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ARTICLE INFO ABSTRACT
Keywords: Phosphorus (P) deficiency limits crop yields globally, creating a need for sustainable alternatives
Agricultural sustainability to synthetic P fertilizers. This study evaluates the effects of biochar and bone char on maize

Climate change

Phosphorus deficiency
Organic resource amendment
Soil fertility

Waste valorisation

growth, soil fertility, P availability, and greenhouse gas (GHG) emissions in soils with a moderate
or low P content. A 42-day pot experiment was conducted with three treatments: control, con-
ventional biochar, and bone char, each applied at 1 % (w/w). Measurements included plant
growth, soil properties, nutrient levels in soil and pore water, and GHG fluxes (N3O, CH4 and
COy). The results showed that bone char significantly enhanced plant growth, especially in P-
deficient soils, where shoot biomass was ten times higher than the control. Bone char also
dramatically increased P availability in both soil types, outperforming biochar, which had limited
effects on P levels. In terms of GHG mitigation, both biochar and bone char reduced N2O and CH4
emissions compared to the control, with bone char showing greater effectiveness in P-deficient
soils, potentially due to its slow-release nutrient properties. Biochar promoted methane con-
sumption, especially in P-rich soils. The findings suggest that bone char is an ideal amendment for
P-deficient soils, offering dual benefits of nutrient enhancement and GHG reduction, while bio-
char’s advantages lie in improving soil physical properties and mitigating emissions across
different soil types. Overall, we conclude that bone char represents a viable option to improve
sustainable P cycling and GHG mitigation in agronomic systems, highlighting the circular econ-
omy benefits of repurposing waste materials.

1. Introduction

Soil provides 95 % of the food crops that are consumed globally (UNFAO, 2015). However, it is a finite resource, becoming
increasingly degraded through intensive agricultural practices, leading to nutrient deficiencies and a loss of soil organic matter (SOM)
(Haddaway et al., 2017; Maharajan et al., 2021). Among essential nutrients, phosphorus (P) is critical for plant growth, yet it is often
deficient in agricultural soils, leading to reduced crop yields (Sharma et al., 2013; Kalayu, 2019). Conventional P fertilizers are
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typically derived from phosphate rock, which is becoming increasingly scarce and expensive (Scholz and Wellmer, 2013), leading to
concerns about long-term food security (Childers et al., 2011; Daneshgar et al., 2018). As such, the development of alternative
renewable sources of P is vital for maintaining agricultural productivity (Golroudbary et al., 2019).

In parallel, climate change poses a major threat to global ecosystems, with agriculture being a significant contributor to greenhouse
gas (GHG) emissions. Agricultural soils release large amounts of nitrous oxide (N2O), methane (CHy4), and carbon dioxide (CO3), which
together account for about 10-12 % of total global GHG emissions (Lynch et al., 2021). However, as soils act as a significant carbon (C)
storage pool globally (Walker et al., 2022), they have been identified as a nature-based solution to addressing climate change.

Biochar, produced through the pyrolysis of organic materials, has gained attention for its ability to improve soil structure, enhance
water retention, and increase C stocks (Abhishek et al., 2022; Shrestha et al., 2023). Biochar’s inherent characteristics are highly
dependent on its feedstock and pyrolysis conditions (Tomczyk et al., 2020). Generally, stable, high C chars (i.e., optimised for C
storage) are produced from high C feedstock (e.g., lignocellulosic material), leading to a low available nutrient content, particularly
nitrogen (N), as this is volatilised during pyrolysis and P, as lignocellulosic material is nutrient poor (Buss et al., 2022). Identifying high
P feedstocks may therefore allow the potential to increase soil C while simultaneously enhancing soil P stocks.

Meat consumption is rising globally, accounting for up to 30 % of total calorie consumption (Bonnet et al., 2020). This has led to the
production of a significant amount of organic waste in the form of bones which are mostly comprised of hydroxyapatite (containing
~18.5 % P; Zaichick and Tzaphlidou, 2002) as well as lesser amount of organic material (ca. 10 % C). The charring of bones at high
temperatures (ca. 700°C) may offer multiple benefits, eliminating the potential for disease contamination, while increasing the
recalcitrance of the C and slow-release nature of the P (Piccirillo, 2023). While biochar has been shown to enhance soil fertility and C
sequestration, bone char may be better at addressing P deficiencies and for the recycling of animal byproducts, providing a steady
nutrient supply that reduces nutrient losses via leaching (Leinweber et al., 2019). However, the potential of bone char as a P fertilizer
remains poorly understood, particularly in soils with varying P levels (Wakweya et al., 2022). Current research on biochar has tended
to focus on its role in enhancing soil physical properties and reducing or offsetting GHG emissions. However, comprehensive studies on
the impact of bone char on nutrient cycling, plant productivity and GHG emissions remain limited (Piccirillo, 2023). Overall, in-
vestigations which directly compare the relative efficiency of biochar and bone char in the context of achieving the United Nations
Sustainable Development Goals (SDGs) is essential and addresses a notable gap in previous research.

