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CEC	� Cation exchange capacity
Ca	� Calcium
Catot	� Total calcium
Ctot	� Total carbon
DG	� Diglycerides
DS	� Drought-stressed conditions
DW	� Dry weight
EC	� Electrical conductivity
FB	� MicroChar
FB-S	� MicroChar + Hoagland spiked
FM2%	� Cambisol + 2% MicroChar
Fe	� Iron
H	� Hoagland solution
HPLC	� High-performance liquid 

chromatography
HPLC-UV/VIS	� High-performance liquid chromatogra-

phy with ultraviolet-visible detection
HSD	 �Tukey’s honestly significant difference
ICP-OES	� Inductively coupled plasma optical 

emission spectrometry
ISO/TS	� International Organization for Standard-

ization/Technical Specification
K	� Potassium
Ktot	� Total potassium

Abbreviations
%	� Percent
ANOVA	� Analysis of variance
BET	� Brunauer-Emmett-Teller
BHT	� Butylated hydroxytoluene
B	� Biochar
C	� Carbon
C/N	� Carbon to nitrogen ratio
C/ha	� Carbon per hectare
CC	� Non-amended soil
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Abstract
This study examines the practical application of MicroChar to enhance phosphorus availability in nutrient-deficient soils. 
The char was enriched with organic nutrients and inoculated with a mixed microbial culture of bacteria and fungal spores. 
Combining incubation trials with two soils and pot experiments amending Regosol soil with 2% MicroChar, we examined 
impacts under optimal soil water and drought conditions, using pea (Pisum sativum L) as an indicator crop. While initially 
increasing soluble phosphorus concentrations in soil pore water, MicroChar application led to sustained enhancements 
in phosphorus availability throughout incubations and pot experiments, benefiting plant growth under optimal condi-
tions. Under optimal water conditions, MicroChar also stimulated pea root, shoot, and pod growth, implying enhanced 
phosphorus nutrition. However, drought stress suppressed plant response regardless of phosphorus availability. Overall, 
MicroChar augmented plant-accessible phosphorus in phosphorus-deficient Regosol, bearing critical implications for sus-
tainable phosphorus management in agriculture. Strategic MicroChar application shows potential to improve phosphorus 
efficiency. Further trials across diverse soils and climates would extend these findings.
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LOI	� Loss on ignition
Mg	� Magnesium
Mgtot	� Total magnesium
Mn	� Manganese
N	� Nitrogen
NH4	� Ammonium
NO3	� Nitrate
NPK	� Nitrogen, phosphorus, and potassium
Ntot	� Total nitrogen
OM	� Organic matter
Opt.	� Optimal conditions
P	� Phosphorus
PO4	� Phosphate
Ptot	� Total phosphorus
RDA	� Redundancy analysis
RM2%	� Regosol + 2% MicroChar
S	� Sulfur
SB	� Sum of bases
SO4	� Sulfate
SOC	� Soil organic carbon
SOM	� Soil organic matter
SPSS	� Statistical Package for the Social 

Sciences
Stot	� Total sulfur
UV/VIS	� Ultraviolet-visible spectroscopy
WHC	� Water holding capacity
Zn	� Zinc
g.cm⁻³	 �Grams per cubic centimeter
g.kg⁻¹	 �Grams per kilogram
mL/day	� Milliliters per day
mL/min	� Milliliters per minute
mg/L	� Milligrams per liter
mg/kg	� Milligrams per kilogram
m³m⁻³	 �Cubic meter per cubic meter
pH	� Potential of hydrogen
w/w	� Weight/weight
µS.cm⁻¹	 �Microsiemens per centimeter

1  Introduction

Within the soil matrix, essential nutrients, including carbon, 
nitrogen, and phosphorus, are inherently present, represent-
ing crucial elements for the growth and development of 
plants. A thriving microbial population within healthy soil 
catalyses nutrient cycling, enriching the soil and ensuring 
its fertility. Soil health is intricately linked with the environ-
ment’s overall health, making sustainable soil management 
imperative for ensuring the long-term vitality of the planet 
and its inhabitants. Unfortunately, soil is highly susceptible 
to degradation caused by many factors, including climate 
change, excessive use of chemical fertilizers, erosion, and 

suboptimal management practices (Lin et al. 2019). Europe 
has observed an increase in drought events in recent years, 
with substantial portions of Europe recently experienc-
ing extreme temperature conditions (Toreti et al. 2022). 
Drought conditions can deteriorate soil hydraulic proper-
ties, leading to erosion and nutrient loss (Madadgar et al. 
2017; Verheijen et al. 2010). To confront these challenges, 
it becomes imperative to curtail carbon loss from the soil 
and consider potential alternatives, such as using organic 
fertilizers, to replenish carbon compounds (Tramblay et al. 
2020). Loss of carbon from the soil leads to a reduction in 
SOM, which leads to a decline in soil fertility. (Castellini et 
al. 2021; Page et al. 2020).

Nutrient deficiencies in soil, particularly those of nitro-
gen, phosphorus, and potassium (NPK), present widespread 
challenges within global agricultural systems, exerting 
detrimental effects on plant growth and crop yields. These 
three macronutrients are indispensable elements vital for the 
growth and development of plants, and their global reserves 
are constrained, potentially facing depletion within the com-
ing decades should prevailing patterns persist (Walan et al. 
2014). To address this concern, researchers are actively 
investigating recycling and reuse strategies for phospho-
rus and potassium, coupled with the adoption of innovative 
farming practices, to diminish reliance on the extraction of 
fresh reserves (Glaser and Lehr 2019).

Previous studies have shown that the effectiveness of 
biochar can vary significantly depending on the feedstock 
and pyrolysis conditions. This variability makes it difficult 
to draw general conclusions about the benefits of biochar 
and necessitates further research on specific biochar types. 
While some studies have examined the effects of biochar 
on soil properties, few have focused on nutrient availability, 
particularly phosphorus. This study addresses this gap by 
directly investigating the impact of MicroChar on phospho-
rus availability in two contrasting soils. Biochar, a stable 
carbonaceous material generated through pyrolysis, has 
demonstrated potential in enhancing various soil-related 
aspects, including water retention, nutrient release, crop 
productivity, soil stability, and microbial activity, as evi-
denced by certain studies (Kammann et al. 2011; Schmidt 
et al. 2021).

