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Abstract: Nutrient leaching from agricultural fields can degrade soil fertility and groundwater quality, espe-
cially in coarse-textured soils. Amending soils with biochar, lime, hydrogel, or their combinations may reduce 
leaching, but the effects of single versus combined amendments remain unclear. A three-year pot experiment 
under field conditions was conducted on a loamy sand soil to enhance water and nutrient retention capacity 
of this soil. Soil samples were mixed with all possible combinations of 1% biochar (B), l% lime (L), and 0.5% 
hydrogel (H), i.e., BL, BH, HL, and BHL. The amendments were arranged in a randomized complete block 
design with four blocks. The results showed that compared to control, amendments B, H, BH, HL, and BHL 
significantly decreased (p ≤ 0.05) nitrate-N leaching per unit biomass by 58%-88%, and L, H, BH, HL, BHL 
significantly reduced (p ≤ 0.05) orthophosphate-P leaching per unit biomass by 34%-98%. Compared to control, 
the marketable yield significantly increased (p ≤ 0.05) by 24%-38% under BH, HL, and BHL in 2019, and by 
17%-52% under amendments B, L, H, BL, BH, HL, and BHL in 2020. These results were not seen in the first 
year due to soil conditioning for biochar and lime. Amendments H, BH, HL, and BHL show potential to im-
prove water use efficiency, reduce nutrient leaching, and support sustainable crop production. 
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1. Introduction 
The rapidly growing global population is placing increasing pressure on the water and land 

resources needed to produce sufficient food [1–3]. Freshwater scarcity is an escalating global threat, 
especially in densely populated regions. Agriculture is responsible for 70% of the world’s freshwater 
usage, primarily due to inefficient irrigation methods and the cultivation of water-intensive crops [4], 
depleting rivers and lakes, which threatens food security. There are competing demands for fresh-
water, which is needed for sustainable agricultural practices and drinking purposes. Farmers increase 
fertilizer application frequency to achieve sustainable agricultural yields for better economic return 
in the face of declining soil fertility. However, rising fertilizer costs are placing additional economic 
stress on them. In addition, increased fertilizer use is also causing groundwater contamination and 
eutrophication of rivers and lakes [5]. The need to address these issues has led to an increasing de-
mand for eco-friendly and economically viable soil amendments (e.g., biochar, hydrogels, and lime) 
that can restore soil fertility, reduce water contamination, and increase crop productivity. 

Biochar is a carbon-rich material derived from the thermal decomposition of organic feedstocks 
in the absence of and or a limited supply of oxygen at temperatures exceeding 250°C [6]. This process 
results in a material with a highly porous structure, high pH, and low density [6,7]. As a soil amend-
ment, biochar is known to enhance plant growth and productivity by improving soil fertility and 
water availability [8,9]. Studies have suggested that biochar amendment of soil reduces nutrient 
leaching and increases the soil’s water-holding capacity [10–12]. Therefore, using biochar as a soil 
amendment may solve current issues related to water scarcity and nutrient retention, especially in 
coarse-textured soils. 

Another soil amendment, hydrogel, a synthetic crosslinked hydrophilic polymer with a three-
dimensional structure, is showing excellent water absorbency, long shelf life, and high mechanical 
strength [13,14]. When used as a soil amendment, it can store water near the root zone to be utilized 
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later by the crop, making it an ideal amendment to improve the water and nutrient retention capacity 
of soil [15]. In previous studies it was shown that by improving the soil’s water-holding capacity, 
hydrogel amendment extends irrigation intervals, increases water use efficiency (WUE), reduces nu-
trient leaching, and promotes better plant growth and higher crop yields [16–18]. Although hydrogel 
is known to improve water retention, plant growth, and yield, information concerning its effective-
ness in improving soil physical and chemical properties and reducing nutrient leaching with growing 
plants is still limited, as very few studies have investigated its effects of hydrogel on nutrient leaching 
[19]. 

Liming is another soil amendment that has been used frequently to ameliorate soil acidity 
[20,21]. It can effectively raise soil pH by increasing Ca and Mg and decreasing Al availability, which 
helps to increase base saturation and nutrient availability in the soil [22]. Furthermore, liming can 
potentially reduce nutrient leaching and enhance nutrient uptake by plants [23]. Studies have found 
lime amendments to reduce soil phosphorus leaching and runoff from clay and sandy soils [24,25]. 
Liming promotes plant growth and yield by improving soil properties and nutrient availability in 
poor-quality soil [26,27]. Although lime-based products, such as quicklime, slake lime, limestone, and 
dolomite, have been used to enhance plant yield [24,28], field-level studies are required to determine 
the effect of other lime-based products (e.g., high calcium hydrated lime) on nutrient loss, plant 
growth, and yield. 

Recent studies have shifted attention to an integrated rather than a single-amendment approach 
[29,30]; a range of combined treatments may lead to more effective, sustainable and eco-friendly soil 
amendments with the potential to address pressing issues related to nutrient leaching and water 
availability. Prior studies have shown that a combination of soil amendments, such as biochar com-
post, biochar-hydrogel, and biochar-lime, can improve crop yield by enhancing the soil’s nutrient 
and water retention [29–32]. The application of biochar-hydrogel and biochar-lime focus on increas-
ing soil fertility and alleviating the hazards of drought for various crops [8,17]. However, few studies 
have quantified the combined effect of biochar, hydrogel, and lime as soil amendments to increase 
plant growth and yield by improving soil nutrient retention in topsoil. Studies have shown that com-
bined biochar-hydrogel amendment improved the soil’s hydro-physical properties [33] and increased 
green pea (Pisum sativum L.) growth and yield by reducing drought stress in a sandy soil [34]. In 
another study, hydrogel-biochar soil amendment significantly increased wastewater-irrigated spin-
ach yield [18]. However, studies have indicated that combining biochar-hydrogel research requires 
more field-level applications, as the previous studies do not explain the influential role of biochar-
hydrogel on the improvement of soil properties as well as plant growth [33,34]. There is an infor-
mation gap on the effect of mixed amendments (biochar-lime, biochar-hydrogel, hydrogel-lime, and 
biochar-hydrogel-lime) on soil nutrient leaching, plant growth, and plant productivity, especially for 
green peppers. 

The use of biochar in soil has been shown to influence green pepper (Capsicum annuum L.) 
plant growth and yield [35,36], reduce pathogen loads [35,37], and affect heavy metal uptake [38]. 
However, there is currently no documentation on how soil amendments impact water and nutrient 
losses in green pepper plants, cultivated on loamy sand soil. While lime and hydrogel amendments 
are commonly used to improve soil fertility, studies on their effects have primarily focused on black 
peppers, sweet peppers, and chili peppers, examining plant growth, yield, and water use efficiency 
[39,40]. Specifically, research on the impact of lime and hydrogel as soil amendments on the growth 
and yield of green peppers grown on a loamy sand soil remains scarce. 

Thus, the primary objectives of this study were: (i) to examine the effects of single applications 
of biochar, lime, hydrogel, and their combinations, on green pepper growth and productivity, and 
(ii) to evaluate their impact on nutrient leaching and water retention through an outdoor field pot 
experiment. Green peppers, known for their appealing color, flavor, taste, and nutritional value [41], 
have become the world’s second most popular vegetable [42], making it an ideal choice for this study. 
While the individual application of biochar, lime, or hydrogel has distinct benefits, we hypothesized 
that combining two or three of these amendments would further reduce nutrient losses, increase wa-
ter use efficient in a coarse-textured soil by enhancing soil water retention, and improve nutrient 
availability, ultimately promoting greater plant growth and yield. 

2. Materials and Methods 
2.1. Soil Collection and Characterization 
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The loamy sand soil, used for the study, was collected from the top 0.10 m of soil from an agri-
cultural field, situated on the Macdonald Campus Farm, Ste-Anne-de-Bellevue, QC, Canada (45.41° 
N, 73.94° W). This soil was selected for the study because the soil has low pH, low nutrient and water 
retention capacity based on its soil characteristics analysis. The soil texture (sand, silt, and clay) was 
determined by the particle size distribution method (standard hydrometer method) for particle size 
analysis (ASTM: D 422-63). The soil pH was measured in a slurry of 1:2 soil: distilled water (w/w) 
with an electrode-type pH meter [43]. Soil organic matter (SOM) content was measured using the 
loss-on-ignition method [44]. All the available elements P (phosphorous), K (potassium), Ca (cal-
cium), Mg (magnesium), and Al (aluminum) were determined following Mehlich III extraction [45], 
and the extracted solution was analyzed using an atomic adsorption flame spectrometer (Varian 
220FS, Palo Alto, CA). The NO3

−-N was measured using the 2.0 M KCl method [46]. The Cation Ex-
change Capacity (CEC) of the soil by the 0.1 M BaCl2 method [43], where 1 g air-dried soil was ex-
tracted with 25.0 mL of 0.1 M BaCl2 using an end-over shaker, centrifuged at 2500 rpm for 15 min, 
and filtered through a Whatman 42 filter paper. The filtrate was then analyzed for exchangeable Ca, 
Mg, K, Na, Mn, Fe, and Al using a flame spectrometer. The soil’s physical and chemical properties 
are given in Table 1. 

Table 1. Physio-chemical Properties of Soil and Biochar. 

