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Abstract: This study investigated the effects of organic soil amendments derived from
agricultural byproducts—specifically cow manure (CM) at 0% and 1% w/w, and rice
husk biochar (RHB) at 0%, 1%, 3%, and 5% w/w—on soil health, plant growth, and the
accumulation of bioactive compounds in sunflower sprouts. The application of 1% CM
significantly improved the soil properties—enhancing macroaggregates (MaAs) by 54.5%,
mesoaggregates (MeAs) by 16.7%, and soil organic carbon (SOC) by 27.2%. It also increased
the shoot and root biomass by 22.3% and 25.8%, respectively, and boosted soil respiration
by 67.0%, while reducing the nitrate (NO3

−) content by 33.7%. However, the CM also
decreased the total phenolic content (TPC) by 21% and chlorophyll by 44.7%. The RHB,
particularly at rates of 1–3% w/w, increased the MaAs by 62%, microaggregates (MiAs)
by 3%, leaf area by up to 43.9%, root-to-shoot ratio by 26.5%, SOC by 13.1%, and DPPH
antioxidant activity by 42.8%, while lowering the MeAs by 9% and NO3

− content by
up to 56.1%. In contrast, excessive RHB application (5% w/w) negatively impacted root
development. The interaction effects revealed that the combination of 1% w/w CM with 1%
w/w RHB maximized the MaAs by 12%, increased the root dry biomass by 101.9%, and
also increased the TPC by 40.1% compared to the manure-only treatment. The Principal
Component Analysis (PCA) indicated that CM primarily promoted plant growth and
respiration, while RHB contributed to organic matter retention and nutrient availability.
Applying 1% w/w CM and 1% w/w RHB showed promising effects and is recommended
for short-cycle crop production.

Keywords: sustainable use of organic residues; biochar and manure valorization; soil
quality improvement; nutrient recovery; short-cycle crop yield

1. Introduction
Sandy loam soils are widely distributed across Thailand, particularly in the central,

northeastern, and parts of the northern regions, where they are extensively used for culti-
vating crops, such as rice, cassava, sugarcane, maize, and other field crops [1]. Their texture
ranges from sandy and sandy loam to sandy clay loam, with fertility levels varying from
low to medium. Due to land availability pressures, these soils have been continuously
used for agriculture in both upland and lowland areas. However, their inherent limitations,
including low water retention, poor nutrient-holding capacity, and susceptibility to erosion,
present significant challenges for sustainable crop production [2].
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One promising approach is the application of soil organic amendments (SOAs) derived
from agricultural residues and locally available organic materials, which offer dual benefits:
improving soil health while promoting sustainable nutrient recycling. These amendments—
produced through composting, pyrolysis (e.g., biochar), anaerobic digestion (e.g., digestate),
and other biomass conversion processes—transform underutilized organic materials into
valuable, multifunctional products. When responsibly applied, SOAs enhance the soil
structure, boost microbial diversity, improve nutrient cycling, and contribute to long-term
soil fertility [3–6]. Their use also aligns with cleaner production and circular economy
principles, reducing environmental burdens while supporting resource-efficient agriculture.

Among SOAs, cow manure (CM) and biochar have received growing attention for
their synergistic potential. CM, a nutrient-rich organic input generated through livestock
operations, contributes significantly to soil fertility, aggregation, and microbial activity
by increasing soil organic carbon (SOC) [7,8]. It also serves as a slow-release source of
macro- and micronutrients, supporting plant growth and reducing dependency on synthetic
fertilizers [9,10]. However, when mismanaged, manure application can pose risks, such as
nutrient leaching, salinity buildup, and greenhouse gas (GHG) emissions [11,12].

In contrast, biochar—produced via the pyrolysis of biomass, like rice husks biochar
(RHB)—acts as a stable carbon input that enhances soil aeration, water retention, and nutri-
ent availability, while also aiding in long-term carbon sequestration [13,14]. Biochar also
contributes to climate change mitigation by reducing methane and nitrous oxide emissions,
immobilizing pollutants, and stabilizing organic matter during decomposition [15,16].
However, the effectiveness of both CM and biochar depends on the feedstock type, process-
ing conditions, and environmental factors [17–20]. The co-application of CM and biochar
has shown synergistic effects for improving soil fertility, aggregation, microbial function,
and crop yield [21–23].

Beyond the agronomic benefits, the application of SOAs has been linked to enhanced
climate resilience. By improving the soil structure and water-holding capacity, these amend-
ments can buffer crops against drought and environmental stress [24]. Additionally, SOAs
support microbial resistance and resilience under extreme conditions, thus preserving
essential ecosystem functions [25,26]. Importantly, the reuse of underutilized organic
materials—such as crop residues and animal-derived byproducts—for agricultural pur-
poses contributes to GHG emission reduction and positions SOAs as key components of
carbon-smart agriculture and sustainable land use strategies.

Despite the numerous studies highlighting the agronomic benefits of SOAs, few have
investigated their combined effects on soil physical structure, nutrient dynamics, and plant
secondary metabolites—particularly in short-cycle cropping systems. These secondary
metabolites, including phenolic compounds, antioxidants, and chlorophylls, are essential
for plant defense, stress adaptation, and human health benefits, yet their responses to
organic amendments have not been comprehensively characterized. Likewise, short-cycle
crops, such as sunflower sprouts, provide a practical and sensitive model for evaluating
the early-stage effects of soil amendments. Their rapid growth, high responsiveness to soil
conditions, and growing significance in functional food production enable the detection
of the short-term impacts of amendments on biomass accumulation and biochemical
composition. In contrast to long-cycle crops that require extended observation periods,
sunflower sprouts allow for the timely assessment of soil–plant interactions, making them
particularly relevant for rapid-cycle cultivation systems and urban agriculture, where soil
reuse and efficient input management are essential.

Therefore, this study aims to (i) assess the co-application effects of CM and RHB
on soil aggregation, SOC stabilization, and nutrient availability in sandy loam soil;
(ii) evaluate their influence on shoot and root biomass and the accumulation of bioac-
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tive compounds—including the total phenolic content (TPC), DPPH antioxidant activity,
and total chlorophyll—in sunflower sprouts; and (iii) determine the optimal amendment
combinations for enhancing agronomic performance and functional crop traits. It is hy-
pothesized that the co-application of CM and RHB in short-cycle systems improves soil
structural integrity, enhances SOC retention, and increases nutrient availability, resulting in
greater plant growth and bioactive compound accumulation. Additionally, biochar is ex-
pected to exert a maximal benefit at moderate application rates, beyond which diminishing
returns may occur due to nutrient imbalance or suboptimal physical conditions.

2. Materials and Methods
2.1. Soil, Manure, and Rice Husk Biochar Preparation

The soil used in this study was collected from San Pa Tong, Chiang Mai, Thailand
(18◦38′21.5′′ N; 98◦50′09.6′′ E). It belongs to the Sanpatong series (Sp), classified as Typic
Haplustalfs according to the United States Department of Agriculture (USDA) Soil Taxonomy.
The soil is classified as sandy loam, comprising 73.8% sand and 16.4% loam, according to
USDA texture classification. This soil type is well drained and derived from semi-recent
alluvial deposits. Surface samples (0–15 cm depth) were collected, air-dried for 2–3 days,
and sieved through a 2 mm mesh (Sieve No. 10, ASTM E11, Humboldt Mfg. Co., Elgin, IL,
USA) to remove coarse particles.

The rice husk used for biochar production was sourced from a local rice mill owned
by farmers in the study area, where rice husks are typically regarded as agricultural
byproducts with limited reuse on-farm. Prior to pyrolysis, rice husks were oven-dried at
65 ◦C for 8 h. RHB was then produced under controlled pyrolysis conditions using an
automated biomass pyrolyzing furnace. The process involved a heating rate of 10 ◦C/min,
maintained for 1 h at a peak temperature of 500 ◦C to ensure uniform thermal treatment and
carbonization. Similarly, the CM used in this study was raw (non-composted), collected
fresh from livestock farmers in the same community, where it is routinely generated as part
of standard animal husbandry. The manure was air-dried under shade for five days, then
ground and sieved through a 2 mm mesh before application. Laboratory analysis indicated
a carbon-to-nitrogen (C/N) ratio of 20.2.

The initial physicochemical properties of the soil, CM, and RHB were analyzed prior
to application and are presented in Table 1.

Table 1. Initial properties of soil, cow manure (CM), and rice husk biochar (RHB) prior to use for
the experiment.