One noteworthy concern associated with commercial 
biochar pertains to its fine and dusty nature, which can pose 
challenges during application and may result in some loss 
during the process (Wang et al. 2016; Zhou et al. 2018). 
Conversely, MicroChar, derived from biowaste and pyro-
lyzed at temperatures ranging from 450 to 600 °C, possesses 
a mustard seed-like shape (Nguyen et al. 2017) and holds 
promise as a more practical option for field application. 
The impact of biochar on drought mitigation has not been 
studied sufficiently. This study addresses this knowledge 
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gap by investigating the effects of MicroChar under both 
optimal and drought conditions. MicroChar is an innova-
tive biochar product engineered to enhance soil health and 
nutrient availability. Prior studies have not elucidated bio-
char amendments targeted for micronutrients like phospho-
rus. However, many farmers remain hesitant to adopt these 
amendments due to concerns about their financial viability 
(Maroušek et al. 2019). Nevertheless, uncertainties remain 
regarding its broader ecological impacts and effective-
ness across diverse crop types, particularly nitrogen-fixing 
plants. Pisum sativum L., an example of a nitrogen-fixing 
crop (Akinnuoye-Adelabu et al. 2019), displays high sen-
sitivity to drought and extreme light conditions, which can 
hinder root and biomass growth despite its adaptive mecha-
nisms. Multivariate analytical techniques, including prin-
cipal component analysis (PCA) and redundancy analysis 
(RDA) were used to analyze inter-relationships between 
soil chemical parameters and connections with plant growth 
responses.

This study investigates the effects of MicroChar, a novel 
biochar, on phosphorus availability, drought mitigation, and 
pea plant growth in two contrasting soils, selected to repre-
sent different textures and nutrient levels. We hypothesize 
that (i) MicroChar will increase plant-available phospho-
rus concentrations in the soil and (ii) improve plant growth 
parameters, such as shoot biomass, root length, and pod 
yield, under (iii) both optimal and drought conditions com-
pared to conventional biochar and non-amended soil.

2  Materials and Methods

2.1  Soils and Additives

This study utilized two nutrient-deficient soil types to evalu-
ate the efficacy of MicroChar. Additionally, a commercially 
available biochar was included for comparison.

2.1.1  Soil Collection and Preparation

Two soil types with low nutrients were used for this study. 
The first soil was sampled from an arable field in Zvěřínek 
(Czech Republic, CZE) (50.1532° N, 15.0057° E). The soil 
type was determined to be Regosol and is found in a histori-
cally drought-prone location. The second soil was sampled 
in a Forest area in Jevany (CZE) (49.9706° N, 14.8105° E). 
This soil was characterized as Cambisol. At each site, soil 
was collected from 0 to 35 cm depth, corresponding to the 
primary rooting zone of pea plants. The collected soil was 
stored air-dry at room temperature in a greenhouse before 
use. Before use, the soil was sieved (< 2 mm) and used in the 
pot experiments described below.

2.1.2  Biochar Amendments

Standard Commercial Biochar  This biochar is produced 
from raw wooden chips through gasification and pyrolysis 
at a CHP plant in a fixed-bed, multi-stage gasifier (GP750) 
(Brynda et al. 2020) with a heating time of 6 h between 500 
and 600 °C. While the initial particle size distribution ranges 
from 0.5 to 10 mm (with 58.9% between 2 and 5 mm), for 
this study, the biochar was ground to a powder form with 
particles predominantly < 1  mm to ensure uniform mixing 
with soil. The biochar has a specific surface area of 350–700 
m2/g, as determined by BET analysis.

MicroChar  MicroChar represents a novel biochar product 
engineered for enhanced soil health and nutrient availabil-
ity. It is produced through a multi-step process involving 
co-pyrolysis of biowaste and poultry droppings at tempera-
tures between 400 and 600 °C, resulting in a stable carbon-
rich matrix (comprising approximately 80% of the final 
product). Unlike conventional biochar, MicroChar directly 
incorporates beneficial microorganisms and organic nutri-
ents into its structure. This is achieved by combining the 
pyrolyzed material with poultry manure dry matter (16% 
w/w), a bacterial consortium (1% w/w) consisting of Rhizo-
bium, Azotobacter, Pseudomonas, and Bacillus species, and 
spores of arbuscular mycorrhizal fungi and Trichoderma 
(3% w/w). The mixture is then homogenized with a starch-
based binder and granulated to a diameter of 3  mm. Fol-
lowing granulation, the MicroChar undergoes a final drying 
stage at a low temperature before storage. This process, 
detailed in patent No. 309,512 (Maroušek 2021), yields a 
granular product that is easily handled and applied in agri-
cultural settings. The MicroChar has a specific surface area 
of 340.6554 m²/g, as determined by BET analysis.

The soils and amendments were characterized for basic 
physico-chemical properties (Table  1). Total carbon and 
total nitrogen were determined using Formacs-SNC from 
Skalar. Samples of both soil and biochar were digested using 
the Mehlich 3 method, and total elemental concentrations of 
potassium (K), phosphorus (P), magnesium, sodium, sulfur 
(S), and calcium were measured using inductively coupled 
plasma optical emission spectrometry (ICP-OES, 720 ES, 
Varian Inc., CA, USA). The pH was measured using a pH 
meter 731, and electrical conductivity was determined using 
a Multimeter 3420. The standard hydrometer method calcu-
lated the bulk density and porosity (CEN ISO/TS 17892-4 
2004, 2004).
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and sulphate (SO4
2−) concentrations (Dionex ICS-5000 ion 

chromatography system (Dionex, USA).

