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ABSTRACT

Climate change threatens long-term soil health because of increased severity and frequency of drought periods. Applying bio-
char to soils before a drought can increase non-biochar soil carbon (C) and water storage over the long term and sustain crop
yield. However, the on-farm benefit of buried solid biochar and applied liquid biochar at low rates remains uncertain. This study
examined the effects of two novel biochar-based soil amendments on soil C, water storage and crop yield. The biochar-based
amendments included a biochar reactive barrier (RB) made by layering wood-based biochar, straw mulch and cow manure into
a series of open surface trenches, and a liquid biochar mineral complex (BMC) applied twice, at low rate (200kgha=!) to one side
of RB (fertilised area), while the other side of RB received no treatments (non-fertilised area). Moisture concentration within the
RB ranged from 6.76% up to 56.68% after large rainfall, more than double the surrounding soils and gradually started migrating
from the RB outwards. Soil within 50cm distance of the RB showed a 24.5% increase in non-biochar soil C compared with soil
at 600cm distance of the RB, 2.54% versus 2.04%, respectively, in the non-fertilised area, which was supported with lowering
soil microbial activity. Pasture yield increase was associated with liquid BMC fertiliser rather than proximity to the RB. Pasture
yield was 44% higher in the fertilised area compared with the non-fertilised area 27.89 tha=! versus 19.31tha~!. Approximately
158kg CO,e was removed from the atmosphere for each cubic meter of RB and an annual removal of 150kg CO,e ha™! was esti-
mated by liquid BMC application. Income earned by increased yield was still profitable even though applied liquid BMC could
cost between USD 400-520ha~! including shipping costs. Overall, our study suggested biochar-based RB and BMC fertilisers
can effectively increase soil moisture retention while building non-biochar soil C storage in the surrounding soil. The adoption of
biochar-based techniques has the potential to improve drought resilience while increasing soil C in wide range of non-irrigated
cropping systems.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Climate change is exacerbating the frequency, duration and se-
verity of drought periods that decrease soil moisture and pose
a significant threat to soil health and agricultural productivity
(Grillakis 2019; Liu et al. 2023; Wang and Wang 2023). Soil bio-
chemistry is directly moderated by soil moisture, which in turn
affects carbon (C) cycling, because C decomposition rates slow
down under drought conditions leading to reduced soil fertil-
ity (Singh et al. 2021). Moreover, the combination of rising at-
mospheric carbon dioxide (CO,) concentrations and elevated
temperatures is expected to exacerbate the impact of drought
by limiting soil C through effects on plant respiration and pho-
tosynthesis (Zhou et al. 2023). Soil C losses may be greater than
anticipated with fluctuating moisture level, even with the po-
tential of microbes to adapt to these conditions (Allison 2023).
Collectively, soil C models show that innovative C-based amend-
ments are needed to mitigate drought impacts and increase
soil C storage, while improving soil fertility (Nepal et al. 2023;
Paustian et al. 2019).

Biochar is a C-rich solid produced through the pyrolysis of
organic wastes and is an effective approach for atmospheric
CO, drawdown (IPCC 2019; Almaraz et al. 2023). Biochar
application as a soil amendment has been shown to increase
soil moisture, C and nutrient retention, and plant yield
(Bai et al. 2022; Gupta, Gupta, and Mondal 2019; Lehmann
et al. 2021; Razzaghi, Obour, and Arthur 2020). Therefore,
incorporating biochar into the soil brings various co-benefits
to farming systems, which may be critical in the context of
climate change. However, large field-scale biochar applica-
tion where biochar is traditionally spread broadly on the soil
surface and then incorporated may not be economically vi-
able (Williams and Arnott 2010). As a result, biochar appli-
cation practices are continually evolving to minimise cost,
while achieving specific purpose-driven requirements of
sites, soils and crops (Gabhane et al. 2020; Joseph et al. 2017).
Trench burial in soil has been an effective strategy to store
large quantities of C in the soil while capturing soil moisture
(Ogawa and Okimori 2010; Sierra et al. 2024). The buried bio-
char in trenches is usually covered by a layer of soil or sand
(Ogawa and Okimori 2010). However, creating trenches filled
with biochar without a top-soil cover could further enhance
the trapping of air humidity and rainfall. The cost of biochar
burial in trenches can vary between 64 USD ha~! for an ap-
plication rate of 12Mgha~! to 3160 USD ha~! at 185Mgha~1,
depending on the trench depth, the feedstock type and appli-
cation rate (Campion et al. 2023; Williams and Arnott 2010).
The cost of trenching may be reduced by activating biochar
with organic matter, which enhances the composting process
of the organic material in the mixture and could create an op-
timal niche for microorganisms, fostering nutrient availability
for plants while enhancing soil C storage, particularly when
moisture levels are high (Filiberto and Gaunt 2013; Joseph
and Taylor 2024; Oztiirk et al. 2012). Trenches created using
biochar-activated organic matter were referred to as reactive
barriers (RB) in the current study, given the reactive bio-
geochemical and hydrological processes that are created in the
trench barriers within the soil. A 13-years old study has shown
that biochar-based trenches in tree crops increases soil C and

water storage (Mahajan et al. 2021). However, the extent in
which the beneficial properties of RB would expand laterally
to surrounding soils, particularly in the short term to justify
the initial cost of RB establishment, remains uncertain.

Another way to reduce the cost of biochar application is to en-
hance the biochar before application to soil (Joseph et al. 2013,
2021; Rasse et al. 2022). Enhanced biochar is usually com-
bined with chemical or organic fertilisers to produce bio-
char compound fertilisers, added to compost, or enhanced
with clay, minerals, and nutrients prior to application to cre-
ate biochar mineral complex (BMC) (Bai et al. 2024; Joseph
et al. 2013, 2021). Nutrient-rich BMCs are innovative ap-
proaches to applying biochar at low rates whilst maximising
its benefits (Darby et al. 2016; Farrar et al. 2019). For example,
the application of BMC has been shown to increase yield in
different crops, including ginger, pepper, peanut, wheat, and
maize (Farrar et al. 2019; Glaser et al. 2015; Yao et al. 2015;
Zheng et al. 2017), most likely due to improved nutrient use
efficiency (Rasse et al. 2022). The BMCs are usually developed
as solid formulations, but sometimes there is a need to apply
liquid nutrients to expedite nutrient inputs and plant uptakes.
To date, only a limited number of trials have been conducted to
show the potential of BMCs to increase crop yield (Kilowasid
et al. 2022; Kumar et al. 2021; Lou et al. 2016); however, no
trials have yet explored the co-benefits of bespoke liquid fer-
tilisers on soil moisture, C storage, and nutrient availability in
addition to crop yield.

This study used a pasture model system because: (1) livestock
production industry has a huge C footprint with 18% contri-
butions to greenhouse gas emissions (Chiarelotto et al. 2021;
Franzluebbers 2020; Mogensen et al. 2014), and (2) pasture soils
are often depleted in soil C and nutrients, and therefore require
frequent fertiliser applications to sustain yield (Silveira and
Kohmann 2020). This study examined the effects of combined
use of a novel open surface RB filled with biochar and liquid
BMC on soil C storage, moisture retention, plant nutrient uptake
and yield (Figure 1), and assessed the cost effectiveness of this
innovative approach in the short term. Since biochar is known to
promote microbial growth due to its porous structure, the pres-
ence of micro and nanosized mineral nutrients and labile C (Dai
et al. 2021), we expected that the RB would start storing mois-
ture, thereby affecting soil microbial community within the RB.
However, it was uncertain to what extent soil and grass near the
RB would benefit from moisture accumulation and microbial
growth within the RB. We hypothesized that (1) the stored mois-
ture within RB would migrate and diffuse into the surrounding
soils, enhancing microbial growth and activity. This, in turn,
would result in high pasture yields on the top of the RB; (2) a
few months after RB establishment, there would be a build-up of
moisture, nutrients, C and microorganisms in the soil adjacent
to the RB, as the positive effect of the RB would expand later-
ally; and (3) BMC application would increase soil moisture and C
storage, and an improvement of pasture yield would be observed
next to the RB, as a result of the increases in soil moisture, nutri-
ents and microbial activity in the RB proximity. Altogether, our
study provides evidence on how RB and BMC can be effectively
utilized to retain soil moisture while building C storage, making
this method applicable to a broad range of planting systems.
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FIGURE1 | Schematic of a reactive barrier (RB), fertilised (F) and non-fertilised (NF) areas, illustrating the drawdown of atmospheric moisture
and rainfall and its release into the soil, as well as the accumulation of soil carbon and microbes in the adjacent soil.

2 | Methods

2.1 | Site Description, Treatment Preparation,
Establishment, and Experimental Design

The experimental site was located in a pastureland at Berrigan,
New South Wales (NSW) (S35.677594 E145.804731. 35°67" S
145°80’ E). The soil is classified as a chromosol and is a red-brown
duplex soil with sandy-loam texture (Isbell 2016). The climate is
characterised by hot summers and cool winters with low annual
precipitation of 438 mm. Daily average temperatures range be-
tween 13.1°C and 31.0°C and overnight between 4.0°C and 17°C.
The site was used to grow pasture for 10years with minimal di-
ammonium phosphate (DAP) fertiliser applied for 7years prior to
establishment. The experimental site was not grazed for 3 months
prior to establishment and sown with grass mix 3days prior to
site establishment in May 2023. The grass contained a mixture
of Italian ryegrass (Lolium multiflorum) at a rate of 18kgha™!
and three clover varieties of balansa clover (Trifolium michelia-
num), Crismin clover (Trifolium incarnatum) and Berseem clover
(Trifolium alexandrinum) sown at a rate of 4kgha=! each.