This mesocosm-based study evaluates and compares the effects of conventional lignocellulosic biochar and bone char applications
on maize growth, soil health, and GHG emissions from two agricultural soils with contrasting P status. This study hypothesized that
bone char will significantly enhance maize growth and biomass in P-deficient soils due to its slow-release P properties, while biochar is
expected to improve soil physical properties, thereby promoting plant growth in P-sufficient soils. Furthermore, both amendments
were anticipated to directly and indirectly reduce GHG emissions compared to the unamended control, with biochar showing greater
efficacy due to its intrinsically higher C content.

2. Materials and methods
2.1. Soils, biochar and bone char properties

The soils used for the experiment were collected from the Ah horizon (0-20 cm depth, sieved to <12 mm) from two contrasting
soils; one with a moderate P index (Typical Orthic Brown Soil; Eutric Cambisol) and the other a low P index (Typical Podzolic Brown
Soil; Haplic Podzol). These soil P indices are defined according to the UK’s guidance to farmers (AHDB, 2024), where Olsen-P levels of
0-15mg L~ ! are deemed ‘low’ (index 0-1), levels of 16-25 mg L~ ! are deemed ‘moderate’ (index 2), 26-45 mg L~ !are ‘high’ (index 3)
and > 46 mg 17! are ‘very high’ (indices 4-9) (Table 1). Both soils were within 1.5 km of one another and were collected along an
altitudinal catena sequence at the Henfaes Research Centre, Abergwyngregyn, North Wales (53°14'N, 4°01'W; Greenfield et al., 2020).
The soil with low P content had no history of P fertilizer use since the late 1940’s. Both sites experience a temperate oceanic climate
regime with average annual temperatures of 10-11°C and an annual rainfall of 960-1200 mm. The background physicochemical
properties of the soils are summarised in Table 1. The woodchip-derived biochar and cattle bone-derived bone char used in this

Table 1

General properties of the two soil types, biochar and bone char used in this study. Values represent means + SEM (n = 4).
Property Unit Soil 1 Soil 2 Biochar Bone char

(moderate P) (low P)

Texture - Sandy clay loam Silt loam
Clay gkg! 156.3 + 29.5 211.6 + 2.6
silt gkg! 430.3 +11.4 490.6 + 7.2
Sand gkg! 413.2 +£18.1 297.6 £ 7.6 - -
pH (H>0) - 6.2+ 0.1 5.7 +0.1 7.5+ 0.1 7.2+0.1
Electrical conductivity uS em™! 53+3 43+1 330 + 42 120+ 7
Organic matter % 5.5+ 0.2 12+ 0.3 75+ 2 10 + 0.2
Extractable NHZ mg N kg ! 2.7 £0.5 1.2 £0.03 1.9+0.1 9.4+ 0.9
Extractable NO3 mg N kg™! 149 £ 0.2 49+0.1 0.2 £+ 0.03 0.2 + 0.03
Available P mg P kg’1 1.4+£0.1 0.2 £ 0.07 82+2 671 + 58
Olsen P mgPL! 23.5+ 0.3 7.0 + 0.3 - -
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experiment were procured from commercial producers (Woodtek Engineering Ltd., Welshpool, UK, and Beacon Commodities Ltd.,
Whatfield, UK, respectively). The properties of both biochar and bone char are presented in Table 1 and Table S1. P sorption isotherms
for both chars are presented in supplementary information, section S1.1 and Fig. S1.

2.2. Experimental design

Mesocosms were established by weighing 1.5 kg of field-moist soil (sieved to <12 mm) into polypropylene boxes (30 x15 x10 cm).
The soil-filled boxes were designed to allow connection of an additional polypropylene box (30 x15 x10 cm; above-ground
compartment) to create an airtight seal to permit GHG sampling from the headspace. The experiment had three main treatments
consisting of: (1) Control (no amendment), (2) Biochar (1 % w/w), and (3) Bone char (1 % w/w), across the two soil types (low and
moderate P index) with five independent replicates (n = 5) (Fig. 1). The experiment was laid out in a completely randomised design.
Biochar and bone char application rate (1 % w/w) was equivalent to 20 Mg ha~! which has previously been shown to be cost effective
(Bista et al., 2019). Maize (Zea mays L. cv. Debalto; KWS Seeds Inc., Bloomington, MN, USA) seedlings were transplanted into the
mesocosms (1 per pot) after a 3-day germination period. The pots were placed in a greenhouse under controlled environmental
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Fig. 1. Schematic representation of the experimental design and overall experimental process.
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conditions with continuous light (200-500 pmol m~2 s’l), temperature (16/22°C, night/day). Soil moisture was maintained at 70 % of
water holding capacity (WHC) to the target level through regular watering 3 times per week, based in the soil weight measurements
and WHC calculations. N fertilizer (as NH4NO3) was applied at a rate of 50 kg ha™! for all treatments and hand mixed into the soil
before maize transplantation, and the experiment lasted 42 days. The amount of fertiliser added to each treatment was based on the UK
advice to farmers growing forage maize (AHDB, 2024).