2.3  Pot Experiments

Two pot experiments were conducted in an air-conditioned 
greenhouse under controlled conditions (21  °C, 14  h 
light/10  h dark cycle) to investigate the effects of Micro-
Char on pea growth under drought stress. Regosol, a weakly 
developed, drought-prone soil with higher initial nutri-
ent concentrations than Cambisol, was selected for these 
experiments due to its agricultural suitability. Specifically, 
Regosol exhibited significantly higher levels of dissolved 
phosphorus (0.98  mg/L for RM2% and 0.74  mg/L for 
FM2%), potassium (0.62 mg/L for RM2% and 0.45 mg/L 
for FM2%), and calcium (203.18 mg/L for both RM2% and 
FM2%) in soil pore water, as determined in a preliminary 
incubation experiment. Both experiments compared the 
effects of MicroChar against a control biochar treatment. In 
the first experiment, drought stress was imposed from week 
three onwards by withholding water from designated pots 
for two weeks. The second experiment aimed to evaluate 
the effects of late drought stress, and the timing of stress 
imposition will be detailed further in a subsequent section.

2.3.1  Pot Experiment 1

Experimental Design  Five treatments were assessed: a con-
trol (CC) without additives and four treatments with the soil 
mixed with different amendments (Biochar (B), Hoagland 
(H), MicroChar, and MicroChar + Hoagland spiked. In each 
case, biochar and MicroChar were added at 2% (w/w) to 
500 g of soil, and 100 mL of Hoagland solution was added 
to the designated treatments. The Hoagland treatment (H) 
and MicroChar + Hoagland treatment received 100 mL of 
a modified Hoagland nutrient solution (see Supplementary 
Table S1). Hoagland solution was prepared according to 
the method outlined by Hoagland and Arnon, as revised by 
Arnon and adapted from Asad (Asad et al. 2021; Hoagland 
and Arnon 1950). Hoagland was added to test the effective-
ness of MicroChar with and without additional phosphorus. 
The mixtures were placed in 0.5 L pots, with 10 pots per 
treatment, further split into optimal conditions (5 pots) and 
drought conditions (5 pots). After mixture preparation, two 
germinated seeds of Pisum sativum L. were sown in each 
pot. The experiment followed a randomized design. Mois-
ture sensors (FDR 5TM Decagon, USA) monitored soil 
moisture, and rhizon leaching tests were conducted weekly.

Water Regime: A preliminary field capacity test deter-
mined that 98.6 ml of water resulted in 80% (w/w). Based 
on this, and Sutuliene et al., on Pisum sativum L. (Sutu-
liene et al. 2022), a daily watering volume of 100 ± 1 mL 

2.2  Incubation Experiment

A short-term incubation experiment used a two-factorial 
design with four treatments: two soils and two amendment 
conditions (0% or 2% MicroChar, on a dry weight basis). 
The four treatments were: Regosol without amendment 
(R0%), Cambisol without amendment (F0%), Regosol with 
2% MicroChar (RM2%), and Cambisol with 2% MicroChar 
(FM2%). The experiment was completed using 20 tubes 
(volume 50 mL), five replications per treatment, and filled 
with 60 g of soil. This experiment aimed to obtain a rapid 
overview of the mobility of N, P, and K in Cambisol and 
Regosol, both lacking organic matter and fertilizer.

Soil chemical analysis was conducted over 20 weeks, 
with a sampling of soil pore water once a week for six 
weeks, then twice a month from the seventh week, and 
finally once a month from the eleventh week until the end. 
Sampling was performed using Rhizon soil pore water 
samplers (Eijkelkamp Agrisearch equipment, NED) fixed 
to centrifuge test tubes. To maintain consistent mois-
ture conditions, soil samples were stored in a closed box 
in a dark place to reduce sunlight exposure and minimize 
evaporation. Additionally, 20  ml of deionized water was 
added to each tube and allowed to settle for at least one 
hour before every pore-water sampling event (Dickens et 
al. 2007). Pore water was then evaluated for pH (pH meter 
731 (WTW Germany), electrical conductivity (EC) (Mul-
timeter 3420 (WTW Germany), total C and N concentra-
tions (Vario MACRO CHN elemental analysis unit (CHNS 
Elementar Analytical Systems GmbH, Germany), dissolved 
organic carbon concentration (Total Organic Carbon anal-
yser TOC-L a (CPH / CPN, Shimadzu), TNM-L segment 
flow analyser (Shimadzu), total nutrients (K, P, Mg, Na, 
S and Ca) concentrations (ICP-OES (720 ES, Varian Inc., 
CA, USA), and anions (nitrate (NO3

−), phosphate (PO4
3−) 

Table 1  Physico-Chemical properties of the soils, biochar, and micro-
char used in this study
Parameter Regosol 

Soil
Cambi-
sol Soil

Biochar Micro-
Char

pH 4.80 4.92 11.12 7.02
EC (µS.cm⁻¹) 318 83 1400 1329
Ntot (g.kg⁻¹) 0.54 0.50 5.8 9.88
Ctot (g.kg⁻¹) 9.33 22.05 817 593
C/N 17.30 44.1 140 60
Stot (g.kg⁻¹) 0.24 0.22 0.34 0.035
Ptot (g.kg⁻¹) 0.41 0.35 0.89 0.043
Catot (g.kg⁻¹) 1.10 1.32 16.4 0.025
Mgtot (g.kg⁻¹) 0.22 1.92 2.85 0.016
Ktot (g.kg− 1) 8.49 22.24 3.9 0.045
Bulk density (g. 
cm⁻³)

1.49 1.10 / /

Porosity (%) 41.1 43.5 / /
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The dry pigment mixtures obtained through evaporation 
under nitrogen were stored at -80 °C until analysis.

