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Abstract

Shuo Liang (2024). “Differences and Simulation of Soil Carbon
Sequestration Efficiency of Typical Croplands in China, UK and USA” (Ph.D
Dissertation in English).

Gembloux, Belgique, Gembloux Agro-Bio Tech, University of Liége.
253 pages, 50 figures, 53 tables.

The escalating pressures of food demand and climate change have heightened global
interest in sequestering carbon (C) in agricultural soils. Soil organic C (SOC)
increases with C input, but the C sequestration efficiency (CSE), i.e., the conversion
ratio of C input to SOC, varies with the type and amount of C input. Comparing CSE
across regions and/or fertiliser treatments is challenging due to complex interactions
between climate, soil properties, and fertiliser practises. Therefore, a comprehensive
study of the individual effects of these factors on CSE under long-term fertilisation is
urgently needed. Furthermore, limited C inputs do not fully reflect the linear-to-
asymptotic behaviour of SOC dynamics, and classical long-term experiments with
substantial C input accumulation are essential for understanding soil CSE
characteristics. Model predictions are necessary for investigating CSE in soils that are
far from C saturation, and future climate change, a pivotal factor affecting crop growth
and C cycling, must be considered in these predictions. This research first studied the
soil CSE and its key drivers in the plough layer under different fertilisations based on
data from eight long-term experiments established in 1980s in China and four classical
long-term experiments conducted over a century in the UK and USA. Then, the
SPACSYS model’s performance in simulating long-term SOC dynamics in the
Broadbalk continuous winter wheat system was validated. The impact of future
climate change on wheat yield and SOC stock was also examined. Finally, four long-
term experiments with the same soil type (i.e., Mollisol) and similar cropping systems
were chosen to compare CSE at different C input accumulation levels between
Northeast China and the USA. Fertiliser practises favourable for improving soil CSE
and mitigating future climate change were recommended.

The eight long-term experiments in China indicated that the CSE has remained
relatively constant over nearly four decades of fertilisation, with SOC linearly
increasing with C input. Variance partitioning analysis (VPA) illustrated that the CSE
of the main dryland region of China was mostly controlled by edaphic characteristics,
especially the soil C/N ratio and clay content, followed by C input and climate.
Manure amendment had the most significant fertilisation effect on SOC sequestration
with an average CSE of 14.9%, followed by chemical fertilisation (9.0%) and straw
return treatment (7.9%). VPA and structural equation modelling (SEM) showed that
the improvement of soil nutrients and clay content controlled CSE, highlighting the
main positive direct effect of soil chemical properties in the manure amendment
treatment. Soil C/N ratio and pH were main explanatory factors influencing CSE in
the long-term chemical NPK treatment. The negative impact of C input was the main
driver of the CSE under straw return treatment due to the low humification for crop
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straw and low stabilization of straw-derived C.

Based on the four classical long-term experiments with SOC showing nonlinear
changes over time, the negative exponential dynamics of soil CSE was fully captured
by the model (CSE=b+a*e* it P <().01). The CSE decreased quickly when C input
started to pile up, until the accumulated C input reached 123-315t C ha™! in typical
Chromic Luvisols and 93—145 t C ha™! in typical Mollisols. Subsequently, it continued
to decrease more slowly towards an asymptotic value (i.e., b) as a large amount of C
input had been accumulated. Extreme gradient boosted tree (XGBoost) regression
modelling showed that C input, MAT and TN stock were crucial factors of soil CSE
at all sites with more than a century of fertilisation. Practises with manure application
had more significant fertilisation effects on SOC sequestration rates and efficiency
than did those with chemical fertilisation. A larger CSE asymptotic value was also
observed in the manure applied treatments (2.45-10.25%) than in the chemical
fertiliser treatments (0.48-3.85%).

Parametrized by data from the longest and well-documented Broadbalk continuous
wheat experiment over a century, the SPACSYS model was capable of simulating the
grain and straw yields of various tall and modern short-strawed varieties of winter
wheat, as well as the dynamics of SOC and TN stocks in the plough layer. Without
changing cultivars and managements, wheat yield could significantly enhance by 5.8—
13.5% under future climate conditions compared to the baseline scenario. Meanwhile,
the SOC stock was found to increase for all studied fertiliser practises under the
scenarios by 0.19-3.99%, except for the NPK fertiliser practises under RCP2.6, which
showed a decrease of 0.27-1.08%. Increased C input through “CO,-fertilisation
effects” can compensate C losses by soil respiration under the RCP scenarios. Manure
application practises can be considered as a sustainable strategy for enhancing wheat
yield and soil C sequestration under future climate change.

Verified by the Harbin and Gongzhuling Mollisols experiments in Northeast China,
the SPACSY'S model well simulated the yields of corn, spring wheat and soybean, as
well as the SOC stock. Without changing cultivars and managements, future climate
change, particularly increased temperatures, reduced corn (14.5% for Harbin and 13.3%
for Gongzhuling) and soybean yields (10.6%). SOC stocks were projected to decrease
by 8.2% for Harbin and 7.6% for Gongzhuling by 2100 under the RCP scenarios.
Future climates could also lead to average CSE reductions of 6.3% for Harbin and
12.1% for Gongzhuling. Manure combined with chemical fertiliser is recommended
as a fertiliser practise to mitigate negative future climate effects on crop yield and
SOC sequestration. Mollisol CSE also showed an exponential decrease with C input
in the future. Additionally, the average Mollisol CSE at two sites in the USA (13.6—
27.4%) due to manure application for all fields was higher than that in Northeast China
(9.2-27.1%) during the rapid decline phase of CSE. During the asymptotically stable
stage, the Mollisol CSE at two sites in the USA (0.2—6.8%), with higher temperatures
and large C inputs from straw return, was lower compared to that in Northeast China
(3.8-10.6%).