2.3. Sampling procedure

Measurements of plant growth, soil solution chemistry and GHG emissions were made on days 1, 4, 7, 10, 14, 21, 28, and 42. Soil
pore water was extracted using Rhizon-MOM soil solution samplers (Rhizosphere Research Products, Wageningen, The Netherlands)
inserted into the soil surface of the mesocosm to a depth of ~10 cm. After attachment of the above-ground headspace compartment,
gas samples (30 mL) were collected at T = 0 and T = 60 min, with gas-tight syringes and injected into 20 mL pre-evacuated glass vials
for analysis of CO3, N2O, and CH4 concentration and calculation of GHG fluxes (Sanchez-Rodriguez et al., 2019). This process was
repeated across all sampling points and conducted at the same time of day. In total, eight gas samplings were carried out over the
course of the experiment, with the collected samples analyzed to determine the net GHG emissions from the soil.

2.4. Plant analysis

Plant growth measurements, including height and chlorophyll content, were taken weekly throughout the experiment. Height was
measured from the base of the stem to the top of the plant using a ruler. Chlorophyll content was determined using a SPAD-502 Plus
chlorophyll meter (Konica Minolta, Tokyo, Japan), with three readings taken from the youngest fully expanded leaves and averaged
for each plant (Graf et al., 2024). Measurements were made on days 1, 4, 7, 10, 14, 21, 28, and 42 according to the sampling procedure.

At harvest (day 42), the fresh and dry biomass of shoots and roots were recorded. Fresh biomass was measured immediately after
harvesting, roots were washed by hand to remove any soil, and dry biomass was determined after drying the plant material at 80°C for
72 h until a constant weight was achieved. Root morphology was analyzed using a root scanner and WinRHIZO image analysis system
(Regent Instrument Inc., Quebec, Canada) specifically designed for root measurement in different forms, capturing parameters such as
root length, volume, surface area, and average diameter.

Plant dried samples were ground to a fine powder using a MM200 ball mill (Retsch GmbH, Haan, Germany). Subsequently, their
elemental composition was determined using a S2 Picofox TXRF spectrometer (Bruker Inc., Billerica, MA) using Gallium (Ga) as an
internal standard and validated using a range of certified plant standards (WEPAL-QUASIMEME, Wageningen, The Netherlands). The
validation process included evaluating recovery rates, which were consistently within the acceptable range of 90-110 %. Additionally,
data quality was ensured through repeated measurements and quality control checks, confirming the precision and reproducibility of
the results across different samples.

The C/N ratio of the plant tissue was analyzed by grinding dried plant samples into a fine powder using a ball mill (MM200, Retsch
GmbH) and determining C and N content using a Vario EL Cube organic elemental analyzer (Elementar UK Ltd, UK).

2.5. Soil analysis

At harvest, soil pH and electrical conductivity (EC) were measured in a 1:5 (w/v) soil-to-water suspension using standard elec-
trodes. Extractable N (nitrate (NO3-N) and ammonium (NHZ-N)) were determined colorimetrically after extraction (1:5 (w/v) soil-to-1
M KC), using the methods of Miranda et al. (2001) for NO3 and Mulvaney (1996) for NHZ, respectively. Phosphate (PO3-P) avail-
ability was also determined colorimetrically with the molybdate blue method (Murphy and Riley, 1962) after extraction (1:5 w/v) of
the soil with 0.5 M acetic acid (Fisher et al., 1998). Soil moisture content was determined gravimetrically (105°C for 48 h). Soil organic
C content was determined on oven dried soil using a Vario EL Cube organic elemental analyzer (Elementar UK Ltd, UK).

2.6. Soil pore water analysis

To collect soil solution, vacutainers® (7 mL; Fisher Scientific) were connected to the Rhizon samplers and soil pore water collected
over a 24 h period. The pore water was immediately analyzed for pH and EC using standard electrodes as described above for soil
analysis. The concentrations of NO3, NH4 and P in the pore water were measured colorimetrically as described above. All measure-
ments were conducted in analytical triplicate.

2.7. Gas analysis and calculations

Gas samples collected during the experiment were analyzed using an AS-210 Greenhouse Gas Autosampler (SRI Instruments Europe
GmbH, Germany) attached to a 8610 C Gas Chromatograph, (SRI Instruments Europe GmbH, Germany) equipped with a flame
ionization detector (FID) for quantifying CH4 and CO5 concentrations and an electron capture detector (ECD) for measuring NoO
concentrations. Net GHG emissions were calculated from the accumulation of gases between the two consecutive measurement in-
tervals (Fig. 1) following the method described by Xiao et al. (2022). The gas chromatography results were expressed in parts per
million (ppm), and Eq. 1 was used to convert these concentrations into mg m ™. Subsequently, the daily and cumulative fluxes for each
gas were calculated using Eq. 2 and 3, respectively. Finally, global warming potential (GWP, kg CO.e m~2) was calculated by Eq. 4.
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Where Cy is the concentration at time O (initial concentration) and C; is the concentration at time 60 (concentration after 1 h). Vis the
chamber volume (m3), A is the chamber’s surface area (mz), and T is the time interval (hour). Daily flux is presented as mg m~2 day’l.
Cumulative flux (mg m~2) was calculated by summing the daily fluxes over the entire experimental period.