The presence of carotenoids, including neoxanthin, 
violaxanthin, antheraxanthin, lutein, zeaxanthin, and 
β-carotene, was detected using a HPLC-UV/VIS system 
consisting of Gradient Pump Beta, Autosampler HTA 300, 
Watrex Nucleosil 120-5-C18 column, Sapphire UV detec-
tor, and Vacuum Degasser DG 3014. The gradient solution 
consisted of acetonitrile/methanol/water (80:12:10) and 
methanol/ethylacetate (95:5) with 0.01% BHT, at a flow 
rate of 1 mL/min and a total analysis time of 25 min. Detec-
tion was performed at 445 nm. The HPLC system was cali-
brated with individual carotenoids at three concentrations, 
and quantification was performed using Clarity software 
expressed as µg/g DW. Tobacco leaves were used as the 
source for the carotenoid standards, which were purified 
through HPLC. Based on spectral parameters and absorp-
tion coefficients, carotenoids were identified and quantified 
by spectrophotometry.

After 13 weeks, plants were harvested; roots, shoots and 
pods were separated and weighed fresh and dry (after 2 days 
of drying at 40  °C and separation of peas from the pod). 
Nutrients were measured as described in the first pot experi-
ment. Before analysis, leaves were lyophilized. Prior to 
analysis, the samples were dissolved in 200 µL of acetone.

2.4  Data Analysis

Data analysis was performed using multiple statistical soft-
ware packages. The significance level for all analyses was 
set at p < 0.05.

Data Processing and Normality  Normality of data was 
assessed using the Shapiro-Wilk test (SPSS v.29.0.0). Non-
normal variables were transformed as follows: Box-Cox 
transformations (λ = 0.5) were applied to total nitrogen, cal-
cium, magnesium, and sulfur (S). Johnson transformations 
were used for pH (SB family, λ = 0.2) and electrical conduc-
tivity (SU family, λ = 0.3). Phosphorus (P), potassium (K), 
and total organic carbon remained non-normal after trans-
formation attempts and were subsequently analyzed using 
non-parametric methods.

Plant Biomass  Plant biomass data (root, shoot, and pod dry 
weight) from both pot experiments were analyzed using 
two-way ANOVA with treatment and water condition as 
fixed factors and block as a random factor. Tukey’s HSD 
post-hoc test was used for multiple comparisons. Tempo-
ral measurements of plant biomass were analyzed using 
mixed repeated measures ANOVA with treatment and water 

of deionized water was applied daily per pot for optimal 
conditions. The 63-day experiment included four watering 
phases: (i) Weeks 1–2: Daily watering at 100 ± 1 mL per pot 
for all treatments; (ii) Weeks 3–5: Stressed pots received 
30 ± 1 mL/day (30% of optimal), while control pots contin-
ued at 100 ± 1 mL/day; (iii) Week 6: Drought stress intensi-
fied by withholding water from stressed pots; (iv) Weeks 
7–8: Stressed pots returned to 100 ± 1 mL/day. (Brynda et 
al. 2020).

Soil and Plant Analysis  Rhizon pore water sampling was 
conducted weekly to measure pH, EC, total C and N con-
centrations, and total nutrients and anions. The shoot length 
of pea plants was measured weekly. After 70 days, plants 
were harvested, weighed fresh, dried at 40 °C for two days 
and weighed again. Nutrient content was measured with 
ICP-OES after microwave-assisted acid digestion. The car-
bon and nitrogen content of the pea biomass was analyzed 
using Formacs-SNC from Skalar (Breda, the Netherlands).

2.3.2  Pot Experiment 2

An additional pot experiment was conducted to evaluate the 
stress response of plants further in this pot experiment. This 
subsequent pot experiment was necessary due to insufficient 
plant material available for leaf sampling in the initial pot 
experiment. The experimental setup, including treatments 
and pot arrangements, mirrored that of Pot Experiment 1. 
For detailed information regarding the experimental design, 
including the watering regime, please refer to the descrip-
tion provided for Pot Experiment 1.

Water Regime  Specific modifications to the watering 
regime for this experiment are detailed below: Plants were 
initially watered daily with 30 mL of deionized water for 
four weeks. From week 5 onwards, drought stress was 
imposed by reducing watering to 12.5 mL/day for stressed 
pots. From week 7 onwards, stressed pots received 37.5 mL/
day to simulate recovery..

Soil and Plant Analysis  The soil chemical analysis was the 
same as in Pot Experiment 1. The growth of the peas was 
monitored and recorded weekly. Leaf sampling was done 
at three different stages of the experiment: before stress 
induction (week 7), during stress induction (weeks 8 and 
9), and after plants were rehabilitated (week 10). At each 
collection, the last leaf, having completed its growth, was 
sampled, immediately frozen in liquid nitrogen, and stored 
(frozen) until further analysis. Before the analysis, leaves 
were lyophilized. Pigments were extracted from 5  mg of 
freeze-dried samples using 1 mL of acetone and centrifuged 
(microcentrifuge Sigma 1− 14, Germany) 5 min at 9000×g. 
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a significant modification of the overall soil chemistry pro-
file driven by higher pore-water phosphorus, potassium, and 
dissolved organic carbon (Fig S1).

3.2  Pot Experiment 1

Soil moisture content in the control declined from 
0.22 m³m⁻³ to 0.12 m³m⁻³ over eight weeks. Biochar amend-
ment consistently increased soil moisture retention by 67% 
compared to the control (Fig.  1i). Under drought condi-
tions, biochar-treated soil maintained higher moisture lev-
els, while other treatments showed mixed results. During 
the recovery period, biochar exhibited the highest moisture 
increase (56%), followed by FB (23%), H (10%), and FB-S 
(3.13%) (Fig. 1ii).

Under optimal conditions, phosphorus concentration in 
control pore water decreased from 0.66 to 0.42 mg/L over 
nine weeks (Fig.  2). MicroChar treatments significantly 
increased soluble phosphorus levels by 320% and 415%, 
respectively, compared to the control. Under drought con-
ditions, FB and FB-S amendments similarly enhanced 
phosphorus availability by 1358% and 774%, respectively 
(Fig. 2). MicroChar did not significantly affect pore water 
availability of nitrogen or potassium, which increased over 
time but showed no differences between treatments. Redun-
dancy analysis indicated a positive association between 
MicroChar amendments, increased phosphorus availabil-
ity, and greater plant biomass, suggesting that MicroChar-
mediated phosphorus enhancement promoted plant growth 
(Fig. S4).