Properties Soil Hardwood Biochar 
Particle size distribution (%)   

Sand 83 - 
Silt 13 - 

Clay 4 - 
Texture Loamy sand - 

Bulk density (Mg m-3) 1.29 ± 0.05  
pH 5.57+0.087 9.96 ± 0.01 

EC (1:5) (dS m−1)  0.27 ± 0.01 
SOM (%) 3.28+0.42 - 

BET Surface area (m2 g−1) - 324.6 
Pore volume (cm3 g−1)  0.02 

Ash content (%)  35.8 ± 1.4 
Pore size (nm)  17.44 

Pyrolysis temperature (°C)  500–550 
Available nutrients (mg kg-

1) 
  

C - 892200 
H - 26700 
O - 79000 
S - 100 
N 15.2±7.65 2000 

 NH4+ 4.59±0.54 3130 ± 0.34 
P 125.36±9.71 350 
K 121.40±35.68 2700 ± 0.24 
Ca 1602.33±99.81 1700± 0.23 
Mg 85.73±21.95 180± 0.01 
Al 1453.47±12.89 - 
Na  380± 0.06 

CEC (cmol (+) kg-1) 8.19±0.39 18 
Base saturation (%) 99.68±0.32 - 

BET: Brunauer, Emmet, and Teller; CEC: cation exchange capacity; EC: electrical conductivity; —: data not avail-
able/does not apply; Values are mean ± standard deviation of four replicates. 

2.2. Soil Amendments and Their Characterization 
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The biochar was produced from hardwood (pine) pyrolyzed in an auger retort carbonizer 
(ABRI—Tech, 1 Mg retort system, Alberta Biochar Initiative - AI-TF, Vegreville, Canada) operated 
between 500-550°C at 85-100°C min-1 heating rate. The details of this biochar’s production and its 
characterization are documented by Dugdug et al. [46]. Some of the biochar properties are presented 
in Table 1. 

The High Calcium Hydrated Lime (HCHL) was purchased from Gramount Inc., Canada. HCHL 
is a fine white powder that was produced by combining quicklime with water to convert calcium 
oxide to calcium hydroxide [47]. The producer tested the properties of the HCHL, and the surface 
area was determined by the N adsorption method using a surface area analyzer (TriStar 3000, Nor-
cross, GA), and then it was calculated according to Brunauer, Emmet, and Teller (BET) theory [48]. 
HCHL has an available calcium hydroxide of 92.8%, calcium oxide of 70.3%, and total calcium as 
calcium oxide of 73.4%. The HCHL has pH 12, a bulk density of 0.467g cm-3, and a BET surface area 
of 14 m2g-1. Table S1 in the supplementary information summarises the physical and chemical prop-
erties of the HCHL used in this study. 

The hydrogel (super absorbent polymer, SUPER-AB-A200) was obtained from a Canadian envi-
ronmental solutions company (Iramont Inc, Laval, Canada). It has a pH of 5.8, bulk density of 1.2 mg 
m-3, electrical conductivity of 0.9 dS m-1, and water absorbency of 200 to 500 g g-1. The producer tested 
the hydrogel’s properties, which are presented in Table S2 in the supporting document. 

2.3. Experimental Site and Design 
An outdoor pot study experiment was carried out on the Macdonald Campus Farm of McGill 

University, Sainte-Anne-de-Bellevue, QC, Canada, in 2018, 2019, and 2020. The pots (0.30 I.D. × 0.355 
m height) were filled with a loamy sand soil to within 0.05 m from the top. The pots were filled with 
the soil, maintaining the field bulk density of 1.19 g/cm3, and arranged in a randomized complete 
block design with four blocks (rows). The eight treatments designed for this study were: (i) Soil only 
(Control, C), (ii) Soil + Biochar (B), (iii) Soil + Lime (L), (iv) Soil + Hydrogel (H), (v) Soil + Biochar + 
Lime (BL) (vi) Soil + Biochar + Hydrogel (BH), (vii) Soil + Hydrogel + Lime (HL), and (iv) Soil + Biochar 
+ Hydrogel+ Lime (BHL). The biochar, lime, and hydrogel were applied to the soil at 1.0%, 1.0%, and 
0.5% w/w, respectively, based on rates used in previous studies [49–52]. The quantities of biochar and 
hydrogel were calculated based on the weight of top 0.05-0.15 m deep soil. The treatments were 
mixed into the same depth of soil layer to prevent photo-degradation of the hydrogel [29,52]. In the 
second and third years of the study, 1.00 cm of soil was replaced in each pot to replenish the upper 
layer and cover the hydrogel. This was necessary because the soil had been disturbed due to harvest-
ing root biomass All the pots were saturated with water two days before planting. After that, five-
week-old green pepper seedlings (Red Knight, Capsicum annuum L.) were obtained from the Mac 
Market, situated at the Macdonald Campus of McGill University, and transplanted into the pots on 
June 8, 2018, 2019, and 2020. 

Fertilizer was applied based on the Quebec fertilizer directives for green peppers (N – 140 kg ha-

1, P – 190 kg ha-1, K – 160 kg ha-1), and NPK fertilizer requirements were calculated per plant per 
hectare basis (2500 plants ha-1). During the first year of the study, solid-form fertilizers, P and K, were 
applied once, while nitrogen was applied in three splits, according to the local recommended dose 
[53]. However, in the second and third year, the same amount of water-soluble fertilizer (NPK) was 
applied six times during the growing period, as per availability. 

Bell peppers require roughly 600 to 900 mm of water across the growing season [54]. Before root 
establishment, plants received 500 ml (55 - 75 mm) of water daily [55]. In the first year, after plant 
root establishment, irrigation was initiated based on the readings from three tensiometers installed 
in spare soil-filled pots with green peppers plant. Tensiometers were not installed in main treatment 
pots to avoid preferential flow of irrigation water. However, in the second year, after a similar pre-
root establishment irrigation, up to 700 ml water was applied daily, based on the weather conditions, 
to prevent blossom end rot [10]. Water was applied more frequently on hot days, especially during 
the flowering and fruiting season. For the second year, no tensiometers were installed, and personal 
experience, based on temperature and soil conditions, was used to schedule irrigation, similar to what 
farmers would do in real-world conditions. 

2.4. Data Collection and Measurements 
2.4.1. Plant Growth Parameters Measurement 
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Plant growth indicators were measured during growing, flowering, and fruiting seasons. The 
leaf greenness index (GI) of the plants was measured from the average of five leaves in the apex, 
following the method described by Netto et al. [56], using a portable relative chlorophyll content 
index (RCCI) meter (SPAD-502, MINOLTA Co. Ltd., Japan). 

Canopy reflectance, which is a plant growth monitoring parameter [57], was measured with a 
reflectance sensor (Crop Circle, ACS-430, Holland Scientific, Nebraska, USA), placed approximately 
0.10 m above the plant canopy. The NDVI (Normalized Difference Vegetative Index) was calculated 
using the canopy reflectance in the near-infra-red (NIR) and red (Red) portions of the spectrum. 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

 (1) 

The plant photosynthesis rate was measured using a portable photosynthesis system (LI- 6400 
LI-COR Inc., Nebraska). Three fully expanded healthy leaves per plant per pot were randomly se-
lected, and measurements were conducted between 10:00 a.m. and 3:00 p.m. [58]. During the third 
year, we refrained from measuring plant growth parameters because no significant differences were 
observed in the first two years. 

2.4.2. Green Pepper Harvest and Biomass Analysis 
Following the procedure described by Sigge et al. [59], green peppers (i.e., mature green bell 

peppers with pod length > 10 cm and a lime-green color) were harvested several times during the 
cropping season, and their fresh weights were recorded using a digital weighing balance. All meas-
urements were replicated three times. Ninety days after transplanting, the plants were harvested, 
and the mass of leaves, stems, and peppers were recorded. 

Root biomass and structure were analyzed using the method described in the “WinRHIZO 2013 
Basic, Reg, Pro & Arabidopsis for Root Measurement” manual. Roots were excavated manually after 
the final harvest, and the soil was removed by gentle shaking and washing with tap water. Intact 
roots were preserved by soaking them in distilled water and refrigerating the samples at 4oC to avoid 
any bacterial infection before the scanning. The root traits such as total root length, total root surface 
area, average root diameter, and total root volume were measured on the following day using a root 
scanner and image analysis system (WinRHIZO Pro LA2400; Regent Instruments Canada Inc., Que-
bec, Canada). However, during scanning, some parts of the roots were cut by scissors and submerged 
in the water for better scanning as the roots were too large and dense for the equipment. 

2.4.3. Leachate Collection and Analysis 
Leachate samples were collected from each pot for the three sampling events in 2018 and 2019, 

and five sampling events in 2020 during the growing season. The total leachate volume per pot was 
also measured. An outlet was provided at the side of the tray for leachate collection into a small 
plastic pot. A subsample (approx. 50 ml) of the leachate was collected in a 50 ml Falcon tube, imme-
diately after each irrigation, and transferred to the lab. Samples were then filtered through a 0.45 µm 
nylon filter and stored at 4˚C for further analysis. The leachate samples were analyzed for nitrate-N 
and orthophosphate-P for the first two years using a Lachat Flow Injection Analyzer (Lachat Quick-
Chem 8000, WI). 

In 2020, the samples were analyzed using a portable colorimeter (DR900, Hach, Canada), due to 
the impact of COVID-19, as it was not feasible to analyze the samples in the laboratory using the 
Lachat instrument. To check the accuracy of the portable colorimeter, we analyzed the known stand-
ard in the instrument using the same method; the technique yielded acceptable results. The nutrient 
leaching loss was calculated by multiplying the concentration (mg L-1) of NO3

−-N and PO4
3−-P in the 

leachate by the total volume (L) of collected leachate. The normalized leachate volume and nutrient 
losses were calculated by dividing the parameter of interest by the pepper plant’s total fresh biomass 
(above and below ground) [10]. 

2.4.4. Soil Analysis 
Soil samples were collected at the end of the season from the 0.10-0.15 m soil profile with a soil 

auger and were stored at -20°C until further analysis. Soil pH, organic matter, NO3
−-N, available 
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nutrients (P, K, Ca, Mg, and Al) and CEC were measured, using methods described earlier for soil 
characterization. 