Cumulative Flux= Y (Daily Flux; + Daily Fluxs + ... 4+ Daily Flux,) 3)

The Global Warming Potential (GWP) was calculated by converting the cumulative emissions (CE) of CO3, CH4, and N3O into CO»-
equivalents using the following equation and the IPCC (2021) 100-year CO» equivalent values for CH4 and N5O:

GWP = (CE CO, x 1)+ (CECH, x 27) + (CEN,0 x 273) “)

2.8. Statistical analysis

All statistical and graphical analyses were conducted using the R software (v 4.2.3; R Core Team, 2023). The tidyverse and ggplot2
packages (Wickham, 2016) were utilized for data manipulation and visualization. The data approached a normal distribution (Sha-
piro-Wilk test, p < 0.05) by dplyr package (Ghasemi and Zahediasl, 2012). Data were analyzed using analysis of variance (ANOVA) to
assess the effects of treatments and soil types on the plant, soil and GHG parameters. Depending on the specific variables and their
interaction, either one-way (for treatments in each group) and two-way (for whole treatments) ANOVA were applied. To identify
significant differences between treatment means, post-hoc comparisons were performed using Tukey’s test in the agricolae package
(Mendiburu, 2019). The statistical cutoff for all analysis was p < 0.05. Principal component analysis (PCA) was conducted to assess the
relationships between different plant elemental contents under each treatment using stats, ggfortify and faxtoextra packages
(Kassambara, 2017; Horikoshi and Tang, 2018; R Core Team, 2023). This multivariate technique helped to reduce the dimensionality
of the dataset and identify the most influential variables contributing to the observed differences among treatments.

3. Results
3.1. Impact of bone char and biochar on plant performance

In the soil with a moderate P content, the addition of bone char and biochar resulted in a slight, but significant increase in shoot
height compared to the control (p < 0.001; Fig. S2). In contrast, in the low P soil the addition of bone char resulted in a two-fold

increase in plant height in comparison to the unamended control, being much greater than the increase observed in the biochar
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Fig. 3. Biochar and bone char effects on shoot chlorophyll content over the experiment. Values represent means + SEM (n = 5).
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treatment (p < 0.001; Fig. S2). Although there was a difference in shoot height in the soil with moderate P levels, this did not translate
into an increase in shoot dry weight which was similar in all three treatments (p = 0.121; Fig. 2a, Fig. S3). In contrast, when grown in
the low P soil, the addition of bone char resulted in a much higher shoot dry weight compared to both the control and biochar
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treatments (p < 0.001). In terms of below-ground biomass, biochar addition resulted in an increase in root dry weight in the moderate-
P soil (p = 0.0016), while no difference was seen between the control and bone char treatments. However, in the low P soil, bone char
resulted in a fresh and dry root biomass ca. six times higher than the control and three times higher than the biochar treatment (Fig. 2b,
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Fig. $3).

The root/shoot ratio further highlighted the positive impact of bone char, with the lowest ratio observed in the low P soil,
significantly lower than the biochar and control treatments (p = 0.0014; Fig. S4). For root morphology, biochar slightly improved root
length, volume, and average diameter in the moderate P soil, however, bone char had a much greater influence in the low P soils,
increasing root length by 180 %, root volume by 400 %, and average diameter by 33 % compared to other treatments (p < 0.001;
Fig. S5).

Foliar chlorophyll content showed no significant treatment differences in the moderate P soil (p = 0.51; Fig. 3). In contrast, in the
low P soil, the addition of bone char led to a higher chlorophyll content, relative to the other treatments (p < 0.001).

The elemental content in the maize shoots and roots in the different treatments is presented in Fig. 4 and Table S2. Overall, plant P
content was highest in the bone char treatment (2.5 g kg ™! in shoots and 3.1 g kg ™! in roots) being significantly higher (21 and 148 %,
respectively) in comparison with the biochar amended soil, and 24 and 150 % higher than the shoots (p < 0.05) and roots (p < 0.01) in
the control treatment. The most pronounced differences were observed in the low-P soil, where bone char led to a marked increase in P
accumulation (2.6 and 2.5 g kg~! in shoots and roots, respectively), being 78 and 127 % higher than the control in the shoots and
roots, respectively, and 83 and 148 % higher than in the biochar treatment in the shoots and roots, respectively (p < 0.01).

Calcium (Ca) uptake varied significantly between plant tissues. In both types of soil, the bone char treatment showed the highest Ca
uptake (5.6 g kg~ !, ~80 % higher than control treatment) in the roots (p < 0.01), while no significant difference was seen in the shoots
(p = 0.32). In both soils, K uptake was lowest in the roots of the bone char treatment but remained more consistent across the other
treatments in the shoots and between the control and biochar treatments in the roots. Micronutrients such as iron (Fe), Manganese
(Mn) and Zinc (Zn) also showed higher uptake in the low-P soil, especially in the control treatments. Sulfur (S) uptake was relatively
consistent, however, bone char enhancing S uptake, particularly in the moderate-P soil. The uptake of potentially toxic elements (e.g.
Lead (Pb), Arsenic (As), Chromium (Cr)), was low across all treatments, with bone char and biochar reducing Pb and Cr uptake in both
soils (Fig. 4, Table S2).