Under optimal watering, pea plants grown with Micro-
Char showed enhanced root and shoot mass compared to the 
control (Fig. 3a). However, under drought stress, no signifi-
cant differences in root, shoot, or pod mass were observed 
between treatments (Fig.  3b). Furthermore, no treatment 
significantly affected the uptake of other measured nutrients 
(Table 2).

3.3  Pot Experiment 2

MicroChar significantly affected phosphorus availability in 
soil pore water under both optimal and drought conditions. 
While control levels peaked early and then declined by 52% 
by week 13, MicroChar treatments showed a substantial 
increase in phosphorus availability (1999%) between week 
1 and 4, which was sustained, albeit at a lower rate, through 
week 13. The FB-S treatment (MicroChar + Hoagland solu-
tion) also enhanced phosphorus availability, peaking in week 
3. Similar trends were observed under drought conditions, 
with both FB and FB-S treatments significantly increasing 
phosphorus availability, indicating MicroChar’s effective-
ness in enhancing nutrient retention under water stress.

condition as between-subjects factors, time as a within-sub-
jects factor, and block as a random factor.

Soil Properties  For the 20-week incubation experiment, soil 
pore-water chemistry was analyzed using mixed repeated 
measures ANOVA with treatment as a between-subjects 
factor, time as a within-subjects factor, and replication as 
a random factor. Soil properties from the pot experiments 
were analyzed using either two-way ANOVA with a general 
linear model for normally distributed data or Kruskal-Wallis 
tests with Bonferroni correction for non-normal data.

Multivariate Analyses  Principal component analysis was 
performed on soil pore-water macronutrient data from the 
incubation experiment. Redundancy analysis was used to 
assess the relationships between explanatory variables (soil 
pore-water chemistry) and response variables (total biomass 
elemental concentrations) in pot experiment 1. Significance 
testing for the RDA was conducted using Monte Carlo per-
mutation tests (999 permutations). Results are presented as 
means ± standard deviation for normally distributed data and 
medians (interquartile range: Q1-Q3) for non-normal data.

3  Results

3.1  Incubation Experiment

MicroChar addition significantly increased phosphorus con-
centrations in soil pore-water throughout the 20-week incu-
bation period. This effect was more pronounced in Regosol 
(RM2%) than in Cambisol (FM2%). In week 1, phosphorus 
levels in RM2% were significantly higher (76.3 ± 20.0 mg.
L⁻¹) compared to the Regosol control (4.4 ± 3.5  mg.L⁻¹) 
(p < 0.05). Similarly, FM2% showed significantly elevated 
phosphorus (11.1 ± 8.6 mg.L⁻¹) compared to the Cambisol 
control (0.5 ± 0.1  mg.L⁻¹) (p < 0.05). This trend persisted 
over the 20 weeks [report specific p-values for subsequent 
time points, if available; if not, state the overall significance 
of the trend across the 20 weeks]. While control phospho-
rus levels in Cambisol decreased from 0.5 ± 0.1 mg.L⁻¹ in 
week 1 to 0.1 ± 0.1 mg.L⁻¹ by week 20, and Regosol control 
levels fluctuated between 4.4 ± 3.5 mg.L⁻¹ and 5.1 ± 1.5 mg.
L⁻¹, RM2% maintained phosphorus levels between 42.5 
and 60.4 mg.L⁻¹, and FM2% ranged from 2.6 to 5.4 mg.
L⁻¹. Furthermore, MicroChar significantly altered soil nutri-
ent dynamics, increasing nitrogen and potassium content, 
while decreasing carbon content (Fig. S1, S2 and S3; Table 
S2). Changes in pH and electrical conductivity were also 
observed. Principal component analysis revealed distinct 
clustering of MicroChar-amended soils, separate from con-
trol samples along the first principal component, indicating 
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concentration in soil pore water following MicroChar addi-
tion, addressing concerns about phosphorus scarcity (Hafeez 
et al. 2017; Ulrich and Frossard 2014). Adding a small 
quantity of MicroChar led to an immediate and substantial 
increase in plant-available phosphorus in the soil pore water, 
to a greater degree than commercial biochar. Specifically, 
under optimal conditions, MicroChar treatments FB and 
FB-S elicited significant increases in soluble phosphorus 
levels compared to the control, enhancing it on average by 
320% and 415%, respectively (Fig. 2). This increase aligns 
with observations by Fišarová et al. (Fišarová et al. 2024), 
who attributed improved P availability to MicroChar’s 
microgranular structure, enhanced microbial activity, and 
synergistic effects with mycorrhizae. The positive effects 
of MicroChar on phosphorus availability is consistent with 
previous research on biochar (Dugdug et al. 2018; Luo et 
al. 2022; Yao et al. 2012). Furthermore, the enhanced phos-
phorus availability under drought conditions suggests that 
MicroChar could help maintain plant productivity and nutri-
ent uptake during periods of water scarcity. However, while 
our study used Mehlich 3 for soil phosphorus analysis, this 
method may not fully elucidate the mechanisms by which 
MicroChar enhances phosphorus availability and warrants 

MicroChar treatments also influenced plant physiologi-
cal responses, particularly pigmentation. Under optimal 
conditions, both FB and FB-S maintained higher pigment 
levels, suggesting enhanced protection against drought-
induced stress (Fig S6). However, these differences were 
less pronounced under drought conditions. Pod mass was 
not significantly affected by the treatments (Fig S5). Analy-
sis of element content in pea pods revealed significant treat-
ment effects. Under optimal conditions, phosphorus content 
in FB and FB-S treatments increased by 60% and 69%, 
respectively, compared to the control (2.66 g.kg⁻¹, Fig. 4b). 
Under drought conditions, FB showed a 44% increase com-
pared to the control (3.37 g.kg⁻¹, Fig. 4b). Despite increased 
phosphorus uptake in pods, this did not translate into signifi-
cantly higher pod mass.