In conclusion, soil CSE remained constant across fertiliser treatments when SOC
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linearly increased with C input. Edaphic factors were more important CSE controllers
than C input and MAT. However, when SOC showed non-linear changes with the
accumulation of a large amount of C input, the CSE exponentially decreased and
eventually approached an asymptote. The importance of C input and MAT to soil CSE
promoted ahead of soil properties. Additionally, manure application was a
recommended fertiliser practise not only for improving CSE under long-term
fertilisation but also for mitigating adverse future climate impacts on SOC
sequestration. These findings are of great significance for guiding sustainable
agricultural practises, enhancing C sequestration, and addressing climate change in
the study area.

Keywords: soil organic carbon sequestration, long-term experiment, carbon
sequestration efficiency, climate change, the SPACSYS model, manure application
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Résumé

Shuo Liang (2024). " Différences et Simulation de Defficacité de la
séquestration du carbone dans les sol de terres cultivées typiques en Chine,

au Royaume-Uni et aux Etats-Unis " (thése de doctorat en Francais).
Gembloux, Belgique, Gembloux Agro-Bio Tech, Université de Liege.

253 pages, 50 figures, 53 tableaux.

Les pressions croissantes exercées par la demande alimentaire et les changements
climatiques ont accru I’importance de la question de la séquestration du carbone dans
les sols agricoles. Le carbone organique du sol (SOC) augmente avec 1’apport de C,
mais I’efficacité de la séquestration du carbone (CSE), c’est-a-dire le rapport de
conversion de I’apport de C en SOC, varie selon le type et la quantité d’apport. La
comparaison de la CSE entre régions et/ou traitements fertilisants est difficile en
raison des interactions complexes entre le climat, les propriétés du sol et les pratiques
de fertilisation. Par conséquent, une étude approfondie des effets individuels de ces
facteurs sur la CSE sous fertilisation a long terme est nécessaire. En outre, des apports
limités de C ne reflétent pas pleinement le comportement linéaire a asymptotique des
dynamiques d’évolution du SOC, et les expériences a long-terme classiques incluant
des apports importants de C sont utiles pour évaluer les caractéristiques de la CSE du
sol. La modélisation prédictive est un outil indispensable d’évaluation de la CSE dans
des sols peu saturés en C et spécifiquement dans la perspective des changements
climatiques a venir, qui vont affecter la croissance des cultures et le cycle du C. Cette
recherche a d’abord étudié la CSE du sol et ses principaux facteurs clés dans I’horizon
labouré sous différents fertilisations a partir de données provenant de huit expériences
a long-terme établies dans les années 1980 en Chine et de quatre expériences a long-
terme menées sur un siécle au Royaume-Uni et aux Etats-Unis. Ensuite, la
performance du modéle SPACSYS dans la simulation des dynamiques a long terme
du SOC dans le systeme de blé hivernal continu de Broadbalk a été validée. L’ impact
du changement climatique futur sur la récolte de blé et le stock de SOC a également
été examiné. Enfin, quatre expériences a long-terme sur sols riches en matiéres
organiques (Mollisol) avec des systémes de culture similaires ont été choisies pour
établir une comparaison de la CSE entre le Nord-Est de la Chine et les Etats-Unis.
Des pratiques de fertilisation favorables pour améliorer la CSE du sol et atténuer le
changement climatique futur ont pu étre recommandées.

Les huit expériences long-terme en Chine ont montré que la CSE est restée
relativement constante au cours de presque quatre décennies de fertilisation, avec une
augmentation linéaire du SOC en fonction de I’apport de carbone. L’analyse de
partition de variance (VPA) a illustré que la CSE de la principale région aride de Chine
¢tait principalement contrdlée par les caractéristiques édaphiques, en particulier le
rapport C/N du sol et le contenu en argile, suivies par les apports de carbone et le
climat. L’apport de fumier avait I’effet de fertilisation le plus significatif sur la
séquestration du SOC avec une moyenne de CSE de 14,9%, suivi par la fertilisation
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chimique (9,0%) et le traitement de retour de la paille (7,9%). La VPA et le modéle
structurel d’équation (SEM) ont montré que 1’amélioration des nutriments du sol et
du contenu en argile contrdlait la CSE, mettant en évidence ’effet direct principal et
positif des propriétés chimiques du sol dans le traitement d’apport de fumier. Le
rapport C/N du sol et le pH étaient les facteurs explicatifs principaux de la CSE dans
le traitement de longue durée NPK. L’impact négatif de I’apport de carbone était le
principal déterminant de la CSE sous le traitement de retour de la paille en raison de
la faible humification de la paille et de la faible stabilisation du carbone provenant de
celle-ci.

Sur la base des quatre expériences long-terme montrant des changements non
linéaires du SOC au fil du temps, une dynamique négative exponentielle de la CSE
du sol a été exprimée par le modele (CSE =b + a * " Cinrvt p < (0.01). La CSE a
décru rapidement jusqu’a ce que I’apport de carbone cumulé atteigne 123—-315t C ha™
!'dans les Luvisols et 93—145 t C ha™! dans les Mollisols. Par la suite, elle a continué
a décroitre plus lentement vers une valeur asymptotique (c’est-a-dire b) car une grande
quantité de carbone avait été accumulée. Le modele de régression par ascension de
gradient extréme (XGBoost) a montré que 1’apport de carbone, la température
annuelle moyenne (MAT) et le stock d’azote total (TN) étaient des facteurs cruciaux
de la CSE du sol dans tous les sites ou des fertilisations de plus d’un siécle avaient été
réalisées. Les pratiques d’application de fumier ont eu des effets plus importants sur
les taux et 1’efficacité de la séquestration du carbone SOC que les pratiques avec
fertilisation chimique. Une valeur asymptotique de CSE plus élevée a également été
observée dans les traitements avec application de fumier (2,45-10,25%) que dans les
traitements avec fertilisation chimique (0,48-3,85%).

