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1. General Introduction

Since the Industrial Revolution, the global climate system has undergone significant
changes. According to the latest scientific evidence from the Sixth Assessment Report
(ARO6) of the Intergovernmental Panel on Climate Change (IPCC, 2023), the global mean
surface temperature during 2011-2020 was approximately 1.09°C higher than that of
1850-1900 (Fig 1.1). This warming trend has been particularly pronounced in recent
decades, especially since the 1970s, with a further acceleration in the rate of global
temperature increase, reaching approximately 0.2°C per decade. Along with rising
temperatures, a series of climate system-related changes have emerged, including but not
limited to sea-level rise, increased frequency of extreme weather events, and the loss of
soil carbon sinks, marking the transition of global warming from a theoretical concept to

a tangible challenge.

Global surface temperature has increased by

joc 1.1°C by 2011-2020 compared to 1850-1900
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Fig. 1.1. Global surface temperature change from 1850 to 2020 (IPCC, 2023).
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The drivers of these climatic changes can be broadly categorized into natural and
anthropogenic factors. Natural factors include volcanic eruptions that release substantial
amounts of volcanic ash and variations in solar radiation (Cole-Dai, 2010; Lean, 2010).
Although natural factors have played a significant role in historical climate changes, their
influence on recent global warming has been relatively minor. IPCC (2023)analyses
indicate that since the Industrial Revolution, changes in solar radiation have contributed
to less than 0.1°C of temperature variation. In contrast, anthropogenic greenhouse gas
emissions have been the dominant contributors to global warming (Fig 1.2). Since the
Industrial Revolution, extensive combustion of fossil fuels (e.g., coal, oil, and natural gas)
has led to a marked increase in atmospheric carbon dioxide (COz) concentrations.
(Revelle and Suess, 1957) were the first to propose that fossil fuel combustion had caused
CO» levels to rise beyond the natural absorption capacity, laying the foundation for
modern climate change research. Through carbon isotope analysis, (Graven et al., 2020)
revealed significant changes in the proportions of '>C and ’C released into the
atmosphere due to fossil fuel combustion since the industrial era, further confirming that
human activities are the primary drivers of rising CO> concentrations. Moreover,
historical data from (Andres et al., 1999) documented CO; emissions from fossil fuel

combustion between 1751 and 1950, providing additional support for this conclusion.
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Fig. 1.2. Global atmospheric CO> change compared to annual emissions (NOAA, 2024).

As anthropogenic greenhouse gas emissions have been identified as the primary driver
of global warming, particularly the persistent increase in atmospheric CO; concentrations,
solely relying on reducing fossil fuel combustion is insufficient to rapidly mitigate the
ongoing warming trend. The IPCC reports emphasize that even under stringent emission
reduction scenarios, the CO; already accumulated in the atmosphere will continue to exert
a lasting influence on the climate system (IPCC, 2023). Therefore, to limit global
warming to within the 1.5°C or 2°C targets set by the Paris Agreement, in addition to
significantly reducing greenhouse gas emissions, proactive carbon dioxide removal
(CDR) strategies are essential to lower atmospheric CO» concentrations. The concept of
CDR was first introduced in the 2005 IPCC Special Report on Carbon Dioxide Capture
and Storage (CCS) (IPCC, 2005) and was further clarified and reinforced in the 2018

IPCC Special Report on Global Warming of 1.5°C (IPCC, 2018).

CDR strategies encompass a variety of approaches across different sectors,

demonstrating significant potential in energy, industry, ocean systems, and technological
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innovations. In the energy sector, Direct Air Capture (DAC) and Bioenergy with Carbon
Capture and Storage (BECCS) are considered critical methods for achieving net-zero
emissions, effectively removing carbon dioxide from the atmosphere (Dowell et al., 2022).
In the industrial sector, carbon capture and mineralization technologies are being
increasingly applied to high-emission industries such as cement and steel production,
aiming to reduce carbon emissions generated during manufacturing processes (Parson
and Buck, 2020). Furthermore, ocean-based carbon removal technologies, including
ocean alkalinization and deep-sea carbon sequestration, are actively under investigation,
exploring the potential of utilizing ocean systems to absorb more atmospheric CO; (Brad

and Schneider, 2023).

In recent years, agricultural CDR has garnered significant attention, as soil organic
carbon (SOC) accounts for approximately one-third of the global carbon stock, with total
SOC content within the top 1-m soil depth estimated at 1500-2000 Pg (Stockmann et al.,
2013). This makes soil a critical reservoir in the global carbon cycle. However, due to
unsustainable land use and agricultural management practices, soil carbon stocks are
under severe threat and are experiencing significant losses. SOC depletion primarily
results from excessive tillage, vegetation destruction, and overuse of chemical fertilizers,
all of which disrupt the natural carbon storage mechanisms in soil, promoting the
decomposition of organic carbon and release CO»> (Lal, 2004). For instance, prolonged
mechanical tillage increases soil exposure to air, accelerating microbial decomposition of
organic carbon and leading to substantial carbon emissions (Paustian et al., 2016).
Additionally, soil degradation and land-use changes, such as the conversion of forests to
agricultural land, have significantly reduced the soil's capacity to store SOC (Smith et al.,

2010). Even a mere 10% loss of SOC could have irreversible impacts on atmospheric
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CO» concentrations, as once released, this carbon enters the atmosphere as greenhouse
gases, further exacerbating global warming (Kirschbaum, 2000). Therefore, mitigating
soil carbon loss to achieve CDR has become a vital strategy in addressing global climate

change.

Methods to mitigate soil carbon loss can generally be categorized into two approaches
(Fig 1.3). The first involves increasing soil carbon sinks through the carbon application,
such as the application of organic fertilizers, cover crops, crop rotation, and biochar.
These practices not only significantly enhance SOC content but also improve soil
structure, nutrient availability, and water retention capacity, thereby boosting agricultural
productivity (Abbas et al., 2020; Paustian et al., 2016). For instance, applying organic
fertilizers provides a rich carbon source for soil microbes, promoting the accumulation of
organic carbon (Freibauer et al., 2004). Biochar technology, which introduces pyrolyzed
biomass into the soil, allows for stable carbon sequestration over centuries (Lehmann et
al., 2006). However, such methods are not without challenges. The production and
transportation of organic fertilizers and biochar may generate additional carbon emissions,
and large-scale implementation requires sustained economic and policy support (Cowie
et al., 2006). Additionally, although the properties of organic fertilizers vary significantly
depending on their sources, studies comparing different types of organic fertilizers remain
relatively scarce. The second approach focuses on recapturing CO, emitted from the soil
and re-sequestering it through various technologies. These include enhanced rock
weathering (ERW), direct air capture combined with soil sequestration (DAC + Soil
Sequestration), and vegetation restoration to regenerate soil carbon sinks (Smith et al.,
2010). The core principle of these technologies is to sequester atmospheric CO» back into

the soil, reducing overall carbon emissions. However, research remains insufficient
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regarding the specific amount of CO; that can be sequestered by these methods, their
long-term stability, and their effectiveness across different soil types (César Izaurralde et

al., 2001).
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Fig. 1.3. Two kinds of approaches of soil carbon loss mitigation. (a): carbon application;

(b): CO; re-sequestration.

Based on the above background, this study evaluates two soil carbon loss mitigation
strategies—organic fertilizer application and enhanced rock weathering—through
laboratory and field experiments. For organic fertilizer application, this study aims to (1)

compare the carbon loss mitigation effects among different types of organic fertilizers
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(compost manure, raw slurry, and digestate) with varying properties; and (2) elucidate the
mechanisms underlying these differences by analyzing the relationship between CO>
emissions ,soil organic carbon pool and soil properties. For ERW, this study aims to: (1)
compare the ERW-induced CO> removal efficiency between rhizosphere and non-
rhizosphere soils to clarify the role of plant root systems in the weathering process; and
(2) quantify the field-scale carbon loss mitigation efficiency of ERW through carbon
budget assessment. By integrating these two experimental approaches, this study seeks
to: compare the carbon loss mitigation potential of these two distinct strategies under a
common evaluation framework, thereby elucidating their mechanisms, temporal
characteristics, and environmental adaptability to provide scientific guidance for

technology selection in agricultural carbon management practices.

This dissertation is divided into seven chapters. The current chapter (Chapter 1) is a
general introduction to the study. Chapter 2 provides a review of the relevant literature
on the research topic. Chapter 3 describes the general methodology used in the study.
Chapter 4 focuses on the carbon loss mitigation potential of different organic fertilizer
applications and its effect on soil carbon pool. Chapter 5 focuses on the carbon loss
mitigation potential of enhanced rock weathering and its different responses in the

rhizosphere and non-rhizosphere soil. Chapter 6 is a general discussion of this study.



2. Literature Reviews

2.1 SOC Loss

The loss of SOC is a critical issue influencing agricultural sustainability and climate
change mitigation (Guo et al., 2023a; Keuper et al., 2020; Raza et al., 2020). As a core
component of soil health, SOC plays a vital role in maintaining soil fertility, enhancing
water retention capacity, and sequestering atmospheric CO,. However, numerous studies
in recent years have shown that changes in land use, improper management practices, and

climate change are causing significant SOC losses.

Wiesmeier et al. (2016) utilized the Rothamsted Carbon (RothC) model to simulate
SOC dynamics in agricultural and grassland soils in Bavaria, Germany. Their results
indicated that climate warming significantly accelerates SOC decomposition, even under
a scenario where carbon inputs increase by 20%. Under such conditions, SOC stocks
could still decline by 3% to 8%, and under scenarios of unchanged or reduced carbon
inputs, SOC losses could reach as high as 16% to 24% (Fig 2.1). The study emphasized
that current levels of carbon input are insufficient to counteract the risks of SOC loss
associated with rising temperatures, necessitating substantial increases in organic matter
inputs to maintain existing SOC stocks. Furthermore, it highlighted that warming
accelerates organic matter decomposition at a rate far exceeding the carbon input

provided by crop residues, leading to an imbalance in soil carbon equilibrium.
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Fig. 2.1. Projected average SOC changes of cropland (a) and grassland (b) between
2000 and 2095 under climate change and different C input scenarios (Wiesmeier et al.,

2016).

Tang et al. (2019) conducted a meta-analysis of 81 studies on grassland-to-cropland
conversion worldwide, further demonstrating the profound impact of land use changes on
SOC. The study found that in the first decade following conversion, SOC loss rates in the
0-30 cm soil layer reached 32%, with significant reductions also observed in the 30—60
cm layer. This change was primarily attributed to reduced vegetation biomass input,
alterations in soil physicochemical properties, and shifts in microbial community
composition. The research also revealed that SOC losses tend to stabilize approximately
20 years after land conversion, suggesting the formation of a new low-carbon equilibrium
(Fig 2.2). However, this equilibrium is established on a significantly reduced SOC stock,

posing potential threats to ecosystems and agricultural productivity.
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Fig. 2.2. Effects of conversion of grassland to agricultural land on SOC. The data is
expressed as the weighted response ratio with 95% confident intervals. The numbers of

studies included are indicated in parentheses (Tang et al., 2019).

Keel et al. (2019) examined data from long-term agricultural experiments in
Switzerland and revealed that even with the application of organic and mineral fertilizers,
SOC losses averaged 0.29 Mg C ha! y'!'. This finding suggests that current organic inputs
are insufficient to offset carbon losses from soil organic matter decomposition. Moreover,
the study identified initial SOC stocks, soil cover conditions, and levels of organic carbon

input as key factors influencing SOC losses, whereas land management practices and
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tillage types had relatively minor effects. These findings underline the importance of
optimizing organic matter management and increasing carbon inputs to mitigate SOC

losses.

Overall, SOC loss is driven by multiple factors, including land use changes,
management practices, and climatic conditions. Land use changes, such as grassland
conversion to cropland, disrupt soil structure, reduce organic carbon inputs, and
accelerate soil erosion and organic matter decomposition. Management practices,
including crop residue removal, excessive tillage, and insufficient organic fertilizer
application, exacerbate carbon losses. Additionally, climate change, particularly rising
temperatures, accelerates organic matter decomposition, further widening the soil carbon
balance deficit. To mitigate SOC losses, studies suggest increasing organic matter inputs
through the application of compost, manure, and biochar; reducing soil disturbances by
adopting no-till or reduced-till practices; and maintaining year-round soil cover through
cover cropping (Leroux et al., 2022; Yang et al., 2021; Yu et al., 2023). These measures
not only enhance SOC stocks but also improve soil quality and increase its resilience to
extreme climatic events. Additionally, re-sequestering lost organic carbon back into soil

can further help mitigate SOC losses (Harrington et al., 2023).

2.2 Organic Fertilizer Application

Organic fertilizer applications are one of the most common exogenous carbon
application methods in agricultural production. It plays a crucial role not only in
enhancing soil fertility and promoting healthy crop growth but also in contributing
significantly to soil carbon sequestration. Organic fertilizers encompass a wide variety of

types, including compost, animal manure, crop residues, and biochar. Their application
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can significantly improve the physical and chemical properties of the soil. For instance,
organic fertilizers enhance soil aeration and water retention, provide abundant nutrients
for crops, and stimulate microbial activity, thereby improving soil ecosystems (Chirinda
et al., 2010a; Lorenz and Lal, 2016). Studies have shown that long-term compost
application in farmland significantly increases soil nutrient supply, resulting in an average

crop yield increase of over 20% (Meng et al., 2017).

Organic fertilizer application also plays a pivotal role in the accumulation of SOC.
Continuous organic matter input can significantly enhance both the content and stability
of SOC. Long-term experiments have demonstrated that the combined application of
compost and crop residues not only increases carbon stocks but also reduces the risk of
carbon emissions (Wei et al., 2016). In acidic or infertile soils, organic fertilizer
application can elevate soil pH, enhance carbon sequestration potential, and provide slow-
release nutrients for plants (Lorenz and Lal, 2016). A long-term study conducted in
Northeast China showed that organic fertilizer application led to a 30% average increase
in SOC stocks and effectively improved soil aggregate structure (Tian et al., 2022).
However, research on the short-term effects of organic fertilizers on soil carbon sinks
remains limited, as the process of organic fertilizer decomposition and integration into
the soil is relatively prolonged, and changes in SOC occur over extended periods
(Galamini et al., 2025; Holland et al., 2024). Therefore, evaluating the short-term impacts
of organic fertilizers on soil carbon dynamics may require alternative research approaches.

The environmental impacts of organic fertilizer vary greatly depending on their type
and management practices. While organic fertilizer application can reduce the use of
chemical fertilizers and the associated greenhouse gas emissions during their production

and use, improper application may cause a range of environmental issues. For instance,
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excessive application of animal manure or compost can lead to nitrogen and phosphorus
runoff, causing water eutrophication (Meng et al., 2017). Moreover, certain organic
fertilizers, such as inadequately treated manure, may introduce risks of soil pathogen

transmission and heavy metal accumulation (Verma et al., 2020a).

Generally, while organic fertilizer application offers substantial multifaceted benefits
in agricultural production, its optimized management is crucial for achieving sustainable
agriculture. Further research on the effects of different organic fertilizers, as well as the
mechanisms underlying their impact on soil carbon dynamics and greenhouse gas
emissions, can help maximize their contributions to soil health and carbon sequestration

while minimizing potential negative environmental impacts.

2.3 Different Organic Fertilizer

As a commonly used soil amendment, different types of organic fertilizers exhibit
significant variations in their properties, sources, and effects on soils. Among them,
manure, a widely applied organic fertilizer, varies in composition depending on the raw
materials and production processes used. These differences not only influence the nutrient
supply capacity of manure but also significantly affect greenhouse gas emissions and the
dynamics of SOC after application.

The properties of manure are shaped by its raw materials (e.g., crop residues, livestock
manure, municipal organic waste) and variations in microbial activity and environmental
conditions during composting. For example, soils amended with straw compost presented
the highest C mineralized with significantly higher CO; emissions throughout the
investigation period (Santos et al., 2021). On the other hand, compost derived from

livestock manure contains higher nitrogen levels, which can rapidly enhance soil nutrient
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availability and decrease NoO emissions compared to inorganic fertilization (Xu et al.,
2024). Additionally, compost from chicken manure can significantly improve SOC stock

with no significant increase in CO; emissions (Han et al., 2017).

The maturity of compost has a pronounced effect on soil carbon dynamics. Mature
compost, with its higher proportion of stable organic carbon, contributes more to long-
term SOC accumulation, while immature compost may release more soluble organic
matter, stimulating microbial activity and leading to soil carbon losses. Studies indicate
that long-term compost application increases SOC stocks by over 20%, whereas fields
treated with immature compost may experience a 15%—20% increase in short-term CO2

emissions (Lark and Ferguson, 2004; Wei et al., 2016).

Beyond compost, other types of organic fertilizers, such as liquid residues (Slurry) and
digestate (Anerobic Digestion Effluent) from methane fermentation, have gained
increasing attention in recent years. These fertilizers, derived as byproducts of anaerobic
digestion, are rich in soluble organic carbon and nitrogen, but their impacts on soil and
the environment vary depending on composition and application rates. For instance,
slurry, which is high in easily degradable organic matter, may increase N2O and CH4
emissions in the short term but can rapidly improve soil nutrient availability (Kitamura et
al., 2021). By contrast, digestate processed for longer periods exhibit greater stability and
exert more significant long-term effects on soil carbon dynamics. Béghin-Tanneau et al.
(2019) reported that applying digestate in a one-year experiment increased SOC stocks
by 10%—15% while no significant increase in CO; emissions.

Emerging organic materials for fertilizers or amendments, such as biochar and organic
waste extracts, are also being investigated. For example, biochar, with its high carbon

stability, not only significantly increases SOC stocks in acidic soils but also reduces N.O
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emissions by over 50% (Lehmann et al., 2006). Meanwhile, organic waste extracts, rich
in active organic matter and microbial stimulants, can enhance microbial activity by
approximately 30%, though their long-term effects on SOC dynamics require further

study (Brenzinger et al., 2018).

Table 2.1. Comparison of Different Organic Fertilizers

Fertilization Time Response Reference
Manure 55 days Highest CO; emissions between Santos et al,
(Straw) 8 types of manure (2021)
Manure 8 years Decreased carbon footprint, Xu et al., (2024)
(Pig manure) increased SOC stock
Manure 1 year  No significant differences in CO> Han et al., (2017)
(Chicken manure) emissions between treatments,
increased SOC stock
Slurry 3years Increased GHG  emissions, Kitamura et al.,
carbon loss mitigation (2021)
Anerobic 1 year  Decreased CO> emissions with Béghin-Tanneau
Degestion Effluent increased SOC stock et al., (2019)
Biochar 91 days Decreased GHG emissions Sapkota et al.,
(2024)

These differences indicate that even within the same category of fertilizer, variations
in sources and processing methods can significantly alter their effects on soil.
Furthermore, distinct organic fertilizer types, such as compost, anaerobic digestates, and
biochar, differ substantially in composition, stability, and environmental impacts,
requiring careful selection based on specific agricultural scenarios. Therefore, systematic
comparisons of different organic fertilizers are crucial for advancing agricultural carbon

management and soil health research.

As shown in Table 2.1, while organic fertilizers are widely recognized for improving

soil fertility and increasing soil carbon sinks, systematic comparative studies on different
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types of organic fertilizers remain relatively scarce. Exploring the impacts of various
organic fertilizers on soil carbon storage can help scientists and farmers better understand
the long-term effects and potential risks associated with exogenous carbon inputs. The
decomposition characteristics and nutrient release rates of different fertilizers
significantly influence soil carbon cycling, which is critical to the net effects of soil

carbon sequestration and greenhouse gas emissions (Han et al., 2013).

Thus, conducting comparative studies on different organic fertilizers not only aids in
optimizing fertilization strategies but also provides scientific support for agricultural
CDR and sustainable soil management. As agricultural production increasingly shifts
toward sustainability and low-carbon practices, balancing carbon sequestration, crop
yields, and environmental protection has become a key research direction. Systematic
comparisons of various organic fertilizers can elucidate their strengths and limitations in
practical applications, laying the foundation for more precise and efficient agricultural

carbon management strategies.

2.4 SOC change

The application of organic fertilizers directly improves soil carbon loss through carbon
input, and this mitigation effect is ultimately reflected in changes in SOC. Therefore,
measuring SOC dynamics is critical for evaluating the efficiency of organic fertilizers.
Currently, numerous studies focus on analyzing SOC in soils. For instance, Huang et al.
(2019) investigated the effects of organic fertilizer application on SOC dynamics in
calcareous Cambisols on the Loess Plateau. Their findings revealed that after 10 years of
organic fertilizer application, SOC stocks increased by up to 110%. This increase was not

only attributed to exogenous carbon inputs but was also closely related to improved soil
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aggregate structure and calcium-mediated SOC stabilization. Specifically, organic
fertilizers promoted the formation of organic—calcium complexes within microaggregates,
enhancing SOC stability. Simultaneously, the specific mineralization rate of SOC
significantly decreased under organic fertilizer treatments, particularly in fine soil
fractions, indicating strong SOC protection. These results suggest that organic fertilizer
application not only significantly enhances SOC stocks but also promotes long-term
carbon sequestration efficiency by improving soil aggregate structure and calcium

dynamics.

Li et al. (2018) focused on the long-term impacts of organic fertilizer application on
SOC and soil microbial properties. Their study showed that the application of organic
fertilizers, such as pig manure and crop residue incorporation, significantly increased
SOC content. Notably, combined pig manure and crop residue treatments achieved a
54.99% increase in SOC relative to the initial level. In addition, soil total nitrogen (STN)
content and the C:N ratio were significantly improved under organic fertilizer treatments,

further facilitating SOC stabilization.

From a microbial perspective, organic fertilizer application significantly increased soil
microbial biomass carbon, enzyme activities (e.g., urease and sucrase), and soil
respiration rates. These indicators were strongly positively correlated with SOC,
underscoring the critical role of microbial activity in SOC accumulation. Moreover, the
long-term application of organic fertilizers not only enhanced SOC content but also
improved the sustainability yield index of crop production, further highlighting the

importance of SOC enhancement for agricultural stability.