Wood-biochar used in RB was prepared onsite at 600°C using a
commercial type of kiln. Then, the biochar was mixed with cow
manure, straw, basalt dust, diatomite, and gypsum in a ratio of
31:30:30:5:2:2 (dry w/w), with 5% wood vinegar added before being
placed in the RB. Biochar used in the production of liquid BMC
was made at 450°C from straw and poultry litter (50:50) feedstocks
combined with minerals, basalt, diatomite, rock phosphate, ben-
tonite, kaolinite, and ferrous sulfate. The liquid BMC was produced
by micronizing the BMC solid (200kgha~! equivalent in dilution)
and diluting with water, a water-based dispersion agent, and a com-
mercial organic fertiliser rich in N (% 10.1) (Charlie Carp, NSW,
Australia). The solution was then adjusted to pH 6.5 by adding 5%

wood vinegar. The chemical composition of solid biochar incorpo-
rated into the RB and liquid BMC has been summarised in Table 1.

Biochar used in the RB was characterised by scanning electron
microscope (SEM) analyser (Nano SEM 350 FEI Netherlands)
equipped with a Bruker X-ray energy dispersive spectroscope
(EDS). The chromium coating was used to make the sample
electrically conductive. The biochar used in the RB and liquid
BMC were further characterised by PerkinElmer Fourier trans-
form infrared (FTIR) spectroscopy using the wavenumber range
(450-4000cm™) with a 16cm™ spectral resolution and 64 ac-
cumulations for each collection by the array at the Chemical
Analytical Facility Griffith University.

Six replicated plots with an area of 26 m X 10 m were established
in May 2023 and plots were 2m apart. Each plot contained two
RBs spaced 10m apart (Figure 2a). Each RB was excavated to
dimensions of ~#10m length, 0.5m width and 0.8 m depth using
a mechanical trencher. Each reactive barrier was filled with a
0.6m layer of the wood-biochar mixed with straw and manure
mixture, and 0.2m layer of wood-biochar (Figure 2a). The fer-
tilised areas between two RBs received liquid BMC on two oc-
casions at week 0 (May 2023) and week 9 (June 2023) at a rate of
200kg dry BMC ha-, for a total application rate of 400kgha=!.
These areas were also top-dressed with DAP at week 0 and urea
at week 9, each applied at the rate of 100kgha~!. The other sides
of RB received no fertiliser (Figure 2a).

2.2 | Soil Sample Collection and Bio-Chemical
Analyses

Soil biochemical data were collected from the topsoil, which is
the major hotspot for microbes involved in nutrient cycling and
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TABLE1 | Characterization of soil, biochar mixture used inside the reactive barriers (RB), pure biochar used on top of the RB, and liquid biochar

mineral complex (BMC) used in the field trial.

Units Soil Mixture used in the RB Pure biochar Liquid BMC

pHy o 6.18 6.58 7.50 3.28
EC (mS/cm) 0.06 0.91 0.40 283.00
Total C % 1.86 11.7 70.74 12.1
Total N % 0.14 0.5 1.26 4.09
s13¢C Yoo -27.14 —-27.40 -26.9 -25.9
8N Yoo 4.36 4.2 3.2 -2.70
P mg100g™! 25.56 64.72 47.2 4719.00
K mg100g! 209.94 316.6 162.2 1037.50
Al mg100g™! 1397.10 752.78 295.2 349.80
As mg100g™! BDL BDL 5.30 BDL
B mg100g™! 0.51 0.53 19.1 4.60
Ca mg100g~! 107.55 312.13 1296.7 121.60
cd mg100g~! BDL BDL 0.10 BDL
Cr mgl00g™! 1.62 9.03 — 0.80
Co mg100g™! 0.31 BDL BDL 0.20
Cu mg100g! 0.63 1.53 8.70 1.00
Fe mgl100g™ 865.74 488.98 588.8 502.00
Hg mg100g™! BDL 1.36 0.10 BDL
Mg mg100g~! 77.60 116.86 279.8 95.80
Mn mg100g™' 18.29 15.63 19.50 8.10
Mo mg100g~! BDL 0.29 BDL 0.10
Na mgl00g™ 9.23 39.56 187.4 246.90
Pb mg100g! 1.97 1.61 — 0.20
S mg100g™! 14.79 41.43 76.00 221.60
Se mg100g~! BDL BDL 4.90 BDL
Si mgl100g™ 7.36 3.51 BDL 29.10
Zn mgl00g! 1.42 2.77 23.4 3.50

Abbreviations: Al, aluminium; As, arsenic; B, boron; BDL, below detectable level; Ca, calcium; Cd, cadmium; Co, cobalt; Cr, chromium; Cu, copper; EC, electrical
conductance; Fe, iron; Hg, Mercury; K, potassium; Mg, magnesium; Mn, manganese; Mo, molybdenum; Na, sodium; P, phosphorus; Pb, lead; S, sulphur; Se, selenium;
Si, silicon; Total C, total carbon concentration; Total N, total nitrogen concentration; Zn, zinc; §'3C, C isotopic composition; 8'°N, N isotopic composition.

where microbial communities are influenced by land use (Bai
et al. 2023; Xue et al. 2023). Volumetric moisture concentration
(VMC %) was recorded throughout the summer and at a depth
of 0-10cm at weeks 16, 22, 28, 34, 36 and 39 following the RB es-
tablishment (Field Scout TDR 300, Spectrum Technologies ltd,
UK). The soil samples were collected at the 0-10cm depth using
an auger with inner diameter of 60 mm at week 16. The soil sam-
ples were collected at 10cm, 50cm and 600cm distances away
from the RB in both fertilised and non-fertilised areas. Biochar
from the centre of the RB was also collected (Figure 2b).

A sub-sample of the collected soil from each point and biochar
from the top of the RB was immediately stored at —20°C to be

used for soil respiration and microbial community composition
analyses. The remaining of the soil and biochar samples were
air-dried and sieved to 2mm prior to chemical analysis.

A sub-sample (#20mg) of the air-dried and sieved soil and bio-
char was transferred to 8 X 5mm tin capsules to measure total C,
total N, and C and N isotope composition (§'*C and §'°N) using an
Isotope Ratio Mass Spectrometer connected to a CN Eurovector
Elemental Analyser, Italy (Ibell, Xu, and Blumfield 2013).
Concentrations of NH,*—N and NO, N in soil samples were
determined using 2M KCI extraction and analysed with a
SmartChem 200 Discrete Chemistry Analyser (Unity Scientific,
Brookfield, CT, USA) (Rayment and Lyons 2011). Macro- and
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FIGURE 2 | (a) Experimental design and profile view (from top to bottom) of a reactive barrier (RB); areas with dark solid grey received biochar

mineral complex with fertiliser top dressing (F) and areas with light solid grey received no fertiliser (NF); (b) Schematic of samples collected in the
middle of the RB, 10, 50 and 600cm away from the RB in both fertilised (F) and non-fertilised (NF) areas.

micro-nutrient concentrations including phosphorus (P), potas-
sium (K), aluminium (Al), arsenic (As), boron (B), calcium (Ca),
chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), magnesium
(Mg), manganese (Mn), sodium (Na), lead (Pb), sulphur (S), sil-
icon (Si), and zinc (Zn) concentrations were determined using
ICP-OES (Optima-5300V, Perkinelmer, Waltham, WA, USA)
(Bai et al. 2017).

2.2.1 | DNA Extraction, Next-Generation
Sequencing (NGS) Library Preparation, and Illumina
MiSeq Sequencing

DNA extractions were carried out in triplicate from collected
soil in designed sampling points and biochar on top of RB
using the DNeasy PowerSoil DNA Isolation Kit (QIAGEN)
following the company protocol. The extracted DNA were
sent to GENEWIZ of Azenta Life Sciences company (Suzhou,
China) for the preparation of amplicon libraries and Illumina
sequencing. The sequencing libraries were constructed using
a MetaVX Library Preparation Kit. Briefly, 20-50ng of DNA
was used to generate amplicons that cover V3 and V4 hy-
pervariable regions of the 16s rRNA gene of bacteria and ITS
rRNA gene of fungi. The forward and reverse primers were
338F (5'-CCTACGGRRBGCASCAGKVRVGAAT-3") and 806R
(5-GGACTACNVGGGTWTCTAATCC-3") for 16s rRNA and
‘GTGAATCATCGARTC’ and ‘TCCTCCGCTTATTGAT’ for
ITS rRNA respectively. Amplicon sequencing (paired-end,
2x300bp) was conducted on an Illumina Miseq/Novaseq
Platform (Illumina, San Diego, USA) by GENEWIZ from
Azenta Life Sciences. The effective sequences after quality fil-
tration were grouped into operational taxonomic units (OTUs)
by using the clustering program VSEARCH (1.9.6) against the
Silva 132 database pre-clustered at 97% sequence identity.

2.2.2 | Soil Microbial Respiration and Substrate-Induced
Respiration

Microbial respiration and functional profile (substrate-induced
respiration) were determined using the MicroResp technique
(Campbell et al. 2003). Soil sub-samples (~0.4 g each) were care-
fully placed into 96 deep-well plates using a filling device and
the moisture content adjusted to 30% their maximum water
holding capacity (WHC) by adding distilled water. Prior to con-
ducting the MicroResp method, the deep-well plates with the
moisture-adjusted soils were incubated at 25°C for 14days in
a sealed container with self-indicating soda lime and a damp
paper towels (Amarasinghe et al. 2021). The CO, detection
plates were also prepared by mixing the indicator dye, cresol red
(12.5ppm, wt/wt), potassium chloride (150 mM) and sodium bi-
carbonate (2.5mM) into 150 uL of 1% Noble agar for each well
(Campbell et al. 2003). Eight nutrient substrates including C
sources using fructose, glucose, maltose, sucrose, and amino
acid sources using alanine, leucine, tryptophan, were used to
determine the functional diversity of the microbes. Basal respi-
ration was also measured by adding sterilized water. The agar
and indicator solutions were prepared separately and combined
with 1:2 ratio (agar: indicator) prior to use. These plates were
stored in sealed plastic boxes with wet paper towels and a beaker
containing water and soda lime to ensure that they do not des-
iccate or react with atmospheric CO,. Carbohydrates and amino
acids substrate solutions were prepared based on their solubility
in water. Once the required volume was prepared, the solution
was filter-sterilized and stored in sterile tubes at 4°C. Thirty
microliters (30uL) from each prepared substrates and filter-
sterilized distilled water (to measure the basal respiration) were
added to the pre-incubated soil (14 days) in the deep-well plates.
In order to calculate C utilization, the detection plate colour was
measured as absorbance at 570 nm immediately before and after
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the 6h incubation using a microplate reader (Burton et al. 2010;
Campbell et al. 2003).

