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Abstract
Background  Soil degradation and nutrient deficiencies often limit soybean productivity and soil health. Biochar has 
emerged as a sustainable soil amendment to improve crop growth and soil health. Gyttja biochar is an innovative 
soil amendment with high organic matter and balanced nutrient contents compared to conventional biochar. 
Nonetheless, the ability of gyttja biochar to improve soybean growth and soil health is poorly investigated. Therefore, 
this study investigated the role of gyttja biochar in improving soybean growth and soil chemical health.

Methods  A greenhouse pot experiment was conducted using soil amended with gyttja-derived biochar at four 
concentrations [0.0% (control),1.5%, 3.0%, and 4.5%] to infer their impacts on growth and biochemical attributes 
of soybean [Glycine max (L.) Merr.], and soil chemical health. Growth parameters (plant height and biomass) and 
plant biochemical attributes (e.g., chlorophyll index, stomatal conductance, proline, malondialdehyde contents, and 
antioxidant enzyme activity) were analyzed. Post-harvest soil samples were analyzed for chemical properties including 
pH, electrical conductivity, and activities of catalase, urease, and dehydrogenase enzymes.

Results  Gyttja biochar significantly improved soybean growth and biochemical attributes compared to the control 
treatment. Growth traits were significantly increased (plant height by 20.9%, root length by 29.2%, and plant weight 
by 84.9%) with 4.5% concentration, and leaves showed greater chlorophyll index. Biochar-treated plants also exhibited 
increased antioxidant enzyme activities and lower oxidative stress indicators, reflecting improved plant health. Soil pH 
and electrical conductivity improved by 5.9% and 33.2%, respectively. Soil enzyme activities significantly increased, 
and urease activity nearly doubled compared to the control.

Conclusion  Gyttja-derived biochar significantly improved soybean growth, biochemical attributes, and soil chemical 
health. These results indicate that converting gyttja sediment into biochar could improve crop productivity and soil 
fertility, providing an environmentally friendly approach to enhance agroecosystem health. Future research should 
include long-term, multi-season field trials to validate these results under varied environmental conditions, assess 
economic feasibility, and evaluate the effects of gyttja biochar across diverse soil types and soybean genotypes.
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Introduction
Gyttja is an organic-rich sediment that develops in 
aquatic ecosystems, especially in lakes and wetlands. 
Gyttja (means ‘slime’ in Swedish) was described in 1862 
by Swedish scientist Hampus von Post and subsequently 
investigated as a soil conditioner in agriculture. Gyt-
tja consists of degraded flora and fauna, along with fine 
mineral particles [1]. It develops in low-oxygen environ-
ments where organic matter accumulates and under-
goes delayed decomposition [2]. Generally, it comprises 
30–40% calcium carbonate (CaCO3) and 40–50% organic 
materials [3]. Gyttja accumulates under water’s surface 
due to the deposition of suspended particles from water 
column and surface runoff from the catchment area. Gyt-
tja has potential uses in agriculture as it improves soil 
health and fertility because of its unique properties and 
elevated organic matter content [4]. Moreover, gyttja is 
a nutrient-dense organic silt that must be eliminated to 
access coal in coal-fired thermal power plants [5]. Gyt-
tja is prevalent in the Afşin-Elbistan coal basin in Turkey 
with total reserves of 4.8 billion tons. Gyttja serves as soil 
conditioner due to its higher organic matter content, low 
toxic element concentration, high humic acid content, 
and compliance with organic fertilizer regulations [3, 6]. 
The effects of gyttja on soil properties and plant growth 
have been investigated in several studies [7, 8].

Gyttja has significant potential for improving crop pro-
duction and soil health [8–11]. It improves soil structure 
by promoting aggregation and reducing bulk density [5]. 
Improved soil aeration and water retention with gyttja 
application result in better root growth [12]. Further-
more, cation exchange capacity of soil is improved by 
the application of gyttja, resulting in increased nutrient 
retention and release [12]. Plants may use the gyttja’s 
organic matter content as a reservoir for slow-releas-
ing nutrients [10]. Gyttja has several benefits; however, 
effects may vary depending on the soil composition and 
the quantity applied. To maximize its efficacy as a soil 
conditioner, it must be managed carefully and considered 
in relation to the specific soil conditions.

Biochar is a carbon-dense byproduct of biomass pyrol-
ysis, which is extensively used as a soil amendment to 
enhance soil fertility and promote crop growth [13–17]. 
Biochar incorporation into soil improves soil structure, 
porosity, and water retention, while creating a highly 
porous surface that adsorbs nutrients and provides refu-
gia for beneficial bacteria [18]. These characteristics often 
result in improved plant growth. Biochar incorporation 
into soil improves activities of soil enzymes essential for 
soil health and nutrient cycling [19, 20]. Nevertheless, the 