Property Soil CM RHB

Soil texture Sandy loam - -
pH value (–) 6.7 (0.1) 8.9 (0.0) 6.8 (0.0)
Electrical conductivity (EC, µS/cm) 0.7 (0.0) 1.5 (0.1) 0.1 (0.00)
Organic matter (OM, %) 4.1 (0.3) 62.6 (1.1) 12.6 (1.6)
Soil organic carbon (SOC, %) 2.4 (0.2) 36.3 (0.6) 7.3 (0.9)
Moisture (%) 0.3 (0.0) 5.0 (0.0) 5.2 (0.5)
Water-holding capacity (WHC, %) 15.4 (1.5) 469.9 (21.8) 231.8 (10.9)
Nitrate (NO3

−, mg/kg) 118.2 (7.2) 119.3 (47.2) 43.5 (9.7)
Available phosphorus (P, mg/kg) 16.2 (0.6) 2385.5 (196.0) 74.0 (6.1)
Available potassium (K, mg/kg) 452.9 (10.0) 10,123.2 (599.3) 2610.7 (167.5)
Carbon-to-nitrogen (C/N) ratio (–) - 20.2 (1.1) -

Values in parentheses are standard deviations.
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2.2. Experimental Setup

The experiment was conducted in February 2025 and was designed to include two
CM application rates (0% and 1% w/w) and four RHB application rates (0%, 1%, 3%, and
5% w/w), based on the dry weight of the soil. Each treatment was replicated three times,
resulting in a total of 24 experimental units. CM was applied at 1% w/w due to its high
nutrient content, which at higher concentrations could cause phytotoxicity or nutrient
imbalance. In contrast, RHB was tested at higher rates (1–5% w/w) to explore its structural
benefits on soil aggregation and carbon retention, as biochar functions primarily as a
physical and chemical amendment rather than as a nutrient input. The selected application
rates were informed by previous research and align with locally recommended agronomic
practices for organic amendments. Based on its incorporation into the top 15 cm of soil, with
a bulk density of 1.3 g/cm3, the 1%, 3%, and 5% w/w rates correspond to approximately
19.5, 58.5, and 97.5 t/ha, respectively.

Approximately 400 g of soil was placed into square plastic pots with dimensions of
10.5 × 16.3 × 5.6 cm (width × length × height), and the respective amounts of CM and
RHB were added to each pot. The use of pots for sunflower sprout (Helianthus annuus L.)
cultivation followed the traditional small-scale planting method commonly practiced by
Thai farmers. Moreover, a pot experiment was chosen to ensure precise control over amend-
ment application and soil conditions, which is especially important given the variability
in composition and nutrient content of organic amendments derived from agricultural
residues [24]. Soil moisture was initially adjusted to 60 ± 10% water-filled pore space
(WFPS) (Equation (1)) by adding deionized (DI) water to the pots using a graduated
cylinder, followed by thoroughly mixing the moist soil with a spatula.

WFPS =
SWC

1 − BD
PD

× 100 (1)

where WFPS represents water-filled pore space (%), SWC denotes volumetric soil wa-
ter content (vol. %), BD refers to soil bulk density (g/cm), and PD is particle density
(2.65 g/cm) [27].

Sunflower sprout seeds (Chia Tai Produce Co., Ltd., Bangkok, Thailand) were surface-
sterilized with 2% (v/v) sodium hypochlorite, thoroughly rinsed, and soaked in water
at room temperature for 24 h. Healthy, sprouted seeds were selected and transplanted
into square plastic pots, with each pot containing 45 seeds. The pots were arranged in a
randomized complete block design within an incubator set at 25 ◦C. Soil moisture was
maintained at 60 ± 10% WFPS, with DI water added when moisture levels dropped by
more than 10%. Light-emitting diode (LED) lights (Slim Set T5 Plant Grow 9W, Lamptan,
Bangkok, Thailand) provided a consistent light spectrum (400–780 nm) across all pots,
ensuring uniform illumination. Germination occurred within 10 days, after which both soil
and sunflower sprouts were collected for further analysis. All treatments were conducted
in triplicate.

2.3. Soil Sampling and Analyses

After harvesting, soil samples were divided into two portions: one air-dried for seven
days, sieved through a 2 mm sieve, and stored at room temperature for physicochemical
analysis, while the other was wet-sieved and immediately frozen at −20 ◦C to preserve
integrity for soil respiration measurements. All analyses were performed in triplicate to
ensure data reliability.
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2.3.1. Soil Texture

The initial soil texture was analyzed using a modified pipette method [28]. Briefly,
organic matter (OM) was removed from a 10 g soil sample with H2O2 at 90 ◦C for 45 min,
followed by salt removal through repeated DI water washes and centrifugation at 3577× g
(Varispin 4, Novapro Co., Ltd., Seoul, Republic of Korea). Soil dispersion was achieved by
shaking with sodium metaphosphate overnight. Sand was separated using a 50 µm sieve,
oven-dried at 105 ◦C, and weighed. The remaining suspension was diluted to 1000 mL,
stirred, and left to settle for 5 h before extracting 25 mL of the clay fraction, which was also
oven-dried and weighed. Soil texture was classified based on the recorded proportions of
sand, silt, and clay using the USDA soil texture classification system.

2.3.2. pH and Electrical Conductivity

The soil pH and electrical conductivity (EC) were measured in DI water using a
1:2 soil-to-solution ratio [29] with a multifunction TDS/EC/pH/salinity meter (Ex–9909,
Chachoengsao, Thailand).

2.3.3. Water-Holding Capacity

The water-holding capacity (WHC) was determined following the method described
by Motsara and Roy [30]. The soil and amendments were oven-dried at 48 ◦C for two
days to standardize moisture content. Five grams of each material was placed on a filter
paper-lined funnel over a graduated cylinder, gradually saturated with DI water over seven
hours, and then left to drain for 24 h. The weight of the saturated samples was recorded,
and WHC was calculated as the percentage of water retained relative to the dry weight.

2.3.4. Organic Matter and Organic Carbon

Loss on ignition (LOI) was used to determine soil organic matter content, which is
commonly used to estimate organic carbon (OC), assuming OM contains 58% OC [30]. For
LOI analysis, 2 g of air-dried soil (<2 mm) (W2) was placed in a pre-weighed porcelain
crucible (W1) and combusted in a muffle furnace (LT 3/11/B170, Nabertherm, Lilien-
thal/Bremen, Germany) at 550 ◦C for 4 h. After cooling in a desiccator, the crucible with
the remaining ash was weighed (W3). OM and OC content were then calculated using
Equations (2) and (3).

Organic matter(OM, %) =
(W2)− (W3 − W1)

W2
(2)

Organic carbon(OC, %) = OM(%)× 0.58 (3)

2.3.5. Water-Stable Aggregates

Water-stable aggregates (WSAs) were assessed using a modified wet-sieving me-
thod [31,32]. Approximately 50 g of air-dried soil was placed on a 2 mm sieve, submerged
in DI water, and soaked for 5 min. The sieve was manually shaken 50 times over 2 min in
an up-and-down motion. The remaining aggregates were collected, dried at 50 ◦C, and
weighed to determine water-stable macroaggregates (>2 mm, MaAs). The soil fraction
passing through the 2 mm sieve was transferred onto a 250 µm sieve, subjected to the same
procedure, and weighed to calculate mesoaggregates (250 µm—2 mm, MeAs). Finally,
the soil fraction passing through the 250 µm sieve was dried and weighed to determine
microaggregates (<250 µm, MiAs), with all fractions calculated using Equation (4).

WSAi =
Wa

W0
(4)
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where WSAi represents the water-stable aggregation for each size class i, Wa denotes the
weight of aggregates retained on the sieve after wet sieving for size i, and W0 refers to the
initial weight of aggregates placed on the sieve before wet sieving.

2.3.6. Soil Respiration

Soil respiration was assessed using a modified method from Page [33]. Frozen soil
samples were thawed for 1 h, and 25 g of soil was placed in aluminum cups inside airtight
containers. A glass bottle with 20 mL of 1 N NaOH was added to each container to absorb
carbon dioxide (CO2) from microbial activity, ensuring no direct soil contact. The containers
were sealed and incubated at 25 ◦C in the dark for 24 h, with a control setup containing
NaOH without soil. After incubation, the NaOH solution was treated with 8 mL of 3 N
BaCl2 to precipitate BaCO3. Two drops of phenolphthalein were added as the indicator,
and unreacted NaOH was titrated with HCl. The CO2 evolution rate, indicating microbial
activity, was calculated using Equation (5).

CO2 − C =
(B − V)NE

T × Ws
(5)

where CO2–C is expressed in mg/kg/hour and is calculated using the following parameters,
B represents the volume (mL) of acid required to titrate the NaOH in the control bottles,
and V is the volume (mL) of acid needed to titrate the NaOH in the bottles exposed to
soil respiration. N denotes the normality of the acid, and E is the equivalent weight used
to express the data in terms of CO2 (E = 22). T refers to the incubation time (h), and Ws

represents the weight of the incubated soil (kg).