Notably, the two studies highlighted different factors influencing SOC, focusing on

exchangeable calcium ions and microbial mechanisms, respectively. This multi-
17



dimensional regulation of SOC can be analyzed through long-term field experiments.
However, for short-term fertilizer application, such analyses are particularly challenging
as SOC changes are often slow (McDaniel and Middleton, 2024; Zhou et al., 2024).
Nevertheless, the input of organic fertilizers undoubtedly influences soil carbon, even in

the short term.

According to Lazcano et al. (2013), although significant changes in SOC typically
require long-term observations, the application of organic fertilizers has an undeniable
short-term impact on soil carbon cycling. Their study demonstrated that organic fertilizers,
by providing abundant organic carbon, directly stimulated rapid responses in soil
microbial activity, particularly promoting the growth of Gram-negative bacteria capable
of quickly utilizing soluble organic carbon. This effect resulted in a significant increase
in microbial biomass and activity under organic fertilizer treatments, reaching 22.6 ug g
l'and 19.4 ug g!, respectively, compared to 18.5 pg g in inorganic fertilizer treatments.
Additionally, organic fertilizers significantly increased the activities of soil enzymes,
such as B-glucosidase, protease, and phosphomonoesters, which play essential roles in
organic matter decomposition and the cycling of carbon, nitrogen, and phosphorus. These
findings further confirmed that organic fertilizers not only rapidly enhance soil nutrient
supply but also indirectly influence SOC dynamics by boosting soil microbial activity.

In terms of soil carbon content, high-dose vermicompost treatments significantly
increased total soil carbon from 33.1 g kg™! (inorganic fertilizer) to 39.3 g kg™, This effect
suggests that organic fertilizers provide not only rapidly available carbon but also more
stable forms of complex organic matter, enhancing the potential for carbon storage.

Remarkably, these effects were observed within a single growing season (three months),
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demonstrating that even in the short term, organic fertilizer application can significantly

impact SOC by rapidly enhancing microbial activity and organic carbon input.

In summary, organic fertilizers have notable short-term effects on SOC, but measuring
SOC alone may not fully capture these changes. Additional evaluation metrics, such as
CO: emissions and changes in SOC component, may provide more accurate insights into

the short-term responses of SOC.

2.5 SOC Components

Labile organic carbon (LOC), as an active fraction of SOC, is widely used in studies
on SOC dynamics due to its rapid response to short-term environmental changes. With a
short turnover time and high sensitivity to soil management practices and external

conditions, LOC is often considered an early indicator of SOC changes.

According to Tirol-Padre and Ladha (2004), LOC was measured using the
permanganate oxidation method. Their experiment demonstrated that the application of
farmyard manure (FYM) significantly increased LOC concentrations, raising them from
1.2 g kg’ in the control group to 2.3 g kg! under FYM treatment, an increase in 91%.
The study attributed this rise to the abundant supply of decomposable organic matter from
FYM and highlighted LOC's ability to quickly reflect SOC dynamics, especially during
the initial stages of fertilization or other carbon inputs. Chen et al. (2016) further
investigated LOC's response to varying thinning intensities. In Chinese fir plantations,
higher thinning intensity (70% tree removal) resulted in a 33.2% increase in LOC
concentration compared to the control, while low-intensity thinning (30% tree removal)
led to a 21.6% increase. Thinning also significantly influenced the activity of soil

enzymes, such as B-glucosidase and cellulase, which play critical roles in the carbon cycle.
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For example, B-glucosidase activity increased from 75.3 pg p NP g'! soil h™! in the control
to 112.5 pug p NP g! soil h'! under high-intensity thinning.

Xu et al. (2011) examined the long-term effects of straw return on LOC. Their results
showed that a 2-year straw return treatment (50% straw incorporation) increased LOC
concentrations from 0.79 g kg'! in the control to 1.12 g kg™!, a 42% rise. After 10 years of
straw return, LOC concentrations further increased to 2.09 g kg'!, 2.5 times higher than
the control. These findings underscore LOC's sensitivity to exogenous carbon inputs, such
as straw return, making it a reliable early indicator of SOC changes. Moreover, LOC
changes were strongly correlated with microbial biomass carbon, with a correlation
coefficient of 0.894 (p<0.01), highlighting the crucial role of microbial activity in LOC
dynamics.

In contrast, recalcitrant organic carbon (ROC), as the stable fraction of SOC, is vital
for evaluating soil carbon storage and long-term carbon stability. Due to its chemically
stable nature and long turnover time, ROC represents the most resistant portion of SOC,
persisting in soil for thousands of years or longer.

Shi et al. (2023) revealed ROC's critical role in SOC accumulation and stability through
long-term observations of vegetation succession on the Loess Plateau. Over 160 years of
succession, the proportion of ROC increased significantly, rising from 62% in the initial
farmland stage to 85% in the climax forest stage. This increase reflects not only enhanced
soil carbon inputs from vegetation restoration but also ROC's utility as a key indicator of

SOC accumulation (Fig 2.3).
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Fig. 2.3. Structural equation model (SEM) analysis of the SOC and its influencing
factors at 0-20 (a), 2040 (b) cm soil depth. The red and blue lines indicate positive
coefficients and negative paths, respectively. The numbers on the arrows represent the
path coefficients. Line thickness represents the magnitude of the path coefficient. R?

values represent the proportion of the variance explained for each endogenous variable;
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*: p <0.05, ***: p <0.001. Age: succession age, BGB: belowground biomass, TN: total
nitrogen, MAOC: mineral associated organic carbon, ROC: recalcitrant organic carbon,

SOC: soil organic carbon (Shi et al., 2023).

This study emphasized that ROC distribution is influenced by vegetation type, soil
depth, and nitrogen content, with ROC contributing more to SOC in the 20—40 cm layer
(67%) compared to the surface layer. Additionally, compared to active carbon fractions
such as LOC, ROC exhibited much lower mineralization rates, making it the most stable
component of the SOC pool during late succession stages. Kleber (2010) provided a
molecular-level analysis of ROC's chemical properties, attributing its recalcitrance to its
complex molecular structure, high molecular weight, and strong binding capacity with
soil minerals. The study suggested that ROC stability is not solely an inherent property
of its molecules but is also influenced by enzymatic reaction kinetics, microbial ecology,
and soil physicochemical conditions. For example, lignin and its derivatives,
characterized by high aromaticity and low solubility, are considered typical components
of ROC. Further analyses using permanganate oxidation and acid hydrolysis revealed
ROC's high thermal stability and resistance to external disturbances. Kleber (2010) also
noted that ROC stability may be affected by environmental factors such as temperature
and moisture, with its sensitivity to global warming potentially underestimated.

In general, LOC provides a critical tool for studying SOC dynamics due to its rapid
turnover and sensitivity to environmental changes. Significant LOC changes can quickly
reflect the effects of soil management practices, such as fertilization, thinning, or straw

return, on carbon inputs. Meanwhile, ROC dynamics serve as an indicator of SOC
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stability, playing a crucial role in evaluating the long-term carbon sequestration potential

of soil management strategies.

2.6 LOC fractions

Due to its rapid response to environmental changes in the short term, LOC is often used
as an indicator of SOC dynamics. However, LOC is defined as the fraction of organic
carbon that can be oxidized by a specific concentration of potassium permanganate. While
this definition partially reflects the decomposable organic matter in soils, it does not fully
capture the complexity of microbial survival and activity. To more directly evaluate
microbial responses to management practices, subcomponents of LOC, such as dissolved
organic carbon (DOC) and microbial biomass carbon (MBC), have recently gained

increasing attention.

DOC, as an active component of LOC, is a key indicator of microbial soil due to its
solubility and short turnover time. DOC not only serves as a critical substrate for
microbial metabolism but also influences soil carbon cycling and nutrient supply through
its movement and decomposition in soil solution. Recent studies have shown that DOC
concentrations and dynamics are closely related to soil management practices, microbial
activity, and environmental conditions. According to Guo et al. (2020), significant
differences in DOC concentrations exist across global biomes. In the 0-30 cm soil layer,
tundra ecosystems exhibited the highest DOC concentrations, averaging 453 mg kg™,
compared to tropical and temperate forests, which had lower concentrations of 38.2 mg
kg! and 54.5 mg kg, respectively. These variations reflect differences in DOC
production and decomposition rates across ecosystems and reveal their vertical

distribution in soil profiles. More than 50% of total DOC was stored in the 0—-30 cm
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surface soil layer, with concentrations decreasing exponentially with depth. This
distribution pattern is primarily controlled by vegetation type, root distribution, and

microbial activity.

MBC, on the other hand, directly reflects the abundance and activity of soil microbial
communities. It is not only a key indicator of microbial metabolic activity but also a
critical regulator of soil carbon cycling and nutrient supply. Deng et al. (2016)
investigated soils across different stages of vegetation restoration and found that MBC
significantly increased in afforested sites after 15 years of natural vegetation restoration,
rising from 221 mg kg™! in cropland to 325 mg kg™!. The proportion of MBC in SOC also
increased from 7.1% to 9.5%. Simultaneously, DOC concentrations showed a marked
rise, increasing from 30.2 mg kg™! in cropland to 50.1 mg kg™'. These results indicate that
vegetation restoration not only promoted SOC accumulation through enhanced organic
matter input but also significantly increased microbial activity and the supply of
bioavailable carbon sources. This study further emphasized the close relationship
between DOC and MBC dynamics. As the soluble fraction of LOC, DOC serves as a
primary carbon source for soil microbes. When DOC concentrations increase, microbial
metabolic activity is stimulated, leading to a rise in MBC. The experiments revealed a
stronger correlation between MBC and SOC in forest soils with higher DOC
concentrations, suggesting that microbial activity directly affects soil carbon turnover
through DOC consumption.

In summary, DOC, as a key active component of SOC, rapidly responds to soil
management practices and environmental changes in the short term. Its dynamic changes
provide insights into the state of soil microbial communities and enzyme activities,

making it a valuable tool for studying soil carbon cycling. Meanwhile, MBC, by directly
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reflecting microbial activity and abundance, plays an indispensable role in understanding
soil carbon cycling and nutrient supply. Combining the analysis of DOC and MBC offers
a more comprehensive understanding of how soil ecosystems respond to management

practices and environmental changes.

2.7 Enhanced rock weathering

ERW, an emerging CDR technology, has garnered significant attention in the field of
soil carbon loss mitigation. ERW involves the application of finely ground silicate
minerals, such as basalt, to soils, promoting mineral weathering reactions that re-fix CO2
released from the soil as carbonates, thereby mitigating soil carbon loss. The fundamental
principle of ERW lies in the reaction of silicate minerals with CO. and water in the soil,
producing dissolved HCO3™ and bioavailable mineral nutrients. HCO3" is transported via
soil water and surface runoff into rivers and eventually to the oceans. During this process,
bicarbonate ions react with Ca*" or Mg** in aquatic systems to form insoluble CaCOs; or
MgCOs3, which ultimately deposit in riverbeds or seafloors, achieving long-term carbon
sequestration (Beerling et al., 2018; Harrington et al., 2023). These sediments can remain
stable for thousands or even millions of years, effectively locking atmospheric CO2 in
geological reservoirs and reducing the active carbon content in the global carbon cycle.
Additionally, this process contributes to ocean acidification mitigation. As weather
products flow into the ocean, the increased alkalinity neutralizes the enhanced acidity
caused by excess atmospheric CO> absorption. This not only helps stabilize the marine
carbonate system but also provides a favorable growth environment for calcifying
organisms such as coral reefs and shellfish, promoting the health and stability of marine

ecosystems (Bach et al., 2019).
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Fig. 2.4. Summary of the potential effects of weathering of crushed basalt or silicate-

rich wastes, such as sugarcane mill ash, applied to croplands (Beerling et al., 2018).

According to Beerling et al. (2018), the global implementation of ERW, applying 10
to 30 tons of basalt powder per hectare to 900 million hectares of tropical croplands, could
theoretically sequester 1.8 to 14.7 Gt CO2 by 2100. This carbon capture potential makes
ERW a promising candidate for achieving global carbon neutrality. Model analyses by
this study further indicated that the effectiveness of ERW is significantly influenced by
application rates and regional environmental conditions. Tropical humid climates
exhibited the highest weathering rates and CO- capture efficiencies. Amann et al. (2022)
conducted field experiments using mixtures of basalt and laterite to validate weathering
reaction rates and their influencing factors. Their findings showed that under moist soil
conditions with higher CO» partial pressures, basalt weathering rates increased by over

twofold compared to single-material applications. This highlights the importance of
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designing appropriate materials and optimizing environmental conditions to enhance
ERW’s carbon capture efficiency. Furthermore, this study emphasized the potential role
of microbial activity in weathering processes, as microbial metabolic activities can

accelerate mineral dissolution and indirectly promote CO; fixation.

In addition to its carbon capture potential, ERW improves soil fertility by releasing
mineral nutrients such as Ca, Mg, K, and Si, thereby promoting plant growth. Guo et al.
(2023) conducted field trials across multiple climate zones in central China and found
that applying 10 kg m™ of silicate rock powder increased crop yields by an average of 7%
and biomass by 11%. Notably, in acidic soils, ERW significantly improved soil pH and
enhanced nutrient uptake by crops. In regions with low water balances, ERW increased
net carbon capture in agricultural systems by 1.6 to 2.4 times, whereas the effect was less
pronounced in regions with high water balances. These findings suggest that ERW may
be particularly beneficial in water-limited areas while highlighting its variability in

agricultural applications.

Research has also demonstrated the impact of soil pH and nutrient availability on
changes in crop yields. In low-pH soil, the maximum yield increase reached 31%,
indicating the higher effectiveness of alkaline ions and mineral nutrients released by ERW
under acidic conditions. These results provide scientific guidance for optimizing ERW
application strategies and suggest its potential for enhancing soil fertility and mitigating

soil degradation.

However, bicarbonate ions and dissolved alkaline ions generated during the ERW
process may influence the carbon cycle in aquatic systems when transported into river
networks. Harrington et al. (2023) modeled carbonate precipitation processes in major

river basins in the UK to evaluate their impact on ERW’s carbon capture efficiency. The
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results indicated that secondary carbonate precipitation in rivers could lead to the re-
release of some captured CO», reducing net carbon capture efficiency by 16% to 27%.
Moreover, the potential for carbonate precipitation in rivers depended on land use types
and hydrological conditions. For instance, basins with higher proportions of agricultural
land and lower water flow were more prone to carbonate precipitation, posing challenges
for ERW applications in such regions. Nevertheless, the study noted that carbonate
precipitation in rivers helps prevent freshwater pH from rising to unsafe levels (pH > 9),

contributing positively to the stability of river ecosystems.

Once ERW weathering products reach the ocean, they not only facilitate long-term
carbon sequestration but also help mitigate ocean acidification by increasing seawater
alkalinity. Bach et al. (2019) reported that ERW significantly enhances the buffering
capacity of oceans, helping maintain the balance of the marine carbonate system. For
example, the release of calcium and magnesium ions promotes carbonate deposition,
creating a more stable habitat for calcifying organisms such as corals and shellfish. The
study also highlighted that under favorable conditions, silicon released from silicate
minerals could enhance phytoplankton productivity, indirectly boosting the ocean’s
carbon absorption capacity. Furthermore, the study emphasized that ERW’s impact on
marine systems depends on the type of minerals applied and regional environmental
conditions. For instance, silicate weathering may foster a “greener” ocean by promoting
the growth of siliceous organisms such as diatoms, while carbonate minerals are more
beneficial for supporting calcifying organisms. These findings suggest that tailoring ERW
application materials to specific ecosystem needs could achieve multiple ecological

benefits.
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2.8 Rhizosphere and Non-rhizosphere Soil

Although the CO> sequestration efficiency of ERW has been widely studied, its
effectiveness varies under different conditions due to the influence of chemical equilibria.
Edwards et al. (2017) investigated the weathering potential of ERW in warm and humid
tropical regions and found that plant root activity significantly enhanced weathering
efficiency. Their experiments demonstrated that CO> consumption rates in rhizosphere
conditions were 2.5-5 times higher than in non-rhizosphere conditions, primarily due to
organic acids secreted by roots and CO- released through root respiration. Moreover, the
study also highlighted that soil depth significantly impacts weather efficiency. In the
surface soil layer (20 cm depth), mineral weathering contributed over 80% of CO; capture,
whereas in deeper soils (beyond 50 cm), weathering rates dropped to just 20%-30% of
those in the surface layer. Furthermore, the root-induced enhancement of weathering rates
diminished with decreasing soil cation concentrations (e.g., Ca?*", Mg**), a limitation

particularly evident in older soils (Fig 2.5).
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Fig. 2.5. Schematic illustration of enhanced rock weathering for CO; removal in the
tropics. Relative CO2 consumption rates are graphed for eight hypothetical tropical
rivers draining (a) highlands with limited vegetation and thin/absent soil profiles, (b)
lowlands with thick, mature, weathering-resistant soils, and (c)lowlands dressed with

reactive ground basalt.

In agricultural systems, soil conditions often include both rhizosphere and non-
rhizosphere conditions, such as during fallow periods or intercropping (Gabriel and
Quemada, 2011; Riihlemann and Schmidtke, 2015). Recent studies have begun to

compare these contrasting conditions. Fu et al. (2022) analyzed microbial community and
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functional differences between rhizosphere and non-rhizosphere soils in a semi-arid
plateau grassland system. Their findings revealed that microbial diversity, as measured
by the Shannon index, was significantly higher in rhizosphere soils (3.6) compared to
non-rhizosphere soils (2.8; p<0.05). Additionally, rhizosphere soils exhibited 56% higher
NOs™ content and 35% higher NH4" concentration. These results suggest that active
microbial communities in rhizosphere soils promote nutrient cycling and organic carbon
decomposition, thereby increasing chemical reaction rates essential for mineral

weathering.

Kobierski et al. (2018) further compared carbon dynamics between rhizosphere and
non-rhizosphere soils, finding significantly higher total organic carbon concentrations in
rhizosphere soils (14.3 g kg™!) than in non-rhizosphere soils (10.8 g kg™!'; p<0.01). DOC
concentrations were also 42% higher in rhizosphere soils, reaching 85.4 mg kg'. The
study noted that rhizosphere soils exhibited 23% greater aggregate stability, likely due to

the contribution of polysaccharides in root exudates.

Jing et al. (2023) explored the effects of different root diameters on soil enzyme activity
and microbial community characteristics. Fine roots (<0.5 mm diameter) significantly
increased MBC due to their active secretion processes, with MBC in fine root rhizosphere
soils reaching 325 mg kg! compared to 276 mg kg™! in coarse root (1.0-2.0 mm diameter)
rhizosphere soils. Conversely, coarse roots exhibited higher alkaline phosphatase activity
under nitrogen deposition conditions, likely due to faster carbon turnover and more
efficient nutrient utilization. The study also found that nitrogen deposition significantly
affected gas fluxes in the rhizosphere soils. In fine root soils, CO2 and CH4 emission rates
decreased by 14% and 19%, respectively, whereas no significant changes were observed

in coarse root soils.
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In summary, rhizosphere and non-rhizosphere soil conditions exert significant
influences on CO: sequestration efficiency and related soil processes. Rhizosphere soils,
with higher microbial activity, nutrient cycling, and organic carbon accumulation,
accelerate weathering processes and enhance sequestration efficiency. Conversely, non-
rhizosphere soils, with lower microbial activity, may limit ERW effectiveness under
fallow and intercropping conditions. Distinguishing the responses of rhizosphere and
non-rhizosphere soils to CDR strategies provides a more accurate assessment of CO>

remove potential and informs the development of optimized implementation strategies.

2.9 Net Biome Productivity

Compared to directly measuring soil carbon changes, Net Biome Productivity (NBP)
provides a more comprehensive assessment of ecosystem carbon budget by integrating
carbon inputs (e.g., photosynthesis, manure application) and outputs (e.g., harvest,
respiration). As a critical indicator for evaluating carbon sequestration capacity, NBP

holds significant research value in the context of climate change.

Studies have shown that different land uses and management practices significantly
affect NBP. For instance, Shimizu et al. (2015) investigated managed grasslands in
Hokkaido and found that plots treated with cattle manure achieved an annual NBP of 4.33
Mg C ha’!, while those treated with chemical fertilizers alone had an NBP of -0.45 Mg C
ha!. This demonstrates that manure application, by increasing organic carbon inputs and
promoting mineral nitrogen release, significantly enhances soil carbon sequestration.
Seasonal climate variations also influence carbon balance, with the study noting
substantial fluctuations in net ecosystem productivity (NEP) across the growing season

in manure-treated plots.
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Prescher et al. (2010) conducted a comparative study of forests, grasslands, and
croplands in eastern Germany. Their results revealed that forests exhibited relatively
stable carbon sink characteristics, with annual NBP ranging from -444 to -698 g C m™.
In contrast, grasslands showed considerable variability in NBP, ranging from -28 to 25 g
C m, depending on mowing frequency. Croplands, strongly influenced by crop type and
fertilizer management, had NBP values ranging from -89 to 484 g C m™. These findings
highlight that carbon budgets in croplands and grasslands are not only driven by natural

conditions but are also closely linked to human management practices.

At the regional scale, Cervarich et al. (2016) synthesized carbon budget data from
several South and Southeast Asian countries, revealing that the region overall acts as a
carbon source, with fossil fuel combustion contributing 770 Tg C per year. In comparison,
the region's NBP was estimated at 227 + 279 Tg C yr'!, indicating that its carbon sink
capacity is insufficient to offset anthropogenic emissions. The study further noted that
Bhutan and Laos, characterized by limited land-use changes and lower emissions, are net
carbon sink nations, while other countries primarily act as carbon sources.

