIP= volume of dye used to titrate the juice (mL).
NDCPIP= normality of 2,6-dichlorophenol-indophenol solution (mol/L).
Vjuice= volume of juice used (mL).
Total soluble solids (TSS): Measured using a refractometer, with results reported in percentage. Titratable 

acidity (TA): Determined by titrating a juice sample with a standard sodium hydroxide solution, expressed as a 
percentage of citric acid.

Total acidity calculation
TA (% citric acid) = VNaOH× NNaOH× Mcitric acid× 100

Wsample
Where:

VNaOH= volume of NaOH used (mL).
NNaOH= normality of NaOH (eq/L).
Mcitric acid= 192.12 g/mol.
Wsample= weight of pulp (g).
The ripening index was calculated using the formula:
Ripening Index (RI):
RI = TSS (%)

TA (%)

Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA) was performed, and treatment means were 
compared using the Least Significant Difference (LSD) test at the 5% level of significance (p ≤ 0.05) according to23, 
to evaluate the effects of biochar application, on leaf chemical composition, fruit yield, and quality parameters. 
All data were checked for normality and homogeneity of variances prior to analysis. Statistical analyses were 
performed using co-stat software according to Stern24.

Results
Effect of biochar application on leaf nutrients content
The soil application of biochar significantly boosted leaf nutrient content in Valencia orange trees, particularly 
when applied at the start of the growing season Fig. 2A–D. All biochar treatments demonstrably increased 
macronutrient levels (nitrogen, phosphorus, and potassium), as well as total leaf chlorophyll contents, compared 
to the control group. The leaf nitrogen, phosphorus, and potassium contents increased by 18.7%, 22.5%, and 
35.4%, respectively, while (SPAD values increased by 16.3%, Fig. 2D) compared to the control (Fig. 2A–C). The 
6 kg/tree/year application rate yielded the best results for these key leaf chemical parameters. A clear positive 
correlation emerged between biochar concentration and leaf nutrient content: higher biochar application levels 
resulted in increased nutrient uptake. These findings align with recent research25, which also demonstrated that 
varying biochar application rates significantly increased nitrogen, phosphorus, potassium, and total chlorophyll 
content in citrus.

Effect of biochar on fruit physical characteristics
Biochar treatments (Fig.  3A–F) significantly enhanced key physical attributes of the Valencia orange fruit, 
including weight, volume, height, firmness, and juice weight. Notably, while these parameters increased, the 
fruit’s specific gravity decreased compared to the untreated control. This positive impact was consistent across 
both growing seasons studied. Furthermore, a clear trend emerged: higher biochar concentrations correlated 
with greater improvements in these fruit characteristics. These findings align with existing research on biochar 
application in citrus cultivation. Our results indicate that a biochar application rate of 6.0  kg/tree/year (T4) 
yielded the best results for all measured fruit physical parameters compared to other treatments and the control 
group. This suggests a specific application rate is crucial for maximizing the benefits of biochar.

Effect of biochar on fruit yield
Figure 4A and B illustrates the impact of biochar treatments on Valencia orange fruit yield. Our study revealed 
that all biochar treatments significantly increased fruit production compared to the control, with the total fruit 
yield increasing by 21.5% over the control (Fig. 3B). This higher yield directly correlates with a greater number 
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of fruits retained per tree at harvest. The most significant yield increase occurred with the biochar treatment 
at 6.0 kg/tree/year (T4), outperforming both the control and other biochar concentrations. This yield increase 
compared to the control was statistically significant. Our results also demonstrated a clear trend: higher biochar 
concentrations led to greater percentage increases in yield. Over two seasons, the percentage yield increase in 
Valencia oranges progressively rose with increasing biochar application. In the first season, increases were 52.9% 
(T2), 69.0% (T3), and 73.3% (T4). The second season saw increases of 47.7%, 59.9%, and 67.9% for T2, T3, and 
T4, respectively, compared to the control. These findings align with previous research.

Effect of biochar application on fruit chemical properties
The results presented in Fig. 5A–D show that applying biochar to soil significantly reduces total acidity (%) 
in citrus fruits. In contrast, biochar treatments increased the total soluble solids (TSS%), TSS/acid ratio, and 
vitamin C content in Valencia orange juice at harvest compared to the untreated control across both study 
seasons, with vitamin C concentration increasing by 12–18% (Fig. 5D). Especially, biochar concentrations of 3% 
and 5% notably enhanced fruit quality in Kinnow mandarin, aligning with findings from previous research26. 

Fig. 2.  Effect of biochar soil application on some of leaf chemical properties of Valencia orange trees during 
2023 and 2024 seasons. T1: control, T2: Biochar at a rate of 2.0 kg/tree/year, T3: Biochar at a rate of 4.0 kg/tree/
year, T4: Biochar at a rate of 6.0 kg/tree/year, (A): Leaf N% content, (B): Leaf P% content, (C): Leaf K% content 
and (D) Total chlorophyll content. Different letters depict statistically significant changes (p ≤ 0.05, LSD test) 
and error bars depict standard error.

