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Abstract

This study explores the combined effects of biochar and boron on chickpea growth, soil chemistry and nutrient composi-
tion offering a novel approach to sustainable agriculture. A controlled experiment was conducted using biochar derived
from poultry litter at four doses (0%, 2%, 4%, and 8%) and boron supplementation at three levels (0, 1 and 2 mg kg !
boron). Growth attributes, soil chemistry, macro and micro nutrient status and heavy metals accumulation were determined
in chickpea (Cicer arietinum). Phosphorus, potassium, magnesium and calcium uptake were promoted with higher bio-
char doses by 20.2%, 16.6%, 20.2% and 25% over control, respectively. Similarly, boron and copper picked with §% of
biochar, while nickel had the highest value with 2% of it. Boron treatments increased magnesium and manganese uptake,
whereas they reduced calcium and copper accumulations in plant tissues. biochar inhibited lead, chromium and alumi-
num absorption at low doses (2%), but increased at higher doses. The highest phosphorus concentration (2458 mg kg™)
was observed with 8% biochar, while magnesium and potassium contents increased by 28.9% and 15.6%, respectively.
Principal component analysis showed strong positive correlations between heavy metal uptake and biochar application,
highlighting potential shifts in bioavailability. Plant growth parameters responded positively to biochar but negatively to
excessive boron. Soil EC increased by 47% under 8% biochar, underscoring the need for careful application to avoid
salinity issues. Biochar and boron application rates can promote soil nutrient bioavailability and chickpea growth, and
restrict heavy metal accumulation in plants. However, high applications limit plant growth due to intense heavy metal
accumulation and ion imbalances in the plant. The application of 2% biochar and 1 mg kg™ ! boron are considered optimal
because it enhances nutrient uptake, minimizes heavy metal accumulation, and maintains low salinity risk.
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1 Introduction

Chickpea (Cicer arietinum L.), a member of Fabaceae, has
a critical position in human nutrition and plays a unique role
in agroecosystems. Chickpea, which has a high protein con-
tent (13—27%,), is consumed as a basic food especially in
developing countries where protein deficit is high (Jadhav
et al., 2015). In addition, chickpea increases soil fertility by
fixing atmospheric nitrogen (N,) through symbiotic Rhi-
zobium bacterias on roots and provides a natural nitrogen
source for next crops (Zhang et al. 2024). However, chick-
pea growth and development is largely directly related to
soil fertility, irrigation regimes and agricultural inputs. In
particular, deficiency of micro- and macro-nutrients nega-
tively affects growth process. Studies show that lack of
appropriate nutrients in the soil significantly reduces chick-
pea biomass production and grain yield (Abebe And Beyene
2021).

The use of micronutrients such as boron (B), which has
a significant effect on the physiological characteristics, is
gaining more attention among yield-enhancing practices
in chickpea cultivation (Pereira et al. 2023). It is essential
for processes such as nucleic acid and protein synthesis,
chlorophyll production, carbohydrate transport, pollen tube
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growth, and root development (Ozturk et al. 2010). Boron
reduces heavy metal toxicity in plants by inhibiting toxic
accumulation and decreasing oxidative stress (Gheshlagh-
pour et al. 2021). Boron significantly increases nutrient
uptake and translocation (Vishekaii et al. 2019), while B defi-
ciency is well-documented to cause issues such as abnormal
seedling growth (Day And Aasim 2020), reduced photosyn-
thesis and CO, assimilation (Cong et al. 2015). Moreover,
B treatments lead to reduce plant stress under saline condi-
tions (Agikbas et al. 2024). Boron deficiency impacts vari-
ous structural and functional activities of a plant’s vascular
system, including root initiation, starch metabolism, sugar
transport, and nitrogen digestion (Li et al. 2023). B avail-
ability in soil is influenced by factors such as pH, the solu-
bility of B sources, adsorption, complexation, and transport
processes involving organic matter, metal hydroxides, and
clay minerals (Das And Purkait 2020). Therefore, variable
availability of B in soil underscores the need for amend-
ments that improve nutrient retention, such as biochar.
Biochar is recognized as a product revealed with pyroly-
sis of carbon-rich solid materials. Biomasses are thermally
degraded under oxygen-limited conditions during pyrolysis
(Haider et al. 2022). Biochar enhances plant growth and
yield, supports carbon sequestration, regulates greenhouse
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gas emissions (GHS), and mitigates environmental con-
tamination (Nguyen et al. 2023; Ji et al. 2025). Its highly
aromatic carbon structure and high surface area and poros-
ity, improves soil properties by increasing nutrient availabil-
ity, cation exchange capacity, and water-holding capacity
(Adhikari et al. 2022). Biochar also improves the nitrifi-
cation process in less acidic soils, largely due to its influ-
ence on autotrophic nitrifying bacteria (Wang et al. 2015).
Additionally, BCH stimulates nitrogen fixation and nitrogen
mineralization, as its high hydrogen-to-carbon ratio facili-
tates the decomposition of soil minerals, releasing nitrogen
for plant uptake while also providing a carbon source for
soil microbiota (Dai et al. 2016). Furthermore, BCH plays a
significant role in promoting precipitation reactions in soil,
facilitating the conversion of minerals into insoluble forms.
Given these multifaceted benefits, biochar derived from
nutrient-rich poultry litter may interact with B to further
influence plant nutrition and soil chemical Dynamics.

This study is based on the hypothesis that poultry litter-
derived BCH and B treatments can alter nutrient uptake,
soil chemistry and heavy metal accumulation in chickpea
plants. It is postulated that suitable doses of BCH and B can
enhance the availability and uptake of macro- and micro-
nutrients while concurrently mitigating the translocation
of toxic heavy metals into plant tissues. In addition, BCH
can be produced from each organic material and generally
used for soil designer. However, poultry waste is also a rich
material in terms of nutrients. Therefore, it was estimated
that poultry litter-derived BCH may lead to enhance plant
growth and nutrient uptake via rich substrate composition
as well as boosting soil characterization. Accordingly, the
primary aim of this research is to comprehensively evaluate
the individual and interactive effects of varying BCH and B
doses on chickpea growth performance, soil chemical prop-
erties, nutrient accumulation, and heavy metal dynamics.
Moreover, the study seeks to provide practical insights into
the use of organic waste-derived amendments and nutri-
ent strategies for improving soil health and crop nutrition
within the scope of sustainable agriculture.

2 Materials and Methods
2.1 Experimental Area

The study was conducted in the climate chamber at Bolu
Abant Izzet Baysal University, Faculty of Agriculture,
Department of Seed Science and Technology, Bolu, Tiir-
kiye. Light was provided using artificial illumination with
16 h of light and 8 h of darkness in the climate chamber.
The intensity of the light sources was adjusted to 400—450
pmol m 2 s™'. The ambient temperature and humidity were

maintained at 24+2 °C and 70% humidity throughout the
experiment, respectively.