2.5. Data Analysis 
All data were analyzed in SAS-JMP® Pro 17.2.0 (Copyright © 2016 SAS Institute Inc.) and 

ORIGIN-Pro 2023 (Origin Lab Inc., Northampton, Massachusetts, USA). The greenness, photosyn-
thetic rate, and plant reflectance were subjected to repeated measures analysis of variance (ANOVA). 
The plant biomass, yield, leachate characteristics (leachate volume, nitrate-N, orthophosphate-P) and 
the data related to the soil chemical properties were subjected to one-way ANOVA analysis. The 
residual normality was tested with Shapiro-Wilk test. The student’s t-test was used to determine the 
difference between treatments at 5% (α = 0.05) significance level. Origin Pro 2023 was also used to 
graph all the figures. 

3. Results 
3.1. Soil Amendments Affected the Physio-Chemical Properties of the Soil 

The application of soil amendments significantly altered soil chemical properties during the 
study (Table 2). Amending soil with B, L, BL, HL, and BHL significantly improved (p ≤0.05) soil pH 
(up to one to two units) for the three consecutive years of the study, compared to the control, while 
other treatments (H and BH) had no effect on soil pH. Overall, the soil pH ranged from 5.7 to 7.38. 
The lowest soil pH was observed for the non-amended soil for all seasons, while the lime-based 
amendments exhibited the highest pH. All the amendments significantly improved (p ≤0.05) soil or-
ganic matter (SOM) in the second and third years, compared to control, only HL improved SOM in 
the first year of the study (Table 2). The concentration of nitrate-N in the soil significantly improved 
(p ≤0.05) with the addition of soil amendment B, L, BH in 2018, and amendments B, L, HL, BHL in 
2019. All the amendments B, H, L, BL, BH, HL, and BHL significantly improved (p ≤0.05) soil nitrate-
N concentration, compared to control, in 2020 (Table 2). 

The incorporation of soil amendments B, H, BL BH, HL, and BHL significantly improved p ≤0.05) 
soil available P concentration in 2019. Amendments B, HL, and BHL significantly improved (p ≤0.05) 
soil available P concentration in 2020, compared to control, while there was no treatment effect in 
2018 (Table 2). 

The mixed amendments BH, HL, and BHL significantly increased soil available K concentrations 
in 2018 and 2019 (p ≤ 0.05), with single amendment H also improving K levels in 2018. In 2020, HL 
and BHL further enhanced soil K concentration compared to the control (p ≤ 0.05). The amendments 
impacted soil Mg and Ca concentrations as well. Amendments L, BL, HL, and BHL consistently im-
proved available Ca (p ≤ 0.05), while L, BL, HL, and BHL increased available Mg in the second season. 
In the first year, B, BL, and HL improved Mg levels, and in the third year, L, HL, and BHL again 
significantly boosted Mg concentrations compared to the control (p ≤ 0.05). 

The CEC of the soil was significantly influenced by the amendments (Table 2). All amendments 
except H increased CEC in the first year: 33% (B), 98% (L), 101% (BL), 31% (BH), 121% (HL), and 80% 
(BHL). In the second year, the significant improvements were 60%, 130%, 69%, 93%, and 70% with 
the application of B, L, BL, HL, and BHL compared to control. In the third year, increases were 23%, 
66%, 59%, 70%, and 60%, with the application of B, L, BL, HL, and BHL, respectively, compared to 
control (p ≤ 0.05). CEC values ranged from 6.71 cmol(+) kg⁻¹ to 16.92 cmol(+) kg⁻¹, with the L treatment 
showing the most significant increase of 16.92 cmol(+) kg⁻¹ compared to non-amended soil in 
2019.The available Al content of the soil was significantly reduced (p ≤0.05) by the addition of L, BL, 
HL, and BHL, compared to the control, throughout the study, while other amendments did not affect 
the Al content in the soil. 

3.2. Soil Amendments Impacted Leachate Volume 
All mixed amendments (BL, BH, HL, and BHL) significantly reduced the total leachate volume 

per unit biomass compared to the control soil over the last two years (Figure 1a-c; p ≤ 0.05). In 2019, 
reductions were 48%, 75%, 64%, and 83% for BL, BH, HL, and BHL, respectively. In 2020, these re-
ductions were 44%, 58%, 74%, and 80%. Amendment H also significantly decreased leachate volume 
by 54% in 2018, 65% in 2019, and 59% in 2020 (p ≤ 0.05). Amendments B and L reduced leachate 
volume by 62% and 55% in 2020. Except for B, the other amendments did not have a significant effect 
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in 2018, while B significantly increased leachate volume by 108% compared to control p ≤ 0.05). 
Amendment H reduced leachate volume by 68% in 2018. The effect of amendments on total leachate 
volume without normalizing followed the same trend as the normalized leachate volume in 2019 and 
2020 but differed in 2018 (Figure 1a-c in the supplementary information). 

Table 2. The effects of soil amendments on pH, soil organic matter (SOM) content, cation exchange capacity 
(CEC), and available nutrient concentrations in a loamy sand soil at the end of the growing seasons. 