4  Discussion

Unlike conventional biochar, MicroChar directly incor-
porates beneficial microorganisms and organic nutrients 
into its matrix (Maroušek 2021). This unique composition 
contributes to the observed increase in soluble phosphorus 

Fig. 1  Volumetric water content (m3 m-3) over 8 weeks in pots under 
(i) optimal moisture conditions and (ii) drought stress. Treatments: CC 
(non-amended soil), B (2% biochar), H (100 mL Hoagland solution), 
FB (2% MicroChar), and FB-S (2% MicroChar + 100 mL Hoagland 

solution). Drought stress: light yellow shading (weeks 3–6) indicates 
low stress; light red shading (weeks 6–8) indicates high stress. Data are 
means (n = 5). Different letters indicate significant differences between 
treatments within each week (Tukey test, p < 0.05))
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balance, warrant further investigation (Carvalho et al. 2020). 
Our study also revealed differences in the magnitude of 
phosphorus increase between the two soil types tested. In 
the incubation experiment, the Cambisol, a more developed 
soil with higher organic matter content, exhibited a greater 
response to MicroChar amendments than the less developed 
Regosol. This suggests that soil properties, such as cation 
exchange capacity and buffering capacity, can influence the 
effectiveness of MicroChar in enhancing phosphorus avail-
ability (Schulz and Glaser 2012; Shayesteh Kheradmand & 
2023). Therefore, defining optimal MicroChar application 
rates for different soil types will be crucial to maximize the 
agronomic and environmental benefits.

Adequate soil moisture is essential for maximizing the 
benefits of enhanced phosphorus availability, as water acts 
as the primary medium for nutrient transport to plant roots. 
Therefore, understanding MicroChar’s influence on water 
retention is crucial for evaluating its overall impact on plant 
growth. However, the interaction between biochar and soil 
moisture is not straightforward, with factors like particle 
size significantly influencing the effects on water retention. 

further investigation using alternative methods (Pogorzelski 
et al. 2022; Reed et al. 2022).

Increasing phosphorus retention can minimize leaching 
losses from the root zone and help reduce eutrophication 
risks associated with phosphorus losses into waterways. 
(Dugdug et al. 2018). Determining the optimal application 
rates is essential to balance agronomic and environmental 
benefits and mitigate potential surface accumulation and 
erosion losses. Compared to commercial biochar, Micro-
Char is engineered to provide a slow release of phosphorus 
without affecting nutrients such as nitrogen, thus promoting 
inorganic phosphorus availability in the soil without disrupt-
ing the overall soil biogeochemistry (Dugdug et al. 2018).

It is important to acknowledge that despite significant 
increases in phosphorus availability, these did not consis-
tently translate into proportional increases in biomass yield, 
especially under optimal conditions. In Pot Experiment 2, 
although the pod phosphorus content increased significantly 
under optimal and drought conditions with MicroChar, 
the implications of increased phosphorus content in plant 
tissues, such as potential toxicity or changes in nutrient 

Fig. 2  Phosphorus concentration (mg L-1) in soil pore-water over 
9 weeks under (i) optimal conditions and (ii) drought stress. Treat-
ments: CC (non-amended soil), B (2% biochar), H (100 mL Hoagland 
solution), FB (2% MicroChar), and FB-S (2% MicroChar + 100 mL 
Hoagland solution). Drought stress: light yellow shading (weeks 3–6) 

indicates low stress; light red shading (weeks 6–8) indicates high 
stress. Pore-water collection paused during weeks 6–8 under optimal 
conditions. Data are means (n = 5). Different letters indicate signifi-
cant differences between treatments within each week (Bonferroni test, 
p < 0.05)
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area distribution, aromaticity, and polarity (Mitchell et al. 
2022). Tailoring biochar physical attributes, particularly 
particle size to soil conditions may help optimize moisture 
retention. This aligns with previous research showing bio-
char enhances soil water retention and plant drought toler-
ance (Bruun et al. 2022; Feng et al. 2023; Vitková et al. 
2024). However, the relationship between biochar and parti-
cle size and water retention is complex. MicroChar particles 
are larger than typical biochar, around 1−10 mm compared 

For example, biochar amendments have been shown to sup-
press water stress and improve sucrose content in sugar beet 
under certain conditions (Lebrun et al. 2022). Biochar can 
increase soil moisture content compared to the other amend-
ments, under optimal and drought conditions (Lebrun et al. 
2022). The high surface area and microporosity of biochar 
enable it to absorb and retain water through physiochemical 
mechanisms influenced by (Chen et al. 2023; Lebrun et al. 
2024); biochar properties such as particle size and surface 

Table 2  Total element (carbon, nitrogen, phosphorus, potassium, calcium, magnesium, sulfur) concentrations (g.kg− 1) measured after 9 weeks in 
Pisum sativum L grown under the following treatments (CC = non-amended soil; b = soil amended with 2% (w/w) biochar; h = soil amended with 
100 mL of hoagland solution; fb = soil amended with 2% (w/w) microchar; FB-S = soil amended with 2% (w/w) microchar and 100 mL of hoagland 
solution) under optimal (Opt.) and drought-stressed (DS) conditions. Letters indicate significant difference between all the treatments for both 
optimal and drought (p-value < 0.05, n = 5)

Carbon
(g.kg− 1)

Nitrogen
(g.kg− 1)

Phosphorus
(g.kg− 1)

Potassium
(g.kg− 1)

Calcium
(g.kg− 1)

Magnesium
(g.kg− 1)

Sulfur
(g.kg− 1)

Opt. CC 320.14 ± 35.54 a 14.54 ± 2.37 a 1.91 ± 0.14 c 11.32 ± 2.28 a 8.42 ± 1.47 a 3.36 ± 0.34 a 4.51 ± 0.76 a
B 303.70 ± 81.02 a 14.06 ± 2.63 a 1.80 ± 0.42 c 8.87 ± 2.62 a 7.12 ± 1.44 a 2.80 ± 0.50 ab 3.17 ± 0.83 ab
H 285.06 ± 49.65 a 15.20 ± 2.25 a 1.98 ± 0.35 c 9.33 ± 3.42 a 7.77 ± 1.11 a 2.22 ± 0.26 b 3.14 ± 0.92 ab
FB 361.90 ± 83.06 a 18.38 ± 7.35 a 1.92 ± 0.60 c 10.87 ± 1.29 a 8.44 ± 1.33 a 2.53 ± 0.38 ab 3.23 ± 0.66 ab
FB-S 360.40 ± 8.28 a 18.10 ± 2.02 a 3.12 ± 0.28 a 11.19 ± 1.05 a 5.92 ± 0.70 a 2.91 ± 0.30 ab 3.17 ± 0.40 ab