2.2 Experimental Materials

The Azkan chickpea (Cicer arietinum) variety of the Desi
type was used in the experiment. Boric acid (HsBOs) was
used for B treatments. BCH material was produced from
chicken litter waste obtained from an organic poultry farm.

2.3 Characterization of Experimental Soil and
Biochar

The chicken litter waste was pyrolyzed at 800 °C for 30 min
in order to produce electrical energy, the biochar obtained
was ground and passed through a<0.1 mm sieve (Cig et
al. 2021). Experimental soil and BCH were analyzed for
pH, EC, lime, organic matter, nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), boron (B), manganese (Mn),
iron (Fe), zinc (Zn) and copper (Cu). Texture was also deter-
mined in soil by Bouyoucus hydrometer method (Bouyou-
cos 1962). The soil reaction (pH) and salinity (EC) were
determined as outlined in “Soil Survey Laboratory Staff”
using the 1:2.5 soil-water mixture method (Burt 1992).
Lime was detected using the calcimeter method (Howard
1917). Soil organic matter was determined using the Walk-
ley Black wet combustion method (De Vos et al. 2007).
Macro and micronutrient analyses in soil and biochar sam-
ples were determined by the ICP-OES spectrophotometric
method according to Hansen et al. (2012).

Classification of experimental soil was calcisol accord-
ing to Food and Agriculture Organization of the United
Nations (FAO) classification criterias (FAO 2022). The pH
of the experimental soil is neutral, textured loamy, salt-free,
lime content is high, organic matter and N are very low, P
is medium, K and Ca are very high, Fe, Mn and Cu is suf-
ficient, and Zn and B contents are low (Tiizliner, 1990). The
pH of BCH was alkaline, salty, organic matter content was
high and total macro and micro element contents were very
high. Physicochemical properties of experimental soil and
biochar were determined in the laboratory and presented in
supplementary file (Table S1).

2.4 Experimental Design

Eight seeds were planted in each pot, and thinning was per-
formed to leave four plants after emergence. Different doses
of BCH and boric acid were used in the experiment. Four
doses of BCH material (BCHO: control, BCH1: 2%, BCH2:
4%, and BCH3: 8%) produced from poultry waste and three
doses of boric acid (BO: control, B1: 1 mg kg™ ' B, and B2:
mg kg ! B) were applied to the pots. Thus, the experiment
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was conducted according to completely randomized facto-
rial design with four replications. Since the applied BCH
doses were planned as a pot experiment, they were given
in percentages. Considering field conditions, they approxi-
mately correspond to 50 tons ha™ ! for BCH1, 100 tons ha ™!
for BCH2, and 150 tons ha ' for BCH3. The doses were
determined based on previous research on BCH application
in field crops (Jalal et al. 2020; Bangash et al. 2023). Boron
doses were dissolved in pure water and added to the pots.
Pots with a capacity of 2 kg of soil were used in the study.
The soil was obtained from a field in the region, air-dried,
sieved through a 2 mm mesh, weighed at calculated amounts,
and mixed with BCH according to volumetric ratios. Boron
doses were given under seed bed before soving. Boron
granules were covered with soil to avoid contact with seeds.
Homogenous ten seeds were spwn to each pot and theye
were thinned to 5 homogenous seedlings after emergence.
Before sowing, soil samples were taken and analyzed under
laboratory conditions, with the physicochemical properties
presented in supplementary file (Table S1). All pots were
supplied with 200 mg N kg™ as ammonium sulfate due to
very low N content of experimental soil. Irrigation was per-
formed according to 80% field capacity. The method used
by C1g et al. (2022) was utilized to calculate the field capac-
ity. During the experiment, no symptoms indicating disease
or pest effects were observed. Harvesting was done at the
end of 45 days from the starting of experiment.

2.5 Experimental Observations and Analyses

At the end of the experiment, the plants removed from the
pots were gently shaken to remove coarse soil. Addition-
ally, sufficient soil samples were taken from each pot, and
changes in soil reaction (pH) and electrical conductivity
(EC) were observed depending on the treatments. Soil pH
and EC were determined before sowing and after harvest
using the standard 1:2.5 soil-to-water suspension method.
Subsequently, the plants were cut at the root collar using
scissors. Root length (RL), plant height (PLH), seedling
fresh weights (SFW) and root fresh weight (RFW) were
measured. The plants were then rinsed with pure water,
placed in paper bags, and dried in an oven set to 70 °C until
they reached a constant weight. The dried samples were
weighed to determine seedling dry weight (SDW) and root
dry weight (RDW). Finally, the samples were ground using a
plant grinding mill to prepare them for analysis. Changes in
macro and micro nutrients, and heavy metal contents in the
above ground plant samples (leaf+stem) were determined.
For nutrient element analysis, extracts were prepared using
the dry ash method according to Hansen et al. (2012) and
element readings were performed using an ICP-OES spec-
trophotometer instrument.
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The quality of all chemical analyses was ensured by
following standardized laboratory protocols. Calibration
curves were generated prior to each analytical run using
multi-element standard solutions. Quality control proce-
dures included the measurement of reagent blanks, the use
of certified reference materials (CRM) for accuracy verifi-
cation, triplicate readings of each sample, and instrument
drift correction after every ten samples.

2.6 Specific Analyses

Pearson correlation analysis was used to assess dual
relationships of experimental observations using “Per-
formanceAnalytics” package (Peterson et al. 2014). Hierar-
chical clustering heatmap analysis indicated representations
of experimental characteristics by treatments and was
drawn using “lattice” package. Principle component analy-
sis (PCA) was subjected to investigate multi-relationships
of experimental treatments and characteristics (Cig et al.
2024). Visualization of statistical results was carried out
using R (V 4.3.2).

2.7 Statistical Analysis

The data were subjected to the Shapiro-Wilk normality test.
Normal distributing data were analyzed using two-way
analysis of variance (ANOVA) according to completely
randomized factorial design to assess statistical significance
(»<0.05 or 0.01). The analyses were conducted to evalu-
ate the main effects of BCH and B (3 x4) factors, as well
as their BCH x B interaction effects. The means of the
dependent variables were grouped using Tukey’s Honestly
Significant Difference (HSD) test, implemented with the
agricolae package in R software. (Mendiburu 2010).