Year Amendmen
ts pH SOM (%) NO3- -N 

(mg kg-1) 
AV P (mg 

kg-1)  
AV K (mg 

kg-1) 
AV Ca (mg 

kg-1) 
AV Mg 

(mg kg-1) 
AV Al (mg 

kg-1) 
CEC (cmol 
(+) kg-1) * 

2018 

C 
5.7 ± 0.28 

d 
2.04 ± 0.08 

bc 
3.77 ± 1.06 

c 
132.00 ± 
38.14 a 

109.50 ± 
35.50 d 

1252.50 ± 
316.90 c 

53.22 ± 8.26 
c 

1420.00 ± 
48.30 a 

6.71 ± 1.33 
d 

B 
6.20 ± 0.12 

c 
2.62 ± 0.15 

ab 
13.38 ± 4.06 

a 
148.50 ± 
33.21 a 

174.50 ± 
29.35 bcd 

1400.00 ± 
153.84 c 

68.50 ± 9.38 
ab 

1447.50 ± 
12.58 a 

8.94 ± 0.84 
c 

L 
6.95 ± 0.48 

ab 
1.75 ± 0.76 

c 
7.66 ± 1.76 

b 
145.00 ± 
35.29 a 

113.25 ± 
25.51 d 

2062.5 ± 
241.72 bc 

62.52 ± 4.60 
abc 

1237.50 ± 
26.30 b 

13.31 ± 1.55 
ab 

H 
5.35 ± 0.25 

d 
2.14 ± 0.45 

abc 
4.39 ± 2.27 

bc 
176.33 ± 
62.22 a 

182.00 ± 
45.96 bc 

1070.00 ± 
229.20c 

51.20 ± 
16.12 c 

1435.00 ± 
78.52 a 

9.00 ± 1.94 
c 

BL 
7.1 ± 0.10 

a 
2.044 ± 0.83 

bc 
7.32 ± 3.48 

bc 
136.00 ± 
8.75 a 

140.75 ± 
26.45 cd 

2837.50 ± 
1000.00 ad 

73.52 ± 4.03 
a 

1197.51 ± 
49.91 bc 

13.48 ± 1.31 
ab 

BH 
5.32 ± 0.47 

d 
2.78 ± 0.20 

ab 
7.89 ± 1.91 

b 
149.67 ± 
4.76 a 

181.67 ± 
11.90 bc 

1827.50 ± 
1354.93 bc 

55.93 ± 
16.08 bc 

1455.00 ± 
90.36 a 

8.79 ± 0.61 
c 

HL 
6.65 ± 0.23 

abc 
2.85 ± 0.13 

a 
5.21 ± 1.55 

bc 
172.66 ± 
27.18 a 

216.75 ± 
79.35 ab 

3840.00 ± 
179.63 a 

71.25 ± 5.68 
a 

1132.49 ± 
20.61 c 

14.84 ± 1.31 
a 

BHL 
6.55 ± 0.40 

bc 
2.56 ± 0.21 

ab 
5.64 ± 0.71 

bc 
178.50 ± 
17.60 a 

264.25 ± 
72.03 a 

2645.00 ± 
1085.56 b 

63.60 ± 7.44 
abc 

1185.00 ± 
69.52 bc 

12.09 ± 0.85 
b 

2019 

C 
5.55 ± 0.51 

c 
2.58 ± 0.12 

b 
1.37 ± 0.06 

de 
227.60 ± 
12.78 b 

95.00 ± 
11.53 d 

1145.67 ± 
371.54 d 

47.00 ± 
13.00 e 

1584.00 ± 
89.01 a 

7.36 ± 2.72 
c 

B 
6.11 ± 0.20 

b 
3.18 ± 0.23 

a 
2.67 ± 0.38 

c 
338.38 ± 
33.16 a 

148.66 ± 
31.08 bcd 

1352.33 ± 
204.96 d 

55.00 ± 5.00 
bcde 

1551.00 ± 
44.24 a 

11.82 ± .86 
b 

L 
7.38 ± 0.09 

a 
3.16 ± 0.10 

a 
2.78 ± 0.44 

c 
287.03 ± 
30.87 ab 

138.67 ± 
68.06 d 

3459. 35 ± 
442.56 ab 

65.68 ± 9.30 
ab 

1334 .00 ± 
23.34 bc 

16.92 ± 5.26 
a 

H 
5.73 ± 0.04 

c 
3.46 ± 0.15 

a 
1.57 ± 0.04 

de 
329.27 ± 
68.00 a 

145.66 ± 
1.15 cd 

1266.68 ± 
146.96 d 

50.33 ± 4.93 
de 

1524. 34 ± 
43.57 a 

8.61 ± 0.94 
bc 

BL 
7.17 ± 0.08 

a 
3.44 ± 0.27 

a 
2.24 ± 0.60 

cd 
314.17 ± 
54.29 a 

131.33 ± 
21.47 d 

2869.33 ± 
293.68 c 

63.00 ± 4.36 
bc 

1377.68 ± 
30.02 b 

12.44 ± 2.64 
a 

BH 
5.82 ± 0.06 

bc 
3.52 ± 0.15 

a 
1.32 ± 0.34 

e 
308.30 ± 
32.70 a 

211.00 ± 
18.73 a 

1341.33 ± 
101.95 d 

51.57 ± 5.85 
cde 

1560.00 ± 
52.74 a 

9.58 ± 0.41 
bc 

HL 
7.26 ± 0.11 

a 
3.22 ± 0.23 

a 
3.98 ± 0.57 

b 
309.43 ± 
26.91 a 

203.33 ± 
28.94 ab 

3148.69 ± 
411.63 bc 

62.00 ± 6.08 
bcd 

1276.35 ± 
56.20 c 

14.23 ± 0.95 
a 

BHL 
7.26 ± 0.2 

a 
3.31 ± 0.44 

a 
5.67 ± 1.01 

a 
318.50 ± 
23.52 a 

200.68 ± 
13.20 abc 

3811.00 ± 
376.26 a 

75.68 ± 2.31 
a 

1272.68 ± 
16.07 c 

12.54 ± 
0.65a 

2020 

C 
5.33 ± 0.21 

c 
2.60 ± 0.21 

b 
2.78 ± 1.14 

b 
283.27 ± 
59.25 c 

98.44 ± 3.75 
b 

946.47 ± 
223.08 b 

31.38 ± 
10.72 c 

2617.33 ± 
313.46 a 

8.61 ± 0.68 
d 

B 
5.95 ± 0.25 

b 
3.41 ± 0.28 

a 
5.71 ± 0.51 

a 
474.00 ± 

181.03 ab 
131.97 ± 
38.38 b 

977.13 ± 
349.37 b 

48.78 ± 8.53 
abc 

2641.21 ± 
586.62 a 

10.63 ± 0.58 
bc 

L 6.96 ± 0.27 
a 

3.37 ± 0.23 
a 

4.78 ± 0.75 
a 

366.93 ± 
97.04 abc 

103.84 ± 
27.27 b 

2566.67 ± 
310.31 a 

65.98 ± 
33.19 a 

1038.67 ± 
209.77 b 

14.29 ± 1.10 
a 

H 
5.16 ± 0.15 

c 
3.36 ± 0.17 

a 
5.78 ± 0.57 

a 
370.07 ± 
31.66 abc 

112.61 ± 
42.48 b 

821.07 ± 
66.81 b 

47.14 ± 9.28 
abc 

2242.67 ± 
65.86 a 

9.60 ± 0.41 
cd 

BL 
7.01 ± 0.11 

a 
3.21 ± 0.21 

a 
4.70 ± 0.65 

a 
427.13 ± 
62.34 abc 

128.50 ± 
16.92 b 

2558.62 ± 
256.85 a 

36.64 ± 5.02 
bc 

1132.47 ± 
156.11 b 

13.72 ± 0.76 
bc 

BH 
5.33 ± 0.11 

c 
3.32 ± 0.21 

a 
5.70 ± 0.91 

a 
319.80 ± 
44.35 bc 

116.74 ± 
11.98 b 

953.93 ± 
125.31 b 

50.98 ±6.52 
abc 

2304.68 ± 
234.83 a 

9.75 ± 0.58 
cd 

HL 
7.00 ± 0.21 

a 
3.35 ± 0.21 

a 
5.56 ± 1.54 

a 
494.53 ± 
130.30 a 

199.80 ± 
36.13 a 

2682.00 ± 
633.75 a 

57.94 ± 6.74 
ab 

1192.66 ± 
310.72 b 

14.70 ± 1.52 
ab 

BHL 
6.98 ± 0.15 

a 
3.45 ± 0.29 

a 
6.09 ± 0.19 

a 
464.8 ± 

83.66 ab 
204.25 ± 

9.88 a 
2800.00 ± 
675.56 a 

56.68 ± 9.22 
ab 

1418.00 ± 
152.00 b 

13.83 ± 1.16 
bc 

The amendments are as follows: C: Control; B: biochar; L: Lime; H: Hydrogel; BL: Biochar-Lime; BH: Biochar-
Hydrogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-Lime; AV: available; P: Mehlich -3P; values are mean ± 
standard deviation of three replicates; Different lowercase letters in each column denote a significant difference 
between amendments. 
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The treatments H, BL, BH, HL, and BHL significantly impacted non-normalized leachate vol-
ume. However, after normalization with total yield and biomass, only treatment H remained signif-
icant due to lower plant yields in 2018 (Figure 1a). The lowest cumulative normalized leachate vol-
umes were 0.338 L/kg in 2018, 0.0829 L/kg in 2019, and 0.366 L/kg in 2020 for H and BHL, while the 
control had the highest cumulative volume. 

 
Figure 1. Normalized leachate volume (a-c) per unit biomass. The error bars in each graph represents the stand-
ard deviation of four replicates. The different letters in each bar show a significant difference (p ≤ 0.05). The 
amendments are as follows: C: Control; B: Biochar; L: Lime; H: Hydrogel; BL: Biochar-Lime; BH: Biochar-Hy-
drogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-Lime. 

3.3. Effects of Soil Amendments on Nutrient Leaching 
3.3.1. Nutrient Leaching Concentration 

The amendments and the leachate sampling event (timing) significantly impacted nitrate-N con-
centration throughout the study (Table S3 in the supplementary information). In the first-year study, 
B, H, and BH significantly reduced (p ≤0.05) nitrate-N leaching concentration, compared to non-
amended soil, by 47%, 47%, and 40%, respectively. Likewise, in the third season, H, BH, and BHL 
significantly decreased (p≤0.05) nitrate-N leaching concentration by 39%, 31%, and 42%, respectively. 
However, only the H amendment significantly reduced (p ≤ 0.05) nitrate-N leaching concentration by 
78% in 2019, compared to control, while others had no impact. 

Biochar-hydrogel (BH) exhibited significantly higher (p≤0.05) losses of orthophosphate-P con-
centration, with increases of 109.4% compared to non-amended soil. Additionally, BH showed sig-
nificant orthophosphate-P concentration reductions of 81%, 73%, 132%, 58%, 123%, and 77%, respec-
tively, compared to amendments B, H, L, BL, HL, and BHL. All the amendments did not affect the 
concentration of orthophosphate-P leaching, except BH in 2018. In 2019, only H had a significantly 
lower (p ≤0.05) concentration of orthophosphate-P leaching (96%), compared to no-amended soil. 
However, L, BL, HL, and BHL showed significantly lower concentrations (p ≤0.05) of orthophos-
phate-P losses by 67%, 77%, 77%, 78%, and 335%, respectively, compared to BH in 2019. Similarly, in 
2020, soil amendment B significantly increased (p ≤0.05) orthophosphate-P leaching concentration by 
102%, compared to control, but H and BHL significantly reduced (p ≤0.05) orthophosphate-P concen-
tration losses (64% and 69%) compared to biochar treatments. 

3.3.2. Nutrient Losses: 
The effects of single amendments (B and H) and mixed amendments (BH, HL, and BHL) on 

cumulative normalized nitrate (NO3--N) leaching losses were significant during the last two seasons 
(p ≤ 0.05; Figure 2a-c). In the first year, however, only H and BH showed a significant reduction in 
Nitrate-N loss. Greater normalized Nitrate-N (NO3--N) losses occurred under the non-amended con-
trol treatment, compared to any of the amendments. 

For instance, in 2019, amendments B, H, BH, HL, and BHL reduced normalized NO3--N losses 
by 65%, 88%, 86%, 60%, and 70%, respectively, compared to the control. Similarly, in 2020, amend-
ments B, L, H, BL, BH, HL, and BHL reduced normalized NO3--N losses by 62%, 59%, 74%, 45%, 66%, 
78%, and 84%, respectively. However, in the first year (2018), only amendments H (79%) and BH 
(68%) significantly reduced nitrate-N leaching compared to the control. 

The lowest normalized NO3--N losses observed under the H treatment was 7.40 mg/kg in 2018; 
1.25 mg/kg and 1.41mg/kg of per unit biomass for H and BH, respectively, in 2019, and 3.78 mg/kg of 
per unit biomass for BHL in 2020), while the lowest losses were recorded under control treatment. 
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Soil amendments also had a significant impact on orthophosphate-P losses (Figure 2d-f). In 2018, 
amendment H reduced normalized orthophosphate-P losses by 56%, 72%, and 58% compared to the 
control, B, and BHL treatments, respectively. Other amendments, including L, BH, HL, and BHL, 
showed no significant effect on orthophosphate-P losses in 2018. 

In 2019, amendments L, H, BL, BH, HL, and BHL significantly reduced orthophosphate-P leach-
ing losses by 64%, 98%, 65%, 75%, and 84%, respectively, compared to the control. A similar trend 
was observed in 2020, with reductions of 57%, 78%, 34%, 56%, 52%, and 88% for L, H, BL, BH, HL, 
and BHL, respectively. 

The trends observed for normalized leachate NO3--N and orthophosphate-P losses in 2019 and 
2020 were consistent with the results for non-normalized leachate. However, in 2018, the normalized 
data differed due to adjustments for total yield and biomass. This discrepancy arose because the 
amendments did not significantly increase plant biomass production in 2018 (Figure 2a-f). 

 
Figure 2. Normalized nutrient losses (Nitrate-N, a-c, and Orthophosphate-P, d-f) per unit biomass in the three 
years of the study. Errors bars represent the standard deviation of four replicates. The different letters in each 
graph bar represent a significant difference (p ≤ 0.05). The amendments are as follows: C: Control; B: Biochar; L: 
Lime; H: Hydrogel; BL: Biochar-Lime; BH: Biochar-Hydrogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-
Lime. 