These studies suggest that appropriate management practices, such as organic fertilizer
application and optimized crop planting, can enhance soil carbon sequestration capacity.
However, regional carbon budgets remain significantly constrained by land-use changes
and anthropogenic emissions. Future research should focus on further quantifying the

contributions of different management strategies to NBP.
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3. Materials and Methods

3.1 Study sites information

The study sites are managed grassland located at the Shizunai Experimental Livestock
Farm, Field Science Center for Northern Biosphere of Hokkaido University, Shinhidaka,
Hokkaido, Japan (42°26'3.3"N, 142°28'55.6"E) and the Experimental Farm of the Field
Science Center for Northern Biosphere of Hokkaido University, Sapporo, Hokkaido,

Japan (43°04'17.4"N, 141°2024.6"E).
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Fig. 3.1. Map of soil sampling site (Shizunai Experimental Livestock Farm) for
incubation experiment and research site (Experimental Farm of Field Science Center for

Northern Biosphere) for ERW field experiment.
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3.1.1 Shizunai Experimental Livestock Farm in Shin-hidaka

3.1.1.1 Climate condition

This experiment site has a cool-temperature climate and is characterized by a humid
continental climate with cold winters and warm summers, without apparently wet or dry
seasons. According to Automated Meteorological Data Acquisition System (AMeDAS)
of the Japan Meteorological Agency, which is located at Shizunaiyamate-cho (42°20.6'N,
142°21.7'E), the mean annual temperature from 2008 to 2018 is 8.3°C, with the monthly
mean temperature ranged from -3.6°C in January and 20.9°C in August. The annual
precipitation from 2008 to 2018 is 1304 mm at AmeDAS located at Shizunai Misono
(42°26.0'N, 142°28.9'E). The mean annual sunshine duration was 1881 hours, and the
mean annual snowfall was 201 mm. From mid-December to mid-March, the experiment

site was covered with snow, and normally soil is frozen in this period.

3.1.1.2 Soil characteristics

The soil 1s derived from Mt. Usu and Mt. Tarumae volcanic ash and 1s classified as
Mollic Andosol (IUSS Working Group WRB, 2006). The soil layers were divided into

Apl, Ap2, 2C, 3A, 4A and 4G, the characteristics of each layer are shown in Table 3.1.
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Table 3.1. Soil layers and properties of Shizunai Experimental Livestock Farm in Shin-
hidaka

Horizon Depth Bulk density pH TC TN C:N
(cm) (g cm™) (%) (%)

Root -2 - - - - -
Apl 0-7 0.94 5.64 3.7 0.27 13
Ap2 7-16 0.91 5.63 4.1 0.29 14
2C 16-29 0.55 5.67 1.3 0.16 8.2
3A 29-44 0.56 5.46 8.1 0.53 15
4A 44-50 0.75 5.63 4.3 0.26 17

“

TN: total nitrogen; TC: total carbon. “~” denotes not applicable.

In the fall of 2005, this site was renewed, and Timothy (Phleum pretense L.) was sown.
Before 2010, less than 5 horses were grazing per hectare from spring to autumn regular
every year. Regular grazing activities stopped since 2010, but cattle and horses were
sometimes grazing temporarily to relay to other fields or to feed on uncut leaves before
snowfall. Fertilization and harvesting have been carried out since 2009 on this site.
Average yield from 2009 to 2016 was 79 Mg DM (Dry Matter) ha! yr! and mean
fertilizer input was 86, 71, 104 kg ha™! in the order of N, P>Os, K»O. Except for 2010, an
average of 10 Mg FM (Fresh Matter) ha! yr! compost was applied after second harvest.
In addition, 20 Mg FM ha™ yr! urine fertilizer was applied after second harvest in 2012.
After 2016 and prior to the soil sampling in this region, no fertilizers were applied to this

site.

3.1.2 Experimental Farm in Sapporo

3.1.2.1 Climate conditions
The experimental site had a humid continental climate characterized by cold winters
and warm summers, without apparent wet or dry seasons. The annual precipitation at the

study site from 2010 to 2022 was approximately 1146 mm, and the mean annual
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temperature was 9.2°C according to the AMeDAS located in Sapporo (43°03'38.01"N,
141°19'44.16"E). The highest daily temperatures were observed in August, averaging

26.4°C, whereas the lowest daily temperatures were observed in January, averaging —

6.4°C. The snow cover period generally lasted from December to March of the following
year.

3.1.2.2 Soil information

Prior to the experiment from 2023, the site was used to cultivate crops, such as maize
and potatoes, using conventional methods. The land was tilled twice a year (0—20 cm)
and chemical fertilizers were applied according to local fertilization standards. The soil

type was Fluvisol, and its initial properties are listed in Table 3.2.

Table 3.2. Soil properties of Experimental Farm of the Field Science Center for
Northern Biosphere in Sapporo

Horizon  Depth Bulk pH TC TN C:N Clay Silt Sand

(em)  Density (%) (%) ) () ()

(g om™)
Apl 020 1.05 575 261 024 11.1 257 274 469
Ap2 20-33 129 592 200 0.8 109 247 309 445
Bw 33-50 1.14 603 139 0.5 884 212 223 565

3.2 Analysis of gas and soil samples

3.2.1 COz concentration analysis

This study utilized two methods for CO2 concentration analysis. The first method

involved collecting gas samples using Tedlar bags, followed by CO> concentration

37



measurements with an infrared CO; analyzer (ZFP9GC11, Fuji Electric, Tokyo, Japan).
The second method employed CO: probe (GMP 343, Vaisala, Vantaa, Finland) for direct

and continuous measurement.

3.2.2 Soil chemistry properties

3.2.2.1 Soil sample preparation

In the incubation experiment, all plant roots were removed from the soil prior to
incubation (Chapter 4). In the field experiment, plant residues were removed using a 2
mm soil sieve after each soil sampling. For both experiments, freshly collected soil
samples were stored in a refrigerated chamber at 4°C and analyzed within one month.
3.2.2.2 Soil pH and EC

Soil samples were extracted with a soil-to-water ratio of 1:5 using deionized water and
shaken for 1 h, and the pH and EC were measured using a pH meter (F-43, HORIBA,
Kyoto, Japan) and an EC meter (CM-30V, DKK-TOA, Tokyo, Japan), respectively.
Before each measurement, the pH meter and EC meter were calibrated using pH 4 and

pH 7 of standard solutions and deionized water, respectively.

3.2.2.3 Soil NO3™-N, water-soluble organic carbon (WSOC) and water-soluble inorganic
carbon (WSIC)

Soil water extract was filtered through a 0.45 pum filter paper. The NOs3-N
concentration was measured using an ion chromatography (DIONEX ICS-1000, Thermo
Fisher Scientific, MA, USA), calibrated using 5 ppm NO3™-N standard and deionized
water. The water-soluble organic carbon (WSOC) and water-soluble inorganic carbon

(WSIC) concentrations were measured using a TOC analyzer (TOC-L, Shimadzu, Tokyo,
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Japan), calibrated using deionized water, 10 ppm, 50 ppm total carbon standard and

deionized water, 5 ppm, 10 ppm inorganic carbon standard, respectively.

3.2.2.4 Soil NH4"™-N

Soil samples were extracted with a soil-to-KC1 solutions(2 mol L) ratio of 1:10 and
shaken for 1 h, then filtered through a 0.45 um filter paper, and then measured using the

indophenol blue method (Scheiner, 1976).

3.2.3 SOC components

3.2.3.1 SOC analysis

Since the soils at the two sites investigated in this study are slightly acidic, the total
carbon content considered as the SOC content (Mustapha et al., 2023; Rennert and
Herrmann, 2022). Total carbon analysis was conducted using an elemental analyzer
(Elementar, vario EL cube, Langenselbold, German) . Specifically, collected soil samples
were air-dried, sieved by 2 mm soil sieve. Coarse organic matter, e.g. plant tissue and
dead animals, will be removed. The air-dried soil was then crushed using a mortar and
pestle to a particle size of less than 2 mm. Carbon content in powdered soil samples will
be analyzed by the elemental analyzer (Elementar, vario EL cube, Langenselbold,
Germany) based on high-temperature combustion, and total carbon was regarded as SOC
because of the absence of carbonates in the acidic soil (Mustapha et al., 2023; Rennert

and Herrmann, 2022).

3.2.3.2 LOC and ROC

LOC content was analysis according to the method described in Tirol-Padre and Ladha
(2004). Specifically, the air-dried soil containing 10-15 mg of carbon from which organic

material had been removed, as described in Section 3.2.3.1. was weighed into a 50 mL
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centrifuge tube and treated with 25 mL of 333 mM KMnOs. Then, shake the centrifuge 6
h and centrifuge at 2000 rpm for 5 min. Dilute the supernatant and extract solution 250
times. Using 0, 0.2, 0.5, 1.0, and 1.5 mM KMnOy standard solution to create a standard
curve. KMnO4 consumed (difference in KMnOg4 contents of sample and extract) is
converted to LOC. 1 mM KMnOzs is consumed by oxidation of 9 mg of LOC (Eq. 3.1).

_amgcC 1 0

LOC =9——XN XX k x100% (Eq.3.1)

where, N is the molar amount of potassium permanganate consumed during the reaction
(mol). W is the weight of the soil sample used in the analysis (mg). k is the ratio of fresh

soil weight to dry soil weight.

ROC is calculated as the difference between SOC and LOC (Eq. 3.2).
ROC=SOC-LOC (Eq.3.2)
3.2.3.3 MBC and WSOC

Fumigation—extraction method (Vance et al., 1987) was used to determine MBC.
Specifically, about 10 g fresh soil samples were fumigated with ethanol-free chloroform
for 24 h at 25°C in an evacuated extractor. The remaining samples were treated as control.
Fumigated and non-fumigated soils were extracted with 50 ml 0.5 mol L' K»SO4 and
shaken for 1 h. The extracts then filter through a 0.45 um filter paper. The difference in
carbon concentration (analyzed by TOC analyzer described in Section 3.2.2.3) between
the fumigated and non-fumigated extractions was used to calculate MBC (Eq. 3.3)

MBC = (C; — Cpy)/Kge (Eq. 3.3)
Where Cr and C,s are the carbon concentrations of fumigated and non-fumigated

extractions, respectively. K¢ is the conversion factor which equals 0.45 (Wu et al., 1990).

WSOC was measured by the method described in Section 3.2.2.3.
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3.3 Statistical analysis

Data analysis and model fitting were performed using R software (version 4.4.0).
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4. Application of Different Organic Fertilizers

4.1 Introduction

Organic fertilizers play an important role in reducing SOC losses or increasing SOC
stocks, and are increasingly regarded as a strategic approach to soil carbon management
and sustainable agriculture (Bhattacharya et al., 2016; Powlson et al., 2011; Verma et al.,
2020b). Numerous studies have demonstrated that organic amendments can significantly
enhance SOC stocks, improve soil fertility, and act as buffers against the negative effects
of intensive cultivation and poor nutrient management. For example, Xu et al. (2025)
reported that the application of organic fertilizers enhanced the stabilization of microbial
residues through the formation of Fe/Al oxides, thereby promoting SOC accumulation.
Even over short periods, such as a single growing season, organic inputs have been shown
to increase SOC content, improve nutrient availability, and stimulate microbial activity
(Ren et al., 2021). In addition, organic fertilizers can promote plant growth, reduce
nutrient leaching, and improve soil physical structure, contributing to more resilient and
productive agricultural systems (Duan et al., 2024; Yan and Gong, 2010; Zhao et al.,
2017; Zhao et al., 2024). However, the term “organic fertilizer” encompasses a wide
variety of materials with highly heterogeneous characteristics. These differences in origin,
composition, and degree of decomposition may lead to inconsistent results in terms of
carbon retention and environmental performance.

Hokkaido, Japan, is a critical region for agricultural production, characterized by large-
scale forage cultivation and livestock farming. In this context, recycling agricultural
waste has become an essential measure to enhance soil fertility and reduce environmental

pollution. In recent years, to achieve sustainable agricultural development, the Hokkaido
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government has actively promoted the use of organic fertilizers, particularly compost and
resource-recycled livestock waste. In 2021, the Japanese government introduced the
"Green Food System Strategy," which aims to expand organic farming to 25% of arable
land (approximately 1 million hectares) and reduce the use of chemical pesticides and
fertilizers by 2050. Hokkaido has responded to this strategy by implementing relevant
policies and measures that encourage farmers to adopt organic farming practices. These
efforts not only reduce chemical fertilizer usage but also mitigate greenhouse gas
emissions by increasing SOC content. Despite years of organic fertilizer application in
agricultural systems, its specific effects can vary under different environmental and soil
conditions. For example, Hokkaido’s unique Andosol soils, characterized by high organic
matter content and water retention capacity, may respond differently to organic fertilizers
compared to other soils. However, research on the effects of organic fertilizer application
on soil carbon dynamics and greenhouse gas emissions in Hokkaido's agricultural systems

remains relatively limited.

Compost, a solid organic fertilizer produced through the aerobic decomposition of
animal manure or plant residues, is one of the most widely used organic amendments in
agricultural systems. During composting, the degradation of lignin and cellulose
promotes the humification of organic matter, stabilizes nutrients, and converts them into
plant-available forms such as humic and fulvic acids (Song et al., 2016; Wei et al., 2007,
Zhou et al., 2014). This process enhances the overall stability of the compost and reduces
the likelihood of rapid mineralization and greenhouse gas emissions after soil application
(Albrecht et al., 2011; Wu et al., 2024). However, the high degree of stabilization in
compost may limit the immediate availability of carbon and nutrients for microbial

activity, thereby slowing down its decomposition and nitrogen mineralization rates
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(Ahmed et al.,, 2023; Bellino et al., 2015). Therefore, quantifying the short-term
decomposition dynamics of compost is essential for evaluating its effectiveness as a

strategy to mitigate soil carbon loss and to inform optimized field management practices.

Raw slurry (slurry) is a liquid material that has not undergone anaerobic fermentation,
which is rich in ammonium nitrogen, phosphorus, potassium, and other water-soluble
nutrients. Due to its rapid nutrient supply and high crop uptake efficiency, slurry is
considered an effective substitute for nitrogen fertilizers (Xu et al., 2024). In studies
conducted in Hokkaido, slurry application demonstrated significant soil improvement
effects, including enhanced nutrient supply capacity and reduced chemical fertilizer use
(Kitamura et al., 2021). However, the low C:N ratio of slurry may lead to rapid nitrogen
mineralization upon application, significantly increasing N>O emissions, especially under
high soil moisture conditions (Han et al., 2013). On the other hand, the alkalinity of slurry
may alleviate the inhibitory effects of soil acidification on microbial activity, thereby
influencing soil carbon cycling (Tampio et al., 2016). The rapid decomposition
characteristics of slurry could have adverse effects on short-term soil carbon balance,
raising the challenge of balancing crop growth needs with greenhouse gas emission risks

through appropriate application rates.

Digestate is the residual liquid fraction after anaerobic fermentation, with lower carbon
content but higher water content and alkalinity compared to slurry. Previous studies have
shown that, compared to raw slurry, digestate typically contains higher concentrations of
nitrogen (N), phosphorus (P), and potassium (K), along with lower levels of odor
(Calusinska et al., 2018; Immovilli et al., 2008). However, as the fermentation process
consumes a significant portion of the organic carbon in the raw slurry, the carbon content

in the digestate is generally lower. From the perspective of soil carbon enhancement,
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slurry may therefore offer greater potential than digestate. However, comparative studies
on this topic are limited. In addition, both slurry and digestate can rapidly stimulate soil
microbial communities, potentially increasing the risk of SOC mineralization. Studies
have reported that the addition of labile carbon to these liquid fertilizers can induce strong
priming effects, leading to elevated greenhouse gas emissions (Velthof and Mosquera,
2011). Therefore, clarifying the differences in carbon turnover and retention mechanisms
between slurry and digestate is essential for understanding how organic fertilizers with

distinct biochemical properties affect SOC dynamics.

Organic fertilizers vary in physical form, chemical characteristics, and carbon content,
which may lead to significant differences in their decomposition behavior and the
associated impacts on SOC retention and CO; emissions. Considering compost manure,
raw slurry, and digestate as sources of SOC, this chapter evaluated SOC changes,
cumulative CO, emissions, and soil carbon retention performance across treatments, and
further analyzed the associated soil properties and other gas fluxes to elucidate the
mechanisms of carbon turnover and stabilization. We hypothesized that (1) compost
manure would exhibit the slowest CO; emission rate and the lowest cumulative emissions
owing to its solid form; (2) digestate would result in lower CO> emissions than raw slurry
as a consequence of reduced carbon content; and (3) SOC accumulation would

correspond to the amount of carbon input applied in each treatment.

4.2 Materials and methods

4.2.1 Soil collection

In June 2022, three random 0.5 m x 0.5 m sampling areas were established within the

grassland region described in Chapter 3 (Fig. 4.1). Soil samples were collected from a
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depth of up to 20 cm in each area, and all collected soil was thoroughly mixed. The mixed
soil was then passed through a 2 mm sieve to remove plant organic matter and air-dried

for one month.

g -

Fig. 4.1. Information about study field.

4.2.2 Fertilizer collection

In June 2022, compost manure was obtained from the compost storage facility at the
Shizunai Experimental Livestock Farm and was primarily derived from fermented cattle
excreta, horse excreta, and bedding litter via aerobic composting. The collected compost
manure was refrigerated at 4°C for subsequent property analysis and incubation
experiments. In July 2022, raw slurry was collected from the cattle barn at the
Experimental Farm of the Field Science Center for Northern Biosphere, whereas the
digestate was obtained from the effluent tank of the adjacent anaerobic digester. The
collected slurry and digestate were stored in 1 L plastic bottles and refrigerated at 4°C for

subsequent property analysis and incubation experiments (Fig. 4.2).

46



Fig. 4.2. Collection of compost manure (a), slurry (b) and digestate (c).

4.2.3 Properties of fertilizers

The collected organic fertilizers were dried in an oven at 105°C for 24 hours, and their
moisture content was calculated by comparing their weights before and after drying. For
pH measurement, 5 g of each fertilizer sample was mixed with 50 mL of deionized water,
shaken for 1 hour, and the pH was measured using the pH meter described in Chapter 3.
The three organic fertilizers were processed using the sulfuric acid digestion method
(Hseu, 2004). Total nitrogen content was analyzed using ion chromatography, as
described in Chapter 3. Potassium oxide (K>O) was quantified using a Polarized Zeeman
Atomic Absorption Spectrophotometer (Z-5010, Hitachi High-Tech, Tokyo, Japan), and
phosphorus pentoxide (P20s) was quantified using the colorimetric method (Peachey et
al., 1973). For total carbon and WSOC analysis, air-dried and fresh fertilizer was used
respectively, and their total carbon content was quantified using the same method
described for soil total carbon measurement in Chapter 3. The organic matter (OM)
content was determined by the loss-on-ignition method (Ball, 1964). Briefly,
approximately 1 g of pulverized fertilizer sample was placed in a muffle furnace and

subjected to combustion at 550°C for 4 hours. The percentage of OM was calculated from
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the mass difference between the samples before and after the ignition process. The

properties of the fertilizers are shown in Table 4.1.

Table 4.1. Properties of 3 types of fertilizers

Compost manure Raw Slurry Digestate
Dry matter 24.8+1.57 a 4.85+0.38 b 3.72+0.02 b
(%)
pH 9.11+£0.06 a 8.28+0.10 b 8.51+0.03 b
TN 0.72+0.05 a 0.19£0.01 b 0.21+0.03 b
(% FM)
NH4"-N 0.07+0.01 a 0.10+0.00 a 0.13+£0.00 a
(% FM)
P20s 1.78+0.13 a 0.24+0.01 b 0.25+0.02 b
(% FM)
K-0 1.26+£0.07 a 0.28+0.00 b 0.29+0.01 b
(% FM)
TC 11.7£0.28 a 2.94+0.08 b 1.914£0.08 ¢
(% FM)
oM 22.4+0.13 a 4.62+0.03 b 3.18+0.02 ¢
(% FM)
WSOC 0.49+0.10 a 0.33+0.04 b 0.27+0.03 b
(% FM)
C/N 16.3 15.3 9.11

Different letters represent significant differences between fertilizer (p < 0.05). Data
represents means = S.D. (n = 3). TN: total nitrogen; TC: total carbon; OM: organic
matter; WSOC: water-soluble organic carbon

4.2.4 Incubation settings

This study included five treatments: no fertilizer (NF), inorganic fertilizer (IF),
compost manure (M), raw slurry (S) and digestate (D). Each treatment had three replicates
and separate incubation bottles were designated for gas and soil analysis, resulting in a
total of 5 % 3 x 2 =30 incubation bottles.

Before incubation, 300 g of air-dried soil was placed in glass bottles (95 mm diameter
and 180 mm height). Water was added to adjust the soil moisture to 60% of the maximum

water holding capacity (MWHC). The soil was thoroughly mixed and pre-incubated
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aerobically at 25°C for 7 days under aerobic conditions. During the pre-incubation period,
water was replenished every two days to maintain consistent moisture content.

The compost manure was manually broken into small pieces (approximately 10 mm)
to improve uniformity before application. The raw slurry and digestate were thoroughly
mixed by shaking immediately before application and then applied directly. After
fertilizer application, the soil and fertilizer were thoroughly mixed. All bottles were
incubated under aerobic conditions at 25°C for 91 days. Throughout the incubation period,
the bottles were loosely covered with perforated aluminum foil to maintain aerobic
conditions while minimizing evaporation when gas was not being collected. Soil moisture
was maintained at 60% of MWHC by adding water every 2 to 3 days.

To facilitate the temporal interpretation of treatment effects, the 91-days incubation
period was divided into three periods: early (Pg: days 1-7), middle (Pm: days 8-35), and
late (PL: days 36-91). This classification was consistently applied to both data

visualization and statistical analyses.

4.2.5 Fertilization management

To align with the practical conditions described by Kitamura et al. (2021), the fertilizer
application was designed based on the annual fertilization rates at the soil collection site.
Specifically, the nutrient upper limits for N, P>Os, and K>O were set at 0.24 mg g™!, 0.19
mg g!, and 0.42 mg g’!, respectively.

For IF treatment, inorganic fertilizers were applied to reach these upper limits using
ammonium sulfate for N, fused phosphate for P>Os, and potassium sulfate for K,O. In the
organic fertilizer treatments (M, S, and D), each organic material was applied to reach the

upper limit of a single target nutrient (N, P20s, or K2O), with the remaining nutrients
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supplemented with inorganic fertilizers to ensure nutrient equivalence across treatments.

The specific application rates and nutrient contributions of each treatment are shown in

Fig. 4.3.
0.25 02 0.5
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Fig. 4.3. Application rates of N (a), P>Os (b), K20 (c) and nutrient contribution for each

treatment. IF: Inorganic fertilizer; M: Compost manure; S: Raw slurry; D: Digestate.

Since the fertilization design was based on N, P>Os, and K>O levels rather than carbon
content, the amount of carbon input varied among the organic fertilizer treatments. Table

4.2 shows the specific carbon input amounts for each organic fertilizer treatment.