2.3.7. Nitrate, Available Phosphorus, and Available Potassium

Briefly, nitrate (NO3
−) was extracted from soil by shaking 10 g of soil with 20 mL of

0.5 M K2SO4 for 30 min [30]. The extract was then centrifuged at 3577× g for 5 min and
filtered through Whatman No. 5 filter paper (Cat No.1005–110, Cytiva, Shanghai, China).
The NO3

− concentration was determined by reacting the extract with 5% salicylic acid,
forming a colored complex, and measuring the absorbance at 410 nm using a UV/Vis
double-beam spectrophotometer (Lambda 365, PerkinElmer Ltd., Bangkok, Thailand).

For available phosphorus (P), Olsen’s method was followed as described by Motsara
and Roy [30]. Using this method, 1.0 g of soil was extracted with 20 mL of 0.5 M NaHCO3

by shaking for 30 min on an orbital shaker (MS–NOR–30, Major Science, Saratoga, CA,
USA). The extract was then centrifuged at 3577× g for 5 min, filtered through Whatman No.
5 filter paper, and analyzed for P concentration at 882 nm using a UV/V is double-beam
spectrophotometer.

For available potassium (K), 2.5 g of soil was extracted with 25 mL of 1 M NH4C2H3O2

by shaking for 30 min [30]. The extract was then filtered and analyzed for available K using
a flame photometer (AE–FP8201, A&E Lab (UK) Co., Ltd., London, UK) at 383 nm.

2.4. Plant Sampling and Measures

After ten days of germination, the number of germinated sunflower sprouts was
recorded. The sprouts and roots were carefully removed, rinsed with tap water to remove
soil particles, and then washed with DI water. After air-drying at room temperature for
5 min, the samples were placed in Ziplock bags and stored at 4 ◦C for further analysis. All
analyses were performed in triplicate.
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2.4.1. Germination Rate

The germination rate was determined based on the number of germinated sunflower
sprouts and was calculated using the following equation:

Germination rate (%) =
Number of germinated sprout

Number of initial seeds
× 100 (6)

2.4.2. Leaf Area Measurement

The width and the length of sunflower leaves were measured using a ruler. These data
were used to calculate average total leaf area per sprout using the equation below [34]:

Average total leaf area =
∑((0.73 × W1× L1) + (0.73 × W2 × L2))

number of sprout
(7)

where 0.73 is the coefficient, W1 and L1 represent the width and length of the first leaf, and
W2 and L2 correspond to the width and length of the second leaf. All measurements were
recorded in centimeters (cm), and the average total leaf area per sprout was expressed in
square centimeters (cm2).

2.4.3. Root-to-Shoot Ratio

The shoot and root lengths of 24 sprouts per pot were measured using a ruler and
recorded in centimeters (cm). These measurements were then used to calculate the root-to-
shoot ratio using the following equation:

Root to shoot ratio =
Root length (cm)

Shoot length (cm)
(8)

The roots and shoots were carefully separated using scissors and weighed to determine
fresh biomass. The roots were then oven-dried at 60 ◦C for 72 h before measuring dry
biomass. Shoots were analyzed for TPC, DPPH antioxidant capacity, and total chlorophyll.

2.4.4. Total Phenolic Content

After cleaning, sunflower sprout shoots were finely ground using a specialized grinder.
Hydrophilic and lipophilic compounds were extracted following Deng et al. [35], with
slight modifications. For lipophilic extraction, 0.5 g of the sample was extracted twice
with 5 mL of tetrahydrofuran in a shaking water bath at 37 ◦C for 30 min, followed by
centrifugation at 3944× g for 30 min. Supernatants were pooled to obtain the lipophilic
extract. Hydrophilic extraction was performed on the residue using a methanol–acetic
acid–water solution (50:3.7:46.3, v/v/v) under the same conditions. Extracts were stored at
−20 ◦C and analyzed within 24 h.

TPC was measured using the Folin–Ciocalteu method. Briefly, 0.50 mL of extract
was mixed with 2.5 mL of diluted Folin–Ciocalteu reagent, incubated for 4 min, then
combined with 2 mL of saturated sodium carbonate solution and left in the dark for 2 h.
Absorbance was recorded at 760 nm using a UV–VIS spectrophotometer (Shimadzu, Kyoto,
Japan). Gallic acid was used as the standard, and TPC was expressed as mg gallic acid
equivalents (mg GAEs) per 100 g fresh weight (FW), calculated from both lipophilic and
hydrophilic extracts.

2.4.5. Antioxidant Activity

The antioxidant capacity of the extracts was assessed using a 1,1–diphenyl–2–picrylhyd-
razyl (DPPH) assay, following Ghafoor et al. [36] with slight modifications. A total of 1 mL
of extract was mixed with 2 mL of DPPH solution, vortexed, and incubated at room tem-
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perature for 30 min. Absorbance was then measured at 517 nm using a Shimadzu UV–VIS
spectrophotometer. The DPPH radical scavenging activity was calculated accordingly.

DPPH =
CTrolox Vextract

msample
× 10 (9)

where CTrolox is trolox equivalent concentration from the standard curve (µmol/mL), Vextract

is volume of extract used (mL), msample is mass of the sample used for extraction (g), and
the factor 10 adjusts the result to per 10 g of sample. The total DPPH scavenging activity
was determined by summing the antioxidant activities derived from the lipophilic and
hydrophilic extraction fractions.

2.4.6. Total Chlorophyll Content

The total chlorophyll content was determined following a modified method from
Barua et al. [37]. Fresh shoot (1 g) was finely chopped, weighed, and ground with 20 mL
of 80% acetone using a mortar and pestle. The homogenate was centrifuged at 5589× g
for 5 min, and the supernatant was filtered into a 100 mL volumetric flask. The extraction
was repeated with additional 80% acetone until the residue became colorless. The final
volume was adjusted to 100 mL, and absorbance was measured at 645 nm and 663 nm
using a Shimadzu UV–VIS spectrophotometer. Total chlorophyll content was calculated
and expressed as mg per 100 g of fresh tissue.

Total chlorophyll = 20.2(OD645) + 8.02(OD663)
V

1000 × W
× 100 (10)

where OD is optical density, V is final volume of chlorophyll extract in 80% acetone (mL),
W is fresh weight of tissue extracted (g), and the factor 100 adjusts the result to per 100 g
of sample.

2.5. Statistical Analyses

Statistical analyses were performed using R (RStudio v2022.02.1). Residual normality
was assessed using the Shapiro–Wilk test, and non-normal data were transformed as
appropriate: log transformation was applied to NO3

− concentration, germination rate, and
total WSAs, while square root transformation was used for average total leaf area. Levene’s
test evaluated variance homogeneity. Outliers were assessed through Q-Q plots and by
calculating studentized residuals. Influential outliers (|residual| > 3) were inspected and
removed if determined to have resulted from data entry errors or experimental anomalies.
Data were analyzed via analysis of variance (ANOVA), including interaction effects, with
Tukey’s post hoc test for multiple comparisons (α = 0.05). Principal Component Analysis
(PCA) was conducted using FactoMineR to assess treatment effects on soil and plant
variables. Biplots were generated with factoextra, incorporating ellipses and color coding
to visualize amendment rate effects.

3. Results and Discussion
Due to the limited availability of published studies on sunflower sprouts under

comparable soil amendment conditions, some of the nutrient-related findings in this study
are discussed in relation to the results for other crops. While we acknowledge the species-
specific nature of nutrient uptake and metabolism, these comparisons are included to
provide contextual insights and to highlight plausible mechanisms that may be relevant to
early-stage plant development under organic amendment treatments.



Agronomy 2025, 15, 1213 9 of 33

3.1. Soil Aggregation and Physicochemical Properties
3.1.1. Effects on Soil Aggregation

The distribution of three sizes of water-stable aggregates—MaAs (>2 mm), MeAs
(250 µm—2 mm), and MiAs (<250 µm)—was significantly influenced by the application
of CM, RHB, and their interaction (Table 2). The addition of 1% w/w CM resulted in
an increase in the MaA proportion from 0.011 to 0.017 and the MeA from 0.330 to 0.385,
while the proportion of MiAs decreased from 0.659 to 0.599 (Figure 1a). This shift toward
larger aggregates suggests that CM may improve soil structure by enhancing aggregate
stability, likely due to the increased organic matter input. Organic materials, such as ma-
nure, are known to contribute binding agents—including polysaccharides and decomposed
organic residues—that support macroaggregate formation [38–40]. Previous studies have
demonstrated that manure enhances MaA formation more effectively than inorganic fertil-
izers [41,42], with similar trends showing increased MaAs and decreased MiAs following
organic amendment application [43–45]. Although the microbial activity was not assessed
in this study, previous research has shown that organic inputs can stimulate microbial
processes [46], which contribute to MaA formation through the production of extracellular
binding agents and the physical entanglement of soil particles [47].

Table 2. Summary of analysis of variance (ANOVA) for the effects of cow manure (CM), rice husk
biochar (RHB), and their interaction.