3.4. Soil Amendments Affected Plant Growth Parameters Based on Growth Stages 
3.4.1. Plant Greenness (SPAD) 

The SPAD readings of the green pepper plants were not affected by soil amendments or season 
in the first year, but the season (time) has an impact in the second year (Table 4). Adding amendments 
of B, L, H, or a combination of them except BL, had no significant effect on plant greenness in either 
year. The SPAD values fluctuated over time and showed the highest SPAD values during the flow-
ering seasons (70.31 in 2018 and 69.85 in 2019), compared to the growing and fruiting seasons (Table 
3). 

3.4.2. NDVI 
Overall, the soil amendments and season (time; growing, flowering and fruiting) significantly 

affected green pepper plant NDVI values in both years (Table 4). For instance, the average NDVI 
values for the plant were significantly higher (p ≤ 0.05) in the flowering season (by 13.6% and 6.59% 
in 2018; 5.51% and 2.07% in 2019) than in the growing and fruiting season (Table 3). Amending soil 
with H, BH, HL, and BHL treatments had no impact on NDVI values, compared to control, in the 
first season. However, B, L, and BL significantly reduced (p ≤ 0.05) NDVI by 9.07%, 11.71%, and 
7.88%, compared to the control, in the first-year study. The green pepper plant NDVI was signifi-
cantly enhanced (p ≤ 0.05) by amending soil with H by 11%, 15%, and 10%, and amending with BH 
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by 12%, 15%, 10%, compared to B, L, and BL, in the first-year study. The maximum value of NDVI 
(0.86) was observed in the flowering and minimum (0.73) in the growing season, suggesting higher 
the NDVI values means the plants grow healthier than the lower values of plant NDVI. 

In the second year the amendments L, H, BH, HL, and BHL significantly improved (p ≤ 0.05) 
NDVI by 3%, 3%, 2%, 2%, 2, compared to control. The maximum value of NDVI was in the flowering 
(0.93) and minimum in the growing (0.89) season. However, amendments B (0.91) and BL (0.91) had 
no effects on pepper plant NDVI, compared to control C (0.89) in the second year. Overall, the values 
indicated a similar trend in both years. The average NDVI values ranged from 0.74 to 0.85 in 2018 
and 0.89 to 0.93 in 2019. 

3.4.3. Photosynthesis Rate 
The season (time) had a significant impact on photosynthesis in both years of the study. Notably, 

photosynthetic rates in pepper plants were significantly higher (p ≤ 0.05) during the flowering season 
(Table 3). Soil amendments did not affect photosynthetic rates in 2019 but had a significant effect in 
2018. In the first year, amendments L, H, BH, HL, and BHL significantly improved (p ≤ 0.05) photo-
synthetic rates, compared to B, with increases of 21%, 13%, 23%, 14%, and 26%, respectively. How-
ever, throughout the study, amendments L, H, BL, BH, and HL did not significantly affect photosyn-
thetic rates, compared to the non-amended control, while amendment B significantly reduced pho-
tosynthetic rates by 12% (p ≤ 0.05), compared to the control. The average photosynthetic rates ranged 
from 15.17 to 19.20 μmol CO2 m−2 s−1 in 2018 and from 16.25 to 18.74 μmol CO2 m−2 s−1 in 2019. 

Table 3. Effects of biochar amendment on plant growth indicators collected in the growing, flowering, and fruit-
ing stages of the pepper plant during the study. 

Amendme
nts 

Plant Growth Parameters and Growing Stages 
GI (SPAD) NDVI PS 

Growing Flowering Fruiting Growing Flowering Fruiting Growing Flowering Fruiting 
2018 

C 66.90 ±1.57 
71.15 ± 

1.70 
70.50 ± 

2.07 0.76 ± 0.05 0.91 ± 0.01 0.84 ± 0.01 17.3 ± 1.67 
18.27 ± 

4.03 
16.30 ± 

1.18 

B 70.76 ±4.40 
70.42 ± 

3.61 
66.16 ± 

6.30 
0.73 ± 0.04 0.82 ± 0.09 0.74 ± 0.05 

14.20 ± 
1.69 

15.18 ± 
4.14 

16.15 ± 
2.58 

L 65.64 ± 
2.27 

71.04 ± 
3.63 

69.59 ± 
7.27 

0.69 ± 0.05 0.83 ± 0.04 0.69 ± 0.01 17.25 ± 
2.11 

19.52 ± 
5.82 

14.37 ± 
2.22 

H 
69.90 ± 

0.72 
71.93 ± 

0.56 
70.98 ± 

2.04 0.79 ± 0.04 0.90 ± 0.03 0.85 ± 0.02 
13.73 ± 

2.98 
20.27 ± 

2.41 15.2 ± 2.63 

BL 64.8 ± 
10.09 

63.65 
±15.25 

65.36 ± 
14.43 

0.69 ± 0.08 0.81 ± 0.14 0.81 ± 0.13 13.73 ± 
2.18 

11.94 ± 
10.09 

15.13 ± 
0.90 

BH 68.8 ± 1.45 
73.52 ± 

1.75 
69.09 ± 

4.34 0.79 ± 0.6 0.89 ± 0.03 0.88 ± 0.01 
15.47 ± 

1.68 
22.72 ± 

1.18 
18.00 ± 

0.97 

HL 
70.19 ± 

2.67 
70.11 ± 

4.53 
68.58 ± 

1.54 
0.69 ± 0.5 0.87 ± 0.03 0.83 ± 0.1 

16.07 ± 
1.88 

20.70 ± 
1.83 

13.03 ± 
4.73 

BHL 69.27 ± 
2.05 

70.71 ± 
4.96 

70.77 ± 
1.23 

0.74 ± 0.06 0.85 ± 0.05 0.83 ± 0.01 15.10 ± 
3.54 

21.65 ± 
1.04 

19.85 ± 
2.21 

2019 

C 64.95 ± 
2.84 

68.98 ± 
0.45 

63.03 ± 
2.60 

0.87 ± 0.1 0.92 ± 0.02 0.89 ± 0.01 17.66 ± 
2.80 

18.10 ± 
1.06 

15.42 ± 
1.67 

B 
62.06 ± 

2.45 
72.08 ± 

2.77 68.4 ± 6.67 0.88 ± 0.01 0.93 ± 0.02 0.91 ± 0.01 
18.10 ± 

3.47 
19.42 ± 

1.36 
14.83 ± 

2.13 

L 
62.71 ± 

2.65 
68.48 ± 

1.22 
67.27 ± 

2.92 
0.90 ± 0.03 0.94 ± 0.01 0.93 ± 0.02 

18.42 ± 
1.66 

19.60 ± 
1.71 

15.79 ± 
1.05 

H 63.03 ± 
2.57 

70.45 ± 
1.56 

67.71 ± 
1.61 

0.91 ± 0.01 0.94 ± 0.01 0.92 ± 0.02 17.30 ± 
1.52 

18.10 ± 
2.21 

16.23 ± 
1.83 

BL 
62.72 ± 

1.21 
70.81 ± 

2.53 68.23 ±1.89 0.88 ± 0.04 0.93 ± 0.02 0.92 ± 0.03 
17.15 ± 

1.11 
18.32 ± 

0.80 
17.79 ± 

2.50 

BH 
62.56 ± 

2.18 
68.81 ± 

1.40 
68.72 ± 

1.91 
0.90 ± 0.01 0.94 ± 0.02 0.92 ± 0.02 

15.11 ± 
2.39 

18.57 ± 
0.87 

14.94 ± 
1.38 
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HL 64.96 ± 
1.28 

68.7 ± 1.69 68.26 ± 
1.76 

0.89 ± 0.03 0.95 ± 0.02 0.91 ± 0.04 17.15 ± 
1.32 

18.91 ± 
1.75 

16.32 ± 
1.96 

BHL 
61.53 ± 

2.58 
70.51 ± 

0.66 
68.05 ± 

2.47 0.88 ± 0.03 0.95 ± 0.01 0.92 ± 0.01 
16.79 ± 

1.32 
19.14 ± 

1.20 
16.84 ± 

2.58 
The amendments are as follows: C: Control; B: biochar; L: Lime; H: Hydrogel; BL: Biochar-Lime; BH: Biochar-
Hydrogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-Lime; GI: leaf greenness index; NDVI: normalized dif-
ference vegetative index; PS, photosynthetic rate (μmol CO2 m−2 s−1). Values are mean ± standard deviation of 
four replicates. 

Table 4. Overall, the Significant Results of Repeated Measures Analysis of Plant Growth Parameters. 

Effect/Year 
Plant Growth Parameters 

GI (SPAD) NDVI PS 
2018 

Amendment ns * * 
Season ns * * 

Amendment*season ns ns ns 
2019 

Amendment ns * ns 
Season * * * 

Amendment*season ns ns ns 
GI: leaf greenness index; NDVI: normalized difference vegetative index; PS, photosynthetic rate (μmol CO2 m−2 
s−1). * Represents the plant growth parameters as significant based on soil amendments and seasons; ns means 
not significant. 

3.5. Soil Amendments Affected Plant Yield and Biomass 
Soil amendments significantly influenced green pepper yield across all years of the study (Figure 

3a-c). In the second year, mixed amendments BH, HL, and BHL significantly increased (p ≤ 0.05) yield 
by 24%, 29%, and 38%, respectively, compared to the control (C). When compared to lime (L), these 
amendments enhanced yield by 23%, 28%, and 37%, respectively (Figure 3b). Although single amend-
ments showed numerically higher yields than the control in the second year, the differences were not 
statistically significant. 