Table 4.2. Carbon input in each organic fertilizer treatment

Treatment  Organic Fertilizer input (g)  TC (% FM) Carbon input (g)
M 14.4 11.7 1.69
S 56.3 2.94 1.66
D 55.2 1.91 1.05

M: Compost manure; S: Raw slurry; D: Digestate. TC: Total carbon
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4.2.6 Gas and soil sampling

Gas sampling was conducted on 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63, 77, and 91
days after incubation. On each sampling day, the incubation bottles were briefly flushed
with purified air to remove residual gases and then sealed with an airtight plastic lid. A
300 mL Tedlar bag pre-filled with purified air was connected via flexible tubing. The
bottles were then incubated under the same conditions (25°C) for 24 h. Subsequently, the
gas samples were collected from the Tedlar bags and analyzed for CO,, N2O, CHa, and
NO concentrations: CO2 concentration was determined according to the first method
described in Chapter 3. Calibration was performed before each measurement using pure
N2 gas (0 ppm) and CO; standard gas (1860 ppm). The readings were recorded as voltage
values (mV), and CO, concentration (ppm) was calculated by multiplying the voltage
value by 20. NO concentration was determined using a NO-NO2-NOx Analyzer (421Q,
Thermo Scientific, Tokyo, Japan), Calibration was performed using 8 concentrations of
standard NO gas (0, 0.004, 0.01, 0.02, 0.04, 0.1, 0.2, and 2 ppm) before measurements.
CH4 and N2O concentration was determined using a gas chromatograph (GC-2014,
Shimazu, Tokyo, Japan). Calibration curves were prepared for CHs at 4 standard gas
points (1.98, 4.79, 9.94 and 994 ppmv) and for N>O at 4 standard gas points (0.3, 0.6, 1.5,
6, and 30 ppmv). All collected gas samples were analyzed within 2 hours after sampling.
The gas flux (mg kg day™! for CO2 and pg kg™!' day™! for N2O, CHs, NO) on sampling

day was calculated using Eq. 4.1.

Byx X (Bq. 4.1)

v, dC
Gas flux = () X (3)) X () X 55,

where, V' is the headspace volume of the incubation bottle (mL), m is the dry soil weight

(kg), dC/dt is the rate of change in gas concentration per unit time (m® m™ day™'), T'is the
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incubation temperature (298.15 K), and M is the molar mass of the target gas (44, 44, 16,
and 30 g mol! for CO2, N>O, CHs and NO, respectively). The N>O/NO ratio was
calculated as the ratio of the respective gas flux and was used as an indicator of
denitrification intensity (Bouwman et al., 2002). The cumulative gas emissions were
calculated using the trapezoidal rule based on the gas fluxes measured on each sampling
day.

Soil sampling was conducted on days same with gas sampling, and soil properties
including pH, EC, NH4"-N concentrations and NOs3™-N concentrations by the methods
described in Chapter 3. SOC pools were also measured using soil samples collected at the
beginning and end of the incubation period, which were quantified using the SOC analysis

methods described in Chapter 3.

4.2.7 Data calculations

To evaluate the fate of carbon input and carbon sequestration performance of each
organic fertilizer, we calculated two integrated indices, carbon decomposition progress
(CDP) and carbon balance efficiency (CBE), which represent the extent of carbon
transformation and net carbon retention efficiency, respectively. These indices integrate
the amount of carbon input, cumulative CO> emissions, and the net increase in SOC
relative to the unfertilized control (N treatment). CH4 was not considered because of its
negligible magnitude compared with that of CO>. The CDP and CBE were calculated as

follows (Eq. 4.2 and Eq. 4.3).

cpp = 2940z y 1009, (Eq. 4.2)
input
CBE = 22%¢72C¢c02 » 10094 (Eq. 4.3)

input
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where, 45OC represents the difference in SOC content at the end of incubation between
each organic fertilizer treatment and N treatment (g kg'). 4Cco2is the difference in
cumulative CO> emissions between each organic fertilizer treatment and the N treatment
(g C kg!). Cinpue denotes the amount of carbon applied through organic fertilizers (g kg
.

To estimate the field-scale increase in SOC and ensure consistency with the Chapter 5,
we applied a stock-change approach for the 0—20 cm layer, upscaling mass-based SOC
changes to field-scale SOC change (Mg ha') using Eq.4.4.

ASOCfie1g-scate = BD X 2 X A X (S§0Ctreqt — SOCyp) (Eq. 4.4)

where, BD is the bulk density of field soil (g cm™), z is the tillage depth (0.2 m), 4 is the
conversion factor from hectares to square meters (10* m? ha'), SOCyes is the SOC
concentration in each treatment at the end of incubation (g g™), and SOCnr is the SOC

concentration in the NF treatment at the end of incubation (g g).

4.2.8 Statistical and multivariate analysis

Differences in cumulative gas emissions, CDP, CBE, and SOC pools among treatments
were tested using a one-way ANOVA. When a significant difference was observed (p <
0.05), Tukey’s HSD test was performed for multiple comparisons.

A linear mixed-effects model (LMM) was used to evaluate the treatment effects at each
incubation stage, similar to the approach used by Yang et al. (2025). In each model,
treatment was included as a fixed effect, whereas sampling day and replication were

treated as random effects.

Correlation network analysis was conducted to visualize the correlation structure
among the variables (Guo et al., 2023a). Specifically, we first calculated the direct
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correlations of CO» flux with soil properties and other gas fluxes and then identified
secondary correlations between variables that were directly associated with CO- flux.
Spearman’s rank correlation coefficients were computed for all variable pairs within each
treatment, and only significant correlations (p < 0.05) were included in the network

visualization.

Redundancy analysis (RDA) was performed to examine the associations between CDP-
or CBE-related indicators and other associated variables, focusing on system-level
responses after organic fertilizer application. Changes in CDP, CBE, SOC, and
cumulative CO; emissions were set as the response variables, whereas the explanatory
variables included changes in soil properties, SOC components, and cumulative
emissions of other gases. All variables were standardized prior to analysis and scaling

type 2 was employed to emphasize the distribution of treatment-level samples.
4.3 Results

4.3.1 Evaluations of CO; flux and cumulative emissions under different treatments

Temporal changes in CO: flux across the different treatments are shown in Fig. 4.4.
All organic fertilizer treatments exhibited a similar trend over the 91-day incubation
period. CO; flux peaked during Pg, gradually declined during Py, and stabilized during
PL. Notably, a relatively stable plateau during Py was observed in M. Among all the
treatments, the highest CO, flux recorded for S on day 1 (321 mg kg day') was
significantly higher than the peak values observed for M and D (101 and 83.2 mg kg
day!, respectively, p < 0.05,). According to the LMM results, the CO> flux in S during
Pk was significantly higher than that in M and D (Table 4.3). However, the significant

difference in CO; flux between S and M disappeared during Py and Pr, although both
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remained significantly higher than in D. Relatively stable CO, fluxes throughout the
incubation period were observed in NF and IF, with no significant difference between
them, and both were significantly lower than in all organic fertilizer treatments. Fig. 4.5
shows the cumulative CO; emissions at the end of the incubation period for each
treatment group. All organic fertilizer treatments exhibited significantly higher
cumulative CO2 emissions than the NF and IF treatments, with no significant difference
observed. Among the organic treatments, the cumulative emissions in S were the highest,

significantly exceeding those in M, which were also significantly higher than those in D.

0O 10 20 30 40 50 60 70 80 90
Days after incubation (Days)

Fig. 4.4. Changes in CO> flux among all treatments during the incubation. Data
represents means =+ standard deviation (n = 3). Pg, Py, PL represent early period (Days
1-7), middle period (Days 8-35) and late period (Days 36-91). NF: No fertilizer; IF:

Inorganic fertilizer; M: Compost manure; S: Raw slurry; D: Digestate.
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Fig. 4.5. Cumulative CO; emissions among all treatments after the incubation. The error
bars show the standard deviation (n = 3). Different letters indicate significant
differences among treatments at p < 0.05. NF: No fertilizer; [F: Inorganic fertilizer; M:

Compost manure; S: Raw slurry; D: Digestate.
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Table 4.3. Linear Mixed Model (LMM) results of gas flux and soil properties under
different treatments during each period

Period Treatment
NF IF M S D
CO; flux Pe 7.84 ¢ 9.22¢ 580D 167 a 50.6 bc
(mg kg! day!) Pum 7.01c 7.29 ¢ 31.6a 30.3 a 18.5b
PL 5.02¢ 5.54c¢ 152 a 16.7 a 8.80b
CH4 flux Pg 5.38b 543D 5.52b 63.8 a 16.1b
(ug kg day!) Py 595a 6.10 a 6.11a 6.14 a 6.18 a
PL 5.99 a 5.84 a 5.81a 5.73 a 5.69 a
NO flux PE 0.71c 1.77 be 3.38 bc 8.71b 25.8 a
(ngkg!day!) Py 042 ¢ 241 ¢ 4.17 be 9.00 a 7.71 ab
PL 0.43d 477b 5.88 a 436b 327c¢
N>O flux Pr 6.62 c 9.50c 198 b 329 a 290 a
(ug kg! day!) Py 497 c 7.40 ¢ 85.2b 131 ab 174 a
PL 3.14 ¢ 5.70 be 71.2 a 11.1 be 20.2b
N20O/NO Pg 9.55b 5.71b 71.2 a 48.5a 14.6 b
Pm 11.8bc  3.31c 21.6b 18.1b 33.1a
PL 7.34b 1.24 ¢ 13.3a 2.66 be 7.61b
pH Pg 5.07b 5.06b 5.09b 597 a 6.14 a
Pm 500ab 4.76b 4.86 abc 4.69 ¢ 5.09 a
PL 499 a 434d 443 ¢ 456b 461b
EC PE 9.59 ¢ 50.8 a 33.8 ab 23.4 be 23.2 bc
(mS m™) Pwm 10.6 ¢ 341D 44.7 a 38.6b 342b
PL 11.5d 33.0c¢c 49.9 a 41.6 b 45.1b
NO3™-N conc. Pr 11.2ab 11.2ab 15.1a 6.8b 8.7b
(mg kg™ Pum 13.0b 21.2b 36.0 a 373 a 325a
PL 152b 399D 61.9 a 59.1a 64.1a
NHs*-N conc.  Pg 1.85¢ 51.6a 28.2Db 31.6Db 27.7b
(mg kg™ Pum 0.88 d 313a 18.7b 4.39 cd 8.71 ¢
PL 0.403b 2.64a 2.90 a 0.813b 1.32b

Values represent the estimated marginal means (emmeans) during each incubation
period. Different letters indicate significant differences among treatments at p < 0.05.
Pg: early period (1-7 days after incubation); Pym: middle period (8-35 days); Pi: latter
period (36-91 days). NF: No fertilizer; IF: Inorganic fertilizer; M: Compost manure;
S: Raw slurry; D: Digestate.

4.3.2 Evaluations of SOC pools, CDP and CBE under different treatments

The SOC, LOC, and ROC concentrations at the end of the incubation period are shown

in Fig.4.6. All organic fertilizer treatments significantly increased SOC concentrations
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compared to NF and IF, with the highest value observed in S (33.9 g kg™!), followed by
D and M (33.2 and 32.5 g kg'!, respectively). Among organic fertilizer treatments, the
SOC concentration in S was significantly higher than that in M, whereas no significant
differences were observed between D and the other organic treatments. In terms of SOC
fractions, ROC accounted for a dominant proportion, ranging from 69.8% to 72.4%.
Compared with NF and IF, both LOC and ROC concentrations were significantly higher
in S, and the ROC concentration was also significantly elevated in D. In contrast, no
significant differences in LOC or ROC concentrations were observed in M. In addition,
no significant differences in the LOC or ROC concentrations were observed among the

three organic fertilizer treatments.
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Fig. 4.6. Soil organic carbon (SOC), labile organic carbon (LOC) and recalcitrant
organic carbon (ROC) concentrations among all treatments after the incubation. The

error bars show the standard deviation (n = 3). Different letters indicate significant
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differences among treatments at p < 0.05. NF: No fertilizer; IF: Inorganic fertilizer; M:

Compost manure; S: Raw slurry; D: Digestate.

The MBC and WSOC concentrations at the end of the incubation period are shown in
Fig.4.7. Although both parameters tended to be higher in organic fertilizer treatments than

in the NF and IF treatments, the differences were not significant (p > 0.05).
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Fig. 4.7. Microbial organic carbon (MBC) and water-soluble organic carbon (WSOC)
concentrations among all treatments after the incubation. The error bars show the
standard deviation (n = 3). Different letters indicate significant differences among
treatments at p < 0.05. NF: No fertilizer; IF: Inorganic fertilizer; M: Compost manure;

S: Raw slurry; D: Digestate.

59



Table 4.4 shows the CDP and CBE values at the end of the incubation period. CDP was
significantly higher in S and D than in M, with no significant differences between S and
D. CBE was significantly higher in D than in S and M, while no significant differences

were found between S and M.

Table 4.4. Carbon Decomposition Progress (CDP) and Carbon Balance Efficiency
(CBE) under different organic treatments

M S D
CDP (%) 51.61+8.73b 81.12+6.02 a 97.98+7.23a
CBE (%) 29.53+9.30b 47.16£6.53 b 74.24+7.81 a

Values represent the mean + standard deviation (n = 3). Different lowercase letters
indicate significant differences between the treatments (p < 0.05). M: Compost manure;
S: Raw slurry; D: Digestate.

4.3.3 Changes in other gas fluxes and soil properties

Significant CH4 flux peaks were observed only in S on Days 1 and 3, reaching 205 and
99.6 ug kg! day!, respectively (p < 0.05; Fig. 4.8a). Correspondingly, the CH4 flux in S
was significantly higher than that in the other treatments only during Pk (Table 4.3).

The NO fluxes in S and D followed a rise—fall pattern during the incubation period;
however, their peak timings differed, occurring during Py in S and during Pg in D. During
PE, the NO flux in D was significantly higher than that in all the other treatments, whereas
during Pwm, the NO flux in S was significantly higher than that in all the other treatments
except D. In contrast, the NO flux in M exhibited a continuously increasing trend, with
the highest value observed during the Pr (Fig. 4.8b, Table 4.3). A similar rise—fall trend
in NoO flux was observed in S and D. However, the N>O flux in M showed a distinct
pattern, which decreased during Pg and then stabilized thereafter (Fig. 4.8c). Notably, the
N20 flux in M was significantly lower than that in the other organic treatments during Pe.

However, it was the highest among all treatments during Pr (Table 4.3). A pronounced
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peak in N>O/NO (>100) was observed on day one in M, and this ratio remained
consistently above 10 throughout the incubation period. In contrast, a decreasing trend
was observed for NoO/NO in S and D after Py, and at the end of the incubation, their

values were not significantly different from those in the IF (Fig. 4.8d).
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Fig. 4.8. Changes in CH4 (a), NO (b), N>O (c) flux and 1g(N2O/NO) (d) among all
treatments during the incubation. Data represents means =+ standard deviation (n = 3).
PE, Pwm, Pr represent early period (Days 1-7), middle period (Days 8-35) and late period
(Days 36-91). NF: No fertilizer; IF: Inorganic fertilizer; M: Compost manure; S: Raw

slurry; D: Digestate.
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The cumulative CH4 emissions in the S treatment were significantly higher than those in
the other treatments. In contrast, no significant differences were observed in cumulative

N20 or NO emissions among the organic fertilizer treatments (Table 4.5).

Table 4.5. Cumulative emissions of CHs, N2O and NO under different treatments after
the incubation

NF IF M S D

CHa 054+002b 053+000b 053+003b 1.13+009a 061=007b
(mg kg™

NO 004+000b 032+002b 045+0.05a 062+005a 0.70+011a
(mg kg™

N-O 037+0.10b 059+034b 786+25la 848+020a 9.79+1.75a
(mg kg™

Values represent means +standard deviation (#=3). Different lowercase letters indicate
the significant difference between treatments (p<0.05).

In all organic fertilizer treatments, the soil pH initially increased, followed by a decline
during the incubation period. However, the extent of pH elevation was lower in M than
in S and D, and the pH in M was significantly lower than that in S and D during P (Fig.
4.9a, Table 4.3). Both EC and NO3™-N concentrations exhibited a general increasing trend
across the organic fertilizer treatments, whereas both parameters in M entered a plateau
phase during the Py (Fig. 4.9b, 4.9¢). In contrast, NH4"-N concentrations followed a rise—
fall pattern in all organic treatments, while the decline in M was notably slower than that
in S and D. As a result, the NH4+"-N concentrations remained significantly higher in M

treatment during both Pm and Pr. (Fig. 4.9d, Table 4.3).

63



PE | PM PL

-0S oD (a)

—+—NF -a-IF —0—M
‘% Q

NOs™-N conc.

NHa4*-N conc.

0 10 20 30 40 50 60 70
Days after incubation (Days)

Fig. 4.9. Changes in pH (a), EC (b), nitrate nitrogen (NO3-N) concentration (c),
ammonium nitrogen (NH4-N) concentration (d) among all treatments during the
incubation. Data represents means =+ standard deviation (n = 3). Pg, Pum, PL represent
early period (Days 1-7), middle period (Days 8-35) and late period (Days 36-91). NF:
No fertilizer; IF: Inorganic fertilizer; M: Compost manure; S: Raw slurry; D: Digestate.
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4.3 .4 Correlation structure and multivariate drivers of carbon flux and retention

A correlation network was constructed with CO» flux designated as the focal node to
explore its association with soil properties and other gas fluxes (Fig. 4.10). Compare to
the correlations in NF and IF, the CO; flux exhibited consistent and relatively strong
correlations with pH and NH4"-N and NOs-N concentrations in organic fertilizer
treatments, forming a stable core module. Among three organic fertilizer treatments, the
overall network connectivity in M appeared weaker, with reduced edge strength and fewer
secondary associations. Variations were also observed in the gas-related nodes: the CH4
flux was disconnected in M, whereas the NO flux and NO/N>O were unlinked in S and
D, respectively. Notably, the correlation between CO2 and NO fluxes was negative in M
(r=-0.76, p <0.05) but positive in D (r=0.77, p < 0.05). While the second-order linkages
of the three core soil variables remained largely consistent across treatments, the NO and
N2O correlations differed in sign between M (r = —0.75, p < 0.05) and D (»r = 0.77, p <

0.05), indicating treatment-specific patterns in nitrogenous gas co-variation.
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The RDA results after removing highly collinear variables (cumulative NO emissions,
EC change, WSOC change, and MBC change) are shown in Fig. 4.11. RDA1 and RDA?2
explained 86.2% and 11.6% of the total variance, respectively. Sample point D was
mainly distributed in the first quadrant and was clearly separated from those of M and S,
which clustered in the fourth quadrant. The CDP and CBE vectors were oriented in similar
directions. SOC showed a significant positive correlation with CDP (» = 0.68, p < 0.05),
whereas cumulative CO; emissions were not significantly correlated with either CDP or
CBE. Among the explanatory variables, changes in NO3™-N concentration and cumulative
N20 emissions were the strongest drivers of the CBE and CDP, as well as their component

variables within the RDA space.
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Fig. 4.11. Redundancy analysis (RDA) of the CDP, CBE, SOC change, cumulative CO>
emissions and gas, soil properties factors. CDP: Carbon Decomposition Progress; CBE:
Carbon Balance Efficiency; SOC, LOC, ROC: changes in soil organic carbon, labile
organic carbon and recalcitrant organic carbon before and after incubation; CO», CHa,
N>O: cumulative gas emissions after the incubation; pH, NOs", NH4": changes in pH,
nitrate nitrogen (NOs™-N) conc. and ammonium nitrogen (NH4"-N) conc. before and
after incubation). NF: No fertilizer; IF: Inorganic fertilizer; M: Compost manure; S:

Raw slurry; D: Digestate.

4.3.5 Field-scale SOC change

The field-scale SOC changes were calculated using the SOC concentrations obtained
from each treatment after the incubation experiment in combination with the field soil
bulk density (Fig. 4.12). The estimated field-scale SOC changes for organic fertilizer

treatments ranged between 3.09 and 4.80 Mg ha™.
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Fig. 4.12. Field-scale SOC changes in different organic fertilizer treatments. The error
bars show the standard deviation (n = 3). Different letters indicate significant
differences among treatments at p < 0.05. M: Compost manure; S: Raw slurry; D:

Digestate.

4.4 Discussion

Although the application of organic fertilizers is widely recognized for its positive
impact on SOC (Maillard and Angers, 2014; Zhong et al., 2010), and this study
consistently confirmed such effects (Fig. 4), distinct differences in carbon dynamics were
observed among the fertilizer types. These differences were evident not only in
cumulative CO2 emissions and SOC, but also in changes in soil properties and the fluxes
of other related gases. Of the three initial hypotheses, only the second was supported by

the results, which predicted that the digestate would produce less CO> than the raw slurry,

69



owing to its reduced carbon content (Fig.2). In contrast, the first hypothesis regarding the
lower emissions of CO» in M was not confirmed, and SOC accumulation did not increase
in direct proportion to carbon input, in contrast to the third hypothesis. To better interpret
these divergent patterns, the following sections discuss the treatment-specific responses,

possible mechanisms, and implications for fertilizer management.

4.4.1 Compost manure treatment: Limited carbon transformation and soil feedback

reSponses

Among all organic fertilizer treatments, despite having the highest carbon input (5.63
mg g'!), the cumulative CO, emissions at the end of the incubation in M were significantly
lower than those in S (Fig. 4.5). This observation is consistent with previous studies.
Impraim et al. (2022) reported that CO, emissions from compost-treated soils were
significantly lower than those from raw-manure treated soils in a 40-days incubation
period. Liyanage et al. (2021) found that compost-amended soils emitted less CO2 than
soils amended with green manure or tea waste, regardless of the initial carbon
concentration. Such low emissions are often attributed to the high proportion of stabilized
carbon in the compost, which is less accessible for microbial decomposition (Bhogal et
al., 2016; Holatko et al., 2022). However, this mechanism does not fully explain the
results observed in M. At the end of the incubation period, the ROC content in M was not
significantly higher than that in N (Fig. 4.6). And, among the three organic fertilizer
treatments, it exhibited the lowest trend. In addition, the SOC content in M was the lowest
among the organic treatments and was significantly lower than that in S, whereas the

carbon application rate was almost similar in these treatments. These findings suggest
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that the supposedly stable carbon in compost did not accumulate in the soil as expected,
raising the possibility that a portion of the applied carbon was neither mineralized nor
retained. This interpretation is further supported by the CDP results. In M, only 51.6% of
the applied carbon was converted into either SOC or CO; by the end of the incubation,
significantly lower than CDP in S and D (Table 4.4). This proportion is consistent with
the results reported by San-Emeterio et al. (2023), who observed that approximately 60%
of compost-derived carbon was released over a 6-month incubation. The results of low
mineralization and low accumulation in M suggest that carbon transformation in compost

may be constrained by additional limiting factors.