Parameter CM RHB Interaction
(CM × RHB)

Soil physical properties (N = 24)

Microaggregate ratio (MiA) *** *** *
Mesoaggregate ratio (MeA) *** *** **
Macroaggregate ratio (MaA) *** *** ***

Soil chemical and biological properties (N = 24)

pH ns ns ns
Electrical conductivity (EC) ns *** **
Soil organic carbon (SOC) *** * ns
Soil respiration ** ns ns
Nitrate (NO3

−) * *** ***
Available phosphorus (P) *** *** ***
Available potassium (K) ns ns ns

Plant growth parameters (N = 24)

Germination rate ns ns ns
Total leaf area ns * ns
Shoot fresh biomass *** ns *
Root fresh biomass *** ns *
Root dry biomass ** ** ***
Root–shoot ratio * ** ns

Bioactive compounds (N = 18)

Total phenolic content (TPC) *** *** ***
DPPH antioxidant activity *** ** ns
Total chlorophyll *** ns ns

ns = not significant at p = 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

The RHB application influenced the distribution of the soil aggregate sizes in a variable
manner (Figure 1b). The highest MaA proportion (0.024) was observed at 1% w/w RHB,
while 3% w/w RHB led to a notable reduction to 0.007. The MeA content peaked at 3%
w/w RHB (0.393) and remained elevated at 5% w/w (0.360), compared to the control (0.354).
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Meanwhile, the MiA proportions increased at 1% w/w RHB (0.654) compared to 0% RHB
(0.632), but generally declined at higher RHB rates, indicating improved soil aggregation
at low-to-moderate biochar levels. These findings suggest that moderate applications of
RHB enhance soil aggregate stability [14,48], whereas higher doses may disrupt particle
bonding—possibly due to an excess of fine particles or reduced microbial cohesion. Similar
effects have been observed in rice cultivation with wheat straw biochar [49]. However, some
studies have reported no significant impact of herbaceous-derived biochar on aggregation
in sandy soils [50], and Blanco-Canqui [48] noted that the effects of biochar on aggregation
can vary widely depending on the soil type.

The interaction between the CM and RHB further affected the aggregate distribution
(Figure 1c). In the absence of CM, increasing the RHB from 0% to 3% w/w raised the
MeA proportions and reduced the MiA, reflecting the binding of MiAs into MaAs and
improved structure. Under the CM-amended conditions, 3% w/w RHB yielded the highest
MeA content (0.436) and the lowest MiA proportion (0.555), suggesting the synergistic
effect of both amendments on soil aggregation. The 1% w/w RHB also had the highest
MaA proportion in the presence of CM, suggesting that the combination of RHB (at 1–3%
w/w) and CM effectively enhances soil structure. The improved soil aggregation likely
resulted from the interaction between the biochar and organic matter, which promotes the
binding of soil particles and stabilizes larger aggregates, contributing to better aeration,
water infiltration, and long-term soil health.
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Figure 1. Water-stable aggregates greater than 2 mm, between 250 µm and 2 mm, and less than
250 µm, as influenced by cow manure (CM) (a), rice husk biochar (RHB) (b), and the interaction
between CM and RHB (c); electrical conductivity of soil as influenced by RHB (d) and the interaction
between CM and RHB (e); soil organic carbon (SOC) as influenced by CM (f) and RHB (g); and soil
respiration as influenced by CM (h). In Figure panels (c,e), the X-axes are grouped by CM application
level: the left four bars represent CM at 0% w/w, and the right four bars represent CM at 1% w/w.
Within each group, the bars correspond to increasing RHB application rates of 0%, 1%, 3%, and 5%
w/w, respectively. Values represent means ± standard deviation.

3.1.2. Effects on pH and Electrical Conductivity

The soil pH was not significantly affected by CM, RHB, or their interaction (Table 2),
indicating that none of the amendments, whether applied individually or in combination,
had a statistically measurable impact on soil pH under the conditions of this experiment.
This stability may be attributed to the soil’s buffering capacity and the balanced composition
of CM, which contains both acidic components (e.g., NH4

+) and basic cations (e.g., Ca2+ and
Mg2+) that help maintain pH equilibrium [51]. Consistent with this, Ozlu and Kumar [42]
reported that long-term CM application helped maintain neutral soil pH in field conditions.
Other studies have also shown that CM can increase pH in acidic-to-neutral soils, suggesting
a buffering effect that brings the soil closer to neutrality [52–55].

While RHB has often been reported to raise soil pH in acidic soils due to its alkaline
nature [56–59], its effect largely depends on the relative pH of the amendment and the
initial soil conditions. In this study, the initial soil pH was 6.7, which was comparable
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to the RHB pH of 6.8, whereas the manure exhibited a substantially higher pH of 8.9.
Consequently, no liming effect was observed following the RHB application. The mineral
composition of the RHB used in this study was determined using X-ray fluorescence (XRF)
spectroscopy and compared with biochars derived from other agricultural byproducts,
such as longan wood and corn cobs (Appendix A). The RHB exhibited a markedly high
silica (Si) content (35.9%), while its calcium (Ca) and magnesium (Mg) concentrations were
relatively low, at 0.6% and 0.4%, respectively. These differences suggest that RHB, being
rich in silica but deficient in basic cations, such as Ca and Mg, may have a weaker liming
effect and lower buffering capacity than woody or manure-derived biochars. This mineral
profile helps explain the minimal pH change observed in the soils treated with RHB in
this study. The full XRF elemental profiles and comparative biochar data are provided
in Appendix A. These trends are also consistent with earlier studies that have reported
the limited liming potential of silica-rich biochars [60]. Moreover, the short duration of
the 10-day experiment may have allowed for short-term acidifying processes—such as
the release of acidic functional groups, the microbial production of organic acids, and H+

exchange reactions—to predominate. A longer incubation period may be required for the
gradual release of the alkaline ash and carbonate compounds in the biochar to exert a more
pronounced pH-increasing effect.

The EC, a key indicator of soil salinity and ion availability, was significantly influenced
by the RHB and its interaction with the CM (Table 2). In the single-factor analysis, where
the EC values were averaged across all CM levels, the EC increased from 134.0 µS/cm in
the control (0% w/w RHB) to 202.2 µS/cm at 1% w/w RHB (+50.8%) (Figure 1d). However,
it decreased slightly at 3% and 5% w/w RHB, to 171.7 and 188.4 µS/cm, respectively,
suggesting a nonlinear response. Interestingly, the interaction analysis revealed more
nuanced trends (Figure 1e). The highest EC value (295.7 µS/cm) occurred in the control
group with 0% w/w CM and 0% w/w RHB—suggesting an accumulation of salts in the
unamended soil. However, when either CM, RHB, or both were applied, the EC values
declined. For example, applying 1% w/w RHB alone reduced the EC to 83.0 µS/cm, while
for combinations of CM and RHB, it ranged between 178.0 and 209.7 µS/cm. Chen et al. [61]
also found a decrease in the EC after aged biochar application. The extent of EC reduction
may also be linked to the characteristics of the RHB, as its influence on the EC depends on
the feedstock type and pyrolysis conditions [62].

3.1.3. Effects on Soil Organic Carbon

The SOC content was significantly influenced by both the CM and RHB applications,
while the interaction between them was not statistically significant (Table 2). The appli-
cation of 1% w/w CM increased the SOC from 2.0% in the control (0% w/w CM) to 2.6%,
representing a 27.2% improvement (Figure 1f). This rise in the SOC is attributed to the
direct carbon input from the manure [7,63] and the enhancement of microbial activity that
contributes to OM decomposition and stabilization [39,64].

Regarding RHB, a gradual increase in the SOC was observed with higher application
rates (Figure 1g). Compared to the control (0% w/w RHB, 2.2%), 1% w/w RHB slightly
decreased the SOC to 2.1% (−7.7%), but the SOC content subsequently increased to 2.4% at
3% w/w RHB (+7.7%) and further to 2.5% at 5% w/w RHB (+13.1%). These results suggest
that higher doses of RHB are more effective for enhancing the SOC due to the biochar’s
high carbon content and its resistance to microbial decomposition, which promotes carbon
sequestration in the soil over time [65–67].
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3.1.4. Effects on Soil Respiration

The soil respiration, as indicated by CO2-C release, was significantly affected by
the CM application only (Table 2). The application of 1% w/w CM increased the soil
respiration from 19.8 mg CO2-C/kg/h in the control (0% w/w CM) to 33.1 mg CO2-
C/kg/h—representing a 67.0% increase (Figure 1h). This substantial rise reflects the en-
hanced microbial activity driven by the addition of organic substrates in the CM, which
serve as a carbon and energy source for soil microorganisms [68]. The moderate C/N
ratio (20.2; Table 1) of the raw manure may have contributed to this response by promot-
ing microbial decomposition without causing strong nitrogen immobilization, thereby
facilitating both mineralization and CO2 release. Additional support for this comes from
previous findings linking manure application to the activation of hydrolytic enzymes,
such as cellobiohydrolase and acetylglucosaminidase, and increased expression of carbon
cycle-related functional genes [69]. Furthermore, soil respiration is closely associated with
inorganic nitrogen availability, which is also affected by manure amendments [70]. Numer-
ous studies have shown that manure additions result in elevated CO2 emissions [71] and
stimulate microbial respiration, particularly among bacteria and actinomycetes [72].