3 Results

Four doses of BCH, three doses of B and interactive impacts
of them were subjected to soils growing chickpea seedlings
were investigated in the experiment. According to ANOVA
results, any doses of BCH and B caused a significant differ-
ences in Fe, PLH, SFW and SDW. While Mn significantly
(»<0.05) change by only B treatment, P and EC were sig-
nificantly (»<0.01) affected by only BCH. Zinc content and
pH were not significantly affected by BCH or B, however,
BCHxB interaction caused statistically significant dif-
ferences on them at 1% and 5%, respectively. Boron and
BCHxB treatments led to statistically significant differ-
ences on RL at 5% and 1%, respectively, but no BCH. On
the other hand, K and nickel (Ni) concentrastions were just
significantly affected (p<0.05) by BCH treatment. Biochar
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and BCHx*B interaction caused statistically significants at
1% on Cu, howewer, B at 5%. Biochar and B treatment were
significant at 1% for RFW, but BCHxB interaction had no
impact on them. Biochar treatment significantly (p<0.01)
affected RDW, whereas B had no significant effect. Finaly,
Mg, Ca, Al, As, Cr and Pb were significantly affected
(»<0.01) by BCH, B and BCHxB treatment (Supplemen-
tary file, Table S2).

3.1 Macro Nutrients

Phosphorus concentration changed between 2045 and
2458 mg kg ! and 2163-2336 mg kg ! according to BCH
and B treatments, respectively. The lowest P was deter-
mined in control plants while the highest one was obseved
in 8% BCH treated plants. The lowest K content (1.528%)
was determined in no BHC treatment while the highest
one (1.766%) was observed in 8% of BCH treated plants,
therefore, it increases K content by 15.6%. The lowest
Mg content (5733 mg kg ') was determined in 2% BCH
treated plants whereas the highest one (7393 mg kg™ ') was
observed with 8% of BCH under different BCH concentra-
tions. 1 mg kg ! B treatment reduced Mg content while the
2 mg kg ! B increased by 8.5% over control. The lowest
Ca content (16.2 mg kg™ ') was determined in 2% of BCH

treated plants while the highest one (24.76 mg kg ') was
observed with 8% of BCH. However, B treatment reduced
Ca concentration in plants, i.e., 1 and 2 mg kg™ ! B were
decreased it by 26.7% and 15.1%, respectively (Fig. 1).

3.2 Micro Nutrients

Iron and B concentrations increased with rising BCH doses,
therefore, 8% of BCH caused the highest Fe (350 mg kg™ ')
and B (86.3 mgkg ') content. The lowest Fe (195.5 mgkg 1)
was determined in 2% of BCH, but it was in the same sta-
tistical group with control plants. The 8% of BCH treatment
increased Fe and B concentrations in plants at 77.8% and
15.4% compared with non-BCH treatment plants, respec-
tively. Manganese and Zn concentrations were changed
between 66.58 and 74.11 mg kg ! and 95.1-98.8 mg kg !
by BCH treatments, respectively, e.i., alterations were not
significant. The lowest Cu (6.66 mg kg ') was determined
in control plants whereas the highest one (12.94 mg kg™ 1)
was observed in 6% of BCH treated plants. Copper con-
tent in plnat tissues increased with 6% of BCH by 94.3%
over control. Nickel content in plant tissues significantly
increased with 2% of BCH and achieved at the highest value
(36.78 mg kg™ 1), however it decreased under higher doses

(Fig. 2).
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Fig. 1 Macronutrient status in chickpea under biochar and boron treat-
ments (The bars in the graphs represent the standard error (SE) of the
mean. SE indicates the reliability of each mean value; as SE increases,
variability among measurements is higher and confidence in the mean
decreases. Statistically significant differences between groups are

indicated by different letters. Groups without letter annotations do not
show significant differences based on the treatments. Control: No bio-
char treatment, BCH1: 2%, BCH2: 4%, BCH3: 8%, Control: No boron
treatment, B1: mg kg™ B, B2: 2 mg kg™! B, P: Phosphorus (mg kg™'),
K: Potassium (%), Mg: Magnesium (mg kg '), Ca: Calcium (mg kg ™))
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Fig. 2 Micronutrient status in chickpea under biochar treatments (The
bars in the graphs represent the standard error (SE) of the mean. SE
indicates the reliability of each mean value; as SE increases, variability
among measurements is higher and confidence in the mean decreases.
Statistically significant differences between groups are indicated by

According to B treatments, Fe, Zn and Ni concentrations
did not significantly changed and varied between 203 and
317.1 mg kg !, 93.6-102.3.6.3 mg kg ' and 36.25-36.64
(mg kg™ 1), respectively. Manganese content increased with
rising B treatment. 2 mg kg ! B increased Mn content by
21.4% compared with control plants. Similarly, B treatment
boosted B uptake and translocation to plant tissues com-
pared with control in which the highest B content (81.32 mg
kg ') was obtained from 2 mg kg~ ! B plants while the low-
est B (70.57 mg kg™ ') was determined in control plants. In
contrast, B treatment reduced Cu concentration in plant tis-
sues. Copper content was determined as 11.19 mg kg ™!
control plants, howewer, it decreased by 8.6% and 4% with
1 and 2 mg kg ' B treatments, respectively (Fig. 3).

3.3 Toxic Heavy Metals

Biochar treatment significantly affected all toxic heavy met-
als. The lowest aluminum (Al) value (275 mg kg™ ') was
determined in 2% of BCH whereas the highest one (2640 mg
kg ') was observed in 8% of BCH, i.e., increased among
6-fold over control plants. Similarly, arsenic (As) concen-
tration in plant tissues increased with rising BCH doses.
Thus the lowest (0.104 mg kg ') and highest (0.365 mg
kg ') As concentration were determined in control and 8%
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different letters. Groups without letter annotations do not show sig-
nificant differences based on the treatments. Control: No biochar treat-
ment, BCHI1: 2%, BCH2: 4%, BCH3: 8%, Fe: Iron (mg kg™'), Mn:
Manganese (mg kg™"), Zn: Zinc (mg kg™'), B: Boron (mg kg™), Cu:
Cupper (mg kg™), Ni: Nickel (mg kg™))

of BCH treated plants, respectively. The 2% of BCH treat-
ment reduced chromium (Cr) concentration (0.345 mg kg ')
by 44% over control, however, higher doses increased it up
to nearly starting level (0.652 mg kg™ !) again. Although low
dose of BCH treatment (2%) restricted lead (Pb) concen-
tration (1.238 mg kg ') in plant tissues, higher doses re-
increased up to control plant’s level. Boron treatment also
significantly affected toxic heavy metal uptake in chickpea
plants. According to results, 2 mg kg ' B promoted Al, As,
Cr and Pb concentrations in plant tissues compared with
control and 1 mg kg™ ' B treated plants. On the other hand,
1 mg kg ! B restricted toxic heavy metal contents over con-
trol except for As (Fig. 4).