2.3 | GrassYield Collection and Analysis

We harvested the grass just before conventional harvest time on
two occasions of weeks 16 and 22 following the site establish-
ment. Dry season commenced after the final harvest and grass
stops growing. Grass yield, height and chlorophyll concentra-
tion were measured within a 1m? quadrant placed randomly
adjacent to the RB and at a distance meant to include the cor-
responding soil samples for 10 and 50cm distances. A second
sample using the quadrant was taken at a distance of 550cm to
include soil taken at 600 cm in the centre of the quadrant. Height
and chlorophyll concentration were measured at the centre of
the quadrant. Chlorophyll concentration of the grass was mea-
sured using a Soil Plant Analysis Diagnostic (SPAD) index, de-
termined by a SPAD chlorophyll meter (atLEAF CHL PLUS).
The grass of each quadrant was then manually harvested using
grass shears at about 5cm above the ground to determine yield
in each quadrant. After harvesting, the fresh weight of the grass
sample from each sampling point were immediately recorded
using a digital balance (Salter Heston Blumenthal Precision
Dual Platform Digital Kitchen Scale) and yield data were calcu-
lated and reported as tha=!. We also collected grass yield, height
and chlorophyll concentration on top of the RB in an area of
1m?2.

A sub-sample of approximately 100g fresh grass was weighed
separately for moisture determination and oven-dried at 60°C
for 72h to constant weight to estimate dry biomass. Dry biomass
samples were then ground to a fine powder using a Rocklabs ring
grinder and used to measure total C, total N, and C and N isotope
composition, §13C and 8'°N, respectively, and nutrient concen-
trations. Micro- and micro-nutrient concentrations including P,
K, Al As, B, Ca, Cr Co, Cu, Fe, Mg, Mn, Na, Pb, S, Si, and Zn con-
centrations were analysed using an ICP-OES (Optima-5300V,
Perkinelmer, Waltham, MA, USA) at the Chemical Analytical
Facility at Griffith University (Bai et al. 2017).

2.4 | Data Calculations and Statistical Analyses

Potential CO, removed (kg) per kg biochar applied in each
cubic meter of RB was calculated using the VERA method as
described in Adhikari et al. (2024). In brief, we calculated CO,
removal using the following equation:

Potential CO, removed (kg)per kg biochar )
=Total C of biochar (%) x3.67 X PR,

Where total C content of biochar was obtained from elemental
analysis of pure biochar collected from 0.2m layer of RB, and
from biochar mixed with straw and cow manure collected from
0.6 layer of RB. The C content for 0.6m layer of the RB was
based on the sum of measurement from samples taken at depths
of 0.3-0.4m, 0.4-0.6m and 0.6-0.8m in each RB. The 3.67 is
a multiplying factor to convert quantity of elemental C to its
equivalent quantity of CO, derived from the molecular weight
ratio of CO, to C (44/12). The PR, is permanence adjustment

factor accounts for stability of C in biochar. For hydrogen to C
ratio less than 0.4, the factor is 0.74 indicating the higher sta-
bility (used for 0.2m layer of the RB). While, for hydrogen to C
ratio greater than 0.4, the factor is 0.56 indicating lower stability
(used for 0.6 m layer of the RB).

Total N, P and K uptake were separately estimated as the grass
yield (kgha™!) and nutrient concentrations in grass tissues fol-
lowing the equation below (Baptistella et al. 2020):
Nutrient uptake (Kg NPK ha™")

Grass dry biomass content ( Kg DM ha™") x nutrients (%
B 100

, @

The nutrient use efficiency (NUE) was calculated as the differ-
ences in nutrient uptake in the fertilised area and the control of
each plot, divided by the nutrient (N, P and K) applied using the
following equation (Baptistella et al. 2020; Bastidas et al. 2024):

Kg Ni — Kg NO

NUE (%) =
(%) nutrient rate of fertilised treatment

x100 (3)

Where N, is the nutrient uptake in fertilised area (kgha™h), N,
is the nutrient uptake in non-fertilised area (kgha™') and rate of
nutrient applied in fertilised area (kgha).

Partial nutrient (N, P and K) balances were calculated as the
differences between the nutrient input and nutrient output rep-
resenting the nutrient uptake over the period of trial using the
following equation (Touhami et al. 2022).

Partial nutrient balance (kg NPK ha™") @

=nutrient input — nutrient output

A simple economic and environmental estimation of RB was cal-
culated (Table S1). This analysis was mainly focused on costs, in-
cluding construction of RB, excavation and soil removal, as well
as the expenses associated with biochar, straw and cow manure
used inside of RB. On the benefit side, it emphasized environmen-
tal benefits such as the CO, removal per each cubic meter of RB,
along with the economic benefits from selling the pasture grass.

The estimate of total costs and break-even of BMC are sum-
marised in Table S1. Costs were divided into two categories,
fixed and variable. Fixed costs include freight within 100km ra-
dius on the experimental site and cost to apply all fertiliser prod-
ucts. Variable cost was the price to produce BMC fertiliser and
has been estimated at USD$700-1000t~! based on the ex-factory
sales price of liquid BMC provided by the producer involved in
this study. Revenue increase was calculated as the differences
in yield between fertilised and non-fertilised area, multiplied by
the sale price of the grass using the following equation (Imran,
Salim, and Adam 2023):

Revenue increase (USD kg™")

. . ®
= (Yleldfertilised area Yield

x Sale price USD ha™

non—fertilised area)

The break-even of BMC was calculated where the sum of the total
costs equaled the increase in revenue from the additional yield in
the fertilised area using the following equation (Horvath 2017)

Total revenues increase = Total cost of production  (6)
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This marks the point at which the costs are fully covered, and no
profit or loss is incurred.

In all statistical analyses, we excluded data collected from the
RB. Three-way analysis of variance (ANOVA) was used to de-
tect the main effects of sampling time, fertilisation and distance
from RB, and their interactions for soil moisture concentration
followed by Tukey test when the main effects were significant.
Two-way ANOVA was used to determine the main effects of fer-
tilisation and distance from RB, and their interactions on soil
and grass properties followed by Tukey test when the main ef-
fects were significant. The means were compared using Tukey
test at 0.05 probability level. Soil total C concentrations in soil
samples collected from 10cm points varied between 1.70% and
5.90% as a result of biochar presence in the soil and hence were
excluded from analysis to ensure soil total C changes were not
influenced by biochar contamination from the RB.

Differences in basal respiration and substrate-induced respiration
between the fertilisation and distance from the RB were analysed
using two-way ANOVA and Tukey test. Where, interaction be-
tween effects of fertilisation and distance from RB was found to
be significant, a serious of one-way ANOVA test were performed
(Omidvar et al. 2023). All statistical analysis was performed with
IBM SPSS 29.0. Differences among patterns of microbial meta-
bolic function profiles were tested with permutational analysis

100 ym

(d)

Absorbance (a.u)

Aliphatic
-CH

4000 3000 2000 1000
Wavenumber (cm"‘)

of variance (PERMANOVA) and visualised using multidimen-
sional scaling (MDS) of bootstrap averages. Monte Carlo P-val-
ues (p<0.05) were used to detect significant differences among
different treatments (Garcia-Palacios et al. 2016). MDS and
PERMANOVA were run in PRIMER v7 with PERMANOVA+.

3 | Results

3.1 | Characteristics of Biochar Used in RB
and Liquid BMC

The SEM images of biochar used in RB showed that the pores
had been filled with minerals such as K, Ca, O, Si, and Al with
high concentrations (Figure 3a—c). The biochar used in the RB
showed distinct peaks corresponding to different functional
groups, including hydroxyl (—OH), carbonyl (—C=C), lignin
(—CH), aliphatic phosphate (P—O—C), cellulose (C—O—C) and
silicon (Si—O—Si) using FTIR analysis (Figure 3d). The liquid
BMC showed distinct peaks at 3400, 1660, 1653, 1430, 1150,
1030, and 940cm™!, corresponding to functional groups includ-
ing hydroxyl (—OH), amide (—N—C=0), carboxyl (—C=0), car-
bohydrate (C—0—C), silicon (Si—O—Si), and phosphate (—P—O0)
using FTIR analysis (Figure 3e). Chemical properties of the mix-
ture used in the RB, biochar used in the RB, and liquid BMC are
summarized in Table 1.

" (e

%o

Absorbance (a.u)

4000 3000 2000 1000
Wavenumber (cm")

FIGURE 3 | Scanning electron microscope (SEM) of (a, b and c) biochar used in reactive barriers (RB); fourier transform infrared (FTIR) spec-
troscopy of (d) biochar used in the RB and FTRI of (e) liquid biochar mineral complex (BMC).
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FIGURE 4 | Soil moisture concentration (%) in reactive barriers (RB—Solid black line) and soil at 10, 50 and 600cm away from the RB in both
fertilised (F) and non-fertilised areas (NF) at weeks 16, 22, 28, 34, 36 and 39 since RB establishment. Values shown are mean =+ SE (n =6), * represents
soil moisture concentration at 10cm was significantly higher than that of 50 and 600 cm away from the RBs.