Although the RHB and the CM × RHB interaction did not significantly affect soil
respiration in this study (Table 2), a slight increase was observed with the 1% and 3% w/w
RHB applications. This lack of statistical significance may be attributed to the relatively
inert nature of biochar [73], which contains less labile carbon compared to fresh organic
amendments like cow manure. The observed trends are consistent with the findings of
Fatima et al. [74], who reported dynamic changes in soil respiration depending on the
biochar application rate and incubation time. In their study, respiration was not signifi-
cantly affected by 1% and 2% biochar applications during the first 12 days of incubation.
Conversely, neutral or negative effects of biochar on soil respiration have also been re-
ported. For example, Han et al. [69] reported no significant effect of applying 20 t/ha
biochar combined with mineral fertilizer on soil respiration in a subtropical tea plantation,
while Hammerschmiedt et al. [75] similarly found no impact from cattle manure combined
with biochar. In addition, Wei et al. [76] reported reduced respiration in biochar-amended
soils treated with manure during hormone remediation efforts.

3.1.5. Effects on Soil Nitrate, Phosphorus, and Potassium

The nitrate content in the soils was significantly influenced by both the CM and RHB,
although their interaction effect was not significant (Table 2). The CM application at 1% w/w
reduced the NO3

− content from 18.5 mg/kg in the control (0% w/w CM) to 12.3 mg/kg—a
33.7% decrease (Figure 2a). This reduction aligns with the increase in the shoot and root
biomass, suggesting enhanced nitrogen assimilation and utilization efficiency under the
nutrient-rich conditions provided by the manure [77]. Similarly, Zhihui et al. [78] observed
a reduction in nitrate accumulation in soil with manure application, which concurrently
improved the N uptake and crop yield. Similarly, the RHB application showed a dose-
dependent impact on the NO3

− levels. The highest NO3
− content was observed in the

control group (0% w/w RHB), at 23.5 mg/kg. Increasing the RHB to 1% w/w led to a
marked reduction in the NO3

− to 10.3 mg/kg (−56.1%). However, at 3% w/w RHB, the
NO3

− levels increased slightly to 15.5 mg/kg, before dropping again to 12.2 mg/kg at 5%
w/w RHB (−47.9% relative to the control) (Figure 2b). These results suggest that biochar
application can reduce the NO3

− accumulation in soils, possibly by improving the nitrogen
uptake efficiency and reducing NO3

− leaching or conversion into less available forms in
the soil [79,80].
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Figure 2. Nitrate (NO3
−) concentrations in soils as influenced by manure (CM) (a), rice husk biochar

(RHB) (b), and the interaction between CM and RHB (c). Available phosphorus (P) concentrations
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as affected by CM (d), RHB (e), and the interaction between CM and RHB (f). In Figure panels
(c,f), the X-axes are grouped by CM application level: the left four bars represent CM at 0% w/w,
and the right four bars represent CM at 1% w/w. Within each group, the bars correspond to
increasing RHB application rates of 0%, 1%, 3%, and 5% w/w, respectively. The values represent the
means ± standard deviation.

Regarding the interaction effect, when 1% w/w CM was applied, the NO3
− levels

were already substantially reduced across all the RHB rates compared to the untreated
control (Figure 2c). At 0% w/w RHB, the NO3

− content was 13.4 mg/kg, representing
a 60.0% reduction from the 0% w/w CM + 0% w/w RHB control. Increasing the RHB to
1%, 3%, and 5% w/w further adjusted the NO3

− levels to 13.1 mg/kg, 10.5 mg/kg, and
11.9 mg/kg, respectively. These reductions were relatively modest—ranging from −2.0% to
−21.6%—compared to the CM-only treatment, suggesting that the CM alone was primarily
responsible for lowering the NO3

− accumulation, while the additional RHB provided
only minor incremental effects. This finding supports studies that have highlighted the
dominant role of organic amendments, like manure, in nitrogen dynamics. Although
microbial processes were not directly measured, the significant increase in soil respiration
under the CM application (Section 3.1.4) suggests enhanced microbial activity. This may
indicate active nitrogen transformations, such as immobilization and denitrification, which
are consistent with the findings of Rufino et al. [81], who reported that manure amendments
influence nitrogen dynamics via microbial pathways in integrated crop–livestock systems.
In contrast, biochar, while improving soil structure and nutrient retention, has a more
limited effect on nitrate reduction. RHB likely affects soil properties, such as the cation
exchange capacity (CEC) and moisture retention, rather than directly influencing nitrogen
cycling [82]. Previous research suggests that biochar can enhance nutrient retention when
combined with organic amendments, but the limited impact of RHB on nitrate reduction in
this study may depend on the biochar properties or application rates [83].

The available P in the soil was significantly influenced by both the CM and RHB,
including their interaction (Table 2). The application of 1% w/w CM markedly increased
the available P from 16.7 mg/kg in the control (0% w/w CM) to 29.9 mg/kg—an increase
of 78.9% (Figure 2d). This substantial improvement is likely attributed to the phosphorus
content in the CM and its stimulation of microbial activity that enhanced phosphorus
mineralization [84–86]. In contrast, the response to the RHB was nonlinear. Compared to
the control (0% w/w RHB), which had an available P content of 25.1 mg/kg, the application
of 1% and 3% w/w RHB reduced the available P to 23.4 mg/kg (−7.0%) and 18.2 mg/kg
(−27.7%), respectively. However, increasing the RHB to 5% w/w led to a recovery in the
available P levels, reaching 26.6 mg/kg—5.6% higher than the control (Figure 2e). These
fluctuations suggest that low-to-moderate levels of RHB may temporarily immobilize P
due to its high surface area and adsorption properties [87]. At higher rates, however, RHB
may improve soil structure and microbial activity, enhancing P availability [88]. The effect
of biochar on P retention varies depending on the feedstock types, application rate, and
duration [89]. While short-term applications have often shown reduced P availability,
longer-term studies (≥12 months) have tended to report neutral or positive effects [90–92].

With 1% w/w CM applied, the available P substantially increased across all RHB levels
(Figure 2f). At 0% w/w RHB, the P content was 25.1 mg/kg. Adding 1% w/w RHB boosted
this to 39.4 mg/kg (+56.9%), while 3% and 5% w/w RHB maintained elevated levels of
30.9 mg/kg (+23.1%) and 24.1 mg/kg (−3.8%), respectively, relative to the 0% w/w RHB
+ CM treatment. These results indicate that biochar’s impact on P availability is strongly
dependent on CM’s presence. In CM-amended soils, biochar appears to enhance the P
availability—likely because of the P content in CM and its role in improving soil structure,
microbial activity, and nutrient cycling. This is consistent with the findings of Arif et al. [93],
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who reported an increase in soil P with the application of biochar and organic fertilizer.
However, in unamended CM soils, biochar may immobilize phosphorus due to its high
adsorption capacity, reducing its availability [94]. Thus, the synergistic effect of CM and
moderate levels of RHB is more beneficial for increasing soil’s available P.

The available K content in the soil was not significantly affected by any of the factors
(Table 2). This suggests that, under the conditions of this study, neither the CM nor RHB
application had a measurable impact on altering the soil’s available K levels. This lack
of a significant effect, despite the higher available K content in the CM and RHB, could
be attributed to the K uptake by the sunflower sprouts. Young plants may require high
amounts of K during the early growth stages [95], which could temporarily reduce soil K
levels and mask the effect of added K. Additionally, K in the soil can become fixed to soil
particles and soil organic matter, thereby reducing its availability [96].

3.2. Growth Performance of and Biomass Allocation in Sunflower Sprouts
3.2.1. Changes in Germination Rate and Leaf Area

The germination rate of the sunflower sprouts was not significantly affected by the
CM, RHB, or their interaction (Table 2). This suggests that the presence or absence of these
amendments did not influence the percentage of seeds that successfully germinated under
the conditions of this study.