 

Scientific Reports |         (2026) 16:3256 6| https://doi.org/10.1038/s41598-025-34779-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 3.  Effect of biochar soil application on some of fruit physical properties of Valencia orange trees during 
2023 and 2024 seasons. T1: control, T2: Biochar at a rate of 2.0 kg/tree/year, T3: Biochar at a rate of 4.0 kg/
tree/year, T4: Biochar at a rate of 6.0 kg/tree/year, (A) fruit weight, (B) fruit volume, (C) fruit height, (D) 
fruit firmness, (E) juice weight and (F) specific gravity. Different letters depict statistically significant changes 
(p ≤ 0.05, LSD test) and error bars depict standard error.
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Similarly, biochar treatment proved effective in improving the fruit quality of Satsuma mandarin6. Biochar 
application improves citrus juice quality through several mechanisms. These include enhancing soil properties, 
boosting nutrient availability, and fostering microbial diversity. These improvements contribute to better fruit 
development and more desirable quality attributes. As highlighted by Shani et al.26, biochar’s ability to supply 
essential nutrients to citrus plants directly impacts juice volume and other critical juice quality parameters, 
including ascorbic acid levels.

Discussion
The results of this study demonstrate that biochar application significantly improved leaf nutrient content, 
chlorophyll levels, fruit yield, and quality in Valencia orange trees. Soil amendments with biochar at 6 kg/tree/
year produced the most pronounced effects, increasing leaf nitrogen, phosphorus, and potassium by 18.7%, 
22.5%, and 35.4%, respectively compared to the control (Fig. 2A–C). These enhancements in nutrient status were 
accompanied by a significant increase in leaf chlorophyll content (SPAD values increased by 16.3%, Fig. 2D), 
reflecting improved photosynthetic capacity, which likely contributed to the observed yield and fruit quality 
improvements.

Fruit yield responded positively to biochar application, with the 6 kg/tree/year treatment increasing total 
fruit yield by 21.5% over the control (Fig. 3). Fruit physical characteristics, including weight and volume, were 
significantly enhanced, consistent with findings in other fruit crops where biochar improved fruit development 
by increasing nutrient availability and water retention5;6. The increase in fruit size and weight may be attributed 
to enhanced cell expansion, driven by better nutrient supply and photosynthetic efficiency26,27.

Biochar also improved fruit chemical quality. Total soluble solids (TSS), juice content, and vitamin C 
concentration increased by 12–18% compared to control trees (Fig. 5B and D), while total acidity decreased, 
resulting in higher TSS/TA ratios. These improvements correlate with increased soil and leaf P and K 
concentrations, supporting previous reports that higher P and K levels enhance sugar accumulation and reduce 
acidity in citrus fruits28. Biochar’s effects may also be mediated through interactions with the citrus microbiome, 
influencing carbohydrate metabolism and nutrient signaling29.

The findings of this study align with previous research showing that biochar enhances nutrient uptake, 
soil fertility, and fruit quality in citrus and other perennial fruit crops10,30,31. Importantly, our study provides 
novel insights for Valencia orange trees under the sandy soil and subtropical conditions of El Salheya, Egypt, 
highlighting the consistency of biochar effects across two consecutive growing seasons.

It could be conclusion, these results demonstrate that biochar at 6 kg/tree/year is an effective soil amendment 
for improving leaf chemical composition, yield, and fruit quality in Valencia oranges. Adoption of biochar in 
citrus orchards could reduce reliance on synthetic fertilizers, improve water use efficiency, and enhance fruit 
marketability, supporting sustainable citrus production in Egypt.

Conclusions
In conclusion, the application of biochar as a soil amendment significantly improved the performance of Valencia 
orange trees under the conditions of El Salheya, Egypt. The treatment enhanced leaf nitrogen, phosphorus, and 
potassium contents by 18.7%, 22.5%, and 35.4%, respectively, and increased total chlorophyll content. Moreover, 
biochar application raised total fruit yield by 21.5% and improved key fruit quality parameters, including TSS, 
TSS/acid ratio, and vitamin C content (by 12–18%) compared to the control. The highest application rate of 6 kg 

Fig. 4.  Effect of biochar soil application on some of fruit physical properties of Valencia orange trees during 
2023 and 2024 seasons. T1: control, T2: Biochar at a rate of 2.0 kg/tree/year, T3: Biochar at a rate of 4.0 kg/tree/
year, T4: Biochar at a rate of 6.0 kg/tree/year, (A) fruit yield and fruit yield increasing percentage. Different 
letters depict statistically significant changes (p ≤ 0.05, LSD test) and error bars depict standard error.
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tree⁻¹ year⁻¹ proved most effective across both seasons. These results confirm that biochar not only enhances 
nutrient uptake and fruit quality but also contributes to sustainable citrus production through better soil fertility 
and resource use efficiency. Further research on long-term field performance and integration with other organic 
amendments is recommended to optimize biochar utilization in Egyptian citrus orchards.

Data availability
The data generated and/or analysed during the current study are available per request to the corresponding au-
thor. [https://figshare.com/s/3425b23b31977e75aa83](https:/figshare.com/s/3425b23b31977e75aa83).
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