DS CC 347.86 ± 12.67 a 13.40 ± 3.60 a 1.83 ± 0.09 c 9.58 ± 1.05 a 7.75 ± 1.06 a 3.00 ± 0.32 ab 3.82 ± 0.97 ab
B 320.38 ± 42.00 a 19.12 ± 2.76 a 1.94 ± 0.47 c 8.93 ± 3.03 a 8.88 ± 2.78 a 2.57 ± 0.52 ab 2.72 ± 0.45 b
H 316.55 ± 93.12 a 12.63 ± 2.96 a 2.02 ± 0.50 c 11.64 ± 2.83 a 8.06 ± 0.71 a 2.74 ± 0.72 ab 3.40 ± 1.11 ab
FB 318.42 ± 62.27 a 13.65 ± 3.81 a 2.18 ± 0.20 bc 10.29 ± 1.10 a 7.25 ± 1.01 a 2.77 ± 0.34 ab 3.70 ± 0.71 ab
FB-S 375.30 ± 47.44 a 15.72 ± 1.73 a 2.81 ± 0.13 ab 9.75 ± 0.91 a 5.95 ± 1.11 a 2.67 ± 0.15 ab 2.82 ± 0.79 b

Fig. 3  Total biomass dry mass of Pisum sativum L in root, shoot, 
and pod from pot experiment one as a result of different treatments 
(CC = non-amended soil; B = soil amended with 2% (w/w) bio-
char; H = soil amended with 100 mL of Hoagland solution; FB = soil 

amended with 2% (w/w) MicroChar; FB-S = soil amended with 2% 
(w/w) MicroChar and 100 mL of Hoagland solution). Data is presented 
in means, and the letters signify a significant difference between treat-
ments from Tukey test per week p-value < 0.05 (n = 5)
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moisture retention by 67% compared to the control. This 
enhanced moisture retention was particularly evident dur-
ing the induced drought conditions and recovery period, 
where it showed the highest moisture increase (56%). Such 
improvements in water retention are particularly beneficial 
in sandy and low-clay soils, which are inherently prone to 
drought stress (Adekiya et al. 2020; Chen et al. 2020; Liu 
et al. 2017). While some experiments have shown mixed 
results regarding biochar’s effect on water retention (Edeh 
and Mašek 2021; Ventura et al. 2012), our findings align 
with research indicating that finely ground biochar can sig-
nificantly improve water retention in these soil types. Mean-
while, MicroChar’s larger granular structure proved more 
effective for enhancing phosphorus availability, suggesting 
that different particle sizes can be tailored to optimize differ-
ent soil improvement functions.

to < 1 mm for commercial biochar (Wang et al. 2019). The 
lower surface area of MicroChar particles likely reduces 
water holding capacity.

In this study, the commercial biochar, produced from 
raw wooden chips via gasification and pyrolysis (Brynda 
et al. 2020), had a wide particle size distribution, with a 
weighted average particle size of 1 mm. While this biochar 
was originally produced with larger particles (2–5 mm), it 
was ground to a powder form (< 1 mm) before soil appli-
cation to ensure uniform mixing. In contrast, MicroChar, 
was specifically granulated to a diameter of 3  mm. This 
difference in particle size influenced their respective per-
formance characteristics. The finely ground commercial 
biochar, with its smaller particles and consequently larger 
surface area per unit mass (Morales et al. 2013), demon-
strated superior water-holding capacity, increasing soil 

Fig. 4  Biomass total digest element content of Pisum sativum L grown 
in pots grown under optimal (i) and water-stressed conditions (ii). The 
following treatments were applied: CC = non-amended soil; B = soil 
amended with 2% (w/w) biochar; H = soil amended with 100 mL of 
Hoagland solution; FB = soil amended with 2% (w/w) MicroChar; 

FB-S = soil amended with 2% (w/w) MicroChar and 100 mL of Hoa-
gland solution. The data is presented in means, and letters indicate 
Tukey test significant difference between treatments at a p-value < 0.05 
(n = 5)
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requires consideration of the broader context of soil nutrient 
dynamics and their influence on overall biomass yield. One 
factor influencing our results is the potential sufficiency of 
existing nutrient availability in the soil used in these experi-
ments to meet the plants’ nutritional requirements, thus lim-
iting the potential for additional growth responses. In other 
words, when soil nutrient levels are adequate, further fertil-
ization does not necessarily yield proportional increases in 
biomass (Tripolskaja and Asakaviciute 2019). Additionally, 
plant growth is often limited by factors other than nutrient 
availability, such as genetic potential or environmental fac-
tors such as light and CO2 availability, which play critical 
roles in photosynthesis and overall plant health (Ertuş et al. 
2023). The complex interactions between macronutrients, 
particularly N, P, and K, also influence plant responses to 
individual nutrient additions. Specifically, an imbalance 
in these nutrients can lead to suboptimal growth, as plants 
require a specific ratio of these macronutrients for optimal 
physiological functioning (Basu et al. 2021).

While MicroChar significantly augments phosphorus 
availability and uptake, its effects on other nutrients like 
nitrogen and potassium are less pronounced. This element-
specific effect can likely be attributed to the following: the 
chemistry of phosphorus, characterised by a high affinity for 
mineral surfaces in soil, makes it particularly responsive to 
addition of high surface area materials like MicroChar (Bul-
gakova et al. 2023). Moreover, the microorganisms present 
in MicroChar may possess specific phosphorus-solubilizing 
capabilities, enhancing phosphorus availability without 
similarly affecting other nutrients (Tsvetkov 2024). Lastly, 
initial soil conditions, including the relative abundance of 
different nutrients before amendment, may have influenced 
the observed effects, with phosphorus often being a limiting 
factor in agricultural contexts (Basu 2023).