Paramétré a partir de données provenant de I’expérience de longue durée sur du
froment de Broadbalk, le modele SPACSYS a été capable de simuler les rendements
de grain et de paille de diverses variétés de blé durant I’hiver, ainsi que les dynamiques
des stocks de SOC et de TN dans la couche de labour. Sans modification des variétés
cultivées et des modes de gestion, le rendement du blé pourrait augmenter de maniere
significative de 5,8 a 13,5% sous les conditions climatiques futures par rapport au
scénario de référence. Parallelement, le stock de SOC a augmenté pour toutes les
pratiques de fertilisation étudiées sous les scénarios, de 0,19 a 3,99%, a I’exception
des pratiques de fertilisation NPK sous RCP2.6, qui ont montré une baisse de 1,08 a
0,27%. L’augmentation de ’apport de carbone par I’effet “fertilisation par CO,”
pourrait compenser les pertes de carbone par respiration du sol sous les scénarios RCP.
Les pratiques d’application de fumier peuvent étre considérées comme une stratégie
durable pour augmenter le rendement du blé et la séquestration de carbone du sol sous
les changements climatiques futurs.

Sur les Mollisols de Harbin et de Gongzhuling dans le Nord-Est de la Chine, le
modéle SPACSYS a bien simulé les rendements du mais, du blé de printemps et du
soja, ainsi que le stock de SOC. Sans changer les variétés et les modes de gestion, le
changement climatique futur, en particulier les températures accrues, aura un impact
négatif sur les rendements du mais (14,5% a Harbin et 13,3% a Gongzhuling) et du
soja (10,6%). Le stock de SOC simulé diminuera de 8,2% a Harbin et de 7,6% a
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Gongzhuling en 2100 selon les scénarios RCP. Les climats futurs pourraient
¢également entrainer une diminution moyenne de CSE de 6,3% a Harbin et de 12,1%
a Gongzhuling. La combinaison d’amendements organiques et d’engrais chimiques
est recommandée comme pratique de fertilisation pour atténuer les effets négatifs du
changement climatique futur sur les rendements des cultures et la séquestration du
carbone dans le sol. La CSE des Mollisols a également montré une diminution
exponentielle avec 1’apport de carbone dans le futur. De plus, 1’efficacité moyenne de
la CSE des Mollisols sur deux sites aux Etats-Unis (13,6-27,4%), en raison de
I’application d’engrais organiques sur tous les champs, était plus élevée que celle dans
le Nord-Est de la Chine (9,2-27,1%) pendant la phase de déclin rapide de la CSE. Au
stade asymptotique, 1’efficacité moyenne de la CSE aux Etats-Unis (0,2-6,8%), avec
des températures plus élevées et de grands apports du fumier, était inférieure a celle
dans le Nord-Est de la Chine (3,8-10,6%).

En conclusion, la CSE du sol demeure constante lorsque la quantité de SOC
augmente de maniére linéaire en fonction de I’apport de carbone. Les facteurs
pédologiques sont plus importants que I’apport de carbone et la MAT pour contrdler
I’efficacité de séquestration du carbone. Cependant, lorsque la quantité de carbone
organique présente des changements non linéaires en raison de I’accumulation d’une
grande quantit¢é de carbone, l’efficacité de séquestration du carbone décroit
exponentiellement et finit par approcher une asymptote. L’ importance de 1’apport de
carbone et de la température moyenne annuelle est alors plus grande que celle des
propriétés du sol. Enfin, I’application de fumier est recommandée comme pratique de
fertilisation non seulement pour améliorer I’efficacité de séquestration du carbone
sous fertilisation a long terme mais aussi pour atténuer les effets néfastes du
changement climatique futur sur la séquestration du carbone dans le sol. Ces résultats
sont d’une grande importance pour déterminer des pratiques agricoles durables,
accroitre la séquestration du carbone et répondre au changement climatique dans la
zone d’étude.

Mots-clés: séquestration de carbone organique du sol, expérience a long terme,
efficacité de la séquestration de carbone, changement climatique, modele SPACSYS,
amendements organiques
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General introduction






Chapter I General introduction

Abstract

Improved carbon sequestration in agricultural soil is increasingly pursed in recent
decades to ensure soil fertility and food security under the pressure of warming
climate. The amount of added organic carbon (OC) incorporated into soil C pool is
affected not only by the quantity of C input but also by its conversion efficiency (i.e.,
carbon sequestration efficiency (CSE), ASOC/AC input). The CSE varies depending
on the amount and type of C input among different studies. Many studies showed that
CSE is influenced by climate, edaphic, and fertilisation factors, as well as their
complex interactions. A better understand of the main controller of soil CSE is
urgently needed. In addition, the CSE, as a dimensionless indicator representing soil
C sequestration capacity, has become an important parameter in scientific research on
soil C sequestration and soil productivity, especially for comparative analyses.
However, the comparison of soil CSE was restricted to the different treatments or
cropping systems in the same field or geographical region due to the complexity of
influencing factors. Furthermore, the limited range of carbon input levels constrained
the observed soil carbon accumulation, and the linear to asymptotic behaviours of
SOC may not be evident. Thus, it is better to study the characteristics of soil CSE in
relation to C input accumulation based on long-term experiments with different SOC
states. A prediction of soil CSE for experiments that are far from SOC saturation or
have short fertilisation durations (corresponding to small range of C input levels) is
necessary for fully capturing the characteristics of soil CSE dynamics. Future climate
change should be considered during the prediction because many researches have
emphasized its effects on SOC decomposition and crop yield. In this Chapter, a
general review of the definition and estimation of soil CSE under individual
treatments or regions, the characteristics of CSE under different long-term fertiliser
treatments or systems, and the main influencing factors and associated mechanisms
controlling CSE were introduced. The response of SOC sequestration to future climate
change under different fertiliser practises was also presented. The problems and
knowledge gaps were described, and the research objectives and strategies of the
thesis were then presented.