Plant C and N contents, along with the C/N ratio, showed significant variation between treatments. In both soils, the control
treatment showed the highest N concentration in both the shoots and roots, while bone char resulted in the lowest N concentration,
especially in the low P soil (24-40 % less than the control) (Fig. 4). The C/N ratio in both shoots and roots was consistently higher in
the biochar and bone char treatments, relative to the control. In the moderate-P soils, the shoot C/N ratio increased from 39.2 in the
control to 46.5 and 44.1 in the biochar and bone char treatments, respectively. In the low-P soil, the C/N ratio in the shoots increased
significantly under bone char (87 % higher than control) (p < 0.001). Similarly, the root C/N ratio increased most under bone char in
the low-P soils (73.7), 41 % higher than the control (Fig. S6) (p < 0.01).

3.2. Impact of bone char and biochar on soil properties

3.2.1. Soil properties at the end of the experiment

In the moderate P soils, at the end of the experiment the EC was highest in the control, followed by the biochar and bone char
treatments which showed no significant differences. In contrast, in the low-P soil, biochar significantly increased EC to a greater extent
higher than control and bone char (p < 0.001) (Fig. 5a). Soil pH was relatively stable in the moderate-P soils, with slight increases seen
in the biochar and bone char treatments compared to the control (p = 0.02). In the low-P soils, biochar significantly increased the pH to
6.77 (p < 0.001), while bone char showed no difference to the control (Fig. 5b). The SOC content was generally higher in the low-P soil
compared to the moderate-P soil (Fig. 5¢). In the moderate-P soil, SOC was increased by biochar addition (p = 0.023), while no
difference was observed in the bone char treatment. In the low-P soil, SOC was significantly higher in the biochar treatment, relative to
the control and bone char treatments (p < 0.01).

The available-P concentration of the moderate-P soil treated with bone char (148 mg kg™1) was > 100 times greater than the
control and biochar treatments (Fig. 6a). In the low-P soil, the available-P content was much lower across all treatments. However,
bone char addition still caused a substantial increase (reaching 96 mg kg~!) which was ca. 1000 times greater than the other treat-
ments (p < 0.001).

Nitrate concentrations were generally low across all treatments in the moderate-P soil, with only small differences observed be-
tween treatments (p = 0.02). In the low-P soil, NO3 concentrations were higher in the control in comparison to the biochar and bone
char treatments (p < 0.001) (Fig. 6b). In the case of NHJ, no treatment effects were observed in the moderate-P soil (p = 0.38). In the
low-P soil, the concentration of NHJ was highest in the control, slightly lower in the biochar treatment, and significantly lower
following the addition of bone char (66 % lower than control) (p < 0.001) (Fig. 6¢).

3.2.2. Soil pore water chemistry

The EC of soil pore water over 42 days showed similar trends to soil EC, with biochar causing the highest and most sustained
increases in both moderate-P and low-P soils (p < 0.05; Fig. S7a). In the low-P soils, biochar also led to the highest EC (345 pS cm ™! by
day 42), followed by bone char and control (p < 0.01). pH trends in soil pore water varied, with biochar increasing pH significantly in
both soil types, peaking at 7.03 in moderate-P soils by day 28 and stabilizing at 6.42 in low-P soils by day 42 (p < 0.01). In contrast,
bone char led to more fluctuating pH values, with a slight acidification in low-P soils by day 42 (Fig. S7b).

Phosphate concentrations in soil pore water varied over the 42-day period (Fig. S8a). In the moderate-P soils, PO} concentrations
remained relatively stable in the control and biochar treatments (p = 0.06). In contrast, bone char consistently maintained a higher
POS concentration, peaking at 0.45 mg L™ by day 28 and ending at 0.25 mg L™! on day 42. In the low-P soils, both control and
biochar treatments had consistently low PO3 concentrations, while bone char significantly increased PO concentrations, from
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0.04 mg L™! on day 1-0.24 mg L™} by day 42 (p < 0.001).

Environmental Technology & Innovation 39 (2025) 104321

Over the experimental period, NO3 dynamics in soil solution varied by treatment and P levels (Fig. S8b). In the moderate-P soil, all
treatments showed a gradual decline in NO3 concentration by day 42, while the control showed slight, but significant higher values
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(p < 0.001). In the low-P soils, NO3 concentrations increased to day 7, before declining gradually to day 42 (p < 0.001). In comparison,
the dynamics of NHJ in soil pore water showed distinct variations between treatments (Fig. S8c). In the moderate-P soil, all treatments
showed a rapid decline in NHZ, while in the low-P soils, the control had a relatively constant NHJ concentration throughout the
experiment, while the addition of biochar and bone char led to transitory peaks at day 20 (biochar) and day 10 (bone char) (p < 0.001).

3.3. Impact of bone char and biochar on greenhouse gas emissions

In both the moderate-P and low-P soils there was a gradual decrease in N»O fluxes throughout the experiment, although fluxes from
the low-P soil were greater than those from the moderate-P soil (Fig. 7a). For the moderate-P soils, all treatments showed a decreased
daily flux of N,O emission over the experiment. Cumulative N3O emissions followed a similar pattern (Fig. S9a, Table 2). In the
moderate-P soil, the control reached 17.0 mg m 2 by day 42, being 21 and 57 % higher than the biochar and bone char treatments,
respectively (p = 0.04). In the low-P soil, the control had the greatest cumulative emission (55.1 mg m~32), followed by biochar
(42.7 mg m’z, 23 % reduction) and bone char (34.3 mg m’z, 38 % reduction) (p < 0.001).