In the third year, all amendments (B, L, H, BL, BH, HL, and BHL) significantly improved (p ≤ 
0.05) green pepper yield, compared to the control, with increases of 33%, 18%, 21%, 28%, 24%, 37%, 
and 53%, respectively. Average yields in the second year ranged from 1.22 kg/plant (control) to 1.69 
kg/plant (BHL), while in 2020, they ranged from 0.858 kg/plant (control) to 1.31 kg/plant (BHL). In 
contrast, during the first year 2018, B, BL, and BHL significantly reduced (p ≤ 0.05) yield by 70%, 60%, 
and 34%, respectively, compared to the control (Figure 3a). First-year yields ranged from 0.337 to 1.26 
kg/plant, with the lowest values observed in biochar (B) and biochar-lime (BL) treatments (0.33 
kg/plant and 0.44 kg/plant, respectively), while other treatments showed no significant differences 
from the control. 

Soil amendments also had a significant impact on aboveground biomass (Figure 3d-f). In 2018, 
amendments H and BH significantly increased (p ≤ 0.05) biomass, compared to the control, with BH 
producing the highest biomass (0.270 kg) and B producing the lowest (0.1187 kg). In 2019, amend-
ments H, BH, HL, and BHL significantly enhanced (p ≤ 0.05) aboveground biomass, compared to the 
control (Figure 3b). Similarly, in 2020, H, L, BH, and BHL treatments significantly increased (p ≤ 0.05) 
biomass, while other amendments showed no significant effects. H produced the highest biomass in 
both years (0.297 kg in 2019 and 0.220 kg in 2020), while the control produced the lowest (0.2012 kg 
in 2019 and 0.165 kg in 2020). 

Treatments influenced root traits, including root length, surface area, diameter, and volume, 
throughout the study (Figure 4a-h). In the first season, amendments L, BH, HL, and BHL significantly 
increased (p ≤ 0.05) root length, compared to the control. A similar trend was observed in the second 
season, where H, BH, HL, and BHL significantly enhanced (p ≤ 0.05) root length. Root-specific surface 
area was significantly greater (p ≤ 0.05) in L, BH, HL, and BHL treatments, compared to the control, 
in 2018. In 2019, amendments B, BH, and HL significantly increased (p ≤ 0.05) root-specific surface 
area, compared to the control. Amendment HL significantly increased (p ≤ 0.05) root diameter, 
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compared to the control and BH, in 2018, although no significant effects were observed in 2019. Root 
volume was significantly improved (p ≤ 0.05) by L and HL in 2018, and by BHL in 2019. Overall, the 
HL amendment produced the highest root length (595.44 cm), surface area (23.31 cm²), diameter (2.13 
mm), and volume (40.58 cm³) in 2018, while the control exhibited the lowest values. In 2020, the com-
bined application of BHL resulted in the greatest root length (809.638 cm) and volume (34.674 cm³), 
while BH achieved the highest root surface area (23.53 cm²). The lowest root metrics were consistently 
observed in unamended soil (control), with root length (397.72 cm), surface area (18.06 cm²), and 
volume (17.88 cm³). 

 
Figure 3. Green pepper yield (a-c) and above biomass (d-f) during the three years of the study. Errors bars rep-
resent the standard deviation of four replicates. The different letters in each graph bar represent a significant 
difference (p ≤ 0.05). The amendments are as follows: C: Control; B: Biochar; L: Lime; H: Hydrogel; BL: Biochar-
Lime; BH: Biochar-Hydrogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-Lime. 

 
Figure 4. Effects of soil amendments on green pepper plant root biomass in 2018 (a, b, c, d) and 2019 (e, f, g, h) 
during the study. Errors bars represent the standard deviation of four replicates. The different letters in each bar 
of the graph represent a significant difference (p ≤ 0.05); The amendments are as follows: C: Control; B: biochar; 
L: Lime; H: Hydrogel; BL: Biochar-Lime; BH: Biochar-Hydrogel; HL: Hydrogel-Lime; BHL: Biochar-Hydrogel-
Lime. 

3.6. Correlation Between Leachate Properties, Soil and Plant Parameters 
In the first season, leachate volume positively correlated with N and P losses and negatively 

correlated with root traits (root volume, root surface area, root length). Leachate volume, soil Mg, 
and pH positively correlated with leachate N losses. Leachate characteristics (Leachate volume, N 
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and P lose) negatively correlated with biomass and yield, while root traits (root volume, root surface 
area, root length, and root diameter) positively correlated with NDVI, biomass, and only root surface 
area positively correlated with yield (Figure 5a). In the second season, the pepper yield was positively 
correlated with soil parameter (N, K) and root traits (root length and root surface area), whereas 
leachate volume, N losses, and P losses negatively correlated with plant NDVI, yield, and biomass 
(Figure 5b). Soil K and CEC, Root volume, root diameter, and root length positively correlated with 
NDVI, while only SOM and soil P positively correlated with SPAD. The leachate volume positively 
correlated with N and P losses. Soil K and SOM negatively correlated with Leachate N, P loss and 
volume, and soil P with leachate N loss and volume. Root traits (root volume, surface area, and 
length) negatively correlated with leachate volume. Root length and root volume negatively corre-
lated with P losses, and surface area and root length negatively correlated with N losses (Figure 5b). 

In the third season, a significant positive correlation was observed between pepper yield and 
soil properties (Ca, P, K, SOM, N, pH). Conversely, leachate characteristics exhibited a negative cor-
relation with yield and biomass. Furthermore, soil N, K, SOM, and CEC negatively correlated with 
leachate volume, N, and P losses (Figure 5c). 

 
Figure 5. Correlation between leachate properties, Soil and Plant Parameters. The star in the square represents a 
significant correlation at p ≤ 0.05. Square colors match -1 to 1 with the correlation coefficient indicated by the 
enclosed number. 

3.7. Principal Component Analysis 
In 2018, the first two principal components (PCA1 and PCA2) explained 30.82% and 18.52% of 

the variation, respectively, as shown in the PCA biplot (Figure 3a in the supplementary information 
documents). Principal component analysis (PCA) revealed that leachate volume and P loss were neg-
atively correlated with root traits (root length and surface area), yield, and soil N. Additionally, soil 
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pH, Mg, Ca, and CEC showed a strong positive relationship among themselves, while root traits, 
SPAD (chlorophyll content), yield, and soil nutrients (P, K, SOM) also exhibited positive correlations. 
A negative correlation was observed between soil CEC and Ca with soil Al. A similar pattern of rela-
tionships was observed in 2019 (Figure 6). 

In 2020, PCA1 and PCA2 accounted for 49.02% and 20.66% of the total variation, respectively 
(Figure 3b in the supplementary information documents). The analysis highlighted that leachate vol-
ume and nutrient losses negatively correlated with plant biomass, yield, and soil nutrients, including 
Mg, N, and SOM. Soil pH, Ca, P, and K were positively correlated with each other, while plant bio-
mass, yield, and soil nutrients (Mg, N, and SOM) also showed strong positive relationships. Along 
PCA2, the non-amended control exhibited the highest leachate volume and nutrient loss, emphasiz-
ing the effectiveness of amendments in reducing nutrient leaching and enhancing soil quality. 

 
Figure 6. Principal component analysis (PCA) biplot based on soil, plant growth, and leachate properties during 
2019. PC1 is the principal component one and PC2 is principal component two. Values in parentheses are varia-
tions explained by the principal component. 

4. Discussion 
Soil pH plays a vital role in driving the fate of other soil properties, such as the soil’s CEC. In-

corporating B, L, BL, HL, and BHL in the soil significantly increased soil CEC (Table 2). Increased 
CEC of soil is associated with soil pH and other cations; this is supported by the positive correlation 
between soil pH, Ca, Mg, and CEC and the negative correlation with Al and CEC (Figure 5a-c). Pre-
vious studies have shown that incorporating biochar, lime, and their combination significantly in-
creased (p ≤ 0.05) soil CEC because of increased soil pH and other associated cations [60]. However, 
in this study, H application alone did not affect soil CEC, which aligns with previous studies [18]. 
The increase of soil CEC for combined amendment BH, BL, HL and BHL can be justified by the in-
corporation of B and L into the topsoil, which also agrees with previous research findings [18,61]. The 
CEC of the soil or the exchangeable cations can be raised by the exchange reaction between the 
amendment’s (B, L, BL, HL, and BHL) exchangeable cations and the soil’s exchangeable anions [62], 
highlighting the practical implications of our research in improving soil fertility and nutrient reten-
tion. 
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The amendments B, L, and H and their combination significantly enhanced (p ≤ 0.05) SOM in 
the last two seasons. When biochar is added to the soil, the high specific surface area and the high 
pore structure of biochar (Table 1) can improve the capacity of the soil to adsorb and retain SOM [63]. 
SOM was positively correlated with soil K and P in 2019 and negatively correlated with nutrient 
losses and leachate volume (Figure 5b). The lime and lime-based combined amendments such as L, 
BL, HL, and BHL treatments enhanced soil N content, probably due to the increment of soil pH, Ca, 
and Mg content (Table 4), which is in agreement with other studies [64] and which is supported by 
the correlation study where we found a positive correlation between soil N and pH (Figure 5b). L 
and B did not affect soil P in the first year because the amendments took some time to get conditioned, 
which was reported in the previous studies [65–67]. The availability of P concentration in the soil may 
have increased in the second and third seasons with the addition of B, BL, HL, and BHL due to in-
creased soil pH (Table 2). The total P content in the hardwood biochar and lime (Table 1 and 2) could 
also contribute available P enhancement in the soil. Biochar serves as a source of Ca and Mg, which 
can enhance soil P availability. The high Ca and Mg content in biochar can lead to the formation of 
Ca and Mg phosphates, reducing plant-available P loss. This process ultimately increases the concen-
tration of available P in the soil [68–70]. 