3.4 Soil Reaction and Electrical Conductivity

Soil pH varied between 7.32 and 7.39 depending on BCH
and B treatments, however, difference was not statistically
significant. On the other hand, EC exhibited a significant
alteration according to different BCH, but B treatments.
Soil EC was 0.44 dS m™! at the beginning of the experi-
ment. Rising BCH doses increased soil EC. The lowest EC
(1.096 dS m™ ') was seen in control plots while the highest
one (1.612 dS m™ ') was determined in 8% of BCH treated
ones at the end of the experiment (Fig. 5).
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Fig. 3 Micronutrient status in chickpea under boron treatments (The
bars in the graphs represent the standard error (SE) of the mean. SE
indicates the reliability of each mean value; as SE increases, variability
among measurements is higher and confidence in the mean decreases.
Statistically significant differences between groups are indicated by

3.5 Plant Growth, Biomass and Dry Matter
Accumulation

According to BCH treatments, PLH ranged from 23.4 to
25.4 cm, RL from 18.1 to 19.8 cm, SFW from 2.612 to
3.000 g and SDW from 0.505 to 0.531 g. In terms of root
biomass, 2% and 4% of BCH reduced RFW, however, 8%
of BCH increased over control. The lowest RFW (2.781 g)
was seen in 4% of BCH treated plans whereas the highest
one (4.100 g) was determined in 8% of BHC treated ones.
Therefore, 8% of BCH increased root biomass up to 26.7%
over control. Similarly, BCH treatment boosted dry mat-
ter accumulation in roots. The lowest RDW (0.319 g) was
determined in control plants while the highest one (0.472 g)
was observed in 2% of BCH treated plants, however, it was
in the same statistical group with 8% of BCH treated ones
(Fig. 6).

In terms of B treatment, PLH ranged from 23.7 to
247 cm, SFW from 2.450 to 2.902 g, SDW from 0.513
to 0.531 g and RDW from 0.377 to 0.556 g. On the other
hand, B treatment reduced root growth at a ratio of 14.4%
and 13.7% with 1 and 2 mg kg™' B treatments, respectively.
Similarly, rising B doses decreased RFW in which the low-
est value (2.799 g) was determined in 2 mg kg ' B treated

different letters. Groups without letter annotations do not show signifi-
cant differences based on the treatments. Control: No boron treatment
Bl:mgkg™ B, B2: 2 mg kg™ B, Fe: Phosphorus (mg kg™'), Mn: Potas-
sium (mg kg™), Zn: Magnesium (mg kg™'), B: Calcium (mg kg™), Cu
(mg kg™'), Ni (mg kg™))

plants while the highest one (3.898 g) was observed in con-
trol plants (Fig. 7).

3.6 Effect of BCHxB Interaction on Investigated
Characteristics

BCHxB interaction caused statistically significant differ-
ences (p<0.05 or 0.01) on Mg, Ca, Zn, Cu, Al, As, Cr, Pb,
pH and RL. The lowest Mg content (4363 mg kg ') was
observed in 1 mg kg”! B and 2% of BCH treated plants
whereas the highest Mg concentration (10081 mg kg™ ') was
deremined in 2 mg kg ' B and 4% of BCH treated ones.
Co-application of BCH and B reduced Ca concentration in
plants, i.e., the highest Ca (27 mg kg™ ') was seen in control
plants while the lowest one (15.4 mg kg™ ') was determined
in 1 mg kg ' B and 2% of BCH treated plants. According
to BCHxB interaction, the lowest Zn (74.9 mg kg ') was
determined in 2% of BCH treated plants without B applica-
tion while the highest Zn (119.4 mg kg™ ') was observed in
4% of BCH treated plants without B application. Co-appli-
cation of BCH and B reduced Cu concentration in plants.
The lowest Cu content (14.85 mg kg™ ') was seen in 1 mg
kg ! B treatment without BCH addition whereas the lowest
Cu (5.73 mg kg ') was determined in 8% of BCH and 1 mg
kg ! B treated plants. Co-application of 8% BCH and 2 mg
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Fig. 4 Toxic heavy metal status in chickpea under biochar and boron
treatments (The bars in the graphs represent the standard error (SE)
of the mean. SE indicates the reliability of each mean value; as SE
increases, variability among measurements is higher and confidence
in the mean decreases. Statistically significant differences between
groups are indicated by different letters. Groups without letter anno-

kg ! B treatment caused the highest Al content (3628 mg
kg ') whereas 2% of BCH and 2 mg kg ' B decreased
Al content at the lowest value (191 mg kg™ !). In terms of
another toxic heavy metal (As), rising application of BCH
and B increased As concentration in plants (0.469 mg kg™ ')
while the lowest As (0.061 mg kg ') was determined in
control (No BCH or B) plants. Cr concentration in plant
tissues exhibited an abnormal distribution depending on
Co-application of BCH and B where 4% of BCH with 1 mg
kg ! B caused the lowest Cr (0.079 mg kg~ ') whereas 4%
of BCH with 2 mg kg ' B led to the highest Cr (1.276 mg
kg !). The scenario was similar for Pb concentration.
The 2% of BCH without B treatment caused the lowest
(0.926 mg kg~ ') while 4% of BCH with 2 mg kg™ ' B caused
the highest Pb (2.768 mg kg ') concentration. In general,
co-application of treatments caused to increase in soil pH.
The lowest (7.29) and highest (7.51) pH was determined
in control plants (No BCH or B) and 8% of BCH without
B treatment, respectively. Finaly, the lowest RL (15.2 cm)
was observed in 1 mg kg~ ! B without BCH treated plants
whereas the highest RL (23.3 cm) was determined with 4%
of BCH without B treatment (Supplementary file, Table S3).
Characteristics that were statistically significant depending
on BCHxB interaction were visualizated by column charts
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tations do not show significant differences based on the treatments.
Control: No biochar treatment, BCH1: 2%, BCH2: 4%, BCH3: 8%,
Control: No boron treatment, B1: mg kg™ B, B2: 2 mg kg™ B, Al
(Aluminum (mg kg™), As: Arsenic (mg kg™'), Cr: Chromium (mg
kg™), Pb: Lead (mg kg ™))

faciliate understanding relationships between experimental
treatments (Fig. 8).