The net daily flux of CH,4 varied across treatments and soil types but were generally low in all treatments (Fig. 7b). Both biochar and
bone char treatments exhibited a predominantly negative CHy4 flux throughout the experiment, although this not significant (p > 0.05).
Cumulative CHy4 flux data (Fig. S9b, Table 2) showed that in the moderate-P soil, the control resulted in positive cumulative emissions,
reaching 5.80 mg m~2 by day 42, while biochar and bone char treatments resulted in significantly lower CH, emissions (p = 0.043). In
the low-P soil, CH4 consumption by the soil was more pronounced. Overall, cumulative CH4 emissions were significantly higher in the
control treatment, reaching —7.82 mg m™~2 by day 42, relative to the biochar and bone char treatments which were ca. two-fold lower
(p = 0.02).

The net daily flux of CO5 for both soils (Fig. 7c) showed a decreasing trend over the experimental period, with the control treatment
showing higher values (p < 0.01). Cumulative CO, flux data (Fig. S9¢, Table 2) over the experimental period showed that in the
moderate-P soil, the control resulted in the highest emissions (210 g m~2) compared to the biochar and bone char treatments where
CO4, loss was reduced by 21 and 23 %, respectively (p < 0.001). In the low-P soil, cumulative CO2 emissions were also highest in the
control (227 g m~2), with biochar reducing emissions by 16 % and bone char reducing emissions by 36 % (p < 0.001).

3.4. Impact of bone char and biochar on global warming potential

In general, after combining the results for NoO, CHy4, and CO3, both biochar and bone char treatments significantly reduced total
GWP compared to the control in both soil types (p < 0.001; Table 2, Fig. S10). Both char treatments showed a similar reduction in GWP
(ca. 24 %) in the moderate P soil, however, in the low P soil a greater reduction was seen in the bone char treatments (38 %) relative to
the biochar treatment (17 %; p < 0.001).

4. Discussion
4.1. Bone char is superior to biochar in promoting plant growth under low soil P

This study highlights the significant role of bone char in enhancing plant growth, particularly in P-deficient soils. Bone char led to a
substantial increase in plant height and biomass in the low-P soil, outperforming both biochar and the control. This improvement can
be attributed to the ability of bone char to provide a slow and sustained release of P (Liang et al., 2023; Shahid et al., 2024; Meng et al.,
2024), especially in P-limited environments. In contrast, in the moderate-P soil, where P is not a limiting factor, no significant dif-
ferences in plant biomass were observed during the early stages of the experiment (Glaesner et al., 2019; Szakova et al., 2023). These
results are also consistent with previous studies suggesting that bone char enhances P availability, possibly through interactions with
P-solubilizing fungi (Postma et al., 2010; Heyl et al., 2023; Meng et al., 2024). The lower root/shoot ratio observed in the bone char
treatment in the low-P soil indicates that once P becomes available, plants prioritize above-ground growth (Azhar et al., 2019; Kvakic
et al., 2020).

Chlorophyll content, as an indicator of photosynthetic efficiency, is closely tied to nutrient availability, especially N and P (Azeem

Table 2
Impact of biochar and bone char addition on cumulative greenhouse gas emissions of CO,, NoO and CH,4 and global warming potential in two
contrasting soils under maize production for 42 days. Values represent means + SEM (n = 5).

Soil type Treatment CO N0 CH4 GWP
(gm~?) mg m~2 g COse m 2 mg m 2 g COse m 2 (kg CO2e m~2)

Soil with Control 209.7 + 4.98 17.0 £ 1.72 4.6 + 0.47 5.80 + 2.28 0.16 £ 0.06 0.21 + 0.004
Moderate P Biochar 164.2 +10.43 14.0 + 2.06 3.8 £0.36 —5.52 + 3.03 —0.15 + 0.09 0.16 + 0.003
Bone char 160.7 +10.13 10.8 + 2.01 2.9 +0.40 —4.12 + 3.46 —0.11 £ 0.08 0.16 + 0.005
Soil with Control 227.5+11.22 55.1 £1.74 15.0 £ 0.05 —7.82 £ 3.48 —0.21 £ 0.05 0.24 + 0.007
Low P Biochar 189.9 + 8.08 42.6 + 0.87 11.6 + 0.80 —16.88 + 3.37 —0.45 + 0.06 0.20 + 0.009
Bone char 145.3 + 4.02 34.2 +£1.32 9.3+ 0.39 —15.88 + 3.51 —0.42 £ 0.07 0.15 + 0.004

CO.e, CO; equivalents.
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et al., 2021a), which is essential for energy transfer and the formation of critical biomolecules (Liang et al., 2023). In the moderate-P
soil, no significant differences in chlorophyll content were observed between treatments. This suggests that in P-sufficient conditions,
additional P from bone char or biochar is not necessary to enhance chlorophyll production. However, in the low-P soil, bone char
addition resulted promoted chlorophyll content compared to both the control and biochar treatments (Ma and Matsunaka, 2013;
Amin, 2023; Shahid et al., 2024). This improvement in chlorophyll content directly translates to enhanced photosynthetic efficiency
and biomass production, particularly under nutrient-limited conditions.