The mixed amendments, BH, HL, and BHL, significantly improved (p ≤ 0.05) soil properties 
during the first two years, with HL and BHL continuing to show significant enhancements in the 
third season (Table 2). The synergistic interaction of biochar, hydrogel, and lime notably increased 
soil K, aligning with findings by Ahmed et al. [71], who reported that the application of BH enhanced 
the availability of soil nutrients. Treatment H alone also contributed to increased soil K levels, likely 
due to its slow nutrient release, as hydrogel contains K in its structure [18]. The observed rise in soil 
K concentrations may also be attributed to the inherent K content in biochar (Table 1). Furthermore, 
hydrogel, composed of copolymer K acrylate and acrylamide, acts as a direct source of K in the soil 
[72]. Another factor contributing to improved soil K is the combined action of biochar and lime, which 
supply additional cations, while hydrogel aids nutrient retention through its slow-release properties 
[73]. Additionally, a positive correlation was observed between soil K and soil pH, SOM, and P, while 
a negative correlation was noted between soil K and leachate volume (Figure 5b-c). These findings 
highlight the role of mixed amendments in enhancing soil nutrient dynamics. 

Treating soil with L, BL, HL, and BHL significantly increased (p ≤ 0.05) soil Ca, while L, HL, and 
BHL also increased Mg concentrations throughout the study. Biochar only increased Mg in the first 
season. Our results are consistent with previous studies that have reported lime additions enhance 
available Ca and Mg in soil [64,74]. The increased concentrations of Ca and Mg in the soil can be 
attributed to the higher content of these elements in lime and biochar (Tables 1 and 2). Furthermore, 
the combined application of BL, HL, and BHL resulted in higher levels of Ca and Mg, compared to 
individual amendments, likely because the combination of lime and biochar, along with other 
amendments, contributes additional Ca and Mg while improving the soil’s ability to retain these nu-
trients through enhanced water-holding capacity (Figure 1a-c). Another potential reason for the in-
creased availability of Ca could be the improvement in soil pH and cations, as lime and biochar both 
positively influence the soil’s pH, which in turn increases the availability of Ca. This relationship is 
supported by the positive correlation between Ca, soil pH, and cation exchange capacity (CEC) (Fig-
ure 5a-c). Additionally, lime may indirectly enhance Mg availability by replacing Mg from exchange 
sites as it increases the soil’s overall cation exchange capacity [75]. 

Except for H, there was no significant treatment effect on total normalized leachate volume in 
2018, likely due to lower yield and biomass production (Figure 2a; Figure 3a). The significantly lower 
(p ≤ 0.05) normalized leachate volume observed with the H amendment suggests that water retention 
in the loamy sand soil was primarily influenced by the addition of the polymer, which has been doc-
umented in several studies [72,76,77]. Another possible reason for improved water retention in hy-
drogel-amended soil could be the enhancement of soil aggregation, which results from the bond be-
tween the functional groups of the hydrogel polymer and the negatively charged surface of the soil 
[78]. Although mixed amendments significantly reduced (p ≤ 0.05) the total normalized leachate vol-
ume in the second and third years of the study, neither B nor L had any significant effect during the 
first two years. Similarly, previous studies have shown that some biochar additions had no significant 
impact on total leachate volume [79]. In column leaching studies, Laird et al. [80] and Lehmann et al. 
[81] also found that biochar did not significantly affect leachate volume. However, in contrast to our 
study, Purkaystha et al. [10] reported that wheat straw biochar significantly reduced total leachate 
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volume in loamy sand and sandy soils, suggesting that biochar’s effectiveness depends on feedstock 
type and pyrolysis temperature. In our study, treatment B did not reduce total leachate volume in 
the first season (Figure 1a), which may have been due to its hydrophobic characteristics [83]. Over 
time, this effect diminished, and by the third year, B significantly enhanced (p ≤ 0.05) water retention 
in the soil (Figure 1b-c). 

Our results showed that combined amendments, BH, HL, and BHL significantly reduced (p ≤ 
0.05) total leachate volume. This reduction is likely due to the hydrogel (polymer and acrylamide) 
maintaining a polymer matrix, which allows biochar to attach and form a strong reservoir, effectively 
retaining a substantial amount of water in the soil [83]. The improvement of SOM through these 
amendments (Table 2) is an important factor, as it serves as a health indicator of soil and contributes 
to increased water-holding capacity, consistent with findings from previous studies [6,10,84]. The 
relationship between increased SOM and reduced leachate volume can be supported by the negative 
correlation observed between SOM and leachate volume (Figure 5b-c). 

Although the treatments had a significant effect on nitrate-N leaching concentrations, there was 
no significant reduction in orthophosphate-P concentration in the leachate, compared to non-
amended soil. B and BH amendments significantly increased (p ≤ 0.05) P concentration, which is in 
agreement with previous studies that reported biochar increased P concentrations in leachates from 
sandy soils and oxisols [85–88]. The higher available P concentration in biochar compared to loamy 
sand soil (Table 1) likely contributed to the increased P concentration in the leachate. Hydrogel 
demonstrated the greatest reduction in nitrate-N leaching concentration, likely due to its higher water 
retention capacity compared to other amendments (Figure 1a-c) [19]. 

Throughout the study, leaching of nitrate-N and orthophosphate-P was mediated by total leach-
ate volume; as the leachate volume increased, so did the nutrient concentration, which aligns with 
findings from Campo et al. [19] and Purkaystha et al. [10]. Our correlation study revealed a strong 
positive correlation between total leachate volume and nitrate-N and orthophosphate-P losses (Fig-
ure 5a-c; Figure 6a-c), confirming that nutrient losses are dependent on leachate volume. The lowest 
cumulative leaching of nitrate-N and orthophosphate-P occurred in the hydrogel-amended treat-
ment, which was attributed to the reduced leachate volume, compared to other amendments (Figure 
1a-c). Hydrogel’s ability to enhance water retention and the slow water and nutrient in the soil ac-
tively reduced the leaching of N and P [19,89,90]. 

In the present study, the application of B significantly reduced (p ≤ 0.05) nitrate-N leaching, 
which aligns with previous research [10,91,92]. The high specific surface area (Table 1), porous struc-
ture, and functional groups of biochar improved water retention and nutrient retention in the soil, 
reducing nitrate-N leaching by decreasing water leaching volume [10,93]. However, biochar did not 
reduce orthophosphate-P losses in our study, which is consistent with findings from Lu et al. [95]. 
Biochar actually resulted in higher orthophosphate-P losses, compared to other amendments, due to 
the higher availability of phosphorus in biochar (Table 1), and the co-application of biochar with 
fertilizer increases water-soluble phosphorus in the soil, leading to higher concentrations of phos-
phorus in the leachate [10,88]. 

L amendment significantly reduced (p ≤ 0.05) orthophosphate-P leaching in the last two consec-
utive years, in line with studies by Ulen and Etana [24], Blomquist et al. [28], and Elsamian et al. [25]. 
However, liming did not affect phosphorus leaching in the first year, likely because lime requires 
time to react in the soil, a finding confirmed by Farina et al. [65] and Conyers et al. [66], who reported 
lime may take up to a decade to fully react. 

The combination of BH was more effective at reducing nutrient leaching than biochar alone (Fig-
ure 2a-f), possibly due to the synergistic effect of both amendments. The greater effect of BH on nu-
trient loss indicated that hydrogel reduced biochar’s negative impact on leachate volume (Figure 1a-
c). Biochar alone had a less significant impact on nutrient loss (nitrate-N and orthophosphate-P) due 
to its limited water retention properties (Figure 1). 

Overall, soil properties (pH, SOM, CEC, N, Ca, Mg) and leachate volume had a direct influence 
on reducing nutrient losses when soil amendments were incorporated (Figure 2a-f). The negative 
correlation between soil properties (pH, N, K, Mg, SOM, CEC) and nutrient losses (nitrate-N and 
orthophosphate-P loss) confirmed that improved soil quality reduced N and P leaching (Figure 5a-
c). Additionally, the increased water retention resulted in decreased nitrate-N and orthophosphate-
P losses, supported by the negative correlation between leachate volume and nutrient losses (Figure 
5a-c). The significantly enhanced green pepper plant root parameters were linked to decreased water 
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and nutrient losses, as shown by the negative correlation between plant root traits (root length, sur-
face area, and root volume) and leachate properties (Figure 5a-b). The correlation studies confirmed 
that soil nutrients (K, SOM) and leachate properties (leachate volume, N, P losses) were negatively 
correlated, suggesting that water retention and nutrient losses were chemically driven [10,95]. 

The overall improvement of soil properties (physical and chemical) had a significant impact on 
green pepper plant yield due to the incorporation of single and combined amendments (Figure 3a-
c). The application of mixed amendments (BH, HL, and BHL) significantly increased (p ≤ 0.05) yield, 
compared to non-amended soil (control), in the second year (Figure 3b), due to improved soil nutri-
ents (N, P, K, SOM, CEC) and water retention (Figure 2b). In 2020, all single and mixed amendments 
significantly improved (p ≤ 0.05) yield, suggesting that the adverse effects of treatments diminished 
over time [65–67]. 

In 2018, B, BL, and BHL amendments significantly reduced (p ≤ 0.05) green pepper yield in the 
first season (Figure 3a), which is consistent with previous studies [96,97]. However, in the second 
year, B increased yield by 2.35-fold, compared to the first year, and significantly improved (p ≤ 0.05) 
in the third year. This result suggests that biochar conditioning or aging improved its performance 
in soil, enhancing plant growth and yield [67]. A similar result was observed in a four-year study on 
maize yield, which increased in subsequent years (28%, 30%, and 140%, respectively) but not in the 
first year [67]. Despite improvements in soil N, K, and CEC (Table 4) and reductions in nitrate-N 
leaching (Figure 2), biochar did not significantly improve yield in the first two years, a finding that 
aligns with Sanger et al. [98], who also observed a lack of yield improvement due to biochar’s nega-
tively charged surface and its potential to adsorb cationic nutrients, limiting their availability to 
plants [99–101]. 