Beyond the immediate effects on nutrient availability and 
plant growth, the application of MicroChar presents broader 
environmental implications related to soil health, resource 
use, and climate change mitigation. The environmental 
implications of MicroChar application extend beyond direct 
crop productivity effects. Our findings demonstrated a sig-
nificant increase in soil pH from acidic (4.429–4.580) to 
a more neutral range (5.864–6.495), potentially reducing 
lime requirements in acidic soils. The enhanced phospho-
rus availability (18.298 mg/kg under drought, 25.755 mg/
kg under optimal conditions) indicates potential for reduc-
ing phosphate fertilizer applications by 20–25% (Liu et al. 
2024; Y. Wang et al. 2023a, b). This efficiency gain aligns 
with findings from similar biochar studies (Zhang et al. 
2023) and addresses growing concerns about phosphorus 
resource depletion.

MicroChar’s performance under drought conditions and 
improved water retention suggests potential for climate 

Different particle sizes can be tailored to optimize vari-
ous soil improvement functions, including water retention. 
This enhanced water retention is crucial, especially under 
drought stress, as it directly impacts plant physiology by 
influencing nutrient uptake, utilization, and overall growth. 
discuss various aspects of plant responses to drought 
and rewatering. This section explores the physiological 
responses of pea plants to MicroChar application, focus-
ing on phosphorus uptake under both optimal and drought 
conditions. Under optimal moisture conditions, MicroChar 
led to an increase in root, shoot, and pod biomass, possibly 
due to increased phosphorus availability. Conversely, com-
mercial biochar had limited effects on plant growth under 
drought conditions. The redundancy analysis revealed 
phosphorus as the predominant driver of plant growth dif-
ferences among treatments, rather than other soil nutrients 
like nitrogen or potassium. Despite increased phosphorus 
availability from MicroChar, plants could not fully utilize 
the additional phosphorus under drought stress, confirm-
ing previous findings on the interdependence of soil mois-
ture and phosphorus for plant uptake (Tesfaye et al. 2021). 
This limitation underscores the importance of adequate soil 
moisture for realizing the benefits of enhanced phosphorus 
availability.

Compared to other amendments, MicroChar application 
resulted in higher phosphorus tissue concentration in the pea 
plants and helped maintain pigment levels through increased 
activity of DEAPS enzymes during drought stress, which 
efficiently dissipated excess light energy and protected the 
photosynthetic apparatus (Hafez et al. 2020). These findings 
highlight the significant impact of soil amendments on the 
physiological response of plants, particularly under stress 
conditions, as evidenced by the observed changes in pig-
mentation levels. Previous studies have also shown enzyme 
activity aids plant stress adaptation. Sutuliene (Sutuliene 
et al. 2023) showed antioxidant enzymes increased in pea 
plants under drought, likely mitigating oxidative stress. 
Enzymes regulating carbon and nitrogen metabolism also 
increased in drought-stressed peas (Sutuliene et al. 2022). 
By increasing phosphorus nutrition and enzyme activity, 
MicroChar may have helped maintain photosynthetic func-
tion and energy pathways under moisture deficit conditions. 
However, the extent to which these physiological benefits 
translate into overall biomass yield increases depends on the 
complex interplay of various nutrient dynamics within the 
soil, as discussed in the following section.

While these physiological benefits, particularly the 
enhanced phosphorus uptake, are promising, the overall 
impact of MicroChar on biomass yield depends on the com-
plex interplay of nutrient dynamics within the soil. Build-
ing upon the observed physiological benefits of MicroChar, 
particularly its enhancement of phosphorus availability, 
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efficiency, reduce reliance on inorganic fertilizers, and aid 
in overcoming the global phosphorus challenge.
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change adaptation in agricultural systems. Studies with 
similar biochar formulations have shown 10–15% increases 
in water-holding capacity(Guan et al. 2023; Wang et al. 
2023a, b). The stable organic matter content of MicroChar 
contributes to carbon sequestration through both direct 
carbon storage in its aromatic structure and enhanced soil 
organic matter accumulation (Oriaku et al. 2023; Zheng 
2024). Recent meta-analyses of biochar applications sug-
gest potential carbon sequestration rates of 0.3–0.7 tons C/
ha/year in similar soil types (Neenu et al. 2023; Wu et al. 
2024).

The successful implementation of MicroChar in agri-
cultural systems requires careful consideration of practical 
aspects. Our study demonstrated effectiveness at 2% w/w 
application rate, supporting findings from similar studies 
(Wigan 2023). Integration with existing agricultural prac-
tices requires specific adjustments based on enhanced nutri-
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suggest the possibility of reducing conventional phosphate 
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5  Conclusion

Our study demonstrates that using MicroChar, either alone 
or in conjunction with other soil amendments, effectively 
releases required nutrients in nutrient-leached soil while 
mitigating leaching, enhancing sustainability and economic 
feasibility. Moreover, our findings reveal the element-
specific efficacy of soil amendments, emphasizing the 
importance of tailored nutrient management. Additionally, 
different amendments exhibit varying effects on plant pig-
mentation and chlorophyll levels, highlighting their poten-
tial to influence plant physiology. These findings contribute 
to the knowledge on sustainable agriculture practices and 
have implications for optimizing nutrient management, 
improving soil health, and maximizing crop productivity 
while minimizing environmental impacts.

The use of MicroChar as a soil amendment shows promise 
as a strategy to improve phosphorus availability in nutrient-
depleted soils. MicroChar may promote more efficient phos-
phorus cycling and boost phosphorus nutrition in crops by 
enhancing soluble phosphorus levels in the soil pore water. 
However, the degree of plant growth response is mediated 
by moisture availability. Overall, targeted use of MicroChar 
to sustainably increase phosphorus availability in agricul-
tural systems holds potential to enhance phosphorus use 
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