Microbial respiration and nitrification are typically regulated by the availability of
labile carbon and ammonium, with rapid substrate turnover driving the simultaneous
emissions of CO, and NO (He et al., 2020; Liu and Greaver, 2010). However, in this
study, the NO emissions showed no distinct peaks for either M or IF, whereas peaks were
recorded in S and D (Fig. 4.8b). This pattern, together with the significant negative
correlation between CO> and NO fluxes in M (Fig. 8a), indicates that organic amendments
in manure did not induce a coupled enhancement of microbial respiration and nitrogen
transformation compared to raw slurry and digestate. Nitrogen limitation is unlikely to
explain this decoupling, as evidenced by the relatively higher inorganic nitrogen input in
M (Fig. 4.3) and its significantly elevated NO3-N and comparable NH4"-N concentrations
during Pe compared to S and D (Table 4.3). Instead, the absence of coupled CO2 and NO
responses is more likely attributable to limited microbial accessibility to compost-derived
carbon. Although previous studies have reported that the addition of mineral nitrogen can
enhance the microbial utilization of organic substrates (Milkereit et al., 2025; Wu et al.,

2025), such effects appeared limited in M despite its substantial inorganic nitrogen input
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(Fig. 4.3). This observation suggests that the absence of coupling was not solely due to
substrate recalcitrance but was more likely driven by spatially heterogeneous
microenvironments, such as compost aggregates in M. In contrast, the raw slurry and
digestate were more homogeneous and contained readily available organic substrates,
which may have facilitated concurrent microbial processes. This hypothesis was further
supported by the patterns of NoO emissions and the N2O/NO, which are often used as
indicators of the relative contribution of nitrification to denitrification (Bouwman et al.,
2002; Liet al., 2015; Liu et al., 2017). N2O flux in M remained consistently above 50 pg
kg! day™! throughout the incubation, and the N2O/NO exceeded 100 on day 1 (Fig. 4.8),
indicating a denitrification-dominated environment. Notably, N2O/NO in M showed a
steady decline throughout the incubation period, and the total CH4 emissions did not differ
from those in NF (Fig. 4.8d, Table 4.5). This suggests that the overall environment did
not reach a sufficiently anaerobic state to induce significant CH4 emissions, and that the
anaerobic microsites may have gradually dissipated or that oxygen diffusion conditions

improved over time.

The potential presence of anaerobic microenvironments in M was also reflected in the
changes in soil properties. During Pg, the pH in M increased only slightly and did not
differ significantly from that in NF (Table 4.3). This response contrasts with previous
studies on compost application in field or pot experiments, where composts from various
sources significantly raised soil pH by 0.5 to 1.5 units (Ding et al., 2021; Liu et al., 2023).
Such discrepancies may be attributed to the slow disintegration of compost peas under
the incubation conditions, which could have limited the release of alkaline components.
At the end of incubation, soil pH in M was significantly lower than that in the other

treatments, potentially indicating the gradual accumulation of acidic metabolites
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produced by anaerobic processes such as denitrification, which eventually exceeded the
pH buffering capacity of the soil. The correlation network analysis further highlighted the
distinct response characteristics of the soil system in M. Compared with S and D, the
correlation network in M exhibited weaker first-order linkages between CO» flux and soil
properties, as well as fewer second-order connections among the soil variables themselves
(Fig. 4.10). This suggests a lack of coordinated response to external perturbations in the
soil system. Such a weakened feedback mechanism may result from the
compartmentalization of biogeochemical processes under locally reducing conditions,
which spatially decouple carbon decomposition, nitrogen transformation, and EC

regulation.

Although the CDP and CBE in M were relatively low in this study, whether this implies
a greater potential for long-term SOC accumulation remains uncertain and requires
further investigation. Previous studies have suggested that when compost is incorporated
into the soil, its soluble organic compounds can rapidly bind to mineral surfaces, forming
protective coatings that limit subsequent microbial access and decomposition (Dijkstra
and Keitel, 2024). Under such conditions, although early microbial activity may be
stimulated by a priming effect, the lack of a continuous carbon supply could drive
microbes to decompose native soil organic matter, thereby offsetting the positive effects
of compost on SOC accumulation. Long-term compost application often results in
elevated fungal activity. This enhances the fungal breakdown of cellulose into low-
molecular-weight oligosaccharides, which, in turn, promotes the activity of gram-
negative bacteria. These bacteria typically exhibit low carbon-use efficiency, resulting in
greater carbon loss and reduced carbon retention in the soil (Miao et al., 2021). Moreover,

the lowest pH at the end of the incubation period and consistently elevated N>O emissions
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were observed in treatment M. These findings suggest that in practical applications, the
risks of soil acidification and increased greenhouse gas emissions associated with

compost use should be carefully considered.

4.4.2 Digestate versus raw slurry: Higher carbon-balance efficiency with comparable soil

dynamics

Compared with the significantly lower CDP in M, CDP values in both S and D were
above 80 % by the end of incubation, and the difference between them was not significant
(Table 4.4). This finding indicates that almost all the applied carbon in raw slurry and
digestate was converted into either CO2 or SOC. Nevertheless, despite the much higher
carbon input in S, the final SOC content and its fractions did not differ significantly from
those in D (Fig. 4.6 and 4.7). Moreover, CBE was significantly higher in D than in S,
whereas CBE in S did not differ from that in M (Table 4.4). This discrepancy was mainly
attributed to CO> emissions, as the cumulative CO2 flux in S was significantly higher than
that in D throughout the incubation period (Fig. 4.4, Table 4.3). This pattern can be linked
to the distinct anaerobic digestion process and substrate composition of the two materials.
During anaerobic digestion, readily degradable carbon is consumed first, leaving the
digestate enriched in semi-degradable components, such as soluble proteins or cellulose,
which are less available for microbial mineralization (Lamolinara et al., 2022; van
Midden et al., 2024; Zhong et al., 2011). This is also reflected by the slightly higher
OM:TC ratio of the digestate (1.66) compared to that of the raw slurry (1.57), indicating
a higher proportion of non-carbon components per unit carbon in digestate-derived

organic matter (Table 4.2). Notably, despite the lower C:N ratio of digestate than raw
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slurry (Table 4.2), the condition that, in theory, should enhance microbial activity and
accelerate carbon mineralization (Chen et al., 2014; Lv et al., 2018) was not observed.
Previous studies have reported similar results; digestate application can induce negative
priming effects and promote SOC stabilization (S. H. Villarino et al., 2025). Furthermore,
digestate C:N has been positively correlated with CO» emissions because a higher C:N
stimulates fungal activity, thereby increasing CO: release (Barduca et al., 2021). These
observations suggest that the SOC enhancement efficiency was higher in D owing to its
more stable carbon composition and reduced carbon loss despite the smaller carbon input.
In contrast, the large carbon input in S was not effectively retained as SOC, reflecting a

lower carbon-use efficiency.

Although contrasting SOC enhancement efficiencies were observed between in S and
D, the soil physicochemical responses were largely similar. No significant differences
were observed in the temporal dynamics of soil properties between the two treatments. In
the correlation network, the CO: flux maintained strong first- and second-order
relationships with the key soil variables. This indicates a well-coupled relationship
between carbon processes and the soil environment, which is distinct from the loosely
structured network in M (Fig. 4.9 and 4.10). However, the differences in gas emissions
were still evident. During Pg, a distinct CHs emission peak was observed, and the
cumulative CH4 emissions were significantly higher than those in D. In contrast, no
significant CHs peak was observed in D and its cumulative CH4 emissions were
comparable to those in NF. Methanotrophs inhibit agricultural soils (Singla and Inubushi,
2014; Walling and Vaneeckhaute, 2020), and CH4 fluxes typically peak on the day of
organic fertilizer application (Czubaszek and Wysocka-Czubaszek, 2018). The

occurrence of CHs peaks in both treatments, regardless of magnitude, suggests that the
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CH4 concentrations exceeded the threshold for microbial oxidation at that time. The
absence of an insignificant peak in D might be attributed to the higher availability of
nitrogen in the digestate, which could stimulate the activity of methanotrophs and
suppress CH4 emissions (Egene et al., 2022). In addition, the NO peak in D occurred
during P, earlier than that in S. This implies that nitrification in D responded more
rapidly to increased nitrogen availability (Egene et al., 2022; Foereid et al., 2021). These
gas flux differences reinforce the view that the digestate led to smaller transient carbon
losses, thus achieving a higher carbon balance efficiency than the slurry despite their
overall similar soil responses. Nevertheless, small fluctuations in the N2O/NO during Pm
in D suggest a potential risk of intensified denitrification following digestate application

(Badagliacca et al., 2024; Zilio et al., 2023).

A meta-analysis integrating 17 different studies on digestate application reported that
approximately 68% of the carbon in digestate remains relatively stable in soil with a mean
residence time of 1.2 years (Andrade Diaz et al., 2024). This value was slightly lower
than the CBE observed in D in the present study (74.24%). However, during the Py, the
CO; flux in S and D remained significantly higher than that in NF or IF (Table 4.3),
suggesting that the CBE may continue to decline after the incubation period. However,
results from long-term incubation experiments have consistently indicated that digestate
achieves a higher carbon retention efficiency than raw slurry (Thomsen et al., 2013). Field
conditions, however, are governed by interacting factors, such as temperature, soil
moisture, and precipitation, which make organic matter decomposition and SOC
stabilization markedly more complex than under controlled incubation. Several field trials
have reported markedly lower carbon retention efficiencies for both digestate and raw

slurry (Liang et al., 2021; Villarino et al., 2025). Therefore, despite the favorable short-
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term results observed in the present study, additional long-term field studies are essential
before the carbon sequestration potential of digestates can be confirmed for practical

agricultural applications.

4.4.3 Decomposition pathways and nutrient couplings: Re-examining carbon retention

indicators

The amounts of retained SOC and CO; emissions (mineralization) are commonly
regarded as direct indicators of fertilizer performance (Khalsa et al., 2020; Li et al., 2018;
Yang et al.,, 2021). However, when the biochemical composition or decomposition
environment of materials differs substantially, endpoint measurements alone may be
insufficient to elucidate the underlying transformation trajectories. In the present study,
limited carbon release and modest SOC accumulation occurred in M. This outcome was
attributed not only to the relatively stable carbon composition of compost manure but also
to the slow-disintegrating physical structure: large compost particles tend to have limited
contact with the surrounding soil, thereby restricting microbial mineralization (Dijkstra
and Keitel, 2024). Therefore, increased focus should be directed toward decomposition
trajectories and nutrient release kinetics determined by the origin and structural
characteristics of the material when comparing different types of organic amendments.

Although soil carbon and nitrogen cycles are generally tightly coupled under natural
conditions (Hendricks et al., 2022; Nazir et al., 2024), the addition of organic fertilizers
can potentially alter or disrupt this relationship. In the present study, CO> emissions and
SOC content were primarily explained by the levels of ROC and LOC changes and CH4
emissions, whereas nitrogen-related variables showed low explanatory power (Fig. 4.11).

This suggests that short-term changes in carbon dynamics depend more on the intrinsic
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characteristics of the carbon pool. In contrast, soil nitrogen dynamics exhibited relatively
stronger loadings for CBE and CDP, which are two key indices for evaluating the carbon
performance of organic materials. This indicates that nitrogen-related processes should

be considered when assessing the SOC enhancement potential of different amendments.

4.5 Conclusion

This study evaluated the effects of compost manure, raw slurry, and digestate on soil
carbon dynamics from the perspectives of decomposition kinetics and soil feedback. All
three organic fertilizers promoted SOC accumulation; however, the CBE varied
depending on the material properties. Compost manure application induced localized
anaerobic microsites, which led to the partial decoupling of carbon and nitrogen processes
at the bulk soil scale, thereby limiting both CDP and SOC accumulation and ultimately
resulting in the lowest CBE. In contrast, raw slurry and digestate exhibited comparable
CDP at the end of incubation, whereas the digestate achieved a higher CBE with a lower
carbon input, suggesting that anaerobic digestion can enhance carbon use efficiency and
mitigate immediate carbon mineralization losses. Moreover, the dynamics of soil nitrate,
ammonium, and N2O emissions explained variations in CDP and CBE more effectively
than the SOC fractions, highlighting the key regulatory role of nitrogen dynamics in
shaping the carbon balance. Overall, the combined evaluation of decomposition rates and
soil feedback provided a more robust assessment of the carbon sequestration potential of
different organic fertilizers than considering the final SOC or CO2 emissions alone. Given
the variability in field temperature, moisture, and management practices, further

assessments under diverse environmental conditions are necessary.
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5. Enhanced Rock Weathering

5.1 Introduction

As mentioned in chapter 1, there are two approaches to reducing soil CO> emissions,
broadly. The first involves reducing emissions at the source, such as suppressing
microbial or root respiration. For instance, regulating soil moisture through irrigation was
reported to inhibit microbial activity and thereby reduce CO> emissions (Zhong et al.,
2021). The second approach involves reabsorbing the CO; that has already been produced
and sequestering it back into the soil, effectively reducing net CO2 emissions such as
afforestation/reforestation and soil organic carbon sequestration (Fuss et al., 2018).
Among these, enhanced rock weathering (ERW), as a method of CO; reabsorption and

sequestration, has gained widespread attention in recent years as a viable CDR strategy.

ERW artificially crushes silicate rocks to increase their surface area, thereby enhancing
their natural weathering processes to remove atmospheric CO> (Beerling et al., 2020;
Strefler et al., 2018). Briefly, dissolution of silicate minerals releases cations, converting
dissolved CO: into bicarbonate (HCOs3") and under some conditions forming secondary
minerals or dissolved silica. HCOj" either precipitates as calcium carbonate or leaches
through the soil into the global water system, eventually discharging into the oceans (Berg
and Banwart, 2000; Hartmann et al., 2013). Once in the ocean, HCOj3™ acts as a carbon
sink, increasing the ocean alkalinity and counteracting ocean acidification (Gore et al.,
2019; Rau and Caldeira, 1999). Therefore, understanding the carbon cycle in farmlands
is essential to evaluate the effects of ERW on soil-plant ecosystems. However, many
studies on the potential of ERW to reduce CO; emissions have been based on calculations

of changes in metal ions or soil carbon (Beerling et al., 2020; Lefebvre et al., 2019; Lewis
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et al., 2021). Owing to the complexity and variability of field environments and
complexity of CO> measurements (Leuning et al., 2008; Zhou et al., 2021), direct proof
of CO, emission reduction by ERW in agricultural fields remains limited, highlighting

the need for field experiments.

ERW not only sequesters atmospheric CO» via weathering but also releases metal ions,
such as Ca, Mg, and K, providing mineral nutrients to crops (Hartmann et al., 2013;
Jariwala et al., 2022). Release of HCO3™ and Si via mineral weathering reduces soil Al
toxicity and improves the soil pH (Elisa et al., 2016; Patricia Vieira da Cunha et al., 2008).
However, changes in soil properties resulting from these processes can enhance microbial
activity, thereby increasing the soil CO2 emissions. Borges et al. (2019) reported that
increased soil silicate concentrations related to higher phosphorus availability lead to
elevated CO> emissions. Dietzen et al. (2018) indicated that silicate mineral application
increases soil pH to a level sufficient to overcome aluminum toxicity, without any
significant difference in the cumulative net CO2 flux between olivine-amended and
control soils. Therefore, exploring the impact of ERW on soil properties, such as soil pH
and moisture, is essential to evaluate its CO2 removal potential as changes in these soil
properties alter the activity of soil microorganisms and plant root systems. Moreover,
differences in the properties of rhizosphere and non-rhizosphere soils cannot be ignored
in weathering processes as root exudates affect the soil structural stability, water retention
capacity, and microbial community composition (Fu et al., 2022; Kobierski et al., 2018).
Partial pressure of CO; in rhizosphere soil is higher than that in non-rhizosphere soil
(Drigo et al., 2013; Hinsinger et al., 2009), implying that the weathering process in

rhizosphere soil is more active than that in non-rhizosphere soil. To date, differences in
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the weathering processes in rhizosphere and non-rhizosphere soil conditions have not

been thoroughly investigated.

Estimation of the net biome production (NBP) is important to assess the ecosystem
carbon budget (Shimizu et al., 2009). Carbon flows into ecosystems primarily from plant
photosynthates, which are converted into organic matter. This organic matter is
transported from the leaves to the roots, with a portion exuded into the rhizosphere.
Conversely, carbon flow from ecosystems consists of CO; emissions from organic matter
decomposition, artificial harvesting, and leaching. Carbon flow changes within the
rhizosphere and non-rhizosphere soils induced by ERW must be accounted for in
ecosystems treated with rock powder. Evaluating the carbon budget of farmland
ecosystems using ERW via direct measurement of carbon flow may yield results different
from those of previous reports using soil carbon changes as the only evaluation method
(Guo et al., 2023b; Kantola et al., 2023).

This study aimed to quantify the influence of basalt rock powder addition on soil
carbon emission from rhizosphere and non-rhizosphere soils and determine the main
driving factors for these effects. Furthermore, we clarified and compared the carbon
budgets of fields with and without rocks. It was hypothesized that the application of basalt
rock powder decreases soil carbon loss by absorbing atmospheric CO2 via mineral
weathering and producing bicarbonate ions in the rhizosphere and non-rhizosphere soils,

thereby improving the field carbon budget.
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5.2 Materials and methods

5.2.1 Site description

The study was conducted at the Experimental Farm of the Field Science Center for
Northern Biosphere, Hokkaido University (Sapporo, Hokkaido, Japan; 43°04'17.4" N
141°2024.6" E) in 2023. The experimental site had a humid continental climate
characterized by cold winters and warm summers, without apparent wet or dry seasons.
The annual precipitation at the study site was approximately 1146 mm, and the mean
annual temperature was 9.2°C. The highest daily temperatures were observed in August,
averaging 26.4°C, whereas the lowest daily temperatures were observed in January,
averaging —6.4°C. The snow cover period generally lasted from December to March of

the following year.

5.2.2 Experimental settings

In this study, two treatment plots were designed, one without (NB) and one with (B)
basalt application, each with three replicates. Soybean (Glycine max (L.) Merr.) cultivar
Yukihomare was used in this study. The size of each plot was 15.4 m? (4.4 m x 3.5 m)
with a buffer zone between the plots. A non-crop area of 4.4 m % 1 m was established in
the southern part of each plot to measure CO; emissions without root respiration,
representative images of each treatment plot (comprising six plots) are provided in Fig.

5.1.
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Fig. 5.1. Images of experimental settings. B: Basalt application; NB: No basalt

application.

Soybeans were planted in the crop-growing area at a density of approximately 7.27
plants per square meter. On May 19th, based on the bulk density of the 20-cm soil layer,
9.52% of the soil weight (150 t ha) of basalt powder was evenly applied to the B
treatment plot and then thoroughly mixed with the 0-20 cm soil layer through tillage. The
reasons for applying basalt at 9.52 wt% are that previous studies have reported that
applying basalt at 20 wt% can reduce crop yield, whereas no adverse effects on crop yield
have been reported for the application of basalt at 10 wt% (Haque et al., 2020). To ensure
consistency and maximize experimental outcomes, the maximum allowable application

rate of basalt was chosen for the field experiment. The rock mass ratio with particle size
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less than the value reached 80% of the basalt powder (P80) was 57.66 pm and the detailed

concentrations of mineral composition are provided in Table 5.1.
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Table 5.1. Mineral composition of basalt rock.

Mineral Concent S.D. Unit Mineral Concent S.D. Unit
ration ration
P20s 0.197 0.001 % Nb 3.54 0.4 ng g!
Na;O 3.82 0.05 % Mo 0.205 0 ng g!
MgO 5.06 0.016 % Ru 1.53 0.48 ng g!
AL O3 13.13 0.01 % Rh 0 0 ug g’
SiO 56.32 0.02 % Pd 1.59 0.45 ug g!
SO3 5.04E- 0 % Ag 1.44 0.49 ng g!
Cl 2.558E— 7.30E- % Cd 0.205 0 ug gl
03 05

K20 0.269 0.0009 % In 0.305 0 ng g!
CaO 7.74 0.004 % Sn 1.63 0.85 ng g!
Ti 4874 6 ng g’ Sb 0.405 0 ug g!
\Y 254 2 ng g’ Te 0.505 0 ng g’
Cr 44.3 0.59 ng g’ I 0.605 0 ng g!
MnO 1412 2 ng gt Cs 0.805 0 ug gl
Fe2Os 9.29 0.004 % Ba 117 6.7 ug g!
Co 1.01 0 pg g’ La 1.51 0 ng g’
Ni 11.1 0.33 pg g’ Ce 1.51 0 ng g’
Cu 26.1 0.46 ng gl Hf 5.04 1.5 ng gl
Zn 61.9 0.55 ng gl Ta 0.805 0 ng g’!
Ga 13.7 0.26 pg g’ W 0.505 0.15 ng g’
As 0.205 0 pg g’ Au 2.03 1.4 ng g’
Se 0.105 0 pg g’ Hg 3.77 1.4 ng g’
Rb 11.2 0.28 ng gl Tl 0.205 0 ng g’!
Sr 184 0.4 ugg!  Pb 7.38 0.4 ng g’!
Y 21.2 0.2 pg g’ Bi 0.305 0 ng g’
Br 0.205 0 ng g’ Th 0.305 0 ng g!
Zr 56.45 0.37 ng/g U 0.305 0.12 ug/g

On May 24th, fertilizers were applied in the forms of (NH4)H2PO4 and K>SOy at rates

of 178.17 and 148.09 kg ha’!, respectively, followed by another round of tillage to
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incorporate them into the 0—20 cm soil layer. Sowing was performed on June 1st. After
sowing, to prevent birds from damaging the seeds, a fiber bird net covered the entire crop-
growing area until June 17th. The thinning was performed on June 22th. Harvesting was
conducted on September 21th, which was also the end of the measurement period.