Keywords: soil carbon sequestration, carbon sequestration efficiency, influence
factors, long-term experiment, climate change
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1.Background

Soil organic carbon (SOC) is one of the largest C pools within terrestrial ecosystems.
As such, its content and dynamics directly influence the balance of the global C cycle
(Amundson and Biardeau, 2019). The C stored in agricultural soil accounts for
approximately 10% (140-170 Pg) of the global terrestrial C storage and is the most
active and vulnerable component of the terrestrial C pools (Liang et al., 2016). Over
the past 150 years, human activities, including tillage and disturbances, have resulted
in the loss of approximately 40-90 Pg of C from the global soil C pool (Houghton,
2002; Blanco-Canqui et al., 2006). However, agricultural soil has the capacity to
sequester and store atmospheric CO,, contributing to the mitigation of global climate
change (Lal, 2004; Wang et al., 2022; Zhang et al., 2016a). It has been reported that
C sequestration in agricultural ecosystems could offset 5—15% of global fossil fuel C
emissions (Lal, 2004). Approximately 90% of the total mitigation potential in
agriculture can be achieved through the SOC sequestration (Begum et al., 2017).
Moreover, high SOC soils enhance water retention and permeability, mitigating
drought stress, and support microbial diversity for nutrient cycling and biological
activity (Blanco-Canqui and Lal, 2007; Yadav et al., 2020). Increasing SOC
sequestration in agricultural land also contributes to reduction of soil erosion, controls
pollution, and improves food quality and safety (Lal, 2004; Wang et al., 2022; Zhang
et al., 2016a). Therefore, maintaining and enhancing SOC levels in agricultural soils
is crucial for soil quality, food security, and climate change adaptation.

Net SOC sequestration is the dynamic between the C inputs into soil from different
sources (via crop residues, rhizosphere, animal manure and straw return) and the
decomposition of organic C by soil microbes. Increasing C input is generally
considered as the most direct and effective way to enhance SOC content. However, it
is not only the quantity of C inputs that matters but also the retention coefficient of
these C inputs (i.e., CSE) (Kong et al., 2005; Maillard and Angers, 2014; Six et al.,
2002; Stewart et al., 2007; Yan et al., 2013). Different from the index derived from
short-term experiments, which reflects the recovery efficiency of organic materials
(e.g., humification coefficient), the establishment of CSE under long-term fertilisation
integrates C inputs from various sources and represents the cumulative conversion
efficiency of C input. It can well reflect the cumulative humification process of
different sources of C inputs over a specific period (Gregorich et al., 2017).
Furthermore, the CSE, a dimensionless indicator of soil C sequestration
characteristics, has become an important index in scientific research on soil C
sequestration and soil productivity (Batjes and Sombroek, 1997; Six et al., 2002). It
also serves as a suitable measure for regional comparison of SOC sequestration
capacity (Liang et al., 2016; Yan et al., 2013; Zhang et al., 2010). Because of the
complexity of factors influencing CSE, such as climate, soil type, experimental
duration, and field management, it is challenging to identify the predominant factor
contributing to variations in CSE. The lack of systematic comparisons of CSE across
different regions results in an incomplete understanding of how factors such as soil
properties and climate, which vary significantly between regions, impact CSE.
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Generally, SOC content increases linearly or asymptotically with C input. The
relationship between SOC changes and C input, and hence the CSE, remains constant
or varies as C input accumulates. This may be explained by the conceptual model
proposed by Six et al. (2002), which described soils approaching C saturation as
accumulating a smaller amount of SOC at a slower rate and with reduced efficiency.
Therefore, a small range of C input levels (i.e., short fertilisation durations) will not
necessarily capture the full range of linear-to-asymptotic behaviours for SOC content
when the soil is subjected to C saturation (Stewart et al., 2007). Correspondingly, the
full response of the CSE to C input may not be revealed. Therefore, the classical long-
term experiments established in the 19™ century in Europe and the USA, with soils
approaching C equilibrium and receiving a large amount of C inputs (Li et al., 1994;
Johnston et al., 2009; Miles and Brown, 2011), are crucial for studying soil CSE
characteristics and essential for enhancing soil fertility and C sequestration.

Predicting CSE in soils that have not reached C equilibrium (e.g., the long-term
experiments established in 1980s in China) is necessary to fully capture the
characteristics of soil CSE in response to C input accumulation in the future. As
projected in the IPCC’s sixth assessment report by Working Group I, the temperature
is expected to increase by 0.2—4.8 °C by from 1995 - 2014 to 2081 - 2100 (Lee et al.,
2021). Additionally, there will be a -0.2% to 12.9% increase in precipitation over the
same period (Lee et al., 2021). Even with CO, removal measures taken into account,
the cumulative CO, emissions are expected to rise as global surface temperatures
increase. The report, however, with high confidence, emphasizes that CO, removal is
partially offset by CO, released from the ocean and land (Canadell et al., 2021; Lee et
al., 2021). CSE can be affected by those changes due to their impacts on crop
production and soil ecological processes (Liu et al., 2020; Senapati et al., 2019; Tao
et al., 2023). By enhancing soil CSE, it is possible to mitigate climate change by
reducing the amount of CO; released into the atmosphere, as more C is sequestered in
the soil (Yan et al., 2013). Thus, it is essential to consider the impacts of future climate
change on CSE to ensure the research results are more practical and sounder.