In contrast, the average total leaf area per sprout was significantly influenced by the
RHB application (p < 0.05), while the CM and the CM × RHB interaction had no significant
effects (Table 2). The leaf area increased progressively with higher RHB application rates
(Figure 3a). Compared to the control (0% w/w RHB), which had an average leaf area of
3.30 cm2, the application of 1% w/w RHB increased the leaf area by 20.6%, the 3% w/w RHB
led to an 11.8% increase, and the 5% w/w RHB resulted in the highest increase of 43.9%.
This trend suggests that RHB can enhance early vegetative growth in sunflower sprouts
and nutrient uptake by improving the soil’s physical and chemical properties, such as
water retention, aeration, and nutrient availability [97]. These improvements likely support
more efficient photosynthesis and cell expansion, resulting in larger leaf development [98].
Similar trends were observed in soybeans [99] and tomatoes and peppers [100] with biochar
application. Interestingly, the lower effect observed at 3% w/w RHB compared to 1% w/w
was unexpected, and may reflect nonlinear plant responses to the amendment levels or
microenvironmental variability during the experiment. Although the interaction between
the CM and RHB was not significant in this study, other research has shown that combining
organic manure with biochar can increase the leaf area of crops, such as sweet potato [101]
and cashew seedlings [102].

3.2.2. Changes in Plant Biomass and Root-to-Shoot Ratio

The application of the CM had a significant effect on all the biomass-related traits
of the sunflower sprouts, including the shoot fresh biomass (p < 0.001), root fresh and
dry biomass (p < 0.001), and the root-to-shoot ratio (p < 0.05) (Table 2). In contrast, the
RHB significantly influenced only the root dry biomass (p < 0.01) and the root-to-shoot
ratio (p < 0.01), while its effects on the shoot and root fresh biomass were not statistically
significant. Notably, a significant interaction between the CM and RHB was observed for
both the shoot and root fresh biomass (p < 0.05) and root dry biomass (p < 0.001), suggesting
that the combined application of these amendments influenced biomass accumulation more
than their individual effects.
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Figure 3. Average total leaf area per sprout as affected by rice husk biochar (RHB) (a). Shoot fresh
biomass as influenced by manure (CM) (b) and the interaction between CM and RHB (c). Root
biomass as influenced by CM (d), RHB (e), and the interaction between CM and RHB (f). Root-to-
shoot ratio as influenced by CM (g) and RHB (h). In Figure panels (c,f), the X-axes are grouped by
CM application level: the left four bars represent CM at 0% w/w, and the right four bars represent
CM at 1% w/w. Within each group, the bars correspond to increasing RHB application rates of 0%,
1%, 3%, and 5% w/w, respectively. Values represent means ± standard deviation.

In terms of the shoot biomass, the application of 1% w/w CM increased the shoot
fresh biomass from 27.0 g to 33.0 g, representing a 22.3% improvement over the control
(Figure 3b). The interaction between the CM and RHB further highlighted these nuanced
effects (Figures 3c and 4). Without CM, increasing the RHB from 0% to 1% w/w resulted in
a substantial rise in the shoot biomass from 22.7 g to 29.9 g—a 31.9% increase. However,
higher RHB rates of 3% and 5% w/w led to lower shoot biomass values of 27.2 g and 28.1 g,
respectively, indicating diminishing returns beyond 1% w/w RHB. Conversely, under 1%
w/w CM, the highest shoot biomass was observed with 0% w/w RHB (36.4 g). Adding 1%
w/w RHB reduced the biomass to 31.5 g (−13.5%), while 3% and 5% w/w RHB resulted in
values of 31.1 g and 32.9 g, respectively. These results suggest that while both the CM and
RHB individually enhance shoot growth, their combined effects are not strictly additive.
Moderate RHB levels appear to be more beneficial in the absence of CM, whereas CM
alone may already provide optimal conditions, with additional RHB contributing limited
or slightly negative effects at higher application rates.

Similarly, the application of 1% w/w CM significantly increased the root biomass, with
the root fresh biomass rising from 7.0 g to 8.8 g (+25.8%) and the root dry biomass increasing
from 1.6 g to 2.2 g (+32.5%) compared to the control (0% w/w CM) (Figure 3d). The observed
increases in both the shoot and root biomass with CM application are likely attributed to
improvements in the soil structure (Section 3.1.1) and nutrient availability [103], which
together enhanced root development and nutrient uptake. Although microbial activity
was not directly measured, the significant increase in the soil respiration observed under
the CM treatment (Section 3.1.4) suggests elevated biological activity, likely driven by the
microbial decomposition of organic substrates. Supporting evidence for this comes from
Zhang et al. [104], who showed that organic manure enhanced cotton root growth by stim-
ulating soil enzyme activity and improving nutrient content. Likewise, Ibrahim et al. [105]
reported increased root length density in wheat and rice following farm manure application,
while Yang et al. [106] found that combining farmyard manure with chemical fertilizer
improved the root weight and length density in rice.
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Figure 4. Representative shoot and root growth of sunflower sprouts under 0% and 1% w/w cow
manure (CM) combined with 0%, 1%, 3%, and 5% w/w rice husk biochar (RHB) treatments.

The RHB also had a significant effect on the root dry biomass, although the fresh
biomass responses were more variable. Increasing the RHB from 0% to 1% w/w im-
proved the root fresh biomass from 7.5 g to 9.1 g (+20.4%) and the dry biomass from 1.8 g
to 2.3 g (+24.2%) (Figure 3e), aligning with previous reports of biochar enhancing root
growth [107,108]. However, at the higher RHB rates (3% and 5% w/w), the root biomass
declined—particularly at 3% w/w RHB, where the root fresh biomass dropped to 3.82 g
(−49.2%) and the dry biomass to 1.62 g (−11%). This pattern suggests the presence of a
threshold beyond which excessive biochar application may reduce its effectiveness, poten-
tially due to initial nutrient immobilization or changes in soil moisture dynamics [109].

The interaction between the CM and RHB (Figures 3f and 4) revealed more nuanced
responses. Without CM, increasing the RHB from 0% to 1% w/w boosted the root fresh
biomass from 5.39 g to 8.68 g (+61%) and the dry biomass from 1.08 g to 2.18 g (+101.9%).
However, further increases to 3% and 5% w/w led to reductions in the root fresh biomass
to 6.95 g (−20%) and 6.94 g (−20%), respectively. In contrast, under 1% w/w CM, the root
fresh biomass peaked at 9.65 g with 1% w/w RHB, followed by a slight drop to 9.42 g at 3%
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RHB, and a further drop to 8.10 g at 5%. The root dry biomass showed a similar trend; it was
highest at 2.56 g with 1% w/w RHB, slightly lower at 2.34 g with 3% w/w RHB, and lowest
at 2.07 g with 5% w/w RHB. This interaction suggests that combining 1% w/w CM with 1%
w/w RHB is optimal for root growth, while higher RHB rates may offset the positive effect
of manure. Similar findings were reported by Adekiya et al. [110], who observed increased
radish root weight with biochar and poultry manure, and Zhang et al. [104], who found
that biochar combined with organic manure improved the root length and area of cotton,
though the responses varied by crop stage.

For the root-to-shoot ratio, the application of 1% w/w CM led to a reduction in
the root-to-shoot ratio from 0.98 in the control (0% w/w CM) to 0.83—a 15.3% decrease
(Figure 3g). This decline indicates that the CM promoted shoot growth more than root
development, likely due to its ability to supply readily available nutrients, enhancing
the aboveground biomass accumulation and shifting resource allocation toward shoot
expansion [84]. In contrast, the RHB showed a nonlinear effect on the root-to-shoot ratio
(Figure 3h). At 1% w/w RHB, the ratio increased from 0.83 to 1.00, representing a 20.5%
improvement. However, at 3% w/w RHB, the ratio declined to 0.76, a decrease of 8.4%
compared to the control. Interestingly, the application of 5% w/w RHB resulted in the
highest root-to-shoot ratio of 1.05, marking a 26.5% increase over the control. These results
suggest that while low and high RHB levels may enhance root development relative to the
shoot biomass—indicating that plants prioritize root development to maximize resources
uptake [111]—the allocation of more resources to shoot growth at the intermediate level of
3% is often observed in environments with abundant resources [112], where plants invest
in shoot growth, as evidenced by the higher nutrient availability and increased plant shoot
growth, but reduced root development in this study.

3.3. Bioactive Compounds in Sunflower Sprouts
3.3.1. Changes in Total Phenolic Content

In the bioactive compound analysis, the 5% w/w RHB treatment was excluded to
prioritize the analysis of the lower application rates, allowing us to allocate resources
more effectively while still capturing the key trends in the bioactive compound production.
The ANOVA results demonstrate that the CM, RHB, and their interaction had a highly
significant effect on the TPC of the sunflower sprouts (p < 0.001 for all factors, Table 2).
These findings indicate that both the CM and RHB independently influenced the TPC, while
their combination produced interdependent effects, suggesting a more complex interaction
than simple additive contributions.