impact is dependent upon the kind, quantity and applica-
tion rate of biochar, as well as soil characteristics. Biochar 
contains various nutrients, such as nitrogen, phosphorus, 
and organic carbon, which may enhance microbial devel-
opment and enzyme synthesis [21]. Biochar enhances 
urease activity in soil as it contains significant amounts 
of nitrogen. Soil nitrogen cycling is affected by increased 
urease activity because urea is broken down into ammo-
nia at a quicker rate [22]. Dehydrogenase plays a critical 
role in microbial respiration, often exhibits enhanced 
activity with the addition of biochar. Biochar provides 
ample organic matter and energy for soil microbes, 
hence promoting their metabolic functions and increas-
ing dehydrogenase activity [23]. Catalase activity is often 
increased in biochar-amended soils owing to enhanced 
microbial populations and associated oxidative processes. 
Organic matter and nutrients in biochar may improve 
microbial resistance and catalase activity [24]. For exam-
ple, the incorporation of corncob biochar increased plant 
height, biomass, and yield of soybean in both greenhouse 
and field conditions [25].

Although raw gyttja is rich in organic matter and 
nutrients that promote plant growth and improve soil 
health, converting gyttja into biochar has unique ben-
efits. Pyrolysis converts the unstable organic compounds 
into a stable aromatic carbon structure, significantly 
decreasing microbial degradation rates and extending 
the advantages of soil amendment [26, 27]. Consequently, 
transforming gyttja into biochar significantly enhances 
its agronomic and environmental advantages relative to 
raw gyttja. Nevertheless, most of the biochar research has 
concentrated on conventional feedstocks (such as wood 
or agricultural residue) [14, 17], while the potential of 
unconventional materials like gyttja remains barely inves-
tigated. Gyttja is abundant in Turkey, with an estimated 
reserve of around 4.8  billion tons in the Afşin–Elbistan 
region [9]. Gyttja biochar exhibits unique physicochemi-
cal characteristics principally attributable to its sedimen-
tary origin compared to traditional biochar produced 
from common feedstocks like wood, agricultural wastes, 
or animal manure. Furthermore, gyttja biochar is rich 
in CaCO₃, greatly enhancing its alkalinity and liming 
potential, thereby providing superior capacity for soil pH 
adjustment and increased nutrient availability compared 
to plant-based biochar [8, 11].

Soybean [Glycine max (L.) Merr.] is a key crop, which 
significantly impacts global food security. Global soybean 
production exceeded 340  million metric tons, reflect-
ing 1,200% growth since 1960 s [28]. The global soybean 
industry is projected to reach 278  billion US$ by 2031 
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compared with 155 billion US$ in 2023 because of exten-
sive growth in soybean production [29]. Turkey mostly 
imports soybean to meet domestic demand [30]. Further-
more, soybean imports are predicted to reach 3.1  mil-
lion metric tons between 2023 and 2024 [30]. While 
soybean is a significant component of world agriculture 
because of its high protein and oil contents, its contri-
bution to Turkey’s agricultural sector is just developing. 
Despite strategic growing circumstances, soybean yield is 
extremely low in the country. The major reason for low 
cultivation area and yield is that farmers prefer cultivat-
ing crops that provide more profits. Gyttja biochar has 
significant potential for improving soybean production in 
Turkey by improving soil health, and nutrient availabil-
ity while also offering environmental advantages. Nev-
ertheless, different concentrations need to be tested for 
improving growth and productivity.

Despite extensively reported benefits associated with 
raw gyttja, the impacts of gyttja biochar on plant mor-
phological characteristics, activities of stress enzymes, 
and functions of soil enzymes have been explored less 
[5, 7, 10, 11]. Furthermore, the effects of gyttja-derived 
biochar on soybean growth and related biochemical pro-
cesses are poorly studied. While previous studies have 
examined raw gyttja’s function as a soil conditioner, no 
studies have investigated its biochar form. This study 
addresses this critical knowledge gap by investigating 
the dose-dependent effects of gyttja biochar on soybean 
morphological traits, antioxidant enzyme activities, and 
key soil chemical and enzymatic properties.

Materials and methods
Experimental site
This study was conducted in a greenhouse at Faculty of 
Agriculture, Harran University, Şanlıurfa Turkey. Raw 

gyttja sediment was collected from Afşin-Elbistan ther-
mal power plant in the coal basin of Kahramanmaraş. 
The soil used in the study was collected from Osman-
bey Campus, Harran University, Sanliurfa, Turkey (37° 
10′ 14′’ N latitude and 39° 00′ 14′’ E longitude). Soil was 
collected at a depth of 0–30 cm and analyzed for phys-
iochemical properties using standard soil analysis pro-
cedures. The soil physiochemical properties are given 
in Table  1. The soil had a clay texture, indicating con-
siderable water-holding capacity. The soil was slightly 
alkaline with moderate electrical conductivity, indicat-
ing low salinity. The lime content was significantly high, 
suggesting a substantial amount of calcium carbonate. 
The concentrations of organic matter and total nitrogen 
were low, indicating low inherent fertility. The concentra-
tions of available potassium and phosphorus suggested 
moderate-to-low nutrient availability, stressing the need 
for supplementary soil amendments to improve soybean 
production. The soil had enough secondary nutrients, 
including calcium and magnesium, while micronutri-
ents such as iron, copper, and manganese (were at low to 
moderate concentrations (Table 1).