2.Literature review
2.1. Soil carbon sequestration

Soil C sequestration is a process that involves the transfer of CO, from the
atmosphere into the soil in the form of organic C through natural or anthropogenic
interventions. It is a critical component of the C cycle, contributing to the
enhancement of SOC stocks, which in turn improves soil structure, fertility, and water
retention capacity, benefiting both agricultural productivity and environmental
ecology (Chenu et al., 2019; Stockmann et al., 2013). As soil C sequestration
intensifies, the SOC content gradually increases, potentially reaching a state of soil C
equilibrium. Soil C equilibrium refers to a state where the inputs of C into the soil,
such as plant residues and organic matter additions, are balanced by the outputs,
including decomposition and erosion losses, resulting in a relatively stable total C
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pool within the soil over time, despite the ongoing complex C transformation
processes. The soil C saturation concept proposes that there is a maximum equilibrium
C level that will be attained when C input is maximized (Stewart et al., 2007). At this
point, while the inputs and outputs of C may still be in equilibrium, the soil is unable
to sequester additional C, implying that further C inputs are unlikely to lead to a
significant increase in soil C content (West and Six, 2007). Consequently, additional
C inputs, such as those from fertilisation or the addition of organic materials, may not
significantly increase SOC content and could lead to C losses, as any excess C may
not be retained in the soil and could be emitted into the atmosphere as greenhouse
gases (GHG).

2.2. Soil carbon sequestration efficiency characteristics

Soil CSE is the percentage of the added OC that is converted into the soil C pool
after a certain period. In previous research, the humification coefficient was usually
used to characterize the conversion efficiency of added organic materials (e.g., straw
and manure) (Wolf and Janssen, 1991). The short experimental period (typically 1
year) in related studies limits the representativeness of their results when comparing
CSE across different sites. For example, it is difficult to reflect the response of the soil
C sequestration ability for added organic materials to climate among different sites
(Cai et al., 2018). In addition, the established method might introduce some errors; for
example, straw that is too coarse or too fine, respectively, could reduce or increase its
contact with microorganisms (Siedt et al., 2021), potentially leading to overestimation
or underestimation of the C conversion efficiency.

In recent years, some researchers have attempted to estimate soil CSE through linear
or nonlinear regression analysis based on long-term experimental data. Different from
the short-term experiment that uses this index to represent the humification coefficient
of a specific organic material, the CSE derived from long-term experiments, i.e., the
cumulative C input conversion efficiency, reflects the cumulative humification
process of different C sources over several years (Cai et al., 2018; Gregorich et al.,
2017). Obviously, the soil CSE of long-term experiments can represent the response
of the soil C sequestration capability to the long-term average climate condition at a
specific study site or region. This makes the CSE an appropriate indicator for
evaluating and comparing soil C sequestration capacity across different regions (sites)
and/or fertiliser treatments (Yan et al., 2013; Zhang et al., 2010).

There are two methods for calculating soil CSE in long-term experiments with
different fertiliser practises. One is by obtaining the percentage of SOC change
between the current year and the initial year per unit of cumulative C input under a
specific treatment (Liang et al., 2016; Liu et al., 2019; Purakayastha et al., 2008;
Stewart et al., 2008; Zhao et al., 2016), and the other is to determine the conversion
ratio of SOC change to the difference in carbon input between different fertiliser
practises (e.g., different sources of exogenous C) (Hua et al., 2014; Jiang et al., 2018a;
Maillard and Angers, 2014). The former method is applicable to soils with SOC
showing linear increases over time. It can calculate the soil CSE for an individual
treatment and emphasizes the average CSE over a specific experimental period.
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However, this method could result in an underestimation of the CSE when the SOC
content approaches an equilibrium level due to the positive exponential relationship
between SOC content and C input (Cai, 2016; Stewart et al., 2007). In addition, studies
using this method also calculate the soil CSE for a region by fitting data on C inputs
and SOC stock changes derived from the combination of all fertiliser practises (Zhang
et al,, 2010, 2016a). The latter method is suitable for soils with SOC showing
nonlinear changes over time. It focuses on the CSE caused by the differences in
organic material inputs or fertiliser practises. For example, Jiang et al. (2018a) studied
the soil CSE caused by manure application by calculating the incorporated ratio of
cumulative manure C inputs into SOC stock changes between NPKM and NPK
treatments. Furthermore, the former method is only suited for calculating CSE in soils
with increasing SOC, while the latter can also be used to estimate CSE in soils
experiencing SOC loss, such as Mollisols in some unsustainable agricultural regions
(Nafziger and Dunker, 2011). Thus, it is crucial for researchers to select an appropriate
method to estimate the CSE for specific study treatments or regions.

2.3. Research progress on soil carbon sequestration efficiency

Based on the aforementioned two methods, studies have been conducted to
investigate the CSE in soils with different organic materials, fertiliser treatments, and
cropping systems within the same region, as well as the average CSE across different
sites or regions. Soil CSE characteristics varied across different studies. A meta-
analysis based on 130 observations, considering 482 years of manure application,
indicated an average global manure-C retention coefficient of 12% + 4% (Maillard
and Angers, 2014). Similar values from 8.80% to 10.40% were predicted for the soil
CSE of manure application treatments across 20 long-term experiments in China by
2100 (Jiang et al., 2018a). However, a higher value of approximately 23% was found
in England, which was derived from 8 sites with 8—144 years of manure application
(Bhogal et al., 2007). A 23-year long-term experiment in an Indian Agricultural
Research Institute farm with maize—wheat—fodder—cowpea cropping system clarified
that both balanced chemical fertiliser (NPK) (21%) and unbalanced chemical fertiliser
(NP) (22%) treatments exhibited higher CSE wvalues compared to treatments
combining manure with chemical fertilisers (NPKM) (17%) (Dhaliwal et al., 2020).
In contrary, compared with chemical fertilisers, a higher CSE was found in manure
application treatments at some wheat—corn cropping sites in North China within three-
decade fertilisations (Liang et al., 2016). In addition, the type of organic material could
influence soil CSE (Liang et al., 2016). A study based on 29 years of long-term
fertilisations found that the soil CSE in the treatment combining NPK with wheat
straw (17%) was higher than that with pig manure (15%), but lower than that with
cattle manure (19%) (Hua et al., 2014). Another study on soil CSE from two 25-year
long-term experiments located in the same winter wheat-summer maize planting
region of the China Loess Plateau revealed that manure amendments generated a
higher CSE (21%) than straw returning (14%) (Wang et al., 2020b).