3.7 Correlation Matrix of Experimental
Observations and Treatments

Heatmap indicated that treatments were divided into two
main clusters. The first main cluster (lower part of heatmap)
contained high BCH with or without B treatments exhib-
iting high levels of Mn, P, Al, Fe, Pb, Cr, Mg, RFW, EC,
K, As and SFW. The first main cluster bifurcated into two
sub-clusters. Lower one of them exhibited high positive cor-
relation with Mn, P, Al, Fe, Pb, Cr and Mg while the upper
one (divided into two sub-groups) indicated high level with
RFW, EC, K, As and SFW. The second main cluster (upper
part of heatmap) was divided into two sub-clusters exhibit-
ing high levels of shoot and root growth characteristics as
well as micronutrients and As. Control and B1 treatments
exhibited high similarities and were involved in the same
sub-cluster, therefore, sole B1 treatment has no significant
difference with control except for PLH and Cu concen-
tration. Treatments located in the second sub-cluster (B2,
Bio2-B2, Bio2-Bl, Bio2, Bio4, Bio8-B1) had how mean
values with macro nutrients (P, K, Mg and Ca), toxix heavy
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Fig. 5 Soil reaction and electrical conductivity under biochar and
boron treatments (The bars in the graphs represent the standard error
(SE) of the mean. SE indicates the reliability of each mean value; as SE
increases, variability among measurements is higher and confidence
in the mean decreases. Statistically significant differences between

metals (Al, Pb, Cr and As), soil pH and EC. According to
heatmap, the highest mean values were obtained by com-
bined application of high BCH and B treatments (Fig. 9).
RDW exhibited negative strong correlation with PLH
(»<0.01) and SFW (p<0.05). PLH showed significant
negative correlation with B (p<0.05) while it had positive
significant correlation with SFW (p<0.05). Fe had strong
positive correlations with Pb (p<0.01), P (»p<0.05) and Al
(»<0.05). Cr concentration in plant tissues had strong nega-
tive correlation with Ni (p<0.05), whereas it had strong
positive correlation with Fe (p<0.05), Pb (»p<0.001) and
Mg (p<0.01). Cu status was noteworthy interactive with
other elements. Cu concentration has negative correlations
with Al (p<0.01), P (p<0.001), B (p<0.01),K (»p<0.05), As
(p<0.05), Ca (p>0.05), RL (p<0.05) and soil EC (p<0.01).
K status played a pivotal role on soil pH so that there was
a strong positive correlation (p<0.05) among them. Al had
strong positive correlations with P (p<0.001), EC (p<0.05),
Ca (p<0.05) and Fe (p<0.05). Soil EC was a variable char-
acteristics since it had a strong negative correlation with

groups are indicated by different letters. Groups without letter anno-
tations do not show significant differences based on the treatments.
Control: No biochar treatment, BCH1: 2%, BCH2: 4%, BCH3: 8%,
Control: No boron treatment, B1: mg kg™ B, B2: 2 mg kg™! B)

Cu (p<0.01), whereas it had a strong positive correlations
with K (p<0.05), As (p<0.05), B (p<0.05), P (p<0.05) and
Al (p<0.05). Zn exhibited significant negative correlation
(»<0.01) just with Mg (Fig. 9).

According to PCA, the first two PC accounted for 51.4%
of total variance. The first PC that accounted for 30.2% of
total variance exhibited high positive correlation among P
and Al with the highest values for these traits being repre-
sented by Bio8 (8% BCH) and Bio8B2 (8% BCH+B2). A
high positive correlation was found among EC, K, B and As
in the positive load values of the first PC and these charac-
teristics were represented by Bio8B1 (8% BCH+B1). Cu
had the highest mean value in the negative load of the first
PC. It was represented by B1 and had strong negaitve cor-
relation with P and Al. The second PC accounted for 21.1%
of total variation, which exhibited high positive correlation
with Pb and Cr followed by PLH and pH. These character-
istics were represented by Bio4B2 (4% BCH+B2) and con-
trol treatments, respectively. Ni had the highest value in the
negative load of PC2 followed by RDW, RFW, As and B.
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These traits were represented by Bio2 (2% BCH), Bio4 (4%
BCH) and Bio4B1 (4% BCH+B1) treatments in descending
order (Fig. 10).

As and B are located in the lower right region of the graph
and are positively correlated with soil EC. It shows that the
mobility of B and As increases with some biochar doses. Ni
and RDW are located in the lower left region and are par-
ticularly associated with treatments with high biochar doses,
such as Bio8B1. This suggests that in some cases biochar
treatments may increase Ni deposition. Pb and Cr are located
in the upper right region and show a strong relationship with
the Bio4B2 treatment. This suggests that the combination
of high BCH (Bio4) and B (B2) increases Pb and Cr con-
centrations. Mn and Fe show a similar trend to Pb and Cr
and are correlated with treatments with high BCH content.
This represents that BCH may increase the mobility of these
metals in soil. Zn and Cu were more abundant in treatments
with low BCH doses such as Bio2B1 and Bio2B2. It can be
assumed that Zn and Cu bind with BCH and their mobility
decreases. High B content (B2 treatments) was positively
correlated with Pb, Cr and Mn uptake. This suggests that B
enhance the transport of some heavy metals. The correlation
between B and EC suggests that As and K transport change
with increasing salinity. It means that high B applications
can mobilize toxic elements (Fig. 11).

4 Discussion

Plant growth responses to biochar and boron application
reflected contrasting above- and below-ground allocation
patterns. Above-ground parts of plants were not affected by
BCH and B treatments. The lack of effect of BCH appli-
cation on PLH, total biomass and dry matter accumulation
is due to the slow-release organic structure of BCH mate-
rial. During the experiment (45 days), it was concluded that
although the EC value increased in the soil and showed sig-
nificant effects on the accumulation of most of the elements
in plant tissues, it did not have a positive effect on plant
development morphologically due to the fact that the nutri-
ents taken have not yet participated in metabolic activities.
Another argument supporting this situation is the significant
increase in RFW and RDW characters with increasing BCH
doses. Xiang et al. (2017) reported in the meta analysis on
the effect of BCH on root growth that BCH promoted root
volume (29%), root biomass (32%), root length (52%) and
root surface area (39%). However, the effects of BCH on
root characteristics is depend on BCH production process,
i.e., pyrolysis time and temperature. The increase of 26.7%
and 45.8% in RDW and RFW was seen suitable accord-
ing to previous experiment. Wan et al. (2023) reported that
biochar-amended soils produced plants exhibiting a greater

total root length, area, diameter, and voliime in maize.
Joseph et al. (2021) indicated in the systematic review that
biochar application can create beneficial conditions for root
development by increasing pH, porosity, and water avail-
ability. On the other hand, Xiao et al. (2016) pointed out the
critical process on effect of BCH on root and shoot growth.
Biochar treatment had no significant increase on the accu-
mulation of shoot dry matter during the first three sampling
periods, however, it boosted root and seedling growth later
stages. However, This root-oriented response contrasts with
the effects observed under boron application.

In contrast to BCH, B treatment exhibited a negative
impact on root growth in the experiment. Previous studies
reported that high B concentrations reduce root growth, but
the most common effect of excess B is the accumulation of
B in the shoot since it has a low immobility in plants (Dinh
et al. 2022). Thus, increasing B doses inhibited root growth
and reduced RL and RFW in plants. On the other hand,
although B application had a negative effect on root growth,
it did not have a significant effect on B accumulation in
leaves, which can be explained by its low mobility and the
duration of the experiment did not allow sufficient transport
via xyleme. Silva et al. (2015) reported that suitable B doses
increased root dry weight and number of nodules in addition
to herbage production up to 2.8 kg ha™!, however, higher B
amendments had negative effects on white clover produc-
tion due to toxicity issues. Taken together, these findings
indicate that BCH promotes early-stage root development
without immediate above-ground biomass gains, whereas
High B supply shifts biomass allocation unfavorably by
suppressing root growth.