When examining the effect of the CM alone, a clear reduction in the TPC was observed
with manure application (Figure 5a). At 0% w/w CM, the TPC reached 59.7 mg/100 g
FW, while at 1% w/w CM it decreased to 47.2 mg/100 g FW, representing a reduction
of approximately 21%. This decline implies that the nutrient-rich conditions provided
by the manure may have shifted the plant’s metabolic focus from secondary metabolite
production, such as phenolics, toward primary growth processes, suggesting that manure’s
role in enhancing phenolic accumulation may be more long-term—improving the soil
microbial activity and nutrient cycling rather than directly stimulating biosynthesis during
a short cropping cycle. Similar trends were reported in white mugwort, where chicken
manure increased the TPC only after multiple harvests [113].
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Figure 5. Total phenolic content (TPC) of sunflower sprouts as affected by cow manure (CM) (a), rice
husk biochar (RHB) (b), and the interaction between CM and RHB (c); DPPH radical scavenging
activity as influenced by CM (d) and RHB (e); and total chlorophyll content as influenced by CM (f).
In Figure panel (c), the X-axes are grouped by CM application level: the left three bars represent
CM at 0% w/w, and the right three bars represent CM at 1% w/w. Within each group, the bars
correspond to increasing RHB application rates of 0%, 1%, and 3% w/w, respectively. Values represent
means ± standard deviation.
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Although several studies have reported increased TPC in crops, such as white mug-
wort [113], lettuce [114], sesame [115], and wild passion fruit [116], following manure
application, these findings must be interpreted with caution, as phenolic responses are
often species-specific. The observed increases are frequently attributed to an enhanced avail-
ability of phenylalanine, a key precursor in the phenylpropanoid pathway [117]. However,
when nitrogen levels are high, phenylalanine is directed toward protein synthesis instead of
secondary metabolite production, potentially explaining the reduced TPC observed in some
manure-treated plants [118]. Despite this, the TPC responses to organic fertilization remain
inconsistent. Some studies have found no clear trend [119,120], while others have reported
no significant effect [121], underscoring the complexity of phenolic biosynthesis, which is
influenced by nutrient availability, microbial interactions, and environmental conditions.

In contrast, the response to the RHB followed a nonlinear trend (Figure 5b). At 0%
w/w RHB, the TPC was 55.5 mg/100 g FW. A moderate increase was observed at 1% w/w
RHB to 58.1 mg/100 g FW, marking a 4.6% improvement. However, at 3% w/w RHB, the
TPC dropped to 46.7 mg/100 g FW, reflecting a 16% decrease compared to the 0% w/w
RHB treatment. This response may be attributed to nutrient imbalances, microbial shifts, or
altered plant metabolism associated with excess biochar inputs [122]. Such trends have also
been reported in other species; for example, Regmi et al. [123] observed reduced polyphenol
and flavonoid levels in Viola cornuta with 10–25% biochar, while Yang et al. [106] reported
growth benefits at moderate biochar doses (600–900 kg/ha) in tobacco, but adverse effects
at higher rates.

While the main effect of RHB suggests a slight increase in the TPC at the 1% w/w
application, it is important to note that this reflects an average across both CM levels. The
interaction analysis reveals opposing trends depending on manure’s presence—indicating
that RHB’s effect on phenolic accumulation is strongly influenced by whether CM is
applied. This highlights the need to interpret the main effects cautiously when significant
interactions are present.

The interaction between the CM and RHB revealed even more nuanced effects (Figure 5c).
Without CM, the TPC decreased steadily with increasing RHB—from 70.1 mg/100 g FW at
0% w/w RHB, to 58.7 mg/100 g at 1% w/w RHB (−16.2%), and to 50.2 mg/100 g at 3% w/w
RHB (−28.4%). However, under 1% w/w CM, the trend was reversed. The lowest TPC
was recorded with 0% w/w RHB (41.0 mg/100 g), but adding 1% w/w RHB significantly
increased the TPC to 57.4 mg/100 g FW—an improvement of approximately 40.1%. Even
at 3% w/w RHB, the TPC slightly increased to 43.1 mg/100 g FW (+5.2%) compared to
the manure-only treatment. Although CM alone tends to reduce the TPC, its combination
with a moderate rate of RHB—particularly at 1% w/w—can counteract this decline and
significantly enhance phenolic accumulation. This suggests that manure may alter the
plant’s response to biochar, possibly by influencing nutrient dynamics, microbial interac-
tions, or physiological stress responses. While the organic inputs used in previous studies
differ from those in the present experiment, the observed synergy between CM and RHB is
consistent with the broader findings in the literature. For instance, Sharma et al. [124] re-
ported that combining biochar with vermicompost and jaggery enhanced the TPC in guava,
likely by stimulating microbial activity and improving nutrient availability. Similarly, Anto-
nious [125] found that CM improved the nutrient profile of sweet potato, including the total
phenolics, whereas biochar alone had minimal effect. These studies support the general
concept that biochar, when co-applied with biologically active organic inputs, can enhance
plants’ secondary metabolite production. However, amendment-specific responses and
crop types must be carefully considered when interpreting such outcomes.
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3.3.2. Changes in Antioxidant Activity

The DPPH radical scavenging activity of the sunflower sprouts was significantly
influenced by both the CM (p < 0.001) and RHB (p < 0.01), while their interaction was not
statistically significant (Table 2). Specifically, the application of 1% w/w CM resulted in a
marked increase in antioxidant activity, rising from 7.83 µmol Trolox eq/10 g in the control
to 10.94 µmol Trolox eq/10 g—an improvement of approximately 39.7% (Figure 5d). This
observation aligns with broader evidence suggesting that organic amendments, such as cow,
cattle, and quail manure, can enhance the antioxidant capacity in plants, as reflected by the
increased DPPH and oxygen radical absorbance capacity (ORAC) values [126,127]. While
these previous studies were conducted on different crop species, they support the general
mechanism by which nutrient-rich organic inputs improve soil fertility, enhance nutrient
availability, and potentially stimulate microbial activity—factors known to contribute to
antioxidant biosynthesis and plant resilience [128]. Additionally, it has been proposed
that such amendments may alter the soil nutrient dynamics or microbial communities
in ways that induce mild physiological stress, thereby triggering antioxidant defense
responses [129]. In the current study, the observed DPPH increase under the manure
and biochar treatments in the sunflower sprouts may reflect similar processes, although
species-specific responses and environmental conditions must be considered.

Interestingly, while the CM significantly increased the DPPH radical scavenging
activity, it concurrently reduced the TPC. This apparent discrepancy may be explained by
the distinct metabolic pathways involved. Manure creates nutrient-rich, low-stress soil
conditions that tend to favor the production of non-phenolic antioxidants, such as ascorbic
acid and glutathione, which are highly effective in DPPH assays [130,131]. As a result, the
overall antioxidant activity may increase even when the phenolic accumulation remains
limited. This observation aligns with findings by Ibrahim and Jaafar [132], who reported
that DPPH activity in Labisia pumila was not solely dependent on the phenolic content,
suggesting that the TPC alone may not be a comprehensive indicator of antioxidant capacity.

Without the RHB, the value was 7.41 µmol Trolox eq/10 g. With 1% w/w RHB, the
activity increased to 10.58 µmol Trolox eq/10 g, representing a 42.8% increase (Figure 5e).
At 3% w/w RHB, the value slightly declined to 10.17 µmol Trolox eq/10 g, though it
still reflected a 37.3% improvement over the control. These results suggest that biochar
application, particularly at moderate rates, may enhance antioxidant potential in sunflower
sprouts. While species-specific responses can vary, previous studies of other crops under
stress conditions have shown that biochar can enhance antioxidant responses by improving
soil health, reducing oxidative stress, and supporting plant metabolism. For example,
Hasnain et al. [133] reported improved antioxidant enzyme activity in plants under abiotic
stress following biochar application. Similarly, Jiang et al. [134] and Ghassemi-Golezani
and Rahimzadeh [135] observed enhanced antioxidant performance in Mentha and dill,
respectively, in response to biochar. Though these examples involve different species,
they illustrate the potential underlying mechanisms—such as improved nutrient status
or reduced environmental stress—that may also have contributed to the observed effects
in the sunflower sprouts. Further studies focusing on species-specific mechanisms are
warranted to confirm these interactions.

3.3.3. Changes in Total Chlorophyll Content

The total chlorophyll content of the sunflower sprouts was significantly influenced
by the CM application, while the RHB and its interaction with CM showed no significant
effects (Table 2). Specifically, the chlorophyll content decreased from 34.0 mg/100 g FW
in the control (0% w/w CM) to 18.8 mg/100 g FW under 1% w/w CM—representing a
44.7% reduction (Figure 5f). Although similar reductions in chlorophyll content have been
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reported in other plant species, these findings are consistent with those of Sharma et al. [136],
who observed reduced chlorophyll levels in kiwifruit vines treated with 100% poultry
manure—suggesting a shift in plant metabolism under nutrient-rich conditions, where
resources are redirected toward growth and biomass accumulation rather than pigment
synthesis. In contrast, Thepsilvisut et al. [113] reported increased chlorophyll a + b content
in white mugwort under higher chicken manure applications from the third harvest onward,
attributing the improvement to enhanced photosynthesis and cumulative yield benefits
over time.

Although the RHB and its interaction with CM had no significant effect on the chloro-
phyll content in this study, previous research has reported mixed results regarding the
impact of biochar. Liu et al. [137] found that combining biochar with fertilizers increased
the chlorophyll content in soybeans by 16.6%. Similarly, Yang and Zhang [138] observed
a 26.4% increase in cornflower chlorophyll content when 15% biochar and 10% CM were
added to compost. In contrast, Ghaedi et al. [139] reported a decline in chlorophyll content
in safflower under water stress when biochar was applied alone. Cong et al. [140] also
noted that while a moderate level of biochar improved chlorophyll levels in maize, exces-
sive application rates (>12 t/ha) led to declines in both chlorophyll content and overall
plant growth. These findings suggest that biochar’s influence on chlorophyll is largely
indirect—improving soil conditions and microbial activity rather than directly supplying
nutrients for chlorophyll synthesis.

3.4. Principal Component Analysis (PCA) of Soil and Plant Responses to Amendments

A PCA was conducted to evaluate the contributions of various plant and soil indices to
the variability among the treatments involving the CM and RHB applications (Figure 6a,b).
The first two principal components, PC1 (48.4%) and PC2 (21.3%), accounted for a cumula-
tive variance of 69.7%. The PCA biplot for CM (Figure 6a) clearly differentiates between the
manure-free (CM 0% w/w) and manure-amended (CM 1% w/w) treatments. The treatments
without manure are clustered predominantly on the left side of the plot, and are strongly
associated with a higher total chlorophyll content, TPC, root-to-shoot ratio, and MiAs. This
indicates that the plants grown without manure allocated resources more toward stress
adaptation mechanisms and the production of secondary metabolites [113,136].

Conversely, the manure-amended treatments form a distinct cluster on the right side
of the plot, showing strong positive correlations with the SOC, available P, soil respira-
tion, pH, leaf area, DPPH activity, and biomass parameters, including the fresh shoot
biomass and fresh and dry root biomass. This pattern supports the notion that manure
application enhances soil fertility, OM accumulation, microbial activity, and overall plant
growth [126,127,141]. Parameters, such as EC, NO3

− content, available K, and germination
rate, are positioned centrally on the PCA plot, indicating limited differentiation between the
manure treatments. Additionally, a clear trade-off is evident between the growth-related
parameters and stress–response indicators, as the manure-amended treatments exhibited
reduced total chlorophyll content and TPC. This emphasizes that under the nutrient-rich
conditions provided by manure amendments, plants prioritize biomass accumulation at the
expense of stress-induced metabolite production [128,142]. These insights also highlight
the potential of livestock-derived organic materials—when applied appropriately—to serve
not only as a nutrient source but also as a sustainable soil conditioner that supports circular
economy models in agriculture.
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(a) 

(b)

Figure 6. Principal Component Analysis (PCA) biplot showing the effect of cow manure (CM) (a) and
rice husk biochar (RHB) (b) applications on soil and plant parameters. The variation in point sizes is
a rendering artifact and does not represent any variable or data value.

The PCA biplot for RHB (Figure 6b) illustrates distinct shifts in the plant and soil
characteristics associated with varying biochar application rates (0%, 1%, and 3% w/w).
The treatments without biochar (0% w/w RHB) are clustered distinctly on the left side of
the PCA plot and show strong correlations with a higher total chlorophyll content, TPC,
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root-to-shoot ratio, and MiAs. This suggests that in the absence of RHB, plants rely more on
stress adaptation mechanisms, such as chlorophyll retention and antioxidant production,
likely due to lower soil fertility and reduced nutrient-buffering capacity [143].

The treatments with biochar at 1% and 3% w/w rates progressively shift toward the
right side of the PCA plot, exhibiting stronger correlations with enhanced SOC, available
P, soil respiration, leaf area, biomass parameters (fresh shoot biomass, fresh root biomass,
and dry root biomass), and DPPH antioxidant activity. However, the broader dispersion
of the data points with 3% w/w RHB suggests greater variability in the plant and soil
responses, possibly due to complex interactions involving nutrient dynamics or microbial
activity [144].

Similar to the CM treatments, parameters such as EC, NO3
− content, available K,

germination rate, and soil pH, display limited differentiation among the biochar treatments.
This suggests that these parameters are relatively insensitive or exhibit variable responses
to biochar amendments. Additionally, the PCA results clearly indicate that while RHB
application (especially at rates of 1% and 3% w/w) significantly enhances long-term soil
health and biomass productivity, its effect on the TPC secondary metabolite accumulation
and total chlorophyll content is relatively weak, as these parameters are more closely
associated with biochar-free treatments (0% w/w RHB). This implies that biochar’s influence
on secondary metabolites and chlorophyll content is likely dependent on factors such as
biochar properties, soil conditions, and specific plant species [139,145]. From a resource
management perspective, the use of RHB not only valorizes underutilized agricultural
byproducts but also improves soil carbon storage and nutrient dynamics—demonstrating
how biochar application contributes to low-emission agriculture, reduced material losses,
and enhanced resource circularity.

4. Conclusions
This study highlights the potential of CM and RHB—both sourced from agricultural

byproducts—as effective soil amendments that improve soil health, support plant growth,
and influence bioactive compound accumulation in sunflower sprouts. The application of
1% w/w CM enhanced the SOC, aggregate stability, and soil respiration, which translated
into increased shoot and root biomass. However, this nutrient-rich amendment also
led to a reduction in chlorophyll and the total phenolic content, reflecting a trade-off
between growth and antioxidant accumulation. The RHB, particularly at 1–3%, improved
the soil structure, SOC, and antioxidant activity, while it reduced nitrate accumulation.
Nonetheless, its excessive application (5% w/w) impaired root development, underscoring
the importance of dose optimization. Based on these findings, the co-application of 1% w/w
CM and 1% w/w RHB is recommended as an effective and practical strategy for enhancing
soil quality and plant bioactive compounds.

Although not consistently synergistic, their combined use highlights the importance
of balanced amendment strategies tailored to specific soil and crop requirements. Both CM
and RHB are derived from underutilized agricultural residues, making them suitable for
integration into circular economy practices that promote resource efficiency, reduce agricul-
tural waste, and minimize dependence on synthetic inputs. In short-cycle crop systems,
such as sunflower sprouts, their application offers a practical approach to improving soil
structure and nutrient management within a limited timeframe.

Nevertheless, the short duration of this experiment limits the interpretation of the
long-term effects, particularly regarding organic matter transformation and sustained nutri-
ent availability. To strengthen the evidence base, future studies should include long-term,
field-scale experiments to assess the cumulative impacts of organic amendments over time.
Incorporating a life cycle assessment (LCA) will also be essential to evaluate the environ-
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mental costs and benefits associated with the production and application of materials, such
as biochar and manure. Although microbial processes were not directly measured, the
observed increase in soil respiration indicates elevated microbial activity. Future research
should include direct assessments of microbial communities and functions to validate the
mechanisms inferred from the respiration data and enhance the understanding of soil–
plant–microbe interactions. Furthermore, evaluating the economic feasibility and adoption
potential will be crucial for supporting the practical implementation of sustainable soil
amendment strategies in sustainable agriculture.
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Appendix A
Elemental Composition Analysis

The elemental composition analysis was carried out through X-ray fluorescence (XRF)
(Malvern Panalytical Ltd., Malvern, UK).

Table A1. Chemical composition of rice husk biochar (RHB), longan wood biochar (LWB), and
corn-cob biochar (CCB).

Element RHB (%) 1 LWB (%) CCB (%)

Oxygen (O) 48.45 39.04 37.85
Nitrogen (N) 4.08 28.01 31.45
Carbon (C) 3.50 23.02 24.15
Calcium (Ca) 0.58 3.34 0.04
Hydrogen (H) 0.29 2.17 2.2
Potassium (K) 3.69 2.8 3.2
Phosphorus (P) 0.89 0.43 0.15
Chlorine (Cl) 1.54 0.15 0.15
Magnesium (Mg) 0.37 0.87 0.11
Sulfur (S) 0.18 0.08 0.03
Silicon (Si) 35.90 0.03 0.59
Sodium (Na) 0.03 0.03 0.01
Iron (Fe) 0.18 0.01 0.05
Aluminum (Al) 0.10 0.01 0.01
Copper (Cu) ND 2 0.01 0.01
Strontium (Sr) ND 0 ND
Titanium (Ti) 0.01 ND ND
Manganese (Mn) 0.14 ND ND
Zinc (Zn) 0.05 ND 0.01
Bromine (Br) ND ND 0.00
Rubidium (Rb) 0.10 0.00 0.00
Chromium (Cr) 0.01 ND ND

1 Mean range from three replications. 2 ND = not detected.
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