When considering soil CSE of different sites or regions, previous research has
focused on their comparison under region-specific management or cropping systems.
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A summary of 17 long-term experiments established across China in 1979 or
1989/1990, with commonly used fertiliser practises in their regions, demonstrated that
the CSE values for sites in North China (13.1%) were higher than those in South China
(9.3%) (Zhang et al., 2016a). Yan et al. (2013) focused on the CSE in two adjacent
agroecosystems with over 30 years of fertilisation and found that, for a given C input,
the CSE was higher in paddy soil than in upland soil. At the same site, Liu et al. (2019)
discovered that the sum of the CSE from all aggregate components in upland soil
(16.02%) was greater than that in paddy soil (15.12%). Based on two 25-year long-
term experiments on the China Loess Plateau under irrigated vs. rain-fed conditions,
Wang et al. (2020b) confirmed that the CSE was higher under rain-fed (28%) than
under irrigated (19%) conditions.

Overall, soil CSE varied greatly among different studies, even in fields with the
same fertiliser treatments or organic material applications. Due to the complexity of
factors affecting the CSE, the results of different studies are not directly comparable
(Liang et al., 2016, 2019). Therefore, comparing soil CSE under a common condition
(e.g., the same soil type, the same land use, the same climate region, a similar stage
of soil C accumulation, etc.) may make the results more referable.

2.4. Factors influencing carbon sequestration efficiency

The greatly varied CSE mentioned above is a consequence of different dominant
influencing factors. Generally, soil CSE is influenced by climate conditions, fertiliser
managements, soil properties, and experimental duration.

2.4.1. Climate factors

Many studies have suggested that temperature and precipitation are the key climate
factors contributing to soil CSE (Li et al., 1994; Liang et al., 2016; Silver and Miya,
2001; Triberti et al., 2008). These factors mainly affect soil CSE by controlling crop
biomass growth, which is related to C input, and by influencing the decomposition of
organic C (Aguilera et al., 2018; Liang et al., 2016). Elevated temperatures led to a
shorten growing period and a reduced residual C accumulation in soil (Liu et al., 2020;
Senapati et al., 2019). More frequent rainfall events decreased the N transfer rate by
reducing N content in vegetative organs, which could alter plant physiological
processes and lead to yield decline (Asseng et al., 2004). These conditions are not
conducive to high C input. Additionally, studies have suggested that the SOC
decomposition rate may serve as an external indicator of soil microbial activity
(Hararuk et al., 2015; Wieder et al., 2015a). Microbial decomposition of SOC is
almost linearly temperature-dependent between 5°C and 30°C, but starts to decrease
at 37°C (Wu et al., 2021). Soil moisture changes, driven by temperature, humidity,
and precipitation, significantly impact the utilization of OC by microorganisms,
primarily by altering soil aeration conditions (Sajedi et al., 2012). Consequently,
regions with higher temperatures and greater precipitation tend to experience faster C
mineralization, leading to lower CSE, due to the typically enhanced activity of
microbial communities under these conditions (Chen et al., 2021). For instance, a
study conducted in China has confirmed that the CSE values observed in long-term
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experiments (20-30 years) with mild temperatures and semi-humid climates (15.8—
31.0%) were significantly higher than those with warm temperatures and semi-humid
climates (6.8—7.7%) (Zhang et al., 2010).

2.4.2. Management strategy

Fertilisation stands out as a key management practise on farmlands that significantly
impacts soil CSE. By enhancing nutrients availability in the soil, fertilisation can
promote both above-ground crop growth and root development, thereby increasing
the amount of stubble litter and root exudates (Majumder et al., 2008; West and Six,
2007). Additionally, fertilisation can affect the biomass, structure, and activity of soil
microorganisms, consequently influencing the SOC decomposition (Chu et al., 2007;
Tang et al., 2017). Although fertiliser management affects soil CSE through both of
these pathways, as mentioned above, significant differences are found between
chemical fertilisers and organic amendments. When considering chemical fertilisers,
(1) long-term chemical N application can reduce the soil C/N ratio, which generally
accelerated the mineralization of C sources from humus by soil microorganism and
led to the decomposition of OC (Ashraf et al., 2020). (2) The increased N availability
affects the C mineralization of exogenous organic materials by influencing the
microbial biomass and extracellular enzyme activity, which are involved in microbial
C cycling (Jesmin et al., 2021). This effect on CSE is more effective under chemical
fertilisation, as manure application is likely to reduce N restriction on crop growth and
mitigate subsequent effects on OC turnover (Liang et al. 2016). When considering
chemical fertilisers combined with organic materials, the return of straw to the soil
influences its CSE as follows: (1) the fresh OC input from straw return stimulates the
mineralization of native SOM because of the increase of microbial activity associated
with the availability of more easily decomposable compounds, such as phytosterols
and policosanol (Kuzyakov et al., 2000). (2) Crop straw is characterised by slow
biodegradation, and the C derived from its litter is in low stability (Berhane et al.,
2020; Poeplau et al., 2015). These characteristics could lead to a low CSE (Zhao et
al., 2016). Manure application is recommended as a sustainable fertiliser practise for
improving soil structure and fertility, owing to its beneficial effects from the additional
organic matter and nutrient inputs. (Guo et al., 2019; Parham et al., 2003). Manure
amendments primarily result in two benefits: (1) a high C input from crop residue and
a favourable environment for microbial activity associated with C sequestration (Jiao
et al., 2006; Parham et al., 2003), and (2) a significantly increase of macroaggregate
component-associated C and aggregation stability by increasing the number of
colloids and microbial-derived agents (Jiang et al., 2018b). Compared to other
physical fractions, macroaggregate component-associated C has been proved to have
a greater CSE (Liu et al., 2019).