3.2 | Soil Moisture Concentrations and Biochemical
Properties of Reactive Barriers and Soil

From week 36 onwards, soil moisture concentration was higher
within a 10cm distance from the RB compared with 50 and
600cm distances in both fertilised and non-fertilised areas of
the RB (Figure 4). The moisture concentration within the RB
varied between 6.76% and 56.68% throughout the assessment
period. The moisture concentration within the RB varied in re-
sponse to rainfall (Figure 4).

Distance from the RB was the main cause for significant ef-
fect on soil total C, specifically, on the non-fertilised area,
soil total C was higher close to the RB (50 cm) compared with
600cm distance from the RB (Figure 5). Soil total N concen-
trations and 8'°N values were similar among treatments re-
gardless of fertiliser application and distance from the RB
(Table 2). Soil NH,*—N and NO,™—N concentrations were sig-
nificantly higher in the fertilised area compared with the non-
fertilised area, and with no effect of distance away from the
RB (Table 2). Majority of soil nutrient concentrations was not
affected by fertilisation and distance from the RB. However,
significant distance effects were detected in soil P, B, Na, Pb
and Si concentrations, which were the highest at the closest
point to the RB (10cm) (Table 2).

3.2.1 | Soil Bacterial and Fungal Community
Composition

A total number of 2,121,461 16S DNA quality-filtered reads
were observed with an average of 91,847 sequenced reads and
read length of 451 bp per sample. Soil bacterial sequences were
clustered into 17,146 OTUs with 97% sequence similarity after
quality trimming and sequence filtering. The bacteria sequences
were distributed in 44 individual bacterial phyla, 1085 genera,

o

2

EN
T

[\8]
T
HH

Soil total C concentrations (%)
—

50 600 50 600
F NF

Distance from RB (cm)

FIGURE 5 | Soil total carbon (C) concentrations in 50 and 600cm
away from reactive barriers (RB—Red solid line) in both fertilised (F)
and non-fertilised (NF) areas at week 16 following application of liquid
biochar mineral complex (BMC) and RB establishment. Values shown
are mean=+SE (n=>5).

and 1370 species. The most dominant bacterial phyla were
Actinobacteria (24.10%), Firmicutes (21.23%), Proteobacteria
(20.65%), Acidobacteria (11.03%) and Bacteroidota (7.14%), which
accounted for 84.16% of the total number of bacterial OTUs de-
tected (Figure 6). A heatmap of bacterial community composi-
tion at the phylum level is presented in Figure S1.

A total number of 2,123,900 ITS DNA quality-filtered reads
were observed with an average of 92,049 sequenced reads
and a read length of 328bp per sample. Soil fungal sequences
were clustered into 5591 OTUs with 97% sequence similarity.
The fungal sequences were distributed in 19 individual bacte-
rial phyla, 657 genera, and 1171 species. The most dominant
fungal phyla were Ascomycota (69.65%), Unclassified fungi
(11.90%), Mortierellomycota (9.29%), and Basidiomycota (4.47%)
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(Figure 7). These accounted for 95.33% of the total number of
fungal OTUs detected. A heatmap of fungal community compo-
sition at the phylum level is presented in Figure S2. No signifi-
cant differences were observed in bacterial and fungal Shannon
diversity and Chaol Indices (Figure S3).

3.2.2 | Microbial Metabolic (Catabolic) Activities

Fertilised area at 10 and 50cm from the RB had higher meta-
bolic activities than the non-fertilised area at the same distances
for fructose, maltose, sucrose, alanine, and leucine substrates
(Table 3). In general, the rate of carbohydrate utilization was
greater than that of amino acids (Table 3). The respiration
rate across all the substrates in the non-fertilised area with
600cm distance from the RB was significantly higher than
the non-fertilised area with 10 and 50cm distance from the
RB (Table 3). The Multidimensional Scaling (MDS) analysis,
based on substrate-induced respiration data of soil microbes
(i.e., functional capacity of the microbial community to me-
tabolize different substrates, reflecting the metabolic diversity
and adaptability), showed the differences in soil microbial func-
tional diversity between the fertilised and non-fertilised areas
being also affected by distances from the RB (Figure S4).

3.3 | Changes in Grass Yield, Height, and Chemical
Properties

Grass yield was higher in the fertilised than that of non-fertilised
area (Figure 8). Grass yield ranged from 16.65 to 19.31tha™! for

0.

3
a

0.

Relative abundance
o
O

0.

N
a

0.00-

the non-fertilised area, and from 23.26 to 27.89tha™! for the fer-
tilised area (Figure 8). Grass yield harvested directly from the RB
was 29.61 tha~! (Figure 8). Chlorophyll concentration (%) of grass
was similar for all treatments (Table 4). Grass height was signifi-
cantly higher for grass grown in the fertilised area compared
with the non-fertilised area regardless of distance from the RB
(Table 4). Grass total C concentrations, 8'3C and 8§!°N values were
not affected by fertilisation nor distance from the RB (Table 4).

Grass N, P, and K concentrations were significantly higher in grass
grown in the fertilised area compared with the non-fertilised area,
but distance from the RB was not significant (Table 4). Uptake
of N, P, and K were significantly higher in grass grown in the
fertilised area compared with the non-fertilised area (Table 5).
Uptake of P was also higher for grass grown 50cm distance from
the RB than those grown at 600cm distance from the RB (Table 5).
We observed positive P balance in the fertilised area and negative
balances were observed for N and K in both fertilised and non-
fertilised areas (Table 5). Majority of grass nutrient concentrations
was not affected by fertilisation and distance from the RB (Table 4).
However, grass S and Zn concentrations were significantly higher
in the fertilised area compared with the non-fertilised area
(Table 4). A significant distance effect was only detected in grass
Mn and Zn concentrations, where Mn and Zn concentrations were
higher at the 50cm than 600cm away from the RB (Table 4).

3.4 | Environmental and Economic Benefits

The RB contributed to approximately 158kg CO,e removal per
cubic meter of established RB and also applying liquid BMC is
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FIGURE 6 | Bacterial community structure at the phylum level in reactive barriers (RB), and in the soil sampled at 10, 50 and 600 cm away from

the RB in both fertilised (F) and non-fertilised areas (NF) at week 16 following application of liquid biochar mineral complex (BMC). Relative abun-

dance was based on the proportional frequencies of DNA sequences that could be classified.
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FIGURE?7 | Fungal community structure at the phylum level in reactive barriers (RB), and in the soil sampled at 10, 50 and 600 cm away from the
RB in both fertilised (F) and non-fertilised areas (NF) at week 16 following application of liquid biochar mineral complex (BMC). Relative abundance
was based on the proportional frequencies of DNA sequences that could be classified.

TABLE 3 | The average rate of nutrient substrate utilization by the microbes in reactive barriers (RB) and soil sampled at 10, 50, and 600 cm away

from the RB in both fertilised (F) and non-fertilised (NF) areas at week 16 following application of liquid biochar mineral complex (BMC). Values
shown are mean=+SE (n=>5). Different letters in a row show significant differences among treatments excluding RB using Tukey's post hoc test

following one-way ANOVA at p <0.05.

Substrates Source RB NF10

F10 NF50 F50 NF600 F600

Distilled Water Distilled Water 2.13+0.08 0.95+0.06d 2.04+0.12a 0.86+0.02d 1.52+0.04bc 1.93+0.14ab 1.51+0.09¢c

Fructose Carbohydrates 2.70+£0.15 1.13+£0.07c 2.34%+0.10ab 1.00£0.02c 1.99+0.13b  2.73+0.25a 1.98+0.06b
Glucose Carbohydrates 2.77+0.20 1.06+0.06bc 2.52+0.30a 0.98+£0.03c 1.80+0.04abc 2.63+0.37a 1.88+0.04ab
Maltose Carbohydrates 2.55+0.14 1.11+0.07b 2.10£0.06a 1.00£0.02b 2.00+0.29a 2.70+0.29a 2.18+0.17a
Sucrose Carbohydrates 2.55+0.16 1.12+0.07b 2.10£0.05a 0.99+0.02b 2.04+0.24a 2.57%+0.18a 2.02+0.09a
Alanine Amino acids 2.50+0.16 1.08+£0.07c 1.86+0.05b 0.97+0.02c 1.64+0.09b 2.39+0.12a 1.82+0.08b
Leucine Amino acids 2.31£0.15 1.04+£0.07c 1.63+£0.02b 0.93+0.01c 1.49%+0.07b  2.294+0.09a 1.61+0.04b
Tryptophan Amino acids 2.12+0.16 0.99+0.06c 1.42+0.02b 1.45+0.06b 1.35+0.03bc 2.21+0.18a 1.44+0.05b

Note: Distilled water (to determine the basal respiration).

estimated to contribute an additional 150kg CO,eha~! removal
annually (Table 6). Net revenue increase for BMC application
varied between USD 767 and USD 887ha~! based on low and
high BMC costs of USD 280 ha~! and USD 400ha~!, respectively
(Table S1). Although commercial production of these liquids
has not been undertaken, the producers involved in this study
estimated the ex-factory sales price of liquid BMC would be be-
tween USD 700 and USD 1000t. Assuming the liquid BMC was
produced within a 100-km radius of the farm with a freight cost
of USD 300t (based on current rates), then the cost for an appli-
cation rate of 0.4 tha=! would range between USD 400 and USD

520ha~! (Table S1). The costs of DAP and UREA applications
were USD 400 and USD 440t, respectively (Table S1). Therefore,
an application rate of 100kgha=! would cost between USD 40
and USD 44haL. The cost of liquid BMC application was esti-
mated at USD 17ha~'. In this study, a simplified economic as-
sessment estimated that the total establishment cost of 1m3 of
RB was at USD 59, including USD 47.5 for 1m? of biochar (at
USD 228 wet weight t=1), and USD 11.5 for construction cost per
1m?3 of the RB (Table 6). No additional cost was incurred for ma-
nure and straw, as they were farm waste; however, the cost of
adding straw and manure can range from USD 0 to 20 per 1 m?,
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FIGURE 8 | Grass yield in reactive barriers (RB, solid red line),
and at 50 and 600cm away from the RB in both fertilised (F) and non-
fertilised areas (NF) at weeks 16 and 22 following the liquid biochar
mineral complex (BMC) application. Values shown are mean+SE
(n=6). Letters represent significant differences between NF versus F,
using Tukey's post hoc test following two-way ANOVA at p <0.05.

depending on livestock availability on the farm. Our simplified
economic analysis showed that the project remained profitable
since the increased income from the fertilised area was suffi-
cient to cover the costs of BMC, leading to overall profitability in
the short term. The break-even point of BMC was estimated to
be USD 1167.7 ha~! including shipping costs, which would result
in a zero net projected return (Table S1).