To compare the differences between the measured parameters in the two treatment
areas during specific growth stages of soybeans, the entire measurement period was
divided into five intervals according to the growth stages of soybeans: S0, S1, S2, S3, and
S4, representing before sowing (May 22nd to May 31st), the vegetative stage (June 1st to
July 13th), the flowering stage (July 14th to July 31th), the pod-filling stage (August 1st

August 21st), and the maturity stage (August 22nd to September 21st).

5.2.3 Measurement of CO; flux

The CO: flux was measured in both the non-crop area described as Fcoz and the crop
area representing net ecosystem exchange (NEE) using the static closed chamber method
(Shimizu et al., 2009). An example of the CO> flow in a crop or non-crop area is shown

in Fig. 5.2.
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Feoo-ne=Ru Feos.s=Ry-ERWs

NEEug=NEE NEEg =
NEE,s+ERWs+ERWp

NEE

Fig. 5.2. Examples of CO; flow in B and NB in the crop and non-crop areas. Ryu:
heterotrophic respiration, NEE: net ecosystem exchange, Fcoz-ng: CO; flux in non-
rhizosphere soil in NB, Fcoz-s: CO; flux in non-rhizosphere soil in B, NEEng: CO; flux
in rhizosphere soil in NB, NEEg: CO; flux in rhizosphere soil in B, ERWs: ERW-
induced CO; removal in non-rhizosphere soil, ERWp: ERW-induced CO; removal in

rhizosphere soil.

In non-crop areas, CO> flux was measured every two days for one week after the
application of basalt powder and fertilizers, and then every 7-15 days thereafter. To
minimize the influence of diurnal temperature variation, measurements were taken
between 8:00 AM and 11:00 AM on the measurement days. During the measurement, a
stainless-steel cylindrical chamber with a diameter of 20 cm and height of 25 cm was
placed on a chamber base that had been inserted 3 cm into the soil and leveled after tillage.

(Fig. 5.3).
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Pressure adjustment bag
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Fig. 5.3. Schematic diagram of the chamber setup in the non-crop area.

The gap between the chamber and the chamber base was sealed with water (Fig. 5.4).

Chamber Water
Chamber
base { 3em

Fig. 5.4. Schematic diagram of the connection between the chamber and the chamber

base.

Gas samples of approximately 300 mL were extracted from the chambers at 7, 17, and
27 min after setup and collected in Tedlar bags. The CO2 concentration in the gas samples
was analyzed using an infrared CO; gas analyzer described in Chapter 3. CO, flux was
calculated using a three-point regression. In the crop-growing area, NEE was measured

using the static closed chamber method, including soybean plants in the chamber. CO»
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flux measurements began on June 22nd, with a frequency of once every 7—15 days. The
measurement times were the same as those for the non-crop areas. During the
measurement, a transparent acrylic chamber (60 cm in length, 40 cm in width, and 55 cm
in height) was placed on a chamber base set up after the removal of the bird net (Fig. 5.5).

The gap between the chamber and chamber base was sealed with water.

Batter
P y

CO, probe

"@ Thermometer

< Pressure
adjustment
bag

\ %ﬁhambcr base
L 1

Fig. 5.5. Schematic diagram of the chamber setup in the crop area.

A CO; probe (GMP 343, Vaisala, Vantaa, Finland) was used to measure the CO»
concentration inside the chamber every 15 seconds, and linear regression of the
concentrations within the first 7 minutes after setup was used to calculate the CO; flux.

The CO; flux (kg CO ha! day™) for the sampling day was calculated using Eq. 4.1.

feor =px QDX X D x o (Eq.4.5)
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where, p represents the COz density (1.977 mg mL™), Vis the gas volume of the chamber
(mL), 4 is the base area of the chamber (cm?), (dC/dt) is the rate of change in gas
concentration per unit time (cm® cm™ day'), T is the temperature measured by

thermometer (°C), and M is the molar mass of CO» (44).

5.2.4 Soil physical and chemical properties

To assess the effects of basalt application on soil properties and to analyze the factors
influencing CO> removal through weathering, we measured key soil properties at regular
intervals to monitor changes over the investigation period. After fertilization and tillage,
thermometers (TR-52, T&D, Nagano, Japan) were installed in the crop-growing area of
each plot to continuously measure the soil temperature at a depth of 5 cm and to record
data every hour. The soil volumetric water content (VWC) at a depth of 5 cm in the crop-
growing area of the first replicates of NB and B (Fig. 5.1) was measured using soil
moisture sensors (CDC-TEROS-12, Meter Japan, Saitama, Japan), and the data were
recorded every hour. On each gas sampling day, the surface soil was collected at a depth
of 5 cm (three samples for each plot), and the VWC was measured by creating a fitting
curve between the VWC of the second and third replicates and the first replicate. This
fitting curve, along with the sensor data from the first replicate, was used to estimate the
hourly VWC changes for the second and third replicates.

During each gas sampling, surface soil at a depth of 5 cm (sampled at three points)
from the crop-growing area was collected to analyze soil chemical properties, including
pH, EC, NOs-N and NH4"-N concentrations, WSOC, and WSIC. The method of the
analyzation is described in Chapter 3. The measurement methods for WSIC and WSOC

are identical, since their values can be simultaneously determined using the TOC analyzer.
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5.2.5 Fcoz and NEE models

Based on the data of CO; flux and corresponding soil property values at specific time
points, to identify the hourly Fco2 and NEE, this study fitted models for them. For the
Fco2 model, the soil temperature and soil moisture models mentioned by Suseela et al.
(2012) (Eq. 5.1) was used.

Feoz = aexp (k* T) * [(6 = Opnin) Omax — O)]?  (Eq. 5.1)

where, a is the Fico2 when the soil temperature is 0°C, k and » are the sensitivity of Fcoz
to soil temperature and soil moisture content, respectively. 6,,,, and 68,,;, are the
maximum and minimum VWC during the investigation period, 7 is the soil temperature

at a depth of 5 cm, and 6 is VWC at a depth of 5 cm.

As NEE equals the CO; absorbed by plant photosynthesis (GPP: Gross Primary
Production) minus the CO; emitted by ecosystem respiration (Rg: Ecosystem Respiration)
(Shimizu et al., 2009), the models were fitted separately for GPP and Rg. The GPP was
modeled using the photosynthetic light-response curves proposed by Ogren and Evans
(1993) (Eq. 5.2), whereas Rg was modeled using the temperature calculation formula used
by Flanagan and Johnson (2005) (Eq. 5.3). Thus, the calculation formula for the NEE was

obtained (Eq. 5.4).

—J@Irm)Z-aegim
Gpp = LMo @) —Aodim (Eq. 5.2)
Ry =axexp (k*T) (Eq.5.3)

_\/—_ .
NEE = $Hm—J@ItmP-40¢im _ kT (Eq. 5. 4)

20

where, @ is the maximum quantum yield, m is the light-saturated photosynthetic rate (an
asymptote), @ is the convexity (set to 0.9 in this study), I is the hourly photosynthetic

photon flux density (PFD) measured by a meteorological observation tower which was
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set up beside the field, a is the Rg when the soil temperature is 0°C, & is the sensitivity of
RE to soil temperature and 7 is the soil temperature at a depth of 5 cm.
Subsequently, ERWs and ERWp, which represent CO> removal in the non-rhizosphere
and rhizosphere soil were calculated using Eq. 5 and 6 (Fig. 5.2), respectively.
ERW; = Fcoa-nB — Fcoz2-B (Eq.5.5)
ERW, = NEEg — NEEyg — ERW; (Eq. 5. 6)
where, Fcox-vg and Fcoz-p are the CO; flux in non-rhizosphere areas in NB and B
treatments, respectively, and NEEng and NEEp are the NEE in NB and B, respectively.
Positive values indicate CO> removal and negative values indicate CO2 emissions.
Cumulative amounts of Fco2, NEE, ERWs, and ERWp were calculated by linear

interpolation of the gas flux and fitted as follows:

Cumulative C0O, emission or abosorbtion = Z(f‘:ﬂ *t) (Eq.5.7)

where, f; is the fitted value of the i th CO» flux, and ¢ is the time interval between two

fitted values (1 h).

5.2.6 Net primary production (NPP) and carbon leaching (L)

On September 21th, four mature soybean plants were collected from each treatment
area. The plants were separated into seeds, pods, stems, and roots. These parts were then
dried at 70°C for 72 h, weighed, and subsequently ground into powder. The carbon
content of each part was measured using an elemental analyzer (vario EL cube, Elementar
Analysensysteme GmbH, Langenselbold, Germany). The NPP was calculated based on

the dry weight and carbon concentration of each part.

The leaching of carbon is determined by the carbon concentration in the soil water and

the hydrological conditions (precipitation and evapotranspiration). Soil water at a depth
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of 30 cm was collected monthly after a rainy event on June July 11th, August 27th, and
September 15th using a porous cup at a pressure of 70 kPa generated by a negative
pressure pump (DIK-3954, DAIKI, Saitama, Japan). The organic and inorganic carbon
contents of the leachate were measured using a TOC analyzer. Evapotranspiration was

calculated using the Penman equation as mentioned in Miura and Okuno, (1993) (Eq. 5.8).

A S
ETyen = — %=
pen T Ayy g +

100
A+y

uz
w * (esq —€q) (Eq.5.8)

where, A represents the slope of the vapor pressure curve (mbar °Cl), y is the
psychrometric constant (0.66 mbar °C™'), S is the net solar radiation (MJ m?), / is the
latent heat of vaporization of water (MJ kg™!), u> is the wind speed at a height of 2 m (m
s, e is the saturation vapor pressure (mbar), and e, is the actual vapor pressure of the
air (mbar). Environmental data, including wind speed, relative humidity, and air
temperature, were observed using a meteorological tower set up next to the experimental
field, while sunshine duration data were obtained from the Automated Meteorological
Data Acquisition System (AMeDAS) located in Sapporo (43°03'38.01"N,
141°19'44.16"E).

Carbon leaching (L), including organic carbon leaching (OL) and inorganic carbon
leaching (IL), was calculated as the product of the amount of percolating water and carbon
concentration in the soil water. OL and IL were calculated using Eq. 5.9 and Eq. 5.10:
OL = Ymontn Cor, * max {0,P — ET,.,}  (Eq.5.9)

IL = Y monen €1, * max {0, P — ETyep} (Eq. 5. 10)
where, cor and cr are the concentration of organic carbon and inorganic carbon in the soil

water, and P is the total monthly precipitation. E7pe, is the monthly evapotranspiration.
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5.2.7 Calculation of NBP

To evaluate the carbon budget of the entire soybean field, the NBP was calculated using
the following equation mentioned in Shimizu et al., (2009):
NBP = NPP — Ry + ERW; + ERW, — E — L (Eq.5.11)
where, NPP, ERWs, ERWp and L are the net primary production, the CO, removal in non-
rhizosphere and rhizosphere soil, and the carbon leaching, respectively. Ry is the
heterotrophic respiration, which was the cumulative amount of CO: flux in non-
rhizosphere area of NB treatment (i.e. cumulative F'coz in NB treatment). E is the artificial
harvest, which was the aboveground NPP in this study. Positive NBP values represent the

carbon sequence, whereas negative values represent carbon loss.

Ultimately, the carbon loss mitigation caused by ERW was calculated by comparing

the NBP between the B and NB treatment areas.

5.2.8 Statistical analysis

Statistical analysis applied in this chapter was described in chapter 3. Model

performance was evaluated using the explained variance (R?) (Eq. 5.12):

Ty Y2
R2 = 1_M (Eq. 5. 12)

Yi, (x—%)?

A two-sample #-test was used to assess the differences in gas emissions between the
two treatment intervals. A Linear Mixed Model (LMM) was used to evaluate the
differences in soil properties between two treatments during each period. Linear
regression analysis was used to determine the associations between the soil properties and

ERWs or ERWp on each sampling day.
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5.3 Results

5.3.1 Soil properties

During the investigation period, the temperature ranged from 10 to 30°C. Multiple
heavy rainfall events with daily precipitation > 25 mm were observed in S1, S2, and S4,
whereas relatively long rainfall events with precipitation < 10 mm were observed in S3
(Fig. 5.6a). Soil temperature and VWC generally exhibited trends similar to those of air
temperature and precipitation. During the investigation period, no significant difference
in the soil temperatures was observed in B and NB. Notably, VWC in B was significantly
lower than that in NB (p < 0.05), irrespective of the period, with the decrease ranging
from 0.53% to 4.97% (Fig. 5.6b; Table 5.2).

The mean soil pH in NB ranged from 5.76 to 5.97, which was significantly lower than
that in B regardless of the time period (p < 0.05; Fig. 5.7a; Table 5.2). However, EC in B
was higher than that in NB during SO and S1, with no significant differences observed
throughout the investigation period (Fig. 5.7b; Table 5.2). Soil NO3-N and NH4'-N
concentrations were high in SO and S1 and gradually decreased with no significant
differences between the two treatments (Fig. 5.7c and d; Table 5.2). WSOC
concentrations were not significantly different between the two treatments. However,
WSIC concentration in B was significantly higher than that in NB in S3 and S4 with an

increase of 2.38 and 1.31 mg kg!, respectively (p < 0.05; Fig. 5.8a and b; Table 5.2).

96



Iso] st | s2 | ss | s |
B Percipitation
—Air Temperature (a)

30 r - 50

35

60

25

Percipitation
(mm/day)

Air Temperature
c)

20

o TNE
10 lxdll;‘ o Kl lllllH 1|l I‘l I ‘ ‘ Lo
35

T

L (b)

3
T
|
o

Soil Temperature
(C)

VWC
(%)
N
(%)

5/1 6/1 7/1 8/1 9/1 10/1
Month/Day

Fig. 5.6. Daily variations in air temperature and precipitation (a), soil temperature (b)
and volumetric water content (VWC) (c¢). Data represents means. SO, S1, S2, S3, S4
represent before sowing (May 22nd to May 31st), the vegetative stage (June 1st to July
13th), the flowering stage (July 14th to July 31st), the pod-filling stage (August 1st to

August 21st), and the maturity stage (August 22nd to September 21st), respectively.
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Fig. 5.7. Seasonal variations in pH (a), EC (b), nitrate nitrogen (NO3™-N) (c¢) and
ammonium nitrogen (NH4"-N) (d) concentrations. Data represents means + S.D. (n = 3).
S0, S1, S2, S3, S4 represent before sowing (May 22nd to May 31st), the vegetative
stage (June Ist to July 13th), the flowering stage (July 14th to July 31st), the pod-filling
stage (August 1st to August 21st), and the maturity stage (August 22nd to September

21st), respectively.
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Fig. 5.8. Seasonal variations in water-soluble organic carbon (WSOC) (a) and water-
soluble inorganic carbon (WSIC) (b) concentrations. Data represents means + S.D. (n =
3). SO, S1, S2, S3, S4 represent before sowing (May 22nd to May 31st), the vegetative
stage (June 1st to July 13th), the flowering stage (July 14th to July 31st), the pod-filling
stage (August 1st to August 21st), and the maturity stage (August 22nd to September

21st), respectively.
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Table 5.2. Linear Mixed Model (LMM) results of soil properties between treatments
during each period.

SO S1 S2 S3 S4

Soil NB 17.7 22.7 26.3 26.7 24.3
Temperature BvsNB -0.0lns -0.00ns -0.01ns 0.00ns -0.01 ns
)
VWC NB 15.4 25.5 23.1 24.7 28.1
(%) Bvs NB -0.53** -1.62**% -224**% -436** -407**
pH NB 5.76 5.81 5.97 5.87 5.85

Bvs NB (.27 ** 0.32 ** 0.31 * 0.37 ** 0.35 **
EC NB 4.35 5.19 5.50 5.00 4.81
(mS m™) BvsNB 1.22% 0.60 T -0.55ns  0.49ns 0.57 ns
NOs3-Nconc. NB 10.9 14.7 11.87 8.42 9.92
(mg kg™) BvsNB -0.55ns 0.06ns 1.17 ns 1.18 ns -1.27 ns
NH4+"-N conc. NB 4.63 4.21 0.28 0.27 0.09
(mg kg™ BvsNB 0.80 * -032ns -0.04ns 0.0l ns -0.00 ns
WSOC conc. NB 34.7 36.5 38.7 45.6 28.0
(mg kg™ Bvs NB 3.30ns 2.27 ns -7.85ns  4.74 ns 0.85 ns
WSIC conc. NB 2.26 1.40 1.74 1.97 2.37
(mg kg™ BvsNB 0.24 ns 0.17 ns 0.14 ns 2.38 ** 1.31 **

The row labeled “NB” represents the mean soil properties under the NB treatment during
the specified period. The row labeled “B vs NB” represents the difference in soil
properties between the B and NB treatments (positive values indicate higher values in
the B treatment compared to NB, while negative values indicate the reverse). The
accompanying suffix specifies the statistical significance of the observed difference (**:
p<0.01; *: p<0.05; ¥: p<0.1; ns: p>0.1) (VWC: volumetric water content; WSOC:
water-soluble organic carbon; WSIC: water-soluble inorganic carbon). SO, S1, S2, S3,
S4 represent before sowing (May 22nd to May 31st), the vegetative stage (June 1st to
July 13th), the flowering stage (July 14th to July 31st), the pod-filling stage (August 1st
to August 21st), and the maturity stage (August 22nd to September 2 1st), respectively.

5.3.2 Calculation of ERWs and ERWp

To calculate the fluxes and cumulative amounts of Fcoz and assess NEE during the
investigation period, we fitted Fcoz with soil temperature and VWC and NEE with hourly
PFD and soil temperature, respectively. The modeling results are summarized in Tables
5.3 and 5.4. Significant fitting equations of Fco> and NEE were generated under all
treatments and replicates, with soil temperature and VWC accounting for 38—62% of Fcoz,

and PFD and soil temperature accounting for 69—-81% of NEE.
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Table 5.3. Coefficient values and coefficient determination in the fitting
equations of CO; flux in non-rhizosphere (Fco2) against soil temperature

and volumetric water content (VWC).

treatment replication  a k b R?
1 1.10 0.045 0.681 0.43*
NB 2 0.953 0.067 0.602 0.53*
3 0.557 0.036 0.834 0.62%*
1 0.215 0.020 1.13 0.55**
B 2 0.235 0.041 1.04 0.38%*
3 1.13 0.057 0.696 0.46*

¥ p<0.01; *: p<0.05

Table 5. 4 Coefficient values and coefficient determination in the fitting equations
of Ecosystem Exchange (NEE) against photosynthetic photon flux density (PFD)

and soil temperature.

treatment replication ¢ m a k R?
1 0.097 452 211 0.012 0.79*
NB 2 0.104 469 223 0.012 0.81*
3 0.094 449 210 0.010 0.81**
1 0.115 429 214 0.006 0.69*
B 2 0.123 450 244 0.003 0.71*
3 0.128 452 259 0.001 0.70*
**:p<0.01; *: p<0.05
Using the fitting equations for Fco: and NEE, we assessed the daily

emission/absorption trends of Fco2 and NEE over time during the investigation period
(Fig. 5.9). During the investigation period, no significant difference was observed in the
cumulative Fcoz of NB and B. However, cumulative Fcoz was slightly lower in B. Daily
mean ERWs in S0, S2, and S3 were approximately 3-times higher than those in S1.
Notably, ERWs in S4 was negative, indicating high CO; emissions from the non-
rhizosphere soils in B (Table 5.5). Cumulative NEE in B was significantly higher than
that in NB throughout the study period. Specifically, daily mean ERWp in S4 was 90.3%

higher than that of the entire period. This period was the major contributor to the overall

average ERWp during the entire period (Fig. 5.9b; Table 5.6).
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Fig. 5.9. Variations in daily emission of CO; flux in non-rhizosphere (Fco2) (a) and net
ecosystem exchange (NEE) (b). Data represents means. SO, S1, S2, S3, S4 represent
before sowing (May 22nd to May 3 1st), the vegetative stage (June 1st to July 13th), the
flowering stage (July 14th to July 31st), the pod-filling stage (August 1st to August

21st), and the maturity stage (August 22nd to September 21st), respectively.
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Table 5. 5 Cumulative amounts of CO; flux in non-rhizosphere area ( Fcoz2) and
ERWs for each period. SO, S1, S2, S3, S4 represent before sowing (May 22th to May
31th), the vegetative stage (June 1st to July 13th), the flowering stage (July 14th to
July 31th), the pod-filling stage (August 1st to August 21th), and the maturity stage

(August 22th to September 21th), respectively.

Period Fcoz (Mg C ha'h) ERWs Daily Mean ERWs
NB B (Mg Cha') (kg C ha'! day™)

SO 0.05£0.01a  0.05£0.01a  0.00£0.01  0.06+1.60

S1 0.97+£0.07a  0.94+0.10a  0.02+0.12  0.57+2.80

S2 0.47£0.05a  0.44+0.06a  0.03+£0.08  1.83+4.32

S3 0.57£0.06a  0.50+£0.07a  0.07+0.09  3.33+4.40

S4 0.80£0.07a  0.82+0.08a  -0.02+£0.10  -0.56+3.34

Total 2.86£0.26a  2.75+0.30a  0.11+0.43  0.89+3.23

The values represent the mean =+ standard deviation (n = 3). Different lowercase letters
indicate significant differences between treatments (p < 0.05).

Table 5.6. Cumulative amounts of net ecosystem exchange (NEE) and ERWp for each

period. SO, Si, S2, S3, S4 represent before sowing (May 22th to May 31th), the
vegetative stage (June Ist to July 13th), the flowering stage (July 14th to July 31th),
the pod-filling stage (August 1st to August 21st), and the maturity stage (August 22th
to September 21th), respectively.