Soil chemical responses, particularly EC and pH, play
a central role in mediating the effects of BCH on nutrient
availability and uptake. Although small variations in soil pH
can influence nutrient uptake and microbial activity (Ken-
nedy 2022; Acikbas 2024), soil pH was not significantly
affected by either BCH or B treatments in the experiment.
In contrast, EC strongly responded to increasing BCH doses
in which 8% BCH increased EC from 1.096 to 1.612 dS
m™' (47%). Pre-experiment analyses indicated EC values of
0.44 dS m™* for soil and 10.82 dS m™ for BCH, making this
increase a foreseeable outcome. Therefore, a rapid increase
of soil EC is a foreseeable scenario. Fernandes et al. (2019)
attracted attention that BCH production from some materi-
als such as poultry litter has high salt concentration, there-
fore, one has to be careful when using BCH due to rapid
increasing of EC. Zolfi Bavariani et al. (2019) determined
that biochars produced at higher temperatures (400-500 °C)
exhibited high electrical conductivity, likely due to dis-
solved salts. Similarly, Rodriguez et al. (2020) reported that
high pyrolysis temperature generally increases the electri-
cal conductivity, ash contents, and soluble cations in BCH.
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4 Fig. 8 Effect of BiocharxBoron interaction on some experimental
characteristics (Statistically significant characteristics were given in
the figlire. The bars in the graphs represent the standard error (SE)
of the mean. SE indicates the reliability of each mean value; as SE
increases, variability among measurements is higher and confidence
in the mean decreases. Statistically significant differences between
groups are indicated by different letters. Groups without letter anno-
tations do not show significant differences based on the treatments.
Control: No boron/biochar treatment, B1: mg kg™' B, B2: 2 mg kg™ B,
BCHI: 2%, BCH2: 4%, BCH3: 8%))

Accordingly, the high pyrolysis temperature (800 °C for
30 munites) likely contributed to the elevated EC. Taken
together, the significant effect of BCH on soil EC, rather
than on soil pH, suggests that changes in ionic strength and
soluble nutrient pools may underlie the pronounced BCH-
driven responses observed in plant nutrient uptake.

Biochar application markedly altered macronutrient
acquisition in chickpea and major cations showed a clear
dose-dependent response. The significant increase in P
concentration in plant tissues can be directly linked to the
high P content (13,450 mg kg™') of BCH (Supplementary
file, Table S1). Previous studies highlighted the pivotal role
of BCH on improving P uptake via its high surface func-
tional groups, large specific surface area, porous structure,
and slow-release behavior (An et al. 2020; Ahmed et al.
2024). Beyond phosphorus dynamics, BCH treatment pro-
moted the accumulation of major cations including K, Mg,
and Ca in plants. Despite classical expectations of antag-
onistic interactions among these elements (Gransee and
Fiihrs 2013), higher accumulation of Ca in plant tissues
with increasing BCH concentration can be explained by its
high Ca content. However, K, Ca and Mg concentrations
in plants increased with 8% BCH in the experiment. This
deviation can be attributed to the dissolution of nutrient-rich
mineral fractions from BCH and their efficient transport
into the rhizosphere, where they become readily available
for root uptake (El-Naggar et al. 2019). Similarly, previous
studies indicated that BCH from poultry litter is particularly
rich in K due to mineral composition (Hossain et al. 2020).
Another effective point on K biofortification via poultery
litter derived BCH in plants is pyrolysis temperature. Many
researchers reported that pyrolysis of poultery litter-derived
BCH at 250 °C and 550 °C increased K content by approxi-
mately 4.16-5.93%, while poultry litter—derived biochar
produced at 400 °C and 600 °C similarly yielded K contents
ranging from 3.88% to 5.88% (Subedi et al. 2016; Xiao et
al. 2018). Although BCH addition led to a non-significant
reduction in soil pH, this shift (likely driven by enhanced
microbial activity) may have further facilitated cation
uptake by improving nutrient solubility in the rhizosphere
(Alam et al. 1999). This interpretation is further supported
by multivariate analyses, where PCA and Pearson correla-
tion revealed strong positive associations between Ca and

Mg uptake, predominantly driven by higher BCH doses
(Figs. 2 and 3). Overall, these results demonstrate that poul-
try litter—derived BCH functions not only as a direct nutri-
ent source but also as a rhizosphere modifier that partially
overrides classical cation antagonisms, thereby enhancing
macronutrient uptake under the calcareous soil conditions
of the present study.

Boron application influenced macronutrient uptake pat-
terns primarily by modifying cation balance rather than
uniformly enhancing nutrient acquisition. This conclusion
is based on the selective response of cations (Mg increased
and Ca decreased) under B application, in contrast to the
unchanged P and K uptake and stable soil pH. The high-
est Mg was observed in 2 mg kg ' B treated plants, while
the highest Ca was found in control plants and it decreased
with B doses. Because soil pH remained largely unchanged
under B treatments, the observed Mg—Ca antagonism is
more likely attributable to ionic competition than to pH-
mediated solubility effects. Given the low initial boron con-
tent of the experimental soil (1.01 mg kg™'), B fertilization
likely alleviated a latent micronutrient deficiency, thereby
contributing to a re-equilibration of nutrient dynamics in
the soil-plant system. This interpretation is further sup-
ported by heatmap analysis, which showed that maximum
Mg accumulation coincided with BCH-containing treat-
ments, whereas Ca uptake remained highest in control
plants, consistent with antagonistic behavior (Fig. 1). Simi-
lar responses reported that boron supplementation enhanced
the uptake of multiple macro- and micronutrients without
additional N-P—K inputs (Lou et al. 2003; Lai et al. 2023).
Many researchers demonstrated that B supplementation has
a synergistic effects with other nutrients, therefore, co-appli-
cation of B with other nutrient sources (BCH in this experi-
ment) caused positive interactions on other element uptake
mechanisms (Zhao et al. 2020; Long And Peng 2023; Ghi-
mire et al. 2025). The selective macronutrient responses to
boron application highlight the need to evaluate its effects
on micronutrient dynamics.