4 | Discussion

Our results confirmed several of our hypotheses. First, this study
highlighted that the RB was able to store moisture with various
reactive hydro-biochemical processes over time. Moreover, in-
creased soil C storage was also found in the soil adjacent to the
RB (50cm vs. 600cm) and in the non-fertilised area only. Our
last hypothesis was partially supported because we found that
increased yield was driven by BMC addition rather than prox-
imity to the RB, although adding BMC by itself did not increase
soil moisture or C storage.

The RBincreased moisture retention and provided a high grass
yield. The RB stored moisture that over time migrated into the
surrounding soil. The moisture movement could be explained
by a combination of soil hydrological processes, including dif-
fusion of both water vapour and liquid moisture through soil
pores and fractures (Adhikari, Timms, and Mahmud 2022).
Accumulated moisture would initially be used to ensure op-
timal conditions for composting the mixture used in the RB
(biochar, mulch, and manure in the lower part of the RB), thus
providing food for microbes and plants. The relatively high
moisture storage within the RB would facilitate decomposi-
tion of labile nutrients from the mulch and manure used in
the RB structure, which in turn could enhance the pasture
yield and microbial growth. Biochar mixed with straw mulch
has shown to increase soil nutrient concentrations and crop
yield (Gu et al. 2018; Hu et al. 2021; Khan et al. 2022). The
majority of the grass root growth occurs within the top 30cm

of soil (Guo et al. 2024). Grass roots, grown on top of the RB,
could have reached the composted mixture of biochar, straw
mulch, and manure zone, allowing plants to assimilate readily
available nutrients from the mixture despite the fact that the
top 20 cm of the RB were filled with biochar only. Thus, a com-
bination of high moisture and nutrient availability in the RB
could partly explain the high pasture yield (29 tha=") observed
growing on top of the RB.

The RB enhanced soil C storage in areas adjacent to the RB
compared with those located away from the RB (50cm vs.
600cm) in the non-fertilised area only, supporting our sec-
ond hypothesis. Direct mixing of biochar and soil is widely
reported to increase soil C storage (Li et al. 2023; Li and
Tasnady 2023). However, soil C increase detected in the soil
collected 50 cm away from the RB was not explained by soil di-
rect mixing with biochar. The increased soil C storage adjacent
to the RB could then be associated with various mechanisms.
For example, soil C stabilisation can occur due to alterations
in soil moisture, temperature, and microbial communities
(Kan et al. 2020; Zhang et al. 2022). In our study, we observed
increased moisture levels from week 36 onward, whereas the
samples for C storage assessment were collected on week 16
following the RB establishment. Furthermore, no signifi-
cant shift in microbial community composition was detected
between areas immediately adjacent to the RB and those at
600 cm distance away. However, differences were detected for
microbial respiratory capabilities, as catabolic activities were
lower adjacent to the RB than at a 600cm distance and in the
non-fertilised area. Lower catabolic activity could be related
to slower decomposition and C mineralisation rates at 50cm
than at 600 cm, which could explain the observed increase in
C storage (Damian et al. 2021; Dignac et al. 2017).

There was no evidence of microbes being laterally transferred
from the RB to the adjacent soil. However, the RB presented
a distinct microbial community and abundance compared
with the adjacent soil, with a larger dominance of some mi-
crobial taxa. For example, the RB had higher relative abun-
dance of Proteobacteria, Actinobacteria and Bacteroidetes
than the adjacent soil. It is also likely that microbes migrated
from surrounding soil. For example, Actinobacteria form
mycelium-like networks that are adapted to the structure
of biochar (Fu et al. 2022). In this study, a wood-based bio-
char with 5-10um diameter pores covering ~15% of biochar
surface was applied inside the RB and could be categorized
as a high porous structure (Leng et al. 2021). High porosity
and high moisture storage would provide a suitable environ-
ment in the RB for Actinobacteria growth originated from
soil. Proteobacteria are mainly composed of copiotrophic
taxa which contribute to high C decomposition rates (Fierer,
Bradford, and Jackson 2007). High labile C presented in the
RB may have favoured Proteobacteria growth in the RB being
originated from soil. Interestingly, we found that the rela-
tive abundances of Rhizobiales, Cytophagales, Micrococcales,
Chitinophagales and Flavobacteriales, at the order level, were
higher in the RB than those of the adjacent soil. Additionally,
soil microbial growth and community composition are highly
sensitive to pH changes (Fierer and Jackson 2006). For ex-
ample, the biochar buried in the RB had pH of 7.5, which
may enhance the viability of Actinobacteria (Fu et al. 2022).
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TABLE 5 | Nitrogen (N), phosphorus (P), and potassium (K) uptake and balance in 50 and 600cm away from the reactive barriers (RB) in both
fertilised (F) and non-fertilised areas (NF) at week 16 following application of liquid biochar mineral complex (BMC). Values shown are mean +SE

(n=5).
Treatments N uptake P uptake K uptake N balance P balance K balance
NF50 109.38 £18.10 12.87+2.35 138.89+21.04 —109.33 +18.09 —12.86+2.35 —138.80+21.04
F50 217.17+38.24 28.11+3.35 253.37+34.31 —63.77+38.24 42.12+3.35 —241.07+£34.31
NF600 106.50+10.52 10.17+£1.22 122.77+£15.43 —106.44+10.52 -10.16 +1.22 -122.69+15.43
F600 165.48 £27.58 19.07+0.94 187.77+14.41 —12.08 £27.58 51.15+0.94 —175.47+£14.40
F p<0.006 p<0.001 p<0.002 p<0.016 p<0.001 p<0.005
D ns p<0.023 ns ns p<0.023 ns
FxD ns ns ns ns ns ns
Abbreviations: D, distance from RBs; Fx D, interaction of fertiliser and distance; F, fertiliser; ns, not significant at p <0.05.
TABLE 6 | Environmental and economic benefit analysis of reactive barriers (RB) used in this study.
Costs USD 1 m3 of RB USD 6 RBs (24m3)
Construction including excavation and soil removal $11.5 $276
Biochar used inside the RBs (5t biochar wet weight used) $47.5 $1140
Straw and cow manure 0 0
Total cost of RB $59 $1416
Benefits kg CO, per 1 m* of RB kg CO, per 6 RBs (24m?)
Environmental benefits: CO, removal 1582 3792
Economic benefits: Yield USD t ha~! $231

Note: Biochar price at USD 228 wet weight t~!; Sale price at USD 170tha~.
2BMC contributed an additional 1kg CO,e ha™! removal annually.

Therefore, a combination of high surface area, elevated pH,
high labile C and high moisture retention could have contrib-
uted to increased colonization of some microbes in the RB,
some of which may have been originated from soil. The lateral
expansion of those microbes into the soil might be facilitated
by moisture diffusion from the RB to the soil over time, which
then will have implications for soil fertility.

Our last hypothesis was partially supported since BMC ap-
plication increased yield but did not increase soil moisture or
C storage in the short term. The BMC used in this study was
produced from a mixture of nutrients, biomass and minerals
such as clay that contain micronutrients that were pyrolyzed at
450°C. Inclusion of clay with the biomass and presence of vari-
ous functional groups in organic biomass, such as oxygen, car-
boxylic, acid, alcohol, phenolic alcohol, and aldehyde enhance
soil nutrient retention (Mandi et al. 2021). Increased pasture
yield following application of BMC was mainly due to increased
nutrient availability from the soil for plants. Improvement in
grass yield was specifically explained by an increase in grass
N, P, and K uptakes. BMC can specifically enhance K available
for plant uptake by adsorbing and retaining K* ions in the bio-
char pores, leading to decreased K leaching (Farrar et al. 2021).
Increased K concentration could also be explained by increased
aggregation in biochar-clay particles because the BMC formula
was blended with minerals and clays, including bentonite and
kaolinite. Hence, our study suggested the importance of using

BMC to increase nutrient availability for plants in the short term
while waiting for the RB to affect the surrounding soil over the
longer term.

The BMC application led to improved soil P, whereas N and K
mining from soil was confirmed with negative values observed
for N and K and only partial nutrient balance in the fertilised
area. The N added by co-application of BMC and chemi-
cal fertiliser was 153kgNha~lyear!, which was 60% less
than the recommended high-rate use of 400kgNha~!year!
but was higher than the recommended strategic use rate of
100kg N hatyear—! (DPI 2021). The P added by co-application
of BMC and chemical fertiliser was 70kg Pha=!year~!, which
was a sufficient rate to maintain pasture growth (DPI 2021).
The K addition by the BMC application was 12kgKha~!year~!
because our initial soil test had a high K, thus it was not re-
quired to add extra K (DPI 2021). The optimal pasture growth
for clover and ryegrass varies between 6 and 9t dry mass ha™!
in Australia (Neal, Neal, and Fulkerson 2007). In our exper-
imental site, we had planted a mixture of clover and ryegrass
with an average yield of 3.5 and 5.2tdrymassha! for non-
fertilised and fertilised areas, respectively. Therefore, the
BMC used would need further N and K adjustments to poten-
tially increase yield without mining nutrients from the soil.
Our study confirmed that annual fertilisation was required
because N, P, and K mining was found in the non-fertilised
area despite the fact that the area was subject to fertilisation
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for the past 10years. Our study further highlighted the impor-
tance of nutrient budgeting to develop BMCs to prevent fur-
ther depletion of soil nutrients.