Period NEE (Mg C ha'!) ERWp Daily Mean ERWp
NB B (Mg Cha') (kg Cha'! day™)

S1 -0.5240.03a  -0.34+0.01b  0.16+0.13  7.11+5.72

S2 -0.5240.03a  -0.35+0.01b  0.1440.08  3.16+1.96

S3 -0.69+0.04a  -0.49+0.01b  0.14+£0.10  7.61+5.61

S4 -1.0440.05a  -0.7940.02b  0.27+0.12  12.8+5.69

Total 2.7740.16a  -1.97+0.06 b 0.69+0.43  6.71+4.15

The values represent the mean + standard deviations (n = 3). Different lowercase letters
indicate significant differences between treatments (p < 0.05).

5.3.3 Correlations between ERWs, ERWp and soil properties

Soil property data collected on each gas sampling day and daily ERWs and ERWp
values on the same day were subjected to a linear regression analysis. ERWs exhibited a
significant negative correlation with daily mean VWC (R?=0.69; p <0.05) and increased
with increasing WSOC concentration (R? = 0.19; p < 0.1). ERWp was negatively

correlated with NH4"-N concentration (R? = 0.56; p < 0.05). In contrast to ERWs, ERWp
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was positively correlated with daily mean VWC (R?=0.38; p <0.1; Fig. 5.9). Correlation

heatmaps for soil properties associated with ERWs and ERWp are shown in Fig. 5.1.
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Fig. 5.10. Correlations between daily cumulative ERWs and daily mean volumetric
water content (VWC) (a) and water-soluble organic carbon (WSOC) conc. (b), and
between daily ERWp and VWC (c) and NH4"-N concentration (d). The points in the
scatter plot represent the soil properties from each soil sampling days and the
corresponding daily cumulative ERWs or ERWp on that day. Grey filled area represents

95% confidence interval. *: p <0.05, §: 0.05 <p <0.1.

104



VWC pH EC NO3 NH4 WSOCWSIC ERWsERWp
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Fig. 5.11. Correlation analysis of soil properties and daily cumulative ERWs, ERWp.
ST is soil temperature, VWC is volumetric water content, NO3 is NO3™-N conecntration,
NH4 is NH4"-N concentration, WSOC is water-soluble organic carbon concentration,
WSIC is water-soluble inorganic carbon concentration, ERWs is daily cumulative
ERW-induced CO; removal in non-rhizosphere soil, ERWp is daily cumulative ERW-

induced CO> removal in rhizosphere soil. The value is Pearson correlation coefficient.

5.3.4 Carbon budget

Although NPP and E were relatively higher in B than in NB (Table 5.7), no significant
difference was observed between in NB and B. However, OL in NB was higher than that
in B, whereas IL in NB was lower than that in B. Moreover, the amount of leached carbon
was approximately an order of magnitude smaller than the NPP and Ru, as indicated

above.
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Table 5.7. Cumulative amounts of net primary production (NPP), carbon export (E),
organic carbon leaching (OL) and inorganic carbon leaching (IL).

Treatment NPP E OL IL

(Mg C ha™!) (Mg C ha™!) (kg C ha'!) (kg C ha!)
NB 2.57+0.14 a 2.40+0.14 a 8.79+£0.68 a 1.76+0.19 a
B 2.63+0.17 a 2.46+0.17 a 7.544+0.56 a 2.00+0.15 a

The values represent the mean + standard deviations (n = 3). Different lowercase letters
indicate significant differences between treatments (p < 0.05).

All NBP components, except Ry, ERWs, and ERWp, are shown in Fig. 5.12.
Regardless of the treatment, NBP was negative, indicating carbon loss and altered carbon
budget. However, carbon loss in B was —1.90+0.73 Mg C ha™!, which was 29.4% less than
that in NB (-2.69+0.41 Mg C ha!); however, no significant difference (p > 0.05) was

observed in the NBP of the two treatments.
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Fig. 5.12. Net biome production (NBP) and its components in NB and B. (L, E, Ry,
NPP represent carbon leaching, carbon export, the cumulative amount of CO; flux in

non-rhizosphere area of NB treatment and net primary production, respectively. ERWs
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and ERWp are CO; removal in the non-rhizosphere and rhizosphere soil. The error bars

show the standard deviations. (7 = 3).

5.4 Discussion

5.4.1 Response of soil properties

Soil temperature and volumetric water content are key factors influencing soil
respiration and the rate of rock weathering. In this study, the application of basalt powder
did not significantly affect soil temperature, but it did significantly reduce soil VWC
(Table 5.2). Previous research on the impact of ERW on soil water content has been
inconsistent. Some studies suggest that the application or coverage of rock powder can
increase soil water content by improving moisture movement within soil pores, reducing
evaporative losses, or enhancing soil water retention capacity (de Oliveira Garcia et al.,
2020; Medeiros et al., 2024; Ribeiro et al., 2020). Conversely, other studies indicate that
the application of rock powder can decrease soil total porosity, thereby reducing soil
VWC (Vienne et al., 2022; Wang et al., 2020). A plausible explanation is that basalt fines
partially infilled larger pores, altering the pore-size distribution, which may have
contributed to the observed decrease in soil water content. Immediate tilling after rock
powder application and a relatively low soil bulk density may also reinforce this effect.
However, while the soil pores occupied by basalt may lead to a slight decrease in VWC,
the water retention capacity of the soil could potentially be enhanced (Ribeiro et al., 2020).

For the chemical properties of the soil, the pH in B was significantly higher than that
in NB throughout the study period (Table 5.2). This is consistent with previous studies
reporting that ERW can increase soil pH (Guo et al., 2023b; Ramos et al., 2015).
Improvement in soil pH under acidic soil conditions positively affects soil nutrient
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retention and alleviates soil Al toxicity, thereby promoting crop growth (Buss et al., 2024;
Dang et al., 2022; Xia et al., 2020). The bicarbonate generated from the weathering of
primary minerals, such as plagioclase (a major component of basalt), is the main cause of
the pH increase. Additionally, the release of metal cations (e.g., Mg, Ca) during this
process is also a reason for the tendency of increased soil EC observed with basalt
application in this study. These results suggest that ERW has the potential to replace

currently widely used pH ameliorants such as lime.

It was observed that the basalt application had no significant impact on soil NO3-N or
NH4"-N concentrations(Table 5.2). The variation in soil nitrogen primarily results from
the application of fertilizers or plant growth, since the weathering of basalt does not
produce nitrogen products, the short-term application of basalt does not directly affect
soil nitrogen dynamics (Lan et al., 2021; Luo et al., 2024; X. Wu et al., 2024). The
variation in WSOC i1n the topsoil (0-20 cm) mainly comes from humic acids (Jin et al.,
2023; Tao and Lin, 2000). In this study, since there was no application of organic
fertilizers, the changes in WSOC concentration should be primarily due to the leaf fall or
root death of soybeans, rather than the application of basalt. On the other hand, WSIC
mainly exists in the form of carbonates (Lu et al., 2020; Wang and Alva, 1999), and
numerous previous studies have reported the promotion of soil inorganic carbon sinks by
rock powder application (Dang et al., 2022; Guo et al., 2023b; Kelland et al., 2020).
Additionally, this study shows that during periods S3 and S4, the WSIC in B was
significantly higher than that in NB (Table 5.2). Moreover, it has been reported that the
weathering of basalt spans a long time period, and even with enhanced weathering

treatments, a substantial portion of the basalt may remain unweathered after decades (de
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Oliveira Garcia et al., 2020; Li et al., 2016). The results of WSIC suggest that a long-term

time scale is required to evaluate the impact of ERW on soil inorganic carbon pools.

5.4.2 CO; removal in non-rhizosphere soil

In this study, ERWs was applied to evaluate CO; removal in non-rhizosphere soils,
which is influenced by two factors: CO> uptake through weathering and changes in soil
microbial respiration. No significant differences in Fco, were observed between B and
NB through to the study period, and the ERWs throughout the investigation period were
not consistently positive. ERWs did not necessarily promote carbon sequestration (Table
5.5). This result indicates that changes in soil properties induced by basalt application
may enhance soil microbial respiration, thereby leading to relatively lower ERWs values
in the outcomes. Throughout the investigation period, soil pH in B was higher than that
in NB (Fig. 5.7 a). Numerous studies have shown that an increase in pH in acidic soils
can enhance microbial respiration by increasing the solubility of soil organic matter,
alleviating the inhibitory effect of acidity on microbial growth, and reducing metabolic
stress on microbes (Anderson et al., 2018; Jones et al., 2019; Malik et al., 2018).
Consequently, the relatively higher pH of B led to a decrease in ERWs. However, the soil
microbial respiration response to the impact of basalt application on soil properties is not
solely a "promotion”. The lower VWC in B may inhibit soil microbial respiration.
Reported studies have shown that when VWC is below 38%, increasing moisture can
enhance Ry by improving substrate diffusion and increasing enzyme activity (Chen et al.,
2018; Knowles et al., 2015). In this study, VWC remained below the threshold throughout
the entire period, regardless of the treatment. Additionally, the negative correlation

between ERWs and VWC (Fig. 5.6 a) and the negative ERWs observed during S4, where
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VWC was relatively high (Table 5.2), indirectly indicated that increased soil moisture
may enhance soil microbial respiration, thereby reducing ERWs values. Hence, because
the effectiveness of ERW in non-rhizosphere soil is constrained by the microbial
respiration response, carbon removal through ERW in non-crop areas may require more

stringent soil conditions.

Previous studies have discussed the conditions under which rock weathering enhances
carbon sequestration. Research utilizing reaction transport models (RTM) or the Soil
Cycles of Elements simulator for Predicting Terrestrial regulation of greenhouse gases
(SCEPTER) has indicated that carbon sequestration capacity can be enhanced under
conditions of higher temperature, increased water content, and acidic soils, owing to
increased dissolution or reaction rates (Baek et al., 2023; Kelland et al., 2020). However,
model simulations of sequestration capacity often overlook the impact of soil biota,
including soil microorganisms and plant roots, on CO> removal during weathering
processes. Particularly under conditions of higher temperatures and soil moisture, rock
weathering is not only enhanced, but microbial respiration is also relatively increased
(Zhang et al., 2010), which can offset the CO; sequestered by the weathering process,
resulting in lower levels of ERWs. Accordingly, further research on the response of soil
microorganisms to rock application is essential for effectively implementing ERW

technology for COz sequestration in the field.

5.4.3 CO; removal in rhizosphere soil

Differing from the response of soil microbial respiration to soil properties included in
ERWs, the ERWp reflecting CO> removal in rhizosphere soils is more regulated by the

impact of crop roots on soil respiration. Compared with Fcoz, NEE in B was significantly
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higher than that in NB, regardless of the period, and ERWp was also significantly positive
(Table 5.6). Throughout soybean growth, organic compounds, including organic acids
and saponins, are exudated (Liang et al., 2013; Tsuno et al., 2018), and the death of fine
roots increases the organic components in the soil. These organic compounds can
accelerate mineral dissolution through complexation with cations, thereby promoting the
weathering process (Barreto et al., 2021; Lawrence et al., 2014). The higher WSIC in the
later stages of the investigation in S3 and S4 may indirectly support this facilitative effect.
In contrast, metal ions (e.g., Al and Fe) produced by weathering can enhance the chemical
stability of organic carbon, thus promoting soil organic carbon sequestration (Buss et al.,
2024; Chen et al., 2022). These interactions may explain the relatively high ERWp values.
Additionally, studies have shown that during the pod-filling stage (S3), the exudation of
nitrogen-containing compounds by soybean roots increases significantly (Ofosu-Budu et
al., 1990). As the soybean enters the maturation stage (S4), the death of roots also
increases, and dead roots return to the SOC (Kosslak et al., 1997). This also explains the
higher daily mean ERWp in S3 and S4 (Table 5.6). Root exudation is also influenced by
soil properties. Studies have indicated that root exudate production increases with
increasing soil moisture content (Dijkstra and Cheng, 2007). This was reflected in the
marginally significant (p < 0.1) positive correlation between ERWp and VWC observed
in this study (Fig. 5.10c), further indicating the role of plant roots in the weathering
process. The negative correlation between ERWp and NH4"-N concentration (Fig. 5.10d),
for two reasons. First, ammonium dihydrogen phosphate was used as a nitrogen fertilizer.
After fertilization, a large amount of NH4"-N entered the soil when the soybeans were
sown and had not yet developed root systems. As soybeans grow, they directly absorb

NH4"-N (Joseph et al., 1976; Klotz and Horst, 1988), resulting in a higher degree of root
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development when the NH4"-N conc. was lower, and consequently, ERWp was higher.
Second, nitrifying bacteria in the soil utilize NH4™-N to produce nitrate-N, releasing
hydrogen ions during the process. These free hydrogen ions can enhance the weathering
process by promoting the dissolution of primary minerals (Banfield et al., 1999; Zhao et

al., 2023), resulting in an increased ERWp.

The co-stimulatory effects of organic exudates from well-developed plant root systems
and weathering processes may lead to higher levels of ERWp, possibly offering more
suitable agricultural management conditions for ERW. For instance, basalt powder can
be applied in crop fields with more developed root systems and higher levels of exudates,
or with higher levels of root-derived CO; in partial pressure. Additionally, better
irrigation conditions and organic fertilizer application may increase the CO; sequestration
capacity in the field by promoting crop root growth (Chen et al., 2019; Luan et al., 2020).
However, the composition and production rate of root exudates vary among different
crops and under different soil conditions (Carvalhais et al., 2011; Miller et al., 2019), and
the relationship between increased soil respiration due to irrigation, organic fertilizer
application, and enhanced weathering remains unclear. Further field experiments are

required to verify the rationality of these management practices.

5.4.4 Carbon budget

Several studies have been conducted on the carbon budget related to ERW, most of
which calculated the carbon budget based on changes in soil inorganic carbon (Guo et al.,
2023b; Kelland et al., 2020). However, under acidic soil conditions similar to this study,
the main component of soil inorganic carbon (HCO3") exhibits high decomposition rates

and low contents, making it difficult to directly measure SIC for calculating the carbon
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budget (Mi et al., 2008; Sheng et al., 2016). In this study, we employed a method to
evaluate the carbon budget based on CO. emissions and crop harvests, which has been
previously applied in pasture and rotation field studies (Loubet et al., 2011; Shimizu et
al., 2015). This method may offer a new approach for assessing the carbon budget of

basalt powder in acidic soils.

In the overall calculation of NBP, the natural carbon losses from the ecosystem are
primarily attributed to Ru. The reduction in carbon losses caused by basalt application,
achieved through the removal of CO2 produced by soil respiration, was determined using
ERWs and ERWp (Fig. 5.12). In this study, CO; removal due to ERW was 0.81 = 0.17
Mg C ha™', which corresponds to the removal of 28% of the CO> emitted by microbial
respiration (2.86 £ 0.35 Mg C ha™'). This value still holds potential for further
improvement. The P80 of the basalt powder used in this study (57.66 um) is larger than
the optimal particle size range (10-30 um) mentioned in Beerling et al. (2018). It has been
reported that reducing the P80 of rock powder by five times can increase carbon
sequestration by 33%, although this would also result in higher CO> emissions from rock
powder production (Guo et al., 2023b). Additionally, despite crushing basalt into a
powder to enhance weathering, the process is still time-consuming. Kelland et al. (2020)
proposed that the carbon capture process might take one to five years to demonstrate the
COs capture capability after a single application of basalt powder. Lefebvre et al. (2019)
indicated that ERW have considerable potential for long-term CO; removal. Therefore,
the total CO; removal observed in the first year of basalt powder application in this study

may only represent a part of the weathering process.

In addition to CO: emissions and CO> removal via ERW (ERWs and ERWp,

respectively), plant harvests and carbon leaching were also measured in this study to
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determine specific NBP (Fig. 5.12). No significant differences were observed in NPP and
C exports of the two treatments (Table 5.7), contradicting previous reports that basalt
increases the crop yield by enhancing the essential nutrients (Blanc-Betes et al., 2021;
Luchese et al., 2021). Crop yield is influenced by multiple factors including climate and
soil conditions. In the present study, in B, a lower VWC was observed during the
investigation period, whereas water stress limited soybean growth (Foroud et al., 1993;
Wijewardana et al., 2018). Additionally, some studies have indicated that the yield-
increasing effect of ERW is not significant under semi-arid and semi-humid climatic
conditions (Guo et al., 2023a). This indicates that the yield-increasing effect of ERW may
require consideration of the influence of field meteorological conditions and initial soil
properties. Organic carbon leaching in NB and B were 8.79 + 0.68 and 7.54 £ 0.56 kg C
ha™, respectively (Table 5.7). As organic carbon leaching is influenced by soil properties
and climatic conditions, even within acidic soil systems similar to those in this study, the
reported range can vary substantially. Nevertheless, organic carbon leaching values in
this study fell within the previously report ranging from 5.5 to 74 kg C ha™! yr! (Kindler
etal., 2011; Long et al., 2015). Notably, there were no significant differences in leaching
between the treatments for either organic or inorganic carbon, indicating that the
application of rock powder does not increase carbon loss via leaching in short-term.
Furthermore, the carbon flux of leaching is nearly an order of magnitude smaller than that
of the other pathways, thereby exerting minimal influence on the overall carbon budget.
Here, no significant differences were observed in the plant yield and carbon leaching.
Therefore, variations in NBP within the study area mainly stemmed from differences in
CO; emissions (ERWs and ERWp; Table 5.7; Fig. 5.12). Carbon loss in B was reduced

by 29.4% lower than that in NB, even though the difference was not statistically
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significant (Fig. 5). This value aligns with previous studies on maize/soybean systems,
where ERW reduced carbon loss by 23% to 42% (Kantola et al., 2023). However, studies
disagree on which flux drives the ERW-induced improvement in the farm carbon balance
loss mitigation. In our study, the removal in CO> emissions primarily mitigated carbon
loss, while research of Kantola et al., (2023) indicated that ERW mainly reduced carbon
loss by promoting crop biomass. Additionally, studies have reported that an increase in
soil inorganic carbon is a significant pathway through which ERW improves carbon
budget (Azeem et al., 2022; Haque et al., 2020). Rock powder can enhance the carbon
balance by increasing soil microaggregates, and redistribution soil organic carbon has
also been reported (Reifschneider et al., 2021). Considering the differences in CO;
absorption between the rhizosphere and non-rhizosphere areas observed in this study, a
more detailed mechanistic investigation of weathering processes around crop roots is
necessary to determine the impact of ERW on the carbon budget in farmland systems.
However, as this study did not specifically measure soil carbon pools, the differential
responses of soil organic and inorganic carbon pools to ERW could be a focus of future

research.

5.5 Conclusion

In conclusion, ERW technique reduced CO- emissions in both the rhizosphere and non-
rhizosphere soils, with more pronounced effects in the rhizosphere soil. Some soil
property responses to ERW, such as increased soil pH, promoted soil microbial
respiration, indicating that the application of basalt powder to ERW in non-crop soils
requires more stringent soil conditions. However, in the rhizosphere soil, crop root

systems and root-induced rock weathering mutually enhance each other, suggesting that
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the ERW technique has wide application potential in agricultural crop fields, particularly
in crop fields with vigorous root activity and exudate output. Additionally, ERW
mitigated soil carbon loss, providing a new solution for farmland carbon balance.
However, further research is necessary to elucidate the mechanisms by which ERW

improves the carbon budget.
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6. General discussion

6.1 Mechanisms of efficiency differences in two carbon loss mitigation strategies

This study systematically compared organic fertilizer applications and ERW as carbon
loss mitigation strategies. The findings showed significant differences in short-term
efficiency between the two approaches. Organic fertilizers exhibited markedly higher
carbon mitigation efficiency compared to ERW within the 91-days incubation period.
Specifically, carbon loss mitigation rate relative to the control was 3.09, 4.80, and 4.08
Mg C ha'! for compost, slurry, and digestate, respectively (Fig 4.12). While enhanced
rock weathering achieved only 0.79 Mg C ha™! over approximately 6 months of field trials.
The fundamental cause of this efficiency disparity lies in the inherently different

mechanisms through which these methods intervene in carbon cycling processes.

Organic fertilizers achieve carbon mitigation by directly introducing exogenous
organic carbon into soil, representing an input-side intervention approach that rapidly
enhances soil organic carbon pools (Lazcano et al., 2013). From a carbon cycling
perspective, organic fertilizers essentially constitute carbon that has been pre-fixed from
atmospheric CO; through plant photosynthesis and animal metabolic processes, then
directly applied to soil systems (Diacono and Montemurro, 2010; Liu et al., 2006; Yang
and Zhang, 2023). This pre-fixed carbon source bypasses the complex transformation
processes from atmospheric CO2 to SOC stock, thereby enabling rapid carbon
sequestration effects. The rapid increase in soil organic carbon content observed in the

91-days incubation experiment demonstrates the advantage of this direct input approach.

The efficiency differences among organic fertilizer types further reveal the critical

influence of carbon quality on mitigation effectiveness. Digestate exhibited the highest
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CBE, primarily attributed to the structural modifications of organic matter during
anaerobic fermentation. During anaerobic digestion, readily decomposable carbohydrates
and proteins are preferentially degraded to produce methane, while recalcitrant
components such as lignin are retained (van Midden et al., 2024; Zhong et al., 2011). This
process endows the organic carbon in digestate with enhanced stability, resulting in
reduced rapid mineralization losses after application. In contrast, raw slurry contains
substantial amounts of labile components (Andrade Diaz et al., 2024), leading to higher
CO: emissions and relatively lower CBE after application. Although compost provided
the largest carbon input, its carbon release and transformation processes were relatively
slow due to physical structural constraints, preventing it from fully realizing its carbon

mitigation potential during the short-term incubation experiment.

In contrast, ERW directly captures CO; from the atmosphere through mineral
weathering reactions, representing an indirect carbon sequestration approach. The core
mechanism involves weathering reactions between silicate minerals, atmospheric CO»,
and water, forming dissolved bicarbonate ions that ultimately achieve long-term carbon
storage in the form of carbonates (Beerling et al., 2018; Guo et al., 2023b). The carbon
loss mitigation effect of this approach in field experiments was significantly lower than
that of organic fertilizers, reflecting fundamental differences in reaction kinetics and

energy requirements between geochemical and biochemical processes.