2.4.3. Soil properties

Physicochemical properties play an essential role in SOC sequestration. Soil
physiochemical properties can restrict the increase of SOC caused by exogenous C
addition and determine the maximum C sequestration potential (Six et al., 2002).
Generally, the CSE of soil with higher clay content is significantly higher than that of
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soil with higher sandy and silty contents, which is attribute the stronger organic—
mineral complex adsorbed by soil clay particles (Ekschmitt et al., 2005). Clay soils
usually have more SOC storage than sandy soils when the same amount of organic
material is added (McConkey et al., 2003). Crop residues decompose more quickly in
sandy soils than in clay soils due to the difference in the physical protection of SOC
(Ladd et al., 1985; McConkey et al., 2003). In addition, the adsorption strength of the
2:1 interstratified mineral for OC is higher than that of the 1:1 type mineral because
of its higher cation exchange capacity and specific surface area (Das et al., 2023).
Vertisol and Mollisol soils, rich in clay and dominating the 2:1 type fine smectitic
minerals, exhibit higher CSE than Inceptisol and Alfisol soils, which have the lower
clay contents and are dominated by 1:1 type clay minerals (Das et al., 2023; Hua et
al., 2014). Higher soil bulk density (BD), coupled with poor air permeability and
restricted hydraulic conductivity, generally results in lower SOC turnover and a higher
CSE (Lu et al., 2018; Thomsen et al., 1999). Moreover, the CSE values for all
aggregates are higher than that of the bulk soil (Liu et al., 2019). Macroaggregates
and microaggregates exhibited higher CSE due to their greater SOC stock change rates,
compared to other physical fractions (Liu et al., 2019). Soil microorganisms play a
pivotal role in soil C cycling. Soil pH values that are too low (pH <5.5) or too high
(pH >8.5) often restrain the growth and reproduction of soil microorganisms, as well
as slow down the decomposition rate of C inputs (Jones et al., 2019; Sun et al., 2019),
which is favourable for achieving a higher CSE. For example, a study involving an
extensive range of soils (970 samples) and a large geographical area (i.e., 200,000
km?) explicated a critical pH threshold (i.e., pH=5.5) at which the C use efficiency
began to decrease (Jones et al., 2019).

2.4.4. Experimental period

The experimental period can be represented by the cumulative amount of exogenous
organic C. The relationship between SOC change and C input varies in different
studies (Yan et al., 2013). Some reported a linear relation (Bhattacharyya et al., 2010;
Liuetal., 2019; Maillard and Angers, 2014; Majumder et al., 2008; Zhang et al., 2010),
whereas others found an increasing asymptotic correlation based on long-term
experiments (Cai and Qin, 2006; Fan et al., 2005; West and Six, 2007; Yan et al., 2013).
Correspondingly, the linearity demonstrated a constant soil CSE (Yan et al., 2013;
Zhang et al., 2010). In contrast, the asymptotic relation reflected the decline in CSE
over time (Hassink and Whitmore, 1997; Six et al., 2002). The reason may be that the
incorporation of added C into SOC could increase in a nearly fixed proportion when
the initial SOC level is far from soil C saturation, whereas a phenomenon of
‘diminishing returns’ is observed as the soil approaches C saturation with C inputs.
However, this hypothesis has not been extensively tested due to the limitations in
either the C inputs or experimental periods.

In summary, despite many research efforts on CSE influencing factors and their
underlying mechanisms, the complexity and interactions involved make comparing
CSE across regions and/or fertiliser treatments a challenging task (Liang et al., 2016).
Hence, a comprehensive study of the individual effects of different types of factors on
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CSE is urgently needed, especially under different long-term experimental durations.

2.5. Response of soil carbon sequestration of cropland to
fertilisation and climate change

Climate change impacts on the SOC sequestration in agricultural soils is
increasingly pursed under the press of global warming (Soussana et al., 2019; Sykes
et al., 2020). As projected in the IPCC, future temperatures would increase by 0.3—
4.8 °C with increasing precipitation of (1%-3%)/°C by the end of the 21st century
(Stocker et al., 2013), and the atmospheric CO; concentration would increase to more
than 900 ppm if no action was taken to decrease CO; emissions (Meinshausen et al.,
2011; Nazarenko et al., 2015). These changes may disrupt C cycling, increase water
runoff, and soil erosion, and thus result in adverse effects on crop production, soil
fertility, and the environment (Amelung et al., 2020; Knops et al., 2007). Notably, the
soil C sequestration capacity under different fertiliser treatments would respond
differently to future climate change related threats. An analysis of SOC stock changes
in Bavaria indicated that no fertiliser input would decrease SOC stocks by 11-16% in
the end of the 21st century (Wiesmeier et al., 2016). Similarly, in North China, SOC
stocks in cropland surface soils were predicted to decrease by 6.6—17.8% by the 2080s
compared with the 1980s without additional organic materials (Wan et al., 2011).
However, if appropriate amounts of manure and stubble were applied, their surface
soils across more than 90% of North China’s cropland would gain a net C sink, and
the average SOC stocks would increase by ~58% by the 2060s (Wang et al., 2014).
The crop stubble conservation practise would increase the SOC storage in Ohio’s
cropland in the USA at a rate of 42.0 kg C ha™' yr'' by 2100, whereas the practise
without crop straw input would increase it at a rate of 24.6 kg C ha! yr'!' (Evrendilek
and Wali, 2004). Although manure amendment and straw return are two effective
methods for improving SOC content, they can lead to increased potential N loss
through leaching and runoff (Tadesse et al., 2013). In addition, terrestrial C and N
losses, via CH4 and N2O emissions, would increase by approximately 80% and 45%,
respectively, resulting in terrestrial lands becoming a net C source globally by 2100
(Stocker et al., 2013). These results highlight the importance of identifying an optimal
fertiliser strategy to increase C sequestration in croplands and mitigate the risks of
climate change in the future.