Nutrient uptake analysis revealed complex interactions: reduced Ca uptake in bone char treatments under P-deficient conditions
suggests a Ca-P absorption trade-off (Heaney and Nordin, 2002; Kvaki¢ et al., 2020), while decreased K levels indicate P-K uptake
interactions (Khan et al., 2023). These findings highlight the intricate balance of nutrient uptake mechanisms and their modification by
soil amendments. The uptake of micronutrients showed varying patterns, with bone char reducing Fe and Mn uptake in low-P soil,
possibly due to shifts in soil chemistry or microbial interactions (Rengel, 2015). However, sulfur uptake remained consistently higher
under bone char, particularly in P-rich soils, demonstrating the amendment’s broader influence on nutrient availability beyond its
primary P-release function.

A notable finding was bone char’s ability to reduce toxic element uptake (Pb, As, Cr) while maintaining higher S uptake, partic-
ularly in P-rich soils (Szakova et al., 2023). This highlights bone char’s dual role in improving nutrient uptake while buffering against
harmful element bioavailability (Azeem et al., 2021a, b; Mei et al., 2022). The mechanism behind this protective effect likely involves
both chemical immobilization through surface adsorption and biological processes mediated by enhanced microbial activity in the
rhizosphere.

The elevated C/N ratio in plant tissues under bone char treatments, especially in P-deficient soils, indicates that while bone char
promoted P availability and plant growth, it did not promote soil N cycling, ultimately leading to plant N deficiency. This suggests a
nutrient trade-off where increased P availability affects N uptake pathways or soil microbial dynamics influencing N availability (Bai
et al., 2024; Liao et al., 2024).

Taken together, our results demonstrate the context-dependent effectiveness of bone char and biochar amendments, with bone char
showing particular promise in P-deficient conditions through its ability to enhance nutrient availability while simultaneously
providing protection against toxic element uptake, highlighting its potential for sustainable nutrient management in agricultural
systems.

4.2. Bone char promoted P availability in soil

The observed changes in EC and pH across treatments and soil P levels suggest that biochar and bone char differentially affect soil
nutrient cycling. In both soils, biochar and bone char treatments led to increases in EC and pH in soil and soil pore water, likely leading
to enhanced nutrient availability (Lusiba et al., 2018; Cayuela et al., 2024). The reduced CO5 emissions, in the presence of bone char
however, suggest that this increase in EC was not due to increased microbial activity and SOC turnover. This is also supported by the
low concentration of available N in the bone char treatments which also indicate that rates of N cycling (e.g., ammonification,
nitrification) were not promoted. The slight reduction in NO3 content with both amendments compared to the control we ascribe to
greater plant uptake due to the removal of P limitation. Similarly, bone char also reduced NH{ concentrations in soil solution, sug-
gesting enhanced N use efficiency by promoting greater plant uptake, but also possibly retaining NHJ on the bone char surface (Hu
et al., 2023; Azeez et al., 2024).

The significant increase in P availability in the bone char treatment highlight its effectiveness as a slow-release P source. The > 100
fold increase in available P in the bone char treatment illustrates its capacity to supply P consistently over time, preventing rapid
fixation and making it available for plant uptake (Zwetsloot et al., 2016; Bayata and Mulatu, 2024). This is consistent with findings that
bone char enhances P availability by slowly releasing P in soils where P is deficient (Zwetsloot et al., 2016; Zimmer et al., 2018; Siebers
et al., 2021; Kruse et al., 2022; Bayata and Mulatu et al., 2024).

4.3. Bone char is more effective than biochar at suppressing soil GHG emissions

There is an urgent need to adopt practical, cost-effective, and sustainable strategies to mitigate GHG emissions from agricultural
soils (Zhang et al., 2019). The results of this study indicate that both bone char and wood-derived biochar are effective in reducing N,O
emissions, especially in P-deficient soils. Previous studies have shown elevated N,O emissions in P deficient soils due to stimulated
microbial N cycling, possibly due to a reduced plant uptake of N by plants and the greater availability of NHf and NO3 for nitrification
and denitrification, both of which results in NoO production (O’Neill et al., 2022; Gebremichael et al., 2022). Our observations of
increased plant productivity and reduced soil solution NHJ and NO3 concentration in soil solution aligns with findings suggesting that
biochar and bone char can enhance nutrient retention and reduce denitrification losses by improving N-use efficiency (Bruun et al.,
2011; Cayuela et al., 2013).

Mitigation of N2O emissions by biochar is often linked to its effects on improving soil aeration, increased nutrient immobilization,
and a promotion of microbial activity (Feng and Zhu, 2017; Thangarajan et al., 2018; Kaur et al., 2023). The physical structure and
large surface area of biochar provides direct adsorption sites for NH}, while simultaneously enhancing soil pH and providing electron
donors that may facilitate complete denitrification (Clough et al., 2013; Kalu et al., 2022). On the other hand, the absorbance capacity
of both biochars suggests their potential in mitigating N»O emissions by adsorbing negatively charged ions, such as nitrate (NO3),
which play a key role in nitrogen cycling and denitrification processes. This adsorption mechanism may contribute to reducing nitrate
availability for microbial denitrification, thereby limiting the production of N3O as an intermediate gas (Zhao et al., 2025). These
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mechanisms are complemented by biochar’s ability to shift the size, activity and composition of the soil microbial community toward
N,O-reducing bacteria, creating favourable conditions for NoO mitigation in agricultural soils (Liao et al., 2021; Kerner et al., 2023;
Gong et al., 2024).