Rock weathering reactions require overcoming relatively high activation energy
barriers, and under ambient temperature and pressure conditions, the dissolution rates of
silicate minerals are inherently slow (Baek et al., 2023; Li et al., 2016). Furthermore, the
weathering process depends on diffusion and mass transfer of reactants and products at

mineral surfaces, which further constrains overall reaction rates (Dietzen et al., 2018b).
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Notably, enhanced rock weathering exhibited higher efficiency in rhizosphere soils,
primarily associated with biological enhancement by plant root systems. Root exudates,
such as citric acid and malic acid, can combine metal ions on mineral surfaces,
accelerating mineral dissolution (Holden et al., 2024). Simultaneously, the elevated CO»
concentrations generated by root respiration provide additional reactants for weathering
reactions. This bio-geochemical coupling effect partially explains the efficiency

differences between rhizosphere and non-rhizosphere soil.

From the perspective of carbon transformation kinetics, these two methods follow
distinct reaction patterns and controlling mechanisms. Carbon transformation in organic
fertilizers involves complex networks of enzyme-catalyzed biochemical reactions,
including extracellular enzyme depolymerization of macromolecular organic matter,
microbial uptake and metabolism of small molecular compounds (Conant et al., 2011).
These biochemical reactions are characterized by relatively low activation energies and
rapid reaction rates, enabling rapid progression under suitable temperature and moisture
conditions. The temporal variations in CO. emission curves among different organic
fertilizers in the incubation experiment also reflect the intrinsic decomposition

characteristics and stability differences of their organic components.

Carbon sequestration through ERW is a purely chemically-controlled process,
primarily involving mineral surface protonation, metal ion release, and establishment of
carbonic acid-bicarbonate equilibrium in solution (Berg and Banwart, 2000; Patricia
Vieira da Cunha et al., 2008). These reactions exhibit relatively small rate constants and
are highly dependent on chemical environmental parameters such as temperature, pH, and
ionic strength (Borges et al., 2019). Unlike biological reactions, the rates of rock

weathering reactions remain relatively stable over time, without exhibiting the pattern of
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initial rapid response followed by gradual decline observed in organic fertilizers.
However, it is noteworthy that although carbon sequestration through enhanced rock
weathering is essentially a geochemical reaction, it still depends on biological process
regulation in soil environments. Mineral weathering reactions require suitable pH
conditions, adequate moisture, and continuous reactant supply, which are largely
influenced by soil microbial activities and plant root physiological processes (Lawrence

et al., 2014; Liang et al., 2013).

This cross-process regulation exists in both methods, creating a symmetry: the
biochemical processes of organic fertilizers are constrained by physical structures (such
as the slow release from compost), while the geochemical processes of rock weathering
are enhanced by biological activities. This regulatory complexity indicates that in soil, a
multiphase composite system, no single process can function independently, and optimal
effects can only be achieved through synergistic interactions among multiple factors.

In general, organic fertilizers application and ERW represent two fundamentally
different carbon loss mitigation strategies: the former achieves rapid carbon accumulation
by utilizing carbon resources already fixed in the biosphere, while the latter directly
removes CO; from the atmosphere through geochemical processes. These mechanistic
differences not only explain the significant disparity in their short-term efficiency but also
suggest potential distinctions in long-term carbon sequestration stability and

environmental adaptability.

6.2 Applicability boundaries and methodological limitations

The effectiveness of carbon loss mitigation strategies depends on the interactions

among three key factors, material properties, environmental conditions, and temporal
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dynamics. Therefore, the selection of soil carbon loss mitigation strategies is often
constrained by specific application environments and practical conditions. When facing
degraded farmlands severely deficient in organic matter and requiring rapid soil quality
improvement, the direct carbon input advantage of organic fertilizers is fully realized
(Saiaetal., 2015; Weyers and Spokas, 2011). In this study, digestate, slurry, and compost,
all significantly enhanced SOC content in the short term, providing possibilities for rapid
restoration of soil ecological functions. However, achieving these immediate effects
depends on stable organic feedstock supply, and in regions with underdeveloped livestock
industries or limited agricultural waste resources, large-scale promotion of organic
fertilizers often faces the practical challenge of feedstock shortage (Golicz et al., 2019;
Tong et al., 2017). More critically, the carbon loss mitigation effects of organic fertilizers
require continuous application for maintenance, and once application ceases, the resulting
soil improvement effects gradually diminish (Dijkstra and Keitel, 2024). This dependency
may become a limiting factor in rural areas with unstable economic conditions or
insufficient labor force. Meanwhile, this study also found that organic fertilizer
application produces substantial amounts of greenhouse gases other than CO», which is
consistent with extensive previous research (Chirinda et al., 2010b; He et al., 2023;
Kitamura et al., 2021; Verma et al., 2020b), making environmental impact assessment of

organic fertilizers prior to application critically important.

In contrast, ERW demonstrates unique dual benefits in acidic soil environments with
low pH and mineral nutrient deficiency. Basalt powder application not only achieves
direct atmospheric CO: capture but also releases alkaline ions and mineral nutrients that
effectively improve soil chemical environments, creating more suitable conditions for

crop growth (Elisa et al., 2016; Hicks et al., 2022; Patricia Vieira da Cunha et al., 2008).
121



This multifaceted effect has significant application value in regions where acidic soils are
widely distributed. However, ERW faces dual challenges of slow reaction rates and
environmental sensitivity. This study found that under high precipitation conditions,
enhanced soil microbial respiration may offset or even exceed the carbon sequestration
effects of rock weathering, leading to reduced net carbon loss mitigation effectiveness.
This sensitivity to moisture conditions limits the stable application of this method in
regions with highly variable precipitation. Additionally, studies have indicated that under
acidic soil conditions, CO»-driven weathering of silicate rock powder accounts for less
than 1% of total weathering, highlighting that current CDR estimation methods for ERW

still contain uncertain components (Holden et al., 2024).

The two strategies exhibit distinct adaptability differences across various agricultural
production systems. In intensive annual cropping systems, organic fertilizers can be
organically integrated with existing fertilization regimes, achieving coordinated
unification of soil carbon loss mitigation and nutrient supply through partial replacement
of chemical fertilizers (Liang et al., 2021; Ramteke et al., 2024). Particularly, liquid
organic fertilizers such as digestate, with their nutrient composition and application
methods similar to conventional liquid fertilizers, are readily accepted and adopted by
farmers. However, organic fertilizers have relatively high management requirements
during storage, transport, and application processes, and improper handling may pose
risks of pathogen contamination or nutrient losses, which could become application
barriers in regions with relatively backward technical levels.

ERW demonstrates greater application potential in perennial crop systems, particularly
in orchards and forestlands with well-developed root systems and vigorous rhizosphere

activities. Plant root-secreted organic acids and continuous root respiration provide
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favorable conditions for weathering reactions, enabling this method to achieve better
carbon sequestration effects (Aziez et al., 2022; Dijkstra and Cheng, 2007). However, this
dependency simultaneously means that weathering efficiency decreases significantly in
areas with sparse root systems or during fallow periods. More importantly, the mining,
processing, and transportation of silicate minerals involve substantial energy
consumption and carbon emissions. In regions with scarce mineral resources or long
transportation distances (Guo et al., 2023a), these indirect emissions may significantly

diminish the net carbon loss mitigation effects.

From an economic feasibility perspective, both strategies face cost-benefit trade-offs.
Organic fertilizers have relatively low production costs, particularly compost and
digestate produced from local agricultural wastes, but their transport radius is limited,
making cross-regional distribution economically unfavorable. On the other hand,
although ERW provides long-term effects, it requires substantial initial investment,
especially as the specific particle size requirements for rock powder increase processing
costs. In the absence of policy support or carbon trading market incentives, farmers may
lack sufficient economic motivation to adopt these technologies.

It is noteworthy that the temporal scale characteristics of the two strategies determine
their applicability differences under various policy objectives. For soil improvement
projects requiring short-term demonstrated effectiveness, the rapid response
characteristics of organic fertilizers make them the preferred choice. For long-term
climate change mitigation strategies, the persistent carbon sequestration effects of ERW
better align with policy objectives, despite its slow onset. This temporal scale difference

is also reflected in evaluation systems: this study focused more on short-term changes,
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potentially underestimating the long-term value of enhanced rock weathering while

overestimating the sustained effects of organic fertilizers.

Overall, organic fertilizers and ERW are not universally applicable solutions but
require selection and optimization according to specific soil conditions, climate
environments, agricultural system features, and socioeconomic contexts. This study
demonstrates that nitrogen dynamics can better reflect the carbon decomposition patterns
of different organic fertilizers, while rhizosphere environment significantly influences the
CO; removal effectiveness of ERW. Therefore, comprehensive evaluation of nitrogen
dynamics and accurate assessment of root system characteristics at different growth
stages are essential considerations in practical applications. In practice, location-specific
implementation of different strategy combinations may be essential for achieving optimal

carbon loss mitigation outcomes.

6.3 Potential and challenges for synergistic application

As demonstrated in Section 6.2, organic fertilizers and ERW exhibit distinct
differences in applicable conditions and methodological characteristics, but these
differences simultaneously reveal the potential for synergistic application of both
strategies. The complementary characteristics of these two approaches provide a
theoretical foundation for developing more efficient and stable soil carbon loss mitigation
strategies.

The most prominent synergistic effect manifests in the regulation of soil chemical
environment. This study found that although organic fertilizer applications can mitigate
soil acidification caused by chemical fertilizers, there remains a certain risk of

acidification compared to control, which may become a limiting factor under long-term
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intensive application. In contrast, ERW can significantly increase soil pH through mineral
weathering reactions, with released alkaline ions providing sustained buffering capacity
for soil. Therefore, combining appropriate amounts of rock powder with organic fertilizer
applications could theoretically effectively eliminate the soil acidification risks
potentially associated with organic fertilizers, providing assurance for long-term stability
of soil chemical environment. This synergistic pH regulation not only benefits soil health
but also creates better environmental conditions for the optimal performance of both
methods. Another important synergistic mechanism lies in the promotion of rock
weathering processes by organic matter. In this study, ERW exhibited significantly higher
CO; removing rate in rhizosphere soils compared to non-rhizosphere soils, primarily
attributed to the promoting effects of root exudates on mineral dissolution. Organic
fertilizer applications significantly increase soil water-soluble organic carbon content,
and these soluble organic compounds possess similar chemical activity to root exudates,
capable of accelerating silicate mineral dissolution through complexation. Theoretically,
organic fertilizer applications can provide additional promoters for rock weathering
reactions, thereby enhancing the reaction rates and carbon sequestration efficiency of
enhanced rock weathering. This coupling of biogeochemical processes may achieve co-
benefit effect, leveraging both the rapid carbon input advantages of organic fertilizers and

enhancing the long-term CO: remove capacity of rock weathering.

From a temporal scale perspective, synergistic application of both methods may also
achieve organic unification of short-term effects and long-term objectives. The rapid
response characteristics of organic fertilizers can create more suitable reaction
environments for ERW. As time progresses and the direct effects of organic fertilizers

gradually diminish, the long-term carbon sequestration effects of rock weathering begin
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to manifest, achieving smooth transition and sustaining maintenance of carbon loss
mitigation effects. This effect may provide agricultural systems with more stable and

sustainable carbon management solutions.

However, the synergistic application of both strategies also faces numerous challenges.
The most direct issue is the cumulative cost effect. The combined costs of organic
fertilizer production, transport, and application with rock powder mining, processing, and
transportation may exceed farmers' financial capacity, particularly in the absence of
policy subsidies or market incentives. The increased management complexity is also a
non-negligible issue. Synergistic application requires precise control of application
timing, rates, and methods for both materials, imposing higher demands on management
capabilities. Moreover, the potential negative effects arising from interactions between
the two methods remain unclear. For instance, different types of organic compounds
produced from organic fertilizer decomposition may exert varying effects on rock
weathering: while certain organic acids may promote mineral dissolution, whether other
metabolic byproducts might have inhibitory effects remains uncertain. On the other hand,
whether mineral ions released from rock weathering could affect the decomposition
patterns of organic fertilizers. These complex interactions all require dedicated research
to answer. Additionally, nutrient balance and ratio optimization when both strategies are
applied simultaneously represents a complex technical challenge, as inappropriate
combinations may lead to nutrient excess or deficiency, affecting crop growth and soil
health. From the perspective of research methodology, the understanding of synergistic
effects between the two strategies in this study remains quite limited. This study evaluated
the effects of both strategies separately under different experimental conditions

(laboratory incubation vs. field experiments) but lacks direct evidence from simultaneous
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application of both materials under identical conditions. In addition, the short temporal
scale of incubation experiments and single growing season of field trials constrained the

assessment of long-term synergistic effects.

Future research should focus on mechanism validation and effect evaluation of
synergistic application of both strategies. First, dedicated controlled experiments need to
be designed to compare the differences between individual and synergistic applications
under identical conditions, quantifying the magnitude of synergistic effects. Second,
long-term experiments should be conducted to evaluate the cumulative effects and
stability of synergistic application across multiple growing seasons. At the mechanistic
level, investigation of the interaction mechanisms between organic matter and mineral
weathering is needed to elucidate the chemical processes of synergistic carbon

sequestration.

6.4 Conclusion

This study compared organic fertilizer applications and ERW as soil carbon loss
mitigation strategies under a common evaluation framework, demonstrating that both
methods effectively contribute to mitigating soil carbon loss. The effectiveness of soil
carbon loss mitigation is fundamentally determined by the interaction of material
properties, environmental conditions, and temporal dynamics. Organic fertilizers achieve
immediate soil carbon storage increases through direct carbon input, with digestate
particularly suitable for short-term soil carbon loss mitigation in aerobic fields due to its
ability to avoid rapid decomposition. In contrast, ERW demonstrates soil carbon loss
mitigation effects during growing periods in planted fields through interactions with root

system activities, offering potential for long-term carbon stabilization in soils. The
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integrated assessment reveals that digestate is optimal for short-term soil carbon
sequestration, while ERW is most suitable for continuous soil carbon loss mitigation in
planted fields. For practical technology selection, comprehensive evaluation of nitrogen
dynamics and accurate assessment of rhizosphere biomass at different growth stages are
critically important considerations. Future research should focus on evaluating the
synergistic effects of combining these two approaches to achieve more comprehensive

and sustainable carbon loss mitigation strategies.
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7. Summary

7.1 Introduction

With global average temperatures predicted to rise by 1.5-2.0°C during the 21st century,
reducing greenhouse gas emissions (particularly CO2) has become an urgent priority
(Calvin et al., 2023). Soil represents a significant carbon pool, accounting for 25% of CO»
exchange between terrestrial ecosystems and the atmosphere (Schlesinger and Andrews,
2000), making soil carbon loss mitigation an important carbon dioxide removal (CDR)
strategy. Soil carbon loss mitigation strategies can be primarily classified into two
categories. The first involves enhancing soil carbon storage through organic carbon
application, although this may potentially increase CO> emissions from soil, and research
on the efficiency of different organic materials remains limited. The second encompasses
CO> re-sequestration and stabilization from soil through techniques such as enhanced
rock weathering (ERW), while current research on quantifying specific carbon loss
mitigation amounts is insufficient. This study aims to quantify and compare carbon loss
mitigation amounts achieved through two soil management approaches (organic fertilizer
application and ERW) and provide scientific evidence for practical implementation
technologies. Specifically, the research conducted: (I) comparison of the effects of
different materials on soil carbon pools and carbon budgets and their relative efficiency,
and (II) calculation of ERW mitigation amounts and examination of applicable

environments.

129



7.2 Materials and methods

7.2.1 Application of different organic fertilizers

The incubation experiment was conducted using cultivated soil (Andosol) collected
from a managed grassland located at the Shizunai Experimental Livestock Farm, Field
Science Center for Northern Biosphere of Hokkaido University, Shinhidaka, Hokkaido,
Japan. Five treatments were established with three replicates each: no fertilizer (NF),
inorganic fertilizer (IF), compost (M), slurry (S), and digestate (D). The soils (300 g air-
dried basis) were incubated under aerobic conditions at 25°C for 91 days. Based on field
application rates, 14.4, 56.3, and 55.2 g of M, S, and D were added to the soil,
corresponding to carbon inputs of 5.63, 5.53, and 3.50 mg g, respectively. The
incubation period was divided into three phases: early (days 1-7), middle (days 8-35),
and late (days 36-91). Gas fluxes of CO2, N2O, NO, and CH4 were measured throughout
the experiment. Soil organic carbon (SOC), labile organic carbon (LOC), microbial
biomass carbon (MBC), and water-soluble organic carbon (WSOC) were determined
using dry combustion, KMnOy4 oxidation, chloroform fumigation, and water extraction,
respectively. Recalcitrant organic carbon (ROC) was calculated as the difference between
SOC and LOC. Carbon dynamics were assessed using two indices. The carbon
decomposition progress (CDP) was calculated as (ASOC + ACO2)/Cinput, representing the
proportion of decomposed carbon relative to the carbon input. The carbon balance
efficiency (CBE) was calculated as (ASOC — ACO2)/Cinput, representing the proportion
of net carbon retained. Both ASOC and ACO2 were defined as fertilizer-induced values,

i.e., the difference between fertilized treatments and NF.
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7.2.2 Enhance rock weathering

From May to September 2023, a field experiment was conducted at the Experimental
Farm of the Field Science Center for Northern Biosphere of Hokkaido University,
Sapporo, Hokkaido, Japan. Two treatments were established with three replicates each: a
basalt applied treatment (B) with a soil application rate at 150 Mg ha! in the 15 c¢m soil
layer with incorporation into the soil to a depth of 15cm, and a non-applied treatment
(NB). Both treatments included non-crop areas and crop areas, where soybeans were
cultivated only in the crop areas. During the cultivation period, CO; fluxes from non-crop
areas (Fco2) and net ecosystem exchange (NEE, including soybean photosynthesis) from
crop areas were measured, along with soil properties including pH, EC, water-soluble
organic carbon (WSOC) concentrations, water-soluble inorganic carbon (WSIC)
concentrations, NO3-N concentrations. Soil temperature and volumetric water content
(VWC) at 5 cm depth and photosynthetic photon flux density were monitored. Fco> and
NEE were modeled as functions of soil temperature, VWC, and photon flux density. Net
primary production (NPP) and harvested export (E) were obtained from the harvested
biomass. Leaching (L) was calculated from the product of carbon concentrations in soil
solution and drainage water volume. ERWs was defined as the difference in CO:
emissions between the B and NB non-crop areas. ERWp was calculated as the difference
in NEE between B and NB crop areas, after subtracting ERWs. Net biome production
(NBP) was then determined as the difference between carbon inputs (NPP, ERWs,
ERWp) and outputs (Fcoz, L, E). For analysis, the growing season was divided into five
stages: before sowing (S0), vegetative stage (S1), flowering stage (S2), pod-filling stage

(S3), and maturity stage (S4).
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7.3 Results and Discussion

7.3.1 Application of different organic fertilizers

At the end of incubation, SOC was significantly higher in all organic fertilizer
treatments compared with NF, whereas cumulative CO> emissions did not increase
linearly with carbon input and followed the order S > D > M significantly. Despite
receiving the highest carbon input, the M treatment exhibited the lowest SOC
accumulation. CDP indicated that only 51.6% of the applied carbon was converted into
CO; or SOC in the M treatment, which was significantly lower than in S (81.12%) and D
(97.98%). Correlation network analysis further showed that the associations between CO»
flux and soil properties were weaker in M than in S and D, particularly the positive
correlation with pH and the negative correlation with EC, suggesting the formation of

anaerobic microsites by compost particles.

CBE was significantly higher in D (74.24%) than in S (47.16%), indicating that prior
anaerobic digestion of easily degradable carbon suppressed rapid carbon mineralization
after soil application and thereby contributed to sustained carbon retention. RDA analysis
revealed that changes in NO3™-N concentration and cumulative N>O emissions positively
contributed to CDP and CBE, with stronger predictive power than changes in SOC
fractions. Although digestate supplied the lowest amount of carbon, it achieved the lowest
CO2 emissions and the highest CBE due to its high conversion efficiency, suggesting that

digestate is the most effective option for mitigating soil carbon loss.

7.3.2 Enhanced rock weathering

During the investigation period, the pH in B treatment was significantly higher, while

VWC was significantly lower compared to the NB treatment, indicating that basalt
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application improved soil pH but induced a tendency toward drier conditions. Both ERWs
and ERWp showed positive values, suggesting a CO> removal effect from ERW.
However, the cumulative ERWs value (0.11 = 0.43 Mg C ha™) fluctuated across growth
stages and became negative under the high-precipitation conditions of S4. The negative
correlations between daily cumulative ERWs and pH and VWC suggest that CO, remove
via weathering was offset by enhanced microbial respiration induced by increased pH and
rainfall.

In contrast, the cumulative ERWp value (0.69 + 0.43 Mg C ha!) was significantly
positive with higher mean values in S3 (abundant root exudates) and S4 (substantial leaf
litter input) than in other stages. This result may be attributed to a mutually reinforcing
interaction, in which crop growth was stimulated by metal cations released through
weathering, while root exudates further promoted rock dissolution through complexation
with metal ions.

Although there was no significant difference in NBP between the B and NB treatments
during the investigation period, the B treatment tended to show a higher NBP due to
reduced CO; emissions, indicating the potential carbon loss mitigation effect of ERW,
with a mitigation amount of 0.79 Mg C ha!. Notably, 86.4% of the CO> remove was
attributed to the planted plot, highlighting the high potential of ERW application in

agricultural fields with well-developed root systems.

7.4 Conclusion

This study compared organic fertilizer applications and ERW as soil carbon loss
mitigation strategies under a common evaluation framework, demonstrating that both

methods effectively contribute to mitigating soil carbon loss. The effectiveness of soil
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carbon loss mitigation is fundamentally determined by the interaction of material
properties, environmental conditions, and temporal dynamics. Organic fertilizers achieve
immediate soil carbon storage increases through direct carbon input, with digestate
particularly suitable for short-term soil carbon loss mitigation in aerobic fields due to its
ability to avoid rapid decomposition. In contrast, ERW demonstrates soil carbon loss
mitigation effects during growing periods in planted fields through interactions with root
system activities, offering potential for long-term carbon stabilization in soils. The
integrated assessment reveals that digestate is optimal for short-term soil carbon
sequestration, while ERW is most suitable for continuous soil carbon loss mitigation in
planted fields. For practical technology selection, comprehensive evaluation of nitrogen
dynamics and accurate assessment of rhizosphere biomass at different growth stages are

critically important considerations.
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