2.6. Importance of long-term experiments for studying soil
carbon sequestration characteristics

Long-term experiments are typically initiated to evaluate the impact of fertiliser
management practises on crop production, guiding the selection of the best fertiliser
type and amount for a region over a set period (Johnston and Poulton, 2018;
Macdonald et al., 2018). If any treatment fails to maintain or increase yields, reflective
adjustments can be made to ensure sustainable crop production (Johnston and
Mattingly, 1976). As society and technology evolve, long-term experiments not only
continue to assess the sustainability of farming systems for maintaining high
productivity but also contribute to a range of other applications. They can be
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summarized as follows: (1) providing field resources for studies on plant growth and
soil properties, in particular for characteristics that develop slowly (e.g., soil fertility);
(2) archiving soil and plant samples that are invaluable sources of materials for further
research; and (3) developing models to describe the cycling and processes of nutrients
among soil, plant, and atmosphere, informed by detailed management records and
datasets from both current and archived samples.

Many long-term field experiments have been established for above aims worldwide,
with the majority of them being situated in Europe and North America. Notable
examples include a series of classical long-term experiments with more than a century
of fertilisations located in Rothamsted and Woburn (UK), Uppsala (Sweden), Grignon
(France), Versailles (France), Bad Lauchstiddt (Germany), Askov (Denmark), Morrow
(USA) and Sanborn Field (USA) (Johnston and Poulton, 2018; Lefévre et al., 2014).
In addition, sites with shorter experimental durations have been established in China
since 1979 and 1989/1990, and in Australia since 1982 (Jiang et al., 2014; Latta and
O’Leary, 2003), but there are fewer sites in South America and Africa (Beneduzi et
al., 2019; Fynn et al., 2004).

However, many of these sites may not meet our research requirements for nonlinear
SOC dynamics, which are characterized by a large amount of C inputs, generally
indicating an approach towards SOC equilibrium or saturation. The Broadbalk and
Hoosfield experiments at Rothamsted Research in the UK, as well as the Sanborn
fields and Morrow plots in the USA, are the oldest and most representative long-term
studies in Europe and the United States, respectively (Johnston and Mattingly, 1976).
They may fulfil our research requirements (Li et al., 1994; Johnston et al., 2009; Miles
and Brown, 2011). Furthermore, when considering the long-term experiments in
China and Australia, the representativeness of their C sequestration characteristics is
limited with a relatively short period (30—40 years). Model predictions can be used to
study the full characteristics of soil CSE in response to C input accumulation, based
on the fact that a steady-state soil C content is reached over a duration of 50 to 100
years (Mosier, 1998; Rasmussen et al., 1998). Therefore, an analysis of the four
classical long-term experiments, along with processes-based model predictions for
experiments with relatively short durations, is necessary to fully reflect the response
of soil CSE to C input accumulation. These also correspond to the uses (1) and (2)
and use (3) of long-term experiments mentioned in the preceding paragraph,
respectively.

2.7. Mollisol (black soil) long-term experiments

Mollisol is the common soil type in both the classical long-term experiments in the
UK and USA and those conducted in China, including Harbin, Gongzhuling, Morrow,
and Sanborn long-term experiments. When considering the comparison of the soil
CSE in different regions, this study focused on those Mollisol sites. These soils,
characterized by their thick, dark, and well-structured surface horizon, are globally
recognized as the most fertile and productive soil (Duran et al., 2011; Liu et al., 2012;
Xu et al., 2020). They are primarily distributed in four regions: the majority of Russia
and Ukraine (45%), the central plains of North America (29%), Northeast China
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(10%), and a significant portion of South America (10%) (Liu et al., 2012; Xu et al.,
2020).

The C sequestration of Mollisols is of great significance for food security and
climate change mitigation. The high productivity of Mollisols, due to their fertile soil
conditions and suitable climate, forms the foundation for global food supply. Those
regions are major producers of wheat, corn, and other staple crops, such as
contributing to 43% of China’s corn, 30% of soybean, and 8% of wheat production
(Xu et al., 2020), as well as nearly half of Russia’s wheat and a quarter of its barley
output (Romanenkov et al. 2019). Additionally, the high C sequestration capacity of
Mollisols helps to reduce the concentration of CO, in the atmosphere, thus mitigating
the effects of climate change. A fifteen-year experiment found that chemical
protection by mineral association within macroaggregates and non-aggregated silt +
clay-sized fractions, as well as physical protection by the occlusion of particulate
organic matter within free microaggregates, contributes to SOC stabilization under a
long-term warming-dominated climate change in Mollisols (Zhou et al., 2023).
However, this positive effect typically occurs under suitable fertilisation or
management practises, such as conservation tillage and manure application (Duran et
al., 2011; Liu et al., 2012; Xu et al., 2020).

Notably, a significant depletion of C stocks in Mollisols has occurred during the last
several decades because of active agricultural utilization, low organic return, and
intensive tillage (Durdn et al., 2011; Liu et al., 2012; Xu et al., 2020). Reports
indicated Mollisols in Russia and Ukraine have lost approximately 15-40% of their
original organic C pool, while those in America and Northeast China have seen a
decline of around 50% (Gollany et al., 2011; Xu et al., 2020). This accelerated land
degradation is often accompanied by decreases in crop yield. For example, crop yields
in North America have declined by 20—40% over the past century, as a result of
unsustainable cultivation practises (Posner et al., 2008). Similarly, Mollisols in
Northeast China have experienced a decrease in thickness of approximately 30—50 cm,
with each 1 cm reduction corresponding to a 2% reduction in crop yield (Liu et al.,
2013a). The declining SOC not only negatively impacts soil productivity but also
becomes an important factor for climate change due to GHG emissions (Tong et al.,
2017). For instance, the average C release rate from Mollisols in Northeast China was
2 to 4 times the global average rate from the soil pedological C pool (Lal et al., 2007;
Lietal., 2013). Therefore, maintaining and enhancing the C sequestration of Mollisols
is of strategic importance for achieving food security and addressing climate change.

2.8. SPACSYS model introduction and application

The SPACSYS (Soil-Plant-Atmosphere-Continuum-SY Stem) model is a multi