The presence of RB in combination of annual BMC applica-
tion had the potential to help our farming systems to decrease
their C footprint. We used biochar prepared at temperature
600°C for the RB. The biochar prepared at temperature 600°C
is highly persistent and it is estimated that over 80% of C re-
mains in the soil for centuries (Joseph et al. 2021). The BMC
application rate was low to ensure it was cost effective for
annul application, leading to facilitate the industry adoption.
Hence, it was not surprising that BMC did not significantly
increase soil C and moisture retention due to low application
rate of the BMC. However, it was expected that the BMC appli-
cation overtime builds up soil resilient and increase soil mois-
ture and C storage.

Liquid BMC application and RB establishment were expensive.
Although commercial production of these liquids has not yet
been undertaken, the producers involved in this study estimated
the ex-factory sales price of liquid BMC would be between USD
700 and USD 1000t, a cost ranging between USD 400 and USD
520ha~! for an application rate of 0.4 tha=. In this study, a sim-
plified economic assessment estimated that the total cost of the
RB was at USD 59 for 1 m? of biochar. The RB cost would have
the potential to further decrease subject to the on-farm waste
availability and livestock availability. Our simplified economic
analysis showed that the project remained profitable since the
increased income from the fertilised area was sufficient to
cover the costs of BMC, leading to an overall profitability in the
short term. The highest BMC process of USD 520 ha~! was still
50% less than the break-even point of BMC, estimated at USD
1167.7ha~! to result in a zero net projected return. The cost of RB
establishment was a one-off cost, which an in-depth long-term
cost benefit analysis would determine the overtime return from
the RB establishment.

Environmental benefits of the designed RB and liquid BMC
application were also important. For example, approximately
158kgCO,e were removed from the atmosphere per each cubic
meter of established RB, and liquid BMC application could add
an additional removal of 1kgCO,eha™" annually. Currently, in-
ternational C credit schemes support projects and farmers that
are using new technologies to reduce C footprint by reducing
emission or storing C. Depending on the scheme, biochar stored
in the RB was eligible to be sold for C credit units on the sec-
ondary market under a private commercial agreement, poten-
tially providing an additional income stream for either or both
farmers and biochar producers. Biochar burial has been shown
to increase soil non-biochar C over time (Mahajan et al. 2021),
which will allow farmers to apply for further C credit schemes.
Additionally, biochar burial in trenches being established on
hills has the capacity to decrease runoff of rainfall and soil
loss at approximately of 12.3tha~!, 13years since the establish-
ment (Mahajan et al. 2021). Another benefit includes improving
drought resilience. For example, under drought conditions, dry
organic matter and dead trees become fire hazard and turning
those materials into biochar would also reduce fire risks under
climate change (Sahoo et al. 2021). Then, storing biochars pro-
duced from dry organic farm wastes in open surface RB designed

in our study would have the potential to capture and store air
humidity in addition to rainfall, leading to further increasing
farming systems resilience to drought when drought spells
struck. Therefore, biochar is not only a tool to increase C seques-
tration; its multifaceted benefits, including improved drought
resilience, reduced fire risks, enhanced soil health, improved
moisture retention, and increased income diversification, are
invaluable to making farming systems climate-resilient.

5 | Conclusions

Our results highlight that innovative C-negative solutions, such
as the combination of open surface RB and liquid BMC appli-
cation, could collectively enhance soil moisture and C reten-
tions while increasing crop yield in a pasture cropping system,
ultimately improving farm profitability. The increased pasture
yield was more responsive to the liquid BMC application rather
than proximity to the RB due to increased nutrient use effi-
ciency of the plants in the fertilised area. The RB contributed
approximately 158kgCO,e removal per cubic meter of estab-
lished RB and BMC application could add an additional removal
of 150kgCO,eha™" annually. Despite the cost of liquid BMC,
which ranged between USD 400 and USD 520ha~! for an ap-
plication rate of 0.4tha~!, increased income revenue gained by
higher yield, made the project profitable even in the short term.
The cost of BMC production is expected to decrease when pro-
duced at commercial levels. Overall, our results indicate that
the combination of the RB and liquid BMC application could be
effectively utilized to mitigate C footprint in farming systems.
The adoption of biochar-based techniques could be used as an
effective strategy to combat the adverse effects of climate change
and increase drought residence, thereby promoting sustainable
agricultural practices.

Author Contributions

Negar Omidvar: data curation, formal analysis, investigation, method-
ology, project administration, validation, visualization, writing — original
draft, writing - review and editing. Stephen Joseph: conceptualization,
funding acquisition, validation, writing - review and editing. Lakmini
Dissanayake: data curation, investigation, methodology, writing -
review and editing. Michael B. Farrar: formal analysis, methodology,
validation, writing — review and editing. Frédérique Reverchon: vali-
dation, writing — review and editing. Russell Burnett: data curation, for-
mal analysis, methodology, project administration, writing - review and
editing. Mehran Rezaei Rashti: data curation, methodology, writing -
review and editing. Apsara Amarasinghe: data curation, formal anal-
ysis, methodology, writing - review and editing. Sara Tahery: data
curation, methodology, writing — review and editing. Zhihong Xu: con-
ceptualization, funding acquisition, writing - review and editing. Wendy
Timms: data curation, formal analysis, methodology, writing — review
and editing. Brittany Elliott: methodology, validation, writing - review
and editing. Hongdou Liu: data curation, methodology, writing - review
and editing. Shahla Hosseini Bai: conceptualization, data curation,
funding acquisition, methodology, project administration, resources,
supervision, validation, writing — review and editing.

Acknowledgments

This study was jointly funded by the Australian Research Council
(ARC) linkage (LP210200708), Griffith University, Carbon Powered
Mineral Technology & Products Pty Ltd., C.H.T. Australia Pty Ltd.,

150f 18

95U8017 SUOWILWIOD SAIES1D) 3l dde ay) Aq pauienoB a1e S3[91Le YO ‘8SN JO'S3|NJ 40} Akl 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARIq 1 )BUIUO//:SANY) SUO IPUOD PUe SIS | 84} 89S *[6202/20/S2] Uo Ariqiauliuo A8|IM ‘TZ002 qGoB/TTTT 0T/I0p/L02 A8 |IM Akelq 1 Ul UO//:SANY WO} papeojumoq € ‘G20 ‘L0LTLSLT



Rainbow Bee Eater Pty Ltd., and Little Bunya Organics. We acknowl-
edge Ms. Tanya Maree Dunn for providing farm access. We also ac-
knowledge the support of the Chemical Analytical Facility at Griffith
University and RapidMap Services for analysing data and assisting
us to create a map for the site. NO acknowledge the merit seed fund-
ing grant received from the Centre for Planetary Health and Food
Security to conduct this study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available
in Zenodo at https://zenodo.org/records/14649373, reference number
10.5281/zenodo.14649372.

References

Adhikari, S., E. Moon, J. Paz-Ferreiro, and W. Timms. 2024.
“Comparative Analysis of Biochar Carbon Stability Methods and
Implications for Carbon Credits.” Science of the Total Environment 914:
169607.

Adhikari, S., W. Timms, and M. P. Mahmud. 2022. “Optimising Water
Holding Capacity and Hydrophobicity of Biochar for Soil Amendment-A
Review.” Science of the Total Environment 851: 158043.

Allison, S. D. 2023. “Microbial Drought Resistance May Destabilize Soil
Carbon.” Trends in Microbiology 31: 780-787.

Almaraz, M., M. Simmonds, F. G. Boudinot, et al. 2023. “Soil Carbon
Sequestration in Global Working Lands as a Gateway for Negative
Emission Technologies.” Global Change Biology 29: 5988-5998.

Amarasinghe, A., O. G. G. Knox, C. Fyfe, L. L. de Bruyn, and B. R.
Wilson. 2021. “Response of Soil Microbial Functionality and Soil
Properties to Environmental Plantings Across a Chronosequence in
South Eastern Australia.” Applied Soil Ecology 168: 104100.

Bai, S. H., M. B. Farrar, M. Gallart, et al. 2024. “Biochar Effects on
Nutrient Leaching.” In Biochar for Environmental Management, Edited
by M Rouquette Jr. and G Aiken. 3rd ed. London, UK: Lehmann J,
Joseph S. Routledge.

Bai, S. H., B. Muqgaddas, S. J. Trueman, et al. 2023. “Root Architecture,
Root Biomass and Nutrient Cycling in a Mixed-Species Agroforestry
System.” Land Degradation and Development 34: 5096-5108.

Bai, S. H., N. Omidvar, M. Gallart, et al. 2022. “Combined Effects of
Biochar and Fertilizer Applications on Yield: A Review and Meta-
Analysis.” Science of the Total Environment 808: 152073.

Bai, S. H., S.J. Trueman, T. Nevenimo, et al. 2017. “Effects of Shade-Tree
Species and Spacing on Soil and Leaf Nutrient Concentrations in Cocoa
Plantations at 8Years After Establishment.” Agriculture, Ecosystems
and Environment 246: 134-143.

Baptistella, J. L. C., S. A. L. de Andrade, J. L. Favarin, and P. Mazzafera.
2020. “Urochloa in Tropical Agroecosystems.” Frontiers in Sustainable
Food Systems 4: 119.

Bastidas, M., E. Vazquez, D. M. Villegas, et al. 2024. “Optimizing
Nitrogen Use Efficiency of Six Forage Grasses to Reduce Nitrogen Loss
From Intensification of Tropical Pastures.” Agriculture, Ecosystems and
Environment 367: 108970.

Burton, J., C. Chen, Z. Xu, and H. Ghadiri. 2010. “Soil Microbial
Biomass, Activity and Community Composition in Adjacent Native
and Plantation Forests of Subtropical Australia.” Journal of Soils and
Sediments 10: 1267-1277.

Campbell, C. D., S.J. Chapman, C. M. Cameron, M. S. Davidson, and J. M.
Potts. 2003. “A Rapid Microtiter Plate Method to Measure Carbon Dioxide

Evolved From Carbon Substrate Amendments So as to Determine the
Physiological Profiles of Soil Microbial Communities by Using Whole
Soil.” Applied and Environmental Microbiology 69: 3593-3599.

Campion, L., M. Bekchanova, R. Malina, and T. Kuppens. 2023. “The
Costs and Benefits of Biochar Production and Use: A Systematic
Review.” Journal of Cleaner Production 408: 137138.

Chiarelotto, M., J. C. P. S. Restrepo, H. E. F. Lorin, and F. M. Damaceno.
2021. “Composting Organic Waste From the Broiler Production Chain:
A Perspective for the Circular Economy.” Journal of Cleaner Production
329:129717.

Dai, Z., X. Xiong, H. Zhu, et al. 2021. “Association of Biochar Properties
With Changes in Soil Bacterial, Fungal and Fauna Communities and
Nutrient Cycling Processes.” Biochar 3: 239-254.

Damian, J. M., E. da Silva Matos, B. C. e Pedreira, et al. 2021. “Predicting
Soil C Changes After Pasture Intensification and Diversification in
Brazil.” Catena 202: 105238.

Darby, I., C. Y. Xu, H. M. Wallace, S. Joseph, B. Pace, and S. H.
Bai. 2016. “Short-Term Dynamics of Carbon and Nitrogen Using
Compost, Compost-Biochar Mixture and Organo-Mineral Biochar.”
Environmental Science and Pollution Research 23:11267-11278.

Deapartment of Primary Industries (DPI) (NSW). 2021. “Fertilisers for
Pastures 2021.” https://www.lls.nsw.gov.au/help-and-advice/growing-
grazing-and-land/pastures/fertilisers-for-pastures-guide.

Dignac, M. F., D. Derrien, P. Barré, et al. 2017. “Increasing Soil Carbon
Storage: Mechanisms, Effects of Agricultural Practices and Proxies. A
Review.” Agronomy for Sustainable Development 37: 1-27.

Farrar, M. B., H. M. Wallace, C.-Y. Xu, et al. 2021. “Biochar Co-Applied
With Organic Amendments Increased Soil-Plant Potassium and Root
Biomass but Not Crop Yield.” Journal of Soils and Sediments 21: 784-798.

Farrar, M. B., H. M. Wallace, C.-Y. Xu, et al. 2019. “Short-Term Effects
of Organo-Mineral Enriched Biochar Fertiliser on Ginger Yield and
Nutrient Cycling.” Journal of Soils and Sediments 19: 668-682.

Fierer, N., M. A. Bradford, and R. B. Jackson. 2007. “Toward an
Ecological Classification of Soil Bacteria.” Ecology 88: 1354-1364.

Fierer, N., and R. B. Jackson. 2006. “The Diversity and Biogeography
of Soil Bacterial Communities.” Proceedings of the National Academy of
Sciences of the United States of America 103: 626—-631.

Filiberto, D. M., and J. L. Gaunt. 2013. “Practicality of Biochar Additions
to Enhance Soil and Crop Productivity.” Agriculture 3: 715-725.

Franzluebbers, A. J. 2020. “Cattle Grazing Effects on the Environment:
Greenhouse Gas Emissions and Carbon Footprint.” In Management
Strategies for Sustainable Cattle Production in Southern Pastures. Edited
by Monte Rouquette Jr. and Glen E. Aiken. London, UK: Academic Press.

Fu, Y., Y. Luo, M. Auwal, B. P. Singh, L. Van Zwieten, and J. Xu.
2022. “Biochar Accelerates Soil Organic Carbon Mineralization via
Rhizodeposit-Activated Actinobacteria.” Biology and Fertility of Soils
58:565-577.

Gabhane,J. W., V. P. Bhange, P. D. Patil, S. T. Bankar, and S. Kumar. 2020.
“Recent Trends in Biochar Production Methods and Its Application as a
Soil Health Conditioner: A Review.” SN Applied Sciences 2: 1307.

Garcia-Palacios, P., I. Prieto, J. M. Ourcival, and S. Hattenschwiler.
2016. “Disentangling the Litter Quality and Soil Microbial Contribution
to Leaf and Fine Root Litter Decomposition Responses to Reduced
Rainfall.” Ecosystems 19: 490-503.

Glaser, B., K. Wiedner, S. Seelig, H. P. Schmidt, and H. Gerber. 2015.
“Biochar Organic Fertilizers From Natural Resources as Substitute
for Mineral Fertilizers.” Agronomy for Sustainable Development 35:
667-678.

Grillakis, M. G. 2019. “Increase in Severe and Extreme Soil Moisture
Droughts for Europe Under Climate Change.” Science of the Total
Environment 660: 1245-1255.

16 of 18

GCB Bioenergy, 2025

95U8017 SUOWILWIOD SAIES1D) 3l dde ay) Aq pauienoB a1e S3[91Le YO ‘8SN JO'S3|NJ 40} Akl 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARIq 1 )BUIUO//:SANY) SUO IPUOD PUe SIS | 84} 89S *[6202/20/S2] Uo Ariqiauliuo A8|IM ‘TZ002 qGoB/TTTT 0T/I0p/L02 A8 |IM Akelq 1 Ul UO//:SANY WO} papeojumoq € ‘G20 ‘L0LTLSLT


https://zenodo.org/records/14649373
https://doi.org/10.5281/zenodo.14649372
https://www.lls.nsw.gov.au/help-and-advice/growing-grazing-and-land/pastures/fertilisers-for-pastures-guide
https://www.lls.nsw.gov.au/help-and-advice/growing-grazing-and-land/pastures/fertilisers-for-pastures-guide

Gu, C., F. Chen, I. Mohamed, M. Brooks, and Z. Li. 2018. “Effect of
Bio-Char Application Combined With Straw Residue Mulching on Soil
Soluble Nutrient Loss in Sloping Arable Land.” Carbon Letters 26: 66-73.

Guo, H., N. C. W. Waj, J. Ni, Q. Zhang, and Y. Wang. 2024. “Three-
Year Field Study on Grass Growth and Soil Hydrological Properties in
Biochar-Amended Soil.” Journal of Rock Mechanics and Geotechnical
Engineering 16: 2764-2774.

Gupta, G.K.,P.K. Gupta,and M. K. Mondal. 2019. “Experimental Process
Parameters Optimization and In-Depth Product Characterizations for
Teak Sawdust Pyrolysis.” Waste Management 87: 499-511.

Horvath, J., Z. T6th, and E. Mikd, 2017. “The Analysis of Production and
Culling Rate with Regard to the Profitability in a Dairy Herd.” ARLS 1:
48-52.

Hu, Y., B. Sun, S. Wu, et al. 2021. “After-Effects of Straw and Straw-
Derived Biochar Application on Crop Growth, Yield, and Soil Properties
in Wheat (Triticum aestivum L.)-Maize (Zea mays L.) Rotations: A
Four-Year Field Experiment.” Science of the Total Environment 780:
146560.

Ibell, P. T., Z. Xu, and T. J. Blumfield. 2013. “The Influence of Weed
Control on Foliar 8'°N, §!3C and Tree Growth in an 8 Year-Old Exotic
Pine Plantation of Subtropical Australia.” Plant and Soil 369: 199-217.

Imran, S., S. V. Salim, and E. Adam. 2023. “Optimization the Use of
Production Factors and Rice Farming Income.” Jambura Agribusiness
Journal 4: 448-458.

IPCC. 2019. “Summary for Policymakers.” https://www.ipcc.ch/site/
assets/uploads/sites/4/2019/12/02_Summary-for-Policymakers_
SPM.pdf.

Isbell, R. 2016. The Australian Soil Classification. Australia: CSIRO
Publishing.

Joseph, S., A. L. Cowie, L. Van Zwieten, et al. 2021. “How Biochar
Works, and When It Doesn't: A Review of Mechanisms Controlling Soil
and Plant Responses to Biochar.” GCB Bioenergy 13: 1731-1764.

Joseph, S., E. R. Graber, C. Chia, et al. 2013. “Shifting Paradigms:
Development of High-Efficiency Biochar Fertilizers Based on Nano-
Structures and Soluble Components.” Carbon Management 4: 323-343.

Joseph, S., and P. Taylor. 2024. A Farmer's Guide to the Production,
Use, and Application of Biochar, 221. Australia: ANZ Biochar Industry
Group (ANZBIG).

Joseph, S., C. Xu, H. Wallace, et al. 2017. “Biochar Production From
Agricultural and Forestry Wastes and Microbial Interactions.” Current
Developments in Biotechnology and Bioengineering: Solid Waste
Management: 443-473.

Kan, Z. R., Q. Y. Liu, G. Wu, et al. 2020. “Temperature and Moisture
Driven Changes in Soil Carbon Sequestration and Mineralization
Under Biochar Addition.” Journal of Cleaner Production 265: 121921.

Khan, I., B. Igbal, A. A. Khan, et al. 2022. “The Interactive Impact of
Straw Mulch and Biochar Application Positively Enhanced the Growth
Indexes of Maize (Zea mays L.) Crop.” Agronomy 12: 2584.

Kilowasid, L. M. H., S. Samiri, M. J. Arma, et al. 2022. “The Effect of the
Application of Soil Biostructures Created Using Biochar and Seaweed
Extract on Upland Rice Growth.” In IOP Conference Series: Earth and
Environmental Science, vol. 985, 012031. UK: IOP Publishing.

Kumar, A., S. Joseph, E. R. Graber, et al. 2021. “Fertilizing Behavior
of Extract of Organomineral-Activated Biochar: Low-Dose Foliar
Application for Promoting Lettuce Growth.” Chemical and Biological
Technologies in Agriculture 8: 21.

Lehmann, J., A. Cowie, C. A. Masiello, et al. 2021. “Biochar in Climate
Change Mitigation.” Nature Geoscience 14: 883-892.

Leng, L., Q. Xiong, L. Yang, et al. 2021. “An Overview on Engineering the
Surface Area and Porosity of Biochar.” Science of the Total Environment
763: 144204.

Li, L., A. Long, B. Fossum, and M. Kaiser. 2023. “Effects of Pyrolysis
Temperature and Feedstock Type on Biochar Characteristics Pertinent
to Soil Carbon and Soil Health: A Meta-Analysis.” Soil Use and
Management 39: 43-52.

Li, S., and D. Tasnady. 2023. “Biochar for Soil Carbon Sequestration:
Current Knowledge, Mechanisms, and Future Perspectives.” C 9: 67.

Liu, W., L. Liu, R. Yan, J. Gao, S. Wu, and Y. Liu. 2023. “A Comprehensive
Meta-Analysis of the Impacts of Intensified Drought and Elevated CO,
on Forage Growth.” Journal of Environmental Management 327: 116885.

Lou, Y., S.Joseph, L. Q. Li, G. X. Pan, E. Graber, and X. Liu. 2016. “Water
Extract From Straw Biochar Used for Plant Growth Promotion: An
Initial Test.” Bioresource Technology 11: 249-266.

Mahajan, G. R., B. Das, S. Manivannan, et al. 2021. “Soil and Water
Conservation Measures Improve Soil Carbon Sequestration and Soil
Quality Under Cashews.” International Journal of Sediment Research
36:190-206.

Mandi, S., S. Nayak, Y. S. Shivay, and B. R. Singh. 2021. Soil Organic
Matter: Bioavailability and Biofortification of Essential Micronutrients,
203-234. Soil Organic Matter and Feeding the Future: CRC Press.

Mogensen, L., T. Kristensen, T. L. T. Nguyen, M. T. Knudsen, and J. E.
Hermansen. 2014. “Method for Calculating Carbon Footprint of Cattle
Feeds-Including Contribution From Soil Carbon Changes and Use of
Cattle Manure.” Journal of Cleaner Production 73: 40-51.

Neal, M., J. Neal, and W. J. Fulkerson. 2007. “Optimal Choice of Dairy
Forages in Eastern Australia.” JDS 90: 3044-3059.

Nepal, J., W. Ahmad, F. Munsif, A. Khan, and Z. Zou. 2023. “Advances
and Prospects of Biochar in Improving Soil Fertility, Biochemical
Quality, and Environmental Applications.” Frontiers in Environmental
Science 11: 1114752.

Ogawa, M., and Y. Okimori. 2010. “Pioneering Works in Biochar
Research, Japan.” Soil Research 48: 489-500.

Omidvar, N., S. M. Ogbourne, Z. Xu, et al. 2023. “Effects of Herbicides
and Mulch on the Soil Carbon, Nitrogen, and Microbial Composition
of Two Revegetated Riparian Zones Over 3 Years.” Journal of Soils and
Sediments 23: 2766-2782.

Oztiirk, Z., B. Tansel, Y. Katsenovich, M. Sukop, and S. Laha. 2012.
“Highly Organic Natural Media as Permeable Reactive Barriers: TCE
Partitioning and Anaerobic Degradation Profile in Eucalyptus Mulch
and Compost.” Chemosphere 89: 665-671.

Paustian, K., E. Larson, J. Kent, E. Marx, and A. Swan. 2019. “Soil C
Sequestration as a Biological Negative Emission Strategy.” Frontiers in
Climate 1: 8.

Rasse, D. P.,, S. Weldon, E. J. Joner, et al. 2022. “Enhancing Plant N
Uptake With Biochar-Based Fertilizers: Limitation of Sorption and
Prospects.” Plant and Soil 475: 213-236.

Rayment, G. E., and D. J. Lyons. 2011. Soil Chemical Methods:
Australasia. Vol. 3. Australia: CSIRO Publishing.

Razzaghi, F., P. B. Obour, and E. Arthur. 2020. “Does Biochar Improve
Soil Water Retention? A Systematic Review and Meta-Analysis.”
Geoderma 361: 114055.

Sahoo, K., A. Upadhyay, T. Runge, R. Bergman, M. Puettmann, and E.
Bilek. 2021. “Life-Cycle Assessment and Techno-Economic Analysis
of Biochar Produced From Forest Residues Using Portable Systems.”
International Journal of Life Cycle Assessment 26: 189-213.

Sierra, C. A., B. Ahrens, M. A. Bolinder, et al. 2024. “Carbon
Sequestration in the Subsoil and the Time Required to Stabilize Carbon
for Climate Change Mitigation.” Global Change Biology 30: €17153.

Silveira, M. L., and M. M. Kohmann. 2020. “Maintaining Soil Fertility
and Health for Sustainable Pastures.” In Management Strategies for
Sustainable Cattle Production in Southern Pastures. Edited by Monte
Rouquette Jr. and Glen E. Aiken. UK: Academic Press.

17 of 18

95U8017 SUOWILWIOD SAIES1D) 3l dde ay) Aq pauienoB a1e S3[91Le YO ‘8SN JO'S3|NJ 40} Akl 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARIq 1 )BUIUO//:SANY) SUO IPUOD PUe SIS | 84} 89S *[6202/20/S2] Uo Ariqiauliuo A8|IM ‘TZ002 qGoB/TTTT 0T/I0p/L02 A8 |IM Akelq 1 Ul UO//:SANY WO} papeojumoq € ‘G20 ‘L0LTLSLT


https://www.ipcc.ch/site/assets/uploads/sites/4/2019/12/02_Summary-for-Policymakers_SPM.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2019/12/02_Summary-for-Policymakers_SPM.pdf
https://www.ipcc.ch/site/assets/uploads/sites/4/2019/12/02_Summary-for-Policymakers_SPM.pdf

Singh, S., M. A. Mayes, A. Shekoofa, S. N. Kivlin, S. Bansal, and S.
Jagadamma. 2021. “Soil Organic Carbon Cycling in Response to
Simulated Soil Moisture Variation Under Field Conditions.” Scientific
Reports 11: 10841.

Touhami, D., R. W. McDowell, L. M. Condron, and M. Bouray. 2022.
“Nitrogen Fertilization Effects on Soil Phosphorus Dynamics Under
a Grass-Pasture System.” Nutrient Cycling in Agroecosystems 124:
227-246.

Wang, Z., and C. Wang. 2023. “Interactive Effects of Elevated
Temperature and Drought on Plant Carbon Metabolism: A Meta-
Analysis.” Global Change Biology 29: 2824-2835.

Williams, M. M., and J. C. Arnott. 2010. “A Comparison of Variable
Economic Costs Associated With Two Proposed Biochar Application
Methods.” Annals of Environmental Science 4: 23-30.

Xue, P., B. Minasny, A. McBratney, Y. Jiang, and Y. Luo. 2023. “Land
Use Effects on Soil Protists and Their Top-Down Regulation on Bacteria
and Fungi in Soil Profiles.” Applied Soil Ecology 185: 104799.

Yao, C., S. Joseph, L. Li, et al. 2015. “Developing More Effective
Enhanced Biochar Fertilisers for Improvement of Pepper Yield and
Quality.” Pedosphere 25: 703-712.

Zhang, X., Q. Zhang, L. Zhan, X. Xu, R. Bi, and Z. Xiong. 2022. “Biochar
Addition Stabilized Soil Carbon Sequestration by Reducing Temperature
Sensitivity of Mineralization and Altering the Microbial Community in
a Greenhouse Vegetable Field.” Journal of Environmental Management
313:114972.

Zheng, J., J. Han, Z. Liu, et al. 2017. “Biochar Compound Fertilizer
Increases Nitrogen Productivity and Economic Benefits but Decreases
Carbon Emission of Maize Production.” Agriculture, Ecosystems &
Environment 241: 70-78.

Zhou, X., Q. Wang, D. Zhang, et al. 2023. “Effects of Ridge-Furrow
Rainwater Harvesting With Biochar Application on Soil Physical
Properties and Alfalfa Fodder Yield in Semiarid Region in China.”
Journal of Soils and Sediments 23: 1008-1022.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

18 of 18

GCB Bioenergy, 2025

95U8017 SUOWILWIOD SAIES1D) 3l dde ay) Aq pauienoB a1e S3[91Le YO ‘8SN JO'S3|NJ 40} Akl 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARIq 1 )BUIUO//:SANY) SUO IPUOD PUe SIS | 84} 89S *[6202/20/S2] Uo Ariqiauliuo A8|IM ‘TZ002 qGoB/TTTT 0T/I0p/L02 A8 |IM Akelq 1 Ul UO//:SANY WO} papeojumoq € ‘G20 ‘L0LTLSLT



	Combination of Biochar-Based Fertilisers and Reactive Barriers Improved Soil Carbon Storage, Soil Moisture Retention, and Crop Yield in Short Term
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Site Description, Treatment Preparation, Establishment, and Experimental Design
	2.2   |   Soil Sample Collection and Bio-Chemical Analyses
	2.2.1   |   DNA Extraction, Next-Generation Sequencing (NGS) Library Preparation, and Illumina MiSeq Sequencing
	2.2.2   |   Soil Microbial Respiration and Substrate-Induced Respiration

	2.3   |   Grass Yield Collection and Analysis
	2.4   |   Data Calculations and Statistical Analyses

	3   |   Results
	3.1   |   Characteristics of Biochar Used in RB and Liquid BMC
	3.2   |   Soil Moisture Concentrations and Biochemical Properties of Reactive Barriers and Soil
	3.2.1   |   Soil Bacterial and Fungal Community Composition
	3.2.2   |   Microbial Metabolic (Catabolic) Activities

	3.3   |   Changes in Grass Yield, Height, and Chemical Properties
	3.4   |   Environmental and Economic Benefits

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