Overall, the fluxes of CH4 were very low in this soil in comparison to other more anaerobic agricultural production systems (Liesack
et al., 2000). Both biochar and bone char enhanced CH,4 consumption across both P soil conditions, suggesting their ability to promote
methanotrophic activity. This enhancement likely occurred through improved soil aeration from char addition, the provision of
favourable habitats for CH4-oxidizing bacteria in the char micropores, pH optimization and electron-mediating properties that support
methanotrophic metabolism, or by provision of nutrients (Huang et al., 2020; Lin et al., 2022; Ming et al., 2022; Hangs and Schoenau,
2023). This is supported by previous studies showing that biochar enhances CH4 oxidation in N- and P-deficient soils (Kubaczynski
et al., 2023; Gong et al., 2024).

In the moderate-P soils, biochar and bone char both decreased CO5 emissions compared to the control. These reductions align with
prior findings suggesting that biochar stabilizes SOC and reduces microbial respiration (Liu et al., 2016; Ma et al., 2023). In the
P-deficient soils, bone char had a more substantial impact, reducing CO; losses, despite the large increase in below-ground plant
productivity. Cumulative CO emissions under bone char treatment were 36.1 % lower than the control, compared to a 16.5 %
reduction with biochar. This indicates that ability of bone char to mitigate CO emissions may originate from its higher Ca-P content,
which may (i) enhance organic matter stabilization through calcium bridging, (ii) reduce C mineralization via direct sorption of
dissolved organic C, (iii) aid the formation of stable Ca-P-organic matter complexes, and (iv) raising soil P levels which reduces the
need to rhizosphere priming by the soil microbial community (Brandt et al., 2010; Zhang et al., 2014; Ortas and Bykova, 2020; Cui
et al., 2022; Zheng et al., 2023). Furthermore, bone char’s Ca content may increase soil pH, potentially altering the microbial com-
munity composition and enzymes involved in SOM decomposition.

In terms of GWP, our results further highlight the effectiveness of both biochar and bone char in mitigating the GHG emissions
associated with agricultural soils, particularly in P-deficient environments. These findings emphasize the capacity of these amend-
ments to reduce the overall climate impact by decreasing emissions of N;O, CH4, and CO,. Previously, numerous amendments (e.g.,
straw, dolomite and biochar) have been suggested as ways to reduce GHG emissions from agricultural soils (Korai et al., 2018; Sun
et al., 2018; Song et al., 2019). However, our data suggests that bone char is even more effective at suppressing GHG emissions than
biochar. However, this must be balanced against the higher intrinsic C content of wood-based biochar in comparison to bone char, the
former being more effective as a C sequestration agent.

In 2015, the United Nations established 17 Sustainable Development Goals (SDGs), as a comprehensive framework for achieving
global sustainability and addressing environmental, social, and economic challenges (United Nations, 2015; Ghosh et al., 2025). The
findings of this study have demonstrated that biochar can contribute to multiple SDGs by enhancing both environmental sustainability
and agricultural productivity, including SDG 2 (Zero Hunger) by increasing crop yield in phosphorus-deficient soils, SDG 12
(Responsible Consumption and Production) by recycling of organic waste into biochar and bone char aligning with circular economy
principles and promoting responsible resource use, SDG 13 (Climate Action) by reductions in greenhouse gas emissions, and SDG 15
(Life on Land) by improving soil quality and contributing to healthier terrestrial ecosystems. These are also consistent with previous
studies suggesting that both biochar and bone char represent promising tools for achieving SDGs (e.g. Xiong et al., 2022; Piccirillo,
2023; Li et al., 2024; Patro et al., 2024; Shoudho et al., 2024; Bano et al., 2025).

5. Conclusions

This study provides new insights into the comparative effectiveness of biochar and bone char as soil amendments, revealing bone
char’s superior performance in P-deficient soils and its potential for GHG mitigation. Our findings demonstrate, for the first time, that
bone char not only outperforms biochar in enhancing P availability and plant growth in P-deficient conditions but also provides su-
perior GHG mitigation benefits.

Future research should address these limitations through long-term field trials across diverse agricultural systems and climatic
zones. Priority areas include: (1) investigating the durability of bone char’s P-release and GHG mitigation benefits over multiple
growing seasons, under field conditions; (2) examining potential synergistic effects of combined biochar and bone char applications;
(3) evaluating the economic viability of bone char production and application at commercial scales; and (4) assessing the impact of
different bone char production temperatures on its performance as both a nutrient source and GHG mitigation tool.

The dual benefits of bone char in addressing both P deficiency and GHG emissions position it as a promising tool for sustainable
agriculture, particularly in P-limited soils, and in line with UN Sustainable Development Goals. However, successful implementation
will require careful consideration of production methods, application rates, and site-specific conditions to optimize its benefits for both
crop productivity and climate change mitigation.
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