Micronutrient responses to BCH and boron applica-
tion showed a more heterogeneous pattern compared with
macronutrients, with manganese exhibiting a distinct sensi-
tivity to boron supply. Aref (2010) reported that B fertiliza-
tion increased Mn concentration in corn grain. Aref (2012)
reported that there is an antagonistic relationship between
B and Mn. The contrasting reports on B—Mn interactions
suggest that Mn uptake may be highly context-dependent,
varying with species, B dose, and soil chemical conditions.
In parallel, BCH can alter the bioavailability of micro-
nutrients due to its high surface area, porosity and cation
exchange capacity. In particular, BCH supports plant nutri-
tion by increasing the mobility of micronutrients such as Fe,
Mn, Zn and Cu in soil (Akanji et al. 2021). According to

@ Springer



4032

Journal of Soil Science and Plant Nutrition (2026) 26:4019-4038

Control
B1

B2
Bio2-B2
Bio2-B1
Bio4-B1

Bio2

Bio8-B2

Bio4-B2

Fig. 9 Hierarchical clustering heatmap analysis showing relative con-
centrations of nutrients, growth attributes and soil traits depending on
different biochar and boron treatments (RDW: Root dry weight, RFW:
Root fresh weight, SDW: Shoot dry weight, SFW: Shoot fresh weight,
PLH: Plant height, RL: Root length, P: Phosphorus, K: Potassium,

the results, BCH applications increased the concentrations
of B, Cu and Ni, but made no statistically significant differ-
ence for Fe, Zn and Mn. The absence of significant changes
in Fe and Zn concentrations (despite increasing of Cu and
Ni) likely reflects element-specific adsorption and bind-
ing mechanisms on biochar surfaces. It is noteworthy that
micronutrients such as Zn and Cu show a certain affinity
with heavy metals in PCA (Fig. 3). According to Marschner
(2012), Zn and Cu may show antagonistic interactions with
toxic metals such as Pb and Cr. Here Zn and Cu are posi-
tioned in different directions and not in the opposite direc-
tion to Pb and Cr, so the antagonistic interaction is not
clearly visible here. It is estimated that micronutrient-heavy
metal interactions in this system are governed by complex
and non-linear processes.

Boron plays a critical role in many physiological pro-
cesses such as cell wall stability and sugar transport. How-
ever, high doses can cause toxicity (Kohli et al. 2022). As
indicated by the study findings, B treatment did not signifi-
cantly change Fe, Zn and Ni concentrations, but increased
Mn and B concentrations. The increased Mn accumulation
in the presence of B is thought to result from Mn’s role as
a cofactor in cellular enzymes and its synergistic interac-
tion with B (Vera-Maldonado et al. 2024). Long and Peng
(2023) published a review on the interaction of B with other
elements in which they indicated that B promotes Mn accu-
mulation in plants. On the other hand, both of B doses (1
and 2 mg kg !) significantly increased B status in plants.
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Ca: Calcium, Mg: Magnesium, Al: Aluminum, Fe, Iron, Pb: Lead,
Cr: Chromium, Zn: Zinc, Ni: Nickel, EC: Electrical conductivity, As:
Arsenic, B: Boron, Cu: Copper, Bio2: 2% of biochar, Bio4: 4% of
biochar, Bio8: 8% of biochar, 8%, B1: mg kg' B, B2: 2 mg kg ™' B)

Starter B level was low in the soil, therefore, increasing of
B uptake by plants is a predicted scenario. Songsriin et al.
(2023) investigated the effect of B fertilization in rice via
soil amendment and foliar spreying under controlled and
field conditions. Across both field and pot experiments,
soil application of B resulted in the highest total B uptake,
increasing uptake by 42.4% in the field and by 66.7% in
the pot experiment compared with the control and foliar B
treatments. Similarly, Javed et al. (2021) reported that B fer-
tilization increased B level in soil as well as B concentration
of shoots in sorghum and cowpea plants. Findings indicated
that B availability plays a key role in regulating Mn and B
accumulation without broadly altering other micronutrient
concentrations under low initial B availability and calcare-
ous soil conditions.

Biochar exerted contrasting effects on the uptake of toxic
heavy metals (Pb, Cr, As, and Al) depending on application
doses. Biochar can reduce the solubility of heavy metals by
increasing soil pH (Meng et al. 2023). Therefore, high doses
of BCH may have increased toxic heavy metal uptake.
However, it has been reported that in some cases high BCH
doses may increase heavy metal mobility. This is due to the
fact that heavy metals adsorbed on the surface of BCH dis-
solve over time and are taken up more by plants (Liu et al.
2025). Recent studies show that BCH types produced at dif-
ferent temperatures can significantly affect the heavy metal
adsorption capacity (Gotore et al. 2024). The vector aspects
of heavy metals such as Pb and Cr reveal that these elements
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Fig. 10 Pearson correlation analysis showing dual relationships of
experimental characteristics (RDW: Root dry weight, RFW: Root
fresh weight, SDW: Shoot dry weight, SFW: Shoot fresh weight, PLH:
Plant height, RL: Root length, P: Phosphorus, K: Potassium, Ca: Cal-

often show an inverse relationship with plant growth due
to oxidative stress (Mansoor et al. 2023). Likewise, Pb and
Cr are located in opposite directions to RDW and RFW
in this PCA analysis (Fig. 3). These findings indicate that
heavy metal responses to BCH application are dose- and
context-dependent, with potential trade-offs between metal
immobilization and increased mobility under certain con-
ditions. Moreover, PCA patterns confirm that increased Pb
and Cr accumulation is resulted with reduced root growth,
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cium, Mg: Magnesium, Al: Aluminum, Fe, Iron, Pb: Lead, Cr: Chro-
mium, Zn: Zinc, Ni: Nickel, EC: Electrical conductivity, As: Arsenic,
B: Boron, Cu: Copper)

highlighting the potential phytotoxic risks under specific
BCH conditions.

Effects of B application on heavy metal uptake are more
complex. It has been reported that high doses of B increase
accumulation of metals such as Al, As, Cr and Pb, while low
doses may inhibit toxic metal uptake (Chernobrovkina et al.
2012). It has been suggested that B can form complex com-
pounds with toxic heavy metals, thus limiting plant uptake.
Previous publications have supported the complex action
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Fig. 11 Principal component analysis showing relative concentrations
of nutrients, growth attributes and soil traits depending on different
biochar and boron treatments (Black arrows (vectors) represent the
loadings of the measured variables on the first two principal compo-
nents (PC1 and PC2). The direction of each arrow indicates the rela-
tionship between the variable and the principal components, while
the length reflects the magnitude of its contribution to the explained
variance. Variables with arrows pointing in similar directions are
positively correlated, whereas arrows pointing in opposite directions
indicate negative correlations; approximately perpendicular arrows