In the present study, treatment H improved yield numerically in the second year and signifi-
cantly (p < 0.05) in the third year, compared to non-amended soil, likely due to enhanced nutrient 
and water retention (Figure 1; Figure 2). Previous studies have also demonstrated that hydrogel-
amended soils improve crop yields (tomato, potato, red bean) by increasing water holding capacity 
[16,52,102]. 

Amendment L reduced yield in the first year and did not significantly improve it in the second 
year, likely due to the slow reaction time of lime in the soil [103]. Similar findings were reported in 
several studies [104–106], indicating that lime requires time to fully react in the soil, possibly up to a 
decade [65,66]. 

Mixed amendments (BH, HL, BHL) increased yield, compared to individual treatments (B, H) 
(Figure 3b-c), due to increased water retention (Figure 1b-c), reduced nutrient losses, and improved 
soil nutrients such as N, K, and CEC in the second year (Table 4), and N, P, K, and CEC in the third 
year (Table 2) [34]. Our correlation results confirmed that plant yield was positively correlated with 
soil N and K in the second season (Figure 5b) and with soil P, K, Ca, pH, and SOM in the third year 
(Figure 5c). Moreover, mixed amendments increased plant root length and root-specific surface area, 
which promotes greater water and nutrient availability, thereby enhancing yield [107]. The correla-
tion study supported this, as yield was positively correlated with root traits (root length, specific 
surface area, and root volume) in the second season (Figure 5b). 

The increased yield and plant growth observed with mixed amendments (BH, HL) were likely 
due to their synergistic effects, which are consistent with studies by Youssef et al. [34] and Alkasha 
et al. [33]. However, the BL amendment did not significantly increase yield in the first two years but 
improved yield in the third year due to enhanced soil pH, CEC, and decreased Al toxicity (Table 2). 
Mosharrof et al. [108] documented that combining rice husk biochar and lime increased maize yield 
by improving soil pH, phosphorus availability, and reducing aluminum toxicity. 

Overall, mixed amendments in 2019 and all amendments in 2020 significantly enhanced (p ≤ 
0.05) green pepper plant yield by improving water and nutrient retention, which is confirmed by the 
negative correlation between plant yield and leachate properties (leachate volume, nitrate-N, and 
orthophosphate-P losses) (Figure 5a-c). Enhanced root networks through the application of soil 
amendments improved water and nutrient uptake by plants, resulting in increased plant yield, sup-
ported by the positive correlation between root traits and plant yield (Figure 5b). 

The application of H and BH amendments significantly increased (p ≤ 0.05) aboveground bio-
mass throughout the study (Figure 3d-f). Hydrogel-amended soil stores more water in the root zone, 
and biochar retains nutrients, which allows for better translocation of water and nutrients when 
plants need them. Therefore, the BH, HL, and BHL amendments significantly improved (p ≤ 0.05) 
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plant biomass [109,110]. In our study, amendments (L, H, BH, HL, BHL) increased biomass due to 
improved soil properties. Orikiriza et al. [111] found that plant biomass improvement is linked to soil 
fertility, which aligns with our study, as soil nutrients (available K, P, and SOM in 2019, and soil N 
and Mg in 2020) were positively correlated with green pepper plant biomass (Figure 5b). Addition-
ally, the application of mixed amendments (BH, HL, BHL) significantly increased (p ≤ 0.05) above-
ground biomass in the third year, likely due to increased root and leaf growth as the combined 
amendments improved soil nutrients and water retention [106]. 

Adding soil amendments such as biochar, lime, hydrogel, or a combination of them (except bio-
char-lime) had no significant effect on plant greenness, which is consistent with other studies [112–
114]. 

B, L, and BL reduced NDVI in the first year, most probably due to incomplete utilization of 
nutrients despite increasing soil nutrients (Table 2), and our correlation study showed that CEC and 
soil pH were negatively correlated with Plant NDVI in 2018. In contrast to the first year, amendments 
L, H, BH, HL and BHL significantly enhanced pepper NDVI in the second season, which was con-
sistent with a previous study [115] reported that organic soil amendments (biochar, biochar-compost) 
significantly increased black pepper NDVI in sandy soil. This improvement may be because of con-
ditioning or aging of the amendments (B and L) in the soil over time [66,67]. Another possible reason 
for this improvement can be attributed to the enhancement pepper root architectures, which can fa-
cilitate the capture of enough available water and nutrients for plants [116]. Our correlation results 
also supported the findings that the green pepper plant root volume, diameter, and length positively 
correlated with plant NDVI (Figure 5a-b). In our study, amendments improved the water and nutri-
ent retention capacity of the soil by decreasing leachate volume (Figure 1a-c) and nutrient losses (Fig-
ure 2a-c), thereby, enhancing NDVI. These findings were also in line with our correlation results 
where leachate volume, N losses, and P losses negatively correlated with NDVI whereas Soil K and 
CEC correlated positively with NDVI (Figure 5b). The higher NDVI of H, BH, HL, and BHL can be 
attributed the higher biomass (Figure 3 d-f) which agrees with Dhimal et al., [18]. 

Apart from biochar, no other amendments significantly impacted pepper plant leaf photosyn-
thesis (Table 3). Similarly, in a separate study, Dhiman et al. [18] documented that biochar, hydrogel, 
and biochar-hydrogel had no significant effect on potato plant photosynthesis rates. Studies have 
reported that chlorophyll content is positively correlated with plant photosynthetic rates [117], which 
is attributed to our findings where the lower NDVI value of biochar treatment corroborated the lower 
photosynthetic rates than other amendments (Table 3). Another possible reason for lower NDVI val-
ues is due to the fresh biochar application, and its negatively charged surface can adsorb cationic 
nutrients, which could lead to incomplete utilization of retained nutrients (especially nitrogen) in the 
soil by the plant, therefore negatively impacting plant growth, especially photosynthetic rates, in the 
first year. (Table 3) [102]. Overall, the SPAD, NDVI values, and photosynthetic rates were higher in 
the flowering season. This may be because of fertilizer application and vigorous up-taking of nutri-
ents by the plants during the flowering season. 

5. Environmental and Economic Implications 
The amendment of soil with biochar, hydrogel, and lime, either individually or in combination, 

can significantly reduce water and nutrient leaching (nitrate-N and orthophosphate-P). This, in turn, 
can lead to a significant reduction of nutrient losses, and thus, nutrient loading in water bodies, help-
ing to avoid groundwater pollution and eutrophication of surface water bodies. While the cost of 
these amendments may result in additional expense, their economic and environmental value would 
justify their application. For example, biochar, hydrogel, and lime can remain in the soil for many 
years, which avoids the cost of frequent reapplication. Moreover, they reduce the frequency of ferti-
lizer applications and irrigation, preserving nutrients and retaining water in the soil. Research has 
also shown that biochar can boost plant growth and yield as much as seven years after its application 
[101,118]. As a result, farmers can benefit from higher yields by retaining soil nutrients and improving 
the soil’s water-holding capacity. However, the economic dynamics and implications of the use of 
the proposed amendments warrants a thorough investigation. 

6. Conclusions 
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This study demonstrates the significant role of soil amendments, particularly mixed amend-
ments of biochar, hydrogel, and lime, in improving soil properties, plant physiological performance, 
and yield in green peppers. The synergistic effects of these amendments noticeably enhanced key soil 
nutrients, such as K, SOM, and P, while also improving soil pH and reducing nutrient leaching losses, 
especially in a coarse-textured soil. These improvements translated into higher photosynthetic rates, 
greater aboveground biomass, and enhanced rooting systems, which collectively contributed to in-
creased yields, particularly under the mixed amendments of BH, HL, and BHL. 

The results highlight the dual benefit of these amendments in mitigating nutrient losses and 
enhancing nutrient availability, thereby, promoting sustainable crop production. Biochar and lime 
provided available nutrients, while hydrogel’s ability to retain nutrients and release them slowly fur-
ther supported soil nutrient dynamics and plant growth. The principal component analysis (PCA) 
provided additional insights, showing strong correlations between soil properties, plant physiologi-
cal traits, and yield, emphasizing the amendments’ effectiveness in maintaining soil fertility and en-
hancing crop productivity. 

The three-year study revealed that the proposed soil amendments helped to reduce nitrate-N 
(an average 1 mg -13 mg) and orthophosphate-P losses (an average 0.09 mg - 0.49 mg) per unit bio-
mass by improving water-holding capacity and nutrient availability. Adding combined amendments 
BL, BH, HL, and BHL to the soil significantly boosted (p ≤ 0.05) green pepper yields (average 1 kg - 
1.69 kg per plant) by enhancing soil properties and water retention. 

Overall, this study highlights the potential of integrated soil amendment strategies to improve 
soil health and support sustainable agriculture, particularly in systems vulnerable to nutrient loss. 
Future research should explore long-term effects and the economic feasibility of these amendments 
across diverse cropping systems and environmental conditions. Further research should also explore 
integrated approaches for different soil textures to understand how variations in soil texture, soil 
structure, porosity, and water-holding capacity influence the effectiveness of soil amendments. For 
instance, sandy soils with low nutrient retention and high permeability may respond differently to 
amendments like hydrogel and biochar, compared to clayey soils, which have higher nutrient reten-
tion but poor drainage. Investigating these interactions can help optimize amendment formulations 
and application rates tailored to specific soil types. Additionally, long-term studies are needed to 
assess the cumulative effects of these amendments on soil health, crop productivity, and nutrient 
dynamics under diverse soil textures. Such studies would provide valuable insights into designing 
targeted, sustainable soil management practices for a wide range of agricultural systems. 

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-
per posted on Preprints.org. 
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