Gyttja biochar
The collected raw gyttja sediment was air-dried, crushed 
and sieved to < 2 mm particle size before pyrolysis. Bio-
char was produced via slow pyrolysis using a high-tem-
perature furnace (CM Furnaces Inc., Bloomfield, New 
Jersey, USA) equipped with conventional resistive heat-
ing components. The biochar was prepared by pyrolyz-
ing gyttja sediment in the furnace under controlled inert 
conditions. The furnace was purged continuously with 
nitrogen gas flowing at a rate of 0.7 standard m³/h (nor-
malized to 101 kPa and 21 °C) and maintained at a con-
stant absolute pressure of 212  kPa. Heating was carried 
out at a controlled rate of approximately 10  °C min⁻¹, 
gradually increasing to the final pyrolysis temperature 
of 450 °C, at which the material was held for a residence 
time of 60  min. Following cooling in an inert environ-
ment, the produced gyttja biochar was pulverized and 
sieved through a 2 mm mesh for consistent soil applica-
tion. The composition of the obtained biochar is shown 
in Table 2.

The characteristics of gyttja biochar highlight its poten-
tial as an efficient soil amendment. The low moisture 
content (4.12%) indicates that it is stable, reducing the 
likelihood of microbial deterioration. The biochar had a 
volatile matter content of 13.45%, indicating intermediate 
thermal stability, while its elevated fixed carbon content 
of 55.45% suggests significant potential for long-term 
carbon sequestration. The ash concentration of 6.12% 
is acceptable, indicating the availability of vital miner-
als that may improve soil fertility. The elemental analysis 
indicated significant contributions to nutrition cycling. 

Table 1  Physiochemical properties of the soil used in the 
experiment
Soil characteristics Unit Value
Sand % 19.20
Silt 30.10
Clay 50.70
pH - 7.78
Electrical conductivity ds m−1 0.81
Lime % 10.16
Organic matter 0.91
Total nitrogen 0.38
Calcium 0.82
Available potassium mg kg−1 175.22
Available phosphorus 4.23
Magnesium 298.70
Iron 2.98
Copper 0.81
Manganese 0.41
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The hydrogen level (2.4%) signifies elevated aromatic-
ity, associated with biochar’s structural stability, while 
the nitrogen content (1.3%) offers a reasonable supply 
of plant-available nitrogen. Essential macronutrients, 
including phosphorus (0.9%), potassium (2.32%), calcium 
(2.11%), and magnesium (1.45%), highlight the ability of 
biochar to enhance soil nutrient profile. Moreover, trace 
minerals like iron (0.95%), zinc (141.12  mg/kg), copper 
(15.28  mg/kg), and manganese (21.75  mg/kg) provide 
essential micronutrients vital for plant development. 
These characteristics demonstrate that produced gyttja 
biochar has a balanced chemical composition, render-
ing it appropriate for improving soil fertility and nutri-
ent availability, and promoting sustainable agricultural 
practices.

Treatments
The collected soil was passed through a 2 mm sieve and 
then filled into plastic pots (5 kg per pot). Afterwards, 0, 
8, 16 and 24 g (control, 1.5%, 3% and 4.5% respectively) 
gyttja biochar was mixed with the soil. Five seeds of soy-
bean genotype ‘Gapsoy-16’ developed by GAP Agricul-
tural Research Institute Şanlıurfa, Turkey were sown in 
each pot and pots were irrigated until field capacity. The 
seeds were obtained from GAP Agricultural Research 
Institute Sanliurfa, Turkey. The pots were arranged 
according to completely randomized design with three 
replications. Each replication had two pots and all plants 
in each replication were harvested for data collection. 
The experiment was terminated once the plants reached 
flowering stage (45 days after sowing). Data relating to 
plant growth, biochemical attributes, soil enzyme activi-
ties and soil properties were collected at harvesting. Data 
was collected from all plants in each replication and aver-
aged across replications for analysis.

Data collection
Data relating to morphological attributes, i.e., plant 
height, stomatal conductance, chlorophyll index (SPAD 
values), root length and weight, plant weight and activi-
ties of soil enzymes, i.e., catalase, urease, and dehy-
drogenase were collected. Similarly, malondialdehyde, 
hydrogen peroxide (H2O2), and proline contents in soy-
bean plants and activities of ascorbate peroxidase, per-
oxidase and catalase enzymes were recorded. Although 
no abiotic stress was imposed during the study, activi-
ties of antioxidant enzymes were measured, since bio-
char may improve the physical and chemical properties 
of soil and influence plant metabolic processes under 
normal environments. These changes might affect the 
ratio of reactive oxygen species to antioxidant defense. 
The assessment of the impacts of gyttja biochar on plant 
health and oxidative metabolism is facilitated by measur-
ing the activities of antioxidant enzymes. Soil chemical 
properties, i.e., soil reaction (pH) and electrical conduc-
tivity (EC) were determined after harvesting.

Growth traits
Plant height, root length and weight and plant biomass 
were recorded for all the harvested plants from each pot 
in each replication. The lengths of all plants were mea-
sured with the help of meter rod and averaged across 
replication. The plants were uprooted carefully, debris 
was removed by washing the roots, divided into roots 
and shoots and then root length and weight and shoot 
fresh biomass were recorded. The shoots were dried in an 
oven for 72 h at 65  °C and dry biomass production was 
recorded.

Leaf stomatal conductance (mmol m−2 s−1) and chlorophyll 
index
Leaf stomatal conductance was measured using a por-
table leaf porometer (Decagon Devices, Pullman, WA, 
USA), according to the methods described by Long and 
Bernacchi [31] and Pérez-Harguindeguy et al. [32]. Mea-
surements were conducted on fully grown, healthy leaves 
under stable environmental conditions. The chlorophyll 
index (SPAD values) was measured using a portable 
chlorophyll meter (Minolta SPAD 502, Konica Minolta, 
Tokyo, Japan), in accordance with the standard methods 
established by Markwell et al. [33]. Measurements were 
conducted on healthy, fully grown leaves under stable 
environmental conditions.

Leaf proline, hydrogen peroxide and monoaldehyde 
contents
Leaf proline content was determined by following Bates 
et al. [34]. Leaf samples (0.5  g) were homogenized in 
10  ml of 3% sulfosalicylic acid. Following centrifugation 
at 12,000 rpm for 15 min, 2 ml of supernatant was mixed 

Table 2  Composition of Gyttja Biochar prepared and used in the 
study
Parameter Unit Value
Moisture content (%) 4.12
Volatile matter 13.45
Fixed carbon 55.45
Ash content 6.12
Hydrogen (H) 2.45
Nitrogen (N) 1.31
Phosphorus (P) 0.92
Potassium (K) 2.32
Calcium (Ca) 2.11
Magnesium (Mg) 1.45
Iron (Fe) 0.95
Zinc (Zn) mg kg−1 141.12
Copper (Cu) 15.28
Manganese (Mn) 21.75
pH - 8.32
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with 2 ml of glacial acetic acid and 2 ml of acid ninhydrin 
solution. Samples were incubated at 80 °C for 1 h, imme-
diately cooled, and proline was extracted by adding 4 ml 
toluene. Absorbance was spectrophotometrically mea-
sured (Shimadzu UV-1800, Japan) at 520 nm using a tolu-
ene blank as a reference.

The MDA content was quantified by following the 
method described by Weisany et al. [35]. Leaf samples 
(0.1 g fresh weight) were homogenized with 5 ml of 0.1% 
trichloroacetic acid (TCA). The homogenates were cen-
trifuged at 12,000  rpm for 15  min at 4  °C. Supernatant 
aliquots (1 ml) were combined with 4 ml of 0.5% thiobar-
bituric acid (TBA) formulated in 20% trichloroacetic acid 
(TCA). The reaction mixture was incubated in a water 
bath at 95 °C for 30 min, rapidly cooled in an ice bath, and 
then centrifuged for 10  min at 12,000  rpm. The absor-
bance was measured spectrophotometrically at 532 nm, 
with non-specific absorbance at 600 nm subtracted.

The concentration of H₂O₂ was determined using the 
methodology proposed by Loreto and Velikova [36]. Leaf 
samples (0.5  g fresh weight) were homogenized in 5  ml 
of 1% TCA. Following centrifugation at 12,000  rpm for 
15  min at 4  °C, 0.75  ml of supernatant was mixed with 
0.75 ml of 10 mM potassium phosphate buffer (pH 7.0) 
and 1.5  ml of 1  M potassium iodide (KI). Absorbance 
was quantified at 390 nm, and H₂O₂ concentrations were 
determined using a standard curve.

Activities of antioxidant enzymes in plants
The activity of ascorbate peroxidase (APX) was assessed 
by employing the methodology of Nakano and Asada 
[37]. Leaf tissues (0.5 g) were homogenized in ice-cold 50 
mM phosphate buffer (pH 7.0) supplemented with 1 mM 
EDTA and 1 mM ascorbate. Following centrifugation at 
12,000 rpm for 15 min, the enzyme assay was conducted 
by mixing 0.1  ml of enzyme extract with 50 mM phos-
phate buffer, 0.1 mM H₂O₂, and 0.5 mM ascorbate. The 
reduction in absorbance was measured at 290 nm.

The catalase (CAT) activity was assessed according to 
the methodology of Kraus and Fletcher [38]. The enzyme 
was extracted by homogenizing 0.5 g of leaf tissue in 50 
mM phosphate buffer (pH 7.0) at 4  °C, thereafter, cen-
trifuged at 12,000 rpm for 15 min. The reaction mixture 
(3  ml) included enzyme extract (0.1  ml) and 50 mM 
phosphate buffer with 15 mM H₂O₂. The response was 
observed by quantifying the reduction in absorbance at 
240 nm at 30-second intervals for a duration of 2 min.

Peroxidase (POD) activity was quantified by follow-
ing Maehly and Chance [39]. Leaf samples (0.5  g fresh 
weight) were homogenized in 50 mM phosphate buffer 
(pH 7.0) and centrifuged at 12,000 rpm for 15 min. The 
test mixture (3  ml) included enzyme extract (0.1  ml), 
phosphate buffer (50 mM, pH 7.0), guaiacol (20 mM), and 
H₂O₂ (20 mM). POD activity was assessed by measuring 

the increase in absorbance at 470 nm at 30-second inter-
vals for a duration of 2 min.

Activities of soil enzymes
The dehydrogenase activity in the soil was determined 
by spectrophotometric measurement of TPF (triphenyl 
formazan) at 485 nm of the color formed after incubation 
of soil samples with TTC (triphenyl tetrazolium chloride) 
solution at 25 ºC for 24  h [40]. Similarly, urease activ-
ity was determined by the color intensity of the filtrate 
obtained by incubation of soil samples with 10% urea and 
sodium phenolate solution at 37  °C [41]. Catalase activ-
ity was assessed using the volumetric approach described 
by Johnson and Temple [42]. Five g of fresh soil samples 
were put in a flask and treated with5 mm of 3% H₂O₂. The 
flask was immediately sealed, and the amount of released 
oxygen gas was quantified volumetrically after a 3-min-
ute incubation at an ambient temperature.

Statistical analysis
One-way analysis of variance (ANOVA) [43] was used to 
analyze collected data for each trait. Prior to conducting 
ANOVA, the data were assessed for normality [44] and 
homogeneity of variances, which indicated a normal dis-
tribution. Hence the data satisfied the normality assump-
tion of ANOVA. Post-hoc comparison was performed 
using Tukey’s Honest Significant Difference (HSD) test 
at the 95% confidence level (p < 0.05) where ANOVA 
denoted significant differences among treatments. Pear-
son correlation was computed among the measured traits 
to observe their relationship. All statistical analyses were 
performed by using SPSS statistical software version 21.0 
[45].

Results
Plant growth traits
All measured plant (except chlorophyll index, H2O2 and 
proline content and ascorbate activity) and soil traits 
were significantly affected by different gyttja biochar con-
centrations included in the study (Table 3).

The highest plant height was recorded for 4.5% gyttja 
biochar concentration (35.33  cm), representing a 20.9% 
increase compared to the control (29.20  cm) (Fig.  1a). 
Increasing biochar concentrations exerted beneficial 
impact on plant biomass. Plant biomass improved by 
44.78%, 57.31%, and 84.92% with 1.5%, 3.0% and 4.5% 
biochar concentrations, respectively compared to con-
trol (Fig.  1b). The application of 1.5%, 3.0% and 4.5% 
biochar concentrations improved root length by 23.94%, 
29.22%, and 28.17%, respectively, in comparison to the 
control (Fig. 1c). All biochar concentrations significantly 
improved root weight compared to the control group. 
The improvement was 19.12%, 48.91%, and 64.15% for 
1.5%, 3.0% and 4.5% biochar concentrations, respectively. 
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Root weight increased with increasing biochar concen-
trations, and the highest value was recorded for 4.5% 
dose (Fig.  1d). Although biochar treatments had a non-
significant impact on chlorophyll index (SPAD values), 
the highest value (36.1) was recorded with 4.5% gyttja 
biochar, indicating a 12.5% increase relative to the control 
(Fig. 1e). Stomatal conductance increased from 66.56 in 
the control treatment to 127.23 with 4.5% biochar, indi-
cating a 91.2% improvement. The longest root length 
(36.7  cm) was recorded with 3% biochar, indicating a 
29.2% increase relative to the control (Fig. 1f ).

Plant biochemical attributes
Different gyttja biochar concentration significantly influ-
enced malondialdehyde (MDA) content, and activi-
ties of peroxidase (POD) and catalase (CAT) enzymes; 
however, hydrogen peroxide (H2O2) and proline con-
tents, and ascorbate peroxidase (APX) activity remained 
unaffected in this regard (Table  3). The MDA content 
significantly decreased with increasing biochar concen-
tration (Fig. 2a). The application of 1.5%, 3.0%, and 4.5% 
biochar reduced plant MDA content by 17.34%, 35.08%, 
and 24.60%, respectively (Fig.  2a). The H2O2 contents 
and APX remained non-significant (Fig.  2b and d). The 
control treatment resulted in the lowest proline contents, 

Table 3  Analysis of variance for different growth and biochemical attributes of soybean plants and soil pH, EC and enzyme activities
Traits SOV DF SS MS F value p value
Plant traits
Plant height BD 3 76.93 25.64 3.26 0.008

Error 8 62.87 7.86
Stomatal conductance BD 3 5232.42 1744.14 18.07 0.001

Error 8 772.29 96.54
Chlorophyll index BD 3 46.59 15.53 1.82 0.222NS

Error 8 68.38 8.55
Root length BD 3 136.54 45.51 10.98 0.003

Error 8 33.15 4.14
Root weight BD 3 15.83 5.28 7.23 0.011

Error 8 5.84 0.73
Plant weight BD 3 21.32 7.11 7.25 0.011

Error 8 7.84 0.98
MDA content BD 3 4.84 1.61 11.21 0.003

Error 8 1.15 0.14
H2O2 content BD 3 1.26 0.42 1.07 0.415 NS

Error 8 3.15 0.39
Proline content BD 3 10.37 3.46 3.39 0.075 NS

Error 8 8.16 1.02
Ascorbate activity BD 3 1.29 0.43 0.91 0.481 NS

Error 8 3.77 0.47
Peroxidase activity BD 3 11.36 3.79 7.14 0.012

Error 8 4.24 0.53
Catalase activity BD 3 0.16 0.05 4.08 0.050

Error 8 0.11 0.01
Soil traits
  Catalase activity BD 3 6067.67 2022.56 65.95 < 0.0001

Error 8 245.33 30.67
  Urease activity BD 3 401.64 133.88 218.65 < 0.0001

Error 8 4.90 0.61
  Dehydrogenase activity BD 3 100.33 33.44 54.99 < 0.0001

Error 8 4.87 0.61
  pH BD 3 0.33 0.11 19.37 0.001

Error 8 0.05 0.01
  EC BD 3 12192.33 4064.11 140.95 < 0.0001

Error 8 230.67 28.83
The bold values in p value column denote that the relative traits were significantly altered by applied biochar doses, whereas NS represents non-significant effect 
of biochar doses on corresponding traits

SOV Source of variation, BD Biochar doses, DF  Degree of freedom, SS Sum of squares, MS  Mean squares
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Fig. 1  The influence of different gyttja biochar concentrations on plant height (a), plant biomass (b), root length (c), root weight (d), chlorophyll index (e) 
and stomatal conductance (f ) of soybean plants. The data presented are means ± standard errors of means (n = 3). The means having different letters are 
statistically different from each other (p < 0.05)
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whereas remaining biochar doses resulted in the similar 
proline contents (Fig. 2c). The 4.5% concentration signifi-
cantly improved POD activity relative to control (Fig. 2e). 
Moreover, all biochar concentrations significantly influ-
enced CAT activity, with the most pronounced effect 
observed for 4.5% concentration. The 1.5%, 3.0%, and 

4.5% application rates increased CAT activity by 17.64%, 
25.96%, and 50.08%, respectively (Fig. 2f ).

Soil traits
Soil pH, EC, and activities of soil enzyme activities 
were significantly affected by different gyttja biochar 

Fig. 2  The influence of different gyttja biochar concentrations on malondialdehyde (a), hydrogen peroxide (b) and proline contents (c), and activities of 
ascorbate peroxidase (d), peroxidase (e) and catalase (f ) enzymes in soybean plants. The data presented are means ± standard errors of means (n = 3). The 
means having different letters are statistically different from each other (p < 0.05)

 



Page 9 of 14Beyyavaş BMC Plant Biology          (2025) 25:974 

concentrations. The highest catalase activity in soil was 
noted for 4.5% concentration (Fig.  3a). Application of 
1.5%, 3.0%, and 4.5% concentrations enhanced urease 
activity by 22.81%, 58.70%, and 97.01%, respectively com-
pared to control (Fig. 3b). Likewise, 1.5%, 3.0%, and 4.5% 
concentrations improved soil dehydrogenase activity by 
2.89%, 15.81%, and 34.71%, respectively, in comparison 
to the control. The most significant rise was recorded for 
3.0% and 4.5% concentrations (Fig. 3c). Soil pH increased 
by 2.55%, 4.57%, and 5.91%, respectively with the appli-
cation of 1.5%, 3.0%, and 4.5% biochar concentrations, 
respectively compared to control (Fig. 3d). Similarly, the 
increase in soil EC for 1.5%, 3.0%, and 4.5% biochar con-
centrations was 9.50%, 20.09%, and 33.13%, respectively 
(Fig. 3e).

A strong positive correlation was observed between 
plant height, stomatal conductance, chlorophyll index, 
root length, root weigh, and overall plant biomass, sug-
gesting that gyttja biochar enhanced plant growth traits. 
Soil enzymatic activities, including catalase, urease, and 
dehydrogenase also exhibited positive correlations with 
plant growth traits, highlighting the role of biochar in 
promoting soil health and nutrient cycling. Notably, soil 
pH and EC were positively correlated, indicating a shift in 
soil chemistry due to biochar amendments. Stress-related 
markers (MDA and H₂O₂) demonstrated an inverse rela-
tionship with growth traits, suggesting that biochar 
applications mitigate oxidative stress in plants. Addition-
ally, proline, ascorbate peroxidase, and catalase activities 
in leaves showed significant correlations, emphasizing 
their role in stress response mechanisms (Fig.  4). These 
findings collectively suggest that gyttja biochar enhances 
plant growth by improving soil enzymatic activities while 
reducing oxidative stress, thereby contributing to overall 
plant resilience and productivity.

PH = plant height, SC = stomatal conductance, 
CI = chlorophyll index, RL = root length, RW = root 
weight, PB = plant biomass, CAT = catalase activ-
ity in soil, URE = urease activity in soil, DHG = dehy-
drogenase activity in soil, pHS = soil pH, EC = soil EC, 
MD = malonaldehyde contents in leaves, H2O2, hydro-
gen peroxide contents, PRO = proline concentration in 
leaves, ASCO = ascorbate peroxidase activity in leaves, 
CATP = catalase activity in leaves.

Discussion
The application of gyttja biochar significantly improved 
growth and biochemical traits of soybean, with the most 
significant improvements recorded for the highest con-
centration included in the study. All biochar-treated 
plants had better plant height, biomass, and leaf chlo-
rophyll content compared to the control treatment. The 
highest biochar dose (4.5%) led to the most significant 
improvements in plant height and shoot dry weight. In 

contrast, the moderate biochar concentration (3.0%) 
yielded slightly lower yet significant improvements, while 
the lowest dose (1.5%) also produced noticeable improve-
ments compared to the control. The findings complement 
earlier studies indicating that biochar enhances legume 
growth and nodulation. Suppadit et al. [13] documented 
an increase in nodule count, plant height, dry biomass, 
and nutrient absorption in soybeans following the appli-
cation of quail-litter biochar. The positive impact of gyttja 
biochar on soybean growth in the current study indicates 
both direct and indirect advantages.

The application of biochar likely mitigated nutri-
tional deficiencies by increasing nutrient availability and 
enhancing soil conditions for soybean growth. Increased 
leaf chlorophyll and photosynthetic activity in biochar-
treated plants suggest improved nutritional status (e.g., 
increased N and Mg availability for chlorophyll synthe-
sis) along with improved water absorption, which pro-
moted growth. Previous studies have demonstrated that 
biochar improves plant water uptake (transpiration), 
hence facilitating nutrient absorption by roots [46]. Bio-
char applications may indirectly improve root growth 
and functioning by modifying the soil physical structure 
(e.g., porosity, water retention) and increasing nutrient 
bioavailability [47, 48]. The results of the current study 
indicated no growth inhibition at the highest concentra-
tion, suggesting that 4.5% gyttja biochar could be used 
for improving soybean growth. The dose-dependent 
response of plants aligns with literature suggesting that 
the effects of biochar differ based on application rate and 
type.

Besides improvements in root traits and biomass pro-
duction, gyttja biochar also improved other physiological 
and biochemical indices of plant performance. Soybean 
plants treated with biochar exhibited increased stomatal 
conductance, which probably enhanced CO₂ assimila-
tion and growth. The activities of essential antioxidant 
enzymes, i.e., superoxide dismutase (SOD), catalase 
(CAT), and peroxidase (POD) were altered by the incor-
poration of biochar. The plants in control treatment 
exhibited moderate SOD and CAT activities likely indi-
cating baseline scavenging of reactive oxygen species 
(ROS). Biochar application at 3.0% and 4.5% resulted in 
a modest increase in SOD and CAT activities, although 
POD activity decreased. Despite no stress imposed 
in the current study, these changes indicate that bio-
char created a more beneficial, less oxidative environ-
ment for the plants. The same phenomenon has been 
observed under abiotic stress conditions. For example, 
Anwar et al. [49] indicated that biochar application might 
enhance CAT and SOD activity in plants while decreas-
ing POD, therefore mitigating oxidative damage dur-
ing heavy metal stress. The slight elevation in SOD and 
CAT activities indicate an enhanced antioxidant capacity 
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Fig. 3  The influence of different gyttja biochar concentrations on the activities of catalase (a), urease (b), and dehydrogenase (c) enzymes in soil and soil 
pH (d) and EC (e). The data presented are means ± standard errors of means (n = 3). The means having different letters are statistically different from each 
other (p < 0.05)
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or increased metabolic activity of the healthier biochar-
treated plants. In contrast, the slight decrease in POD 
activity at high biochar concentrations may indicate 
that biochar-amended plants experienced less oxidative 
stress, since POD typically increases in reaction to stress-
induced ROS. This hypothesis is supported by earlier 
studies indicating that biochar may mitigate Cd toxicity, 
enabling plants to reduce excessive production of anti-
oxidant enzymes [47, 49]. The biochar-treated soybean 
plants exhibited reduced oxidative stress and enhanced 
redox balance, consistent with their improved growth. 
Consequently, gyttja biochar not only stimulated soybean 
growth and photosynthesis by enhancing nutrition but 
also facilitated the maintenance of oxidative homeostasis.

The incorporation of gyttja biochar improved soil 
chemical attributes and biological activity, hence promot-
ing plant growth. All biochar concentrations improved 
soil pH and EC compared to the control, with the most 
significant improvements seen at 4.5%. The application 
of 4.5% biochar increased pH by 0.4–0.6 units relative 
to the control, whereas 1.5% and 3.0% biochar increased 
pH by 0.2–0.3 units. The ash content of gyttja biochar 

and its possible enrichment in basic cations (Ca2
+, Mg2

+, 
K+) indicate a liming effect. Recent study indicated that 
incorporation of raw gyttja into acidic soils increased pH, 
calcium carbonate content, organic matter, and avail-
able phosphorus [9]. Soils treated with biochar prob-
ably had better nutrient profile which enhanced soil 
nutrient availability. Biochar’s stable carbon probably 
improved soil organic carbon, which improved fertility 
and carbon sequestration over time. Higher soil organic 
matter enhances soil structure and moisture retention, 
perhaps benefiting soybean roots. In brief, gyttja biochar 
improved soybean performance by decreasing soil acidity 
and augmenting nutrient availability.

Soil amendment with biochar improved soil dehydro-
genase activity compared to control soils. The organic 
carbon substrate and improved habitat offered by bio-
char might increase the activity or abundance of the soil 
microbial community. Urease activity, which mineralizes 
nitrogen was significantly improved in all biochar con-
centrations. These findings confirm previous research 
indicating that low-to-moderate biochar enhances soil 
enzymatic activity [50]. Jiang et al. [50] found that the 

Fig. 4  Correlation among different growth and biochemical attributes of soil and soybean plants grown under varying concentrations of gyttja biochar
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incorporation of 2% swine-manure biochar increased 
soil hydrolase enzymes (e.g., sucrase) by 50–60%, phos-
phatase and urease by 23–28%, and microbial biomass 
by 34%. Gyttja biochar application in the current possi-
bly supplied nutrients and a microhabitat for microbial 
colonization. The porous structure of biochar shields 
microbial cells and extracellular enzymes against degra-
dation while facilitating substrate accessibility. Biochar 
improves soil moisture retention and aeration, facilitating 
microbial growth and enzyme production [51]. Biochar 
improved soil catalase activity in the current study, indi-
cating higher microbial oxidative metabolism. This corre-
sponds with Jiang et al. [50], where 2% biochar enhanced 
soil catalase by around 50%. Increased enzyme activity 
in biochar-amended soil indicates a more dynamic soil 
microbiome facilitating nutrient cycling. Incorporation 
of biochar improves soil biological activity by offering 
organic carbon as a nutrient source or mitigating stress-
ors, such as neutralizing acidity and adsorbing toxins 
[51]. Gyttja biochar improved soil health in the cur-
rent study by increasing chemical fertility and biological 
activity.

The current study recorded a significant link between 
biochar application and soil and plant performance. 
Leaf antioxidant enzymes (e.g., SOD, CAT) exhibited an 
inverse correlation with soil parameters. Biochar-treated 
plants demonstrated reduced oxidative stress indicators 
and small induction of antioxidant enzymes. Soil dehy-
drogenase activity correlated strongly with soybean shoot 
and root biomass. Biochar may have benefited plant 
development by encouraging an active soil microbial 
community through enhancing nutrient mineralization 
and plant growth-promoting compounds. Garbuz et al. 
[51]observed that biochar boosted soil enzyme activity 
and root growth, promoting soil biology. Biochar-treated 
soybean plants exhibited larger root systems, which 
probably increased nutrient absorption and soil enzy-
matic activity. Biochar improved soil conditions, increas-
ing plant growth, root inputs, microbial substrates, and 
soil biota.

The current study reports immediate benefits of gyt-
tja biochar for soybean growth and soil health; however, 
it has certain limitations. The experiment lasted for one 
growing season in pots and focused on the preliminary 
effects of biochar. The delayed nutrient release of biochar, 
its long-term benefits to soil structure, and the impacts 
of nitrogen immobilization or aging might not become 
apparent within this period. Extended experiments are 
required to determine if biochar’s beneficial effects on 
soil fertility and crop growth. Secondly, a single soybean 
genotype was assessed in a greenhouse environment. Dif-
ferent cultivars or field-grown soybeans may have differ-
ential responses to biochar, particularly under drought, 
diseases, or when planted in soil with variable textures 

and fertility levels. Extending the findings to several soy-
bean varieties and open-field conditions might enhance 
generalizability. Testing gyttja biochar on other crops or 
within crop rotation systems may validate those improve-
ments in soil health result in agronomic benefits. The 
next phases of employing gyttja biochar in sustainable 
agriculture must include field-scale feasibility, economic 
considerations, and environmental impacts, such as soil 
water dynamics and greenhouse gas emissions. Overall, 
gyttja biochar is an effective soil amendment for enhanc-
ing soybean growth and soil health. Nevertheless, subse-
quent studies are needed to address the limitations and 
enhance understanding of biochar’s role in agroecosys-
tem resilience.

Conclusion
The use of gyttja biochar significantly enhanced soybean 
growth and soil health. Gyttja biochar improved soil 
characteristics, including pH, EC, and enzyme activities, 
hence facilitating improved plant growth, characterized 
by increased height, biomass, and root development. 
Biochar improved soil health, significantly improving 
enzyme activities such as dehydrogenase and urease indi-
cating improved nutrient cycling and microbial activity. 
The observed positive correlations between plant growth 
traits and soil enzyme activity highlight the interdepen-
dence of soil and plant health, with biochar acting as a 
catalyst for this synergy. Nonetheless, certain limitations 
must be recognized in this study. The experiment was 
conducted in a controlled greenhouse environment for 
a short duration with a single soybean genotype, which 
constrains the generalizability of the findings. Future 
studies must involve multi-season field trials utilizing 
multiple crop varieties, various soil types, and prolonged 
biochar application periods to evaluate the long-term 
impacts of gyttja biochar.
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