mechanism between B and heavy metal uptakes. Boron
treatment restricted cadmium accumulation by suppressing
Cd uptake and transport in rice (Chen et al. 2019), pepper
(Xin et al. 2023), spinach (Huang et al. 2023), Brassica
napus (Wu et al. 2020) and wheat (Qin et al. 2020). Yu et al.
(2009) reported that B supplementation alleviated Al toxicity
in pea roots and shoots by decreasing Al content in the root
tips and cell walls. In another experiment, co-application of
B and selenium (Se) in a hydroponic system significantly
reduced the accumulation of Pb in the shoots of tobacco
plants (Jin et al. 2025). On the other hand, some researchers
highlight that B stress, whether due to deficiency or toxicity,
becomes more severe when combined with other stresses
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suggest weak or no correlation. The proximity of treatment points to
vector directions indicates stronger associations between those treat-
ments and the corresponding variables. RDW: Root dry weight, RFW:
Root fresh weight, SDW: Shoot dry weight, SFW: Shoot fresh weight,
PLH: Plant height, RL: Root length, P: Phosphorus, K: Potassium,
Ca: Calcium, Mg: Magnesium, Al: Aluminum, Fe, Iron, Pb: Lead,
Cr: Chromium, Zn: Zinc, Ni: Nickel, EC: Electrical conductivity, As:
Arsenic, B: Boron, Cu: Copper, Bio2: 2% of biochar, Bio4: 4% of
biochar, Bio8: 8% of biochar, 8%, B1: mg kg™' B, B2: 2 mg kg™' B)

such as heavy metal contamination, which increases plant
sensitivity to boron imbalance (Garcia-Sanchez et al. 2020).
Bariya et al. (2014) indicated that the interaction of B with
other elements is complex and may exert antagonistic/syn-
ergistic effects, which may be specific for species, growth
medium, and different environments. Overall, boron—heavy
metal interactions display complex, dose-dependent antago-
nistic and synergistic behavior.

The divergent responses observed under individual BCH
and B applications suggest that their co-application may trig-
ger non-linear and dose-dependent interactions, warranting
a detailed assessment of combined BCH-B effects on nutri-
ent dynamics and heavy metal mobility. Rather than acting
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additively, BCHxB interaction demonstrated both synergis-
tic and antagonistic outcomes across various parameters of
chickpea physiology and soil chemistry. A clear synergistic
interaction was observed for Mg uptake. The highest Mg
concentration (10081 mg kg™') was detected under the 4%
BCH and 2 mg kg™' B treatment (BCH2 x B2), suggesting a
coordinated mechanism where biochar enhances Mg avail-
ability via increased cation exchange capacity and surface
sorption (Adhikari et al. 2022), while B plays a regulatory
role in membrane stability and ion transport (Li et al. 2023).
This combined effect is in line with studies reporting that
biochar can significantly improve the availability of second-
ary macronutrients like Mg under calcareous or nutrient-
poor soils (El-Naggar et al. 2019). Co-application of BCH
and B resulted in non-additive and dose-dependent interac-
tions, with clear synergistic effects on Mg uptake.

Conversely, antagonistic responses were observed for
Ca and Cu. The lowest Ca (15.6 mg kg') and Cu (5.73 mg
kg™) levels were found in BCHI x B1 and BCH3 x Bl
treatments, respectively. This is likely due to competitive
interactions among divalent cations (Ca?**, Mg?", Cu?") at
the root uptake sites, as also reported by Gransee and Fiihrs
(2013). In particular, high doses of BCH may immobilize
Cu due to surface adsorption or promote Cu precipitation
at elevated pH, thereby limiting its bioavailability (Laird
et al. 2010). Notably, these antagonistic nutrient responses
coincided with pronounced changes in heavy metal behav-
ior under the same BCH*B combinations. Alongside these
antagonistic nutrient responses, a particularly concerning
outcome was the substantial increase in toxic heavy metals
under specific BCH*B combinations. The BCH3 x B2 treat-
ment resulted in the highest accumulation of Al (3628 mg
kg™), As (0.469 mg kg'), and Pb (2.447 mg kg'), while
Cr peaked under BCH2 x B2 (1.276 mg kg'). These results
suggest that at high doses, biochar may desorb previously
adsorbed metals, especially under conditions of elevated EC
or through interactions with mobile boron species. Similar
findings were reported by Liu et al. (2025), who demon-
strated that biochar produced under high pyrolysis tempera-
tures can release adsorbed heavy metals when exposed to
complexing agents or pH shifts. Additionally, Cherno-
brovkina et al. (2012) demonstrated that excessive B can
enhance the translocation of heavy metals into plants by
altering membrane permeability and forming boron-metal
complexes. Co-application of BCH and B revealed a trade-
off between antagonistic nutrient interactions and increased
heavy metal accumulation at higher doses.

Soil chemical changes induced by BCH x B interac-
tion offer important insights into the coupled responses of
metal mobility and root growth. The pH was highest under
the BCH3 x BO treatment (7.51), consistent with the alka-
line nature of poultry litter-derived biochar (Haider et al.

2022). Elevated pH can increase the solubility of certain
heavy metals like Cr and As, especially in soils where redox
changes are minimal (Meng et al. 2023). In terms of root
morphology, root length (RL) was maximized under moder-
ate biochar (BCH2 x B0) without B application, reaching
23.33 cm. This aligns with previous meta-analyses indicat-
ing that biochar enhances root volume, length, and surface
area through improved soil aeration and nutrient retention
(Xiang et al. 2017). However, the addition of B under the
same BCH dose significantly reduced RL, confirming find-
ings by Dinh et al. (2022), who noted that excess B can
suppress root elongation by generating oxidative stress
and disrupting mitotic activity. Moreover, the interaction
between B and heavy metals is supported by the PCA in this
study, where increased B levels coincided with higher Cr,
Pb, and Al uptake. This was also observed by Mansoor et
al. (2023), who reported that stress induced by heavy metal
accumulation under micronutrient interactions can impair
root biomass and disturb overall plant metabolic function-
ing. Finally, these findings demonstrate that BCH x B inter-
action simultaneously modifies soil chemical conditions and
metal mobility, translating into contrasting effects on root
development under specific dose combinations.

5 Conclusion

This experiment clearly achieved that poultry litter—derived
biochar and soil-treated boron regulate plant growth, nutri-
ent uptake and metal behavior in chickpea through dose-
dependent and interacting mechanisms. Biochar improved
nutrient availability at low application rates by modifying
rhizosphere chemical conditions, whereas higher doses
increased toxic heavy metal accumulation. Boron exerted a
selective regulatory role by enhancing manganese and boron
uptake under low initial boron availability, but, higher doses
promoted heavy metal accumulation and root growth inhi-
bition. These findings confirm that the beneficial effects of
biochar and boron are restricted to well-defined application
ranges and highlight the non-linear nature of their combined
effects. In conclusion, moderate poultry litter-derived bio-
char application rates (approximately 2%) combined with
low boron supply (around 1 mg kg™') emerged as the most
suitable strategy to enhance nutrient uptake while limiting
toxic heavy metal accumulation in particular under calcare-
ous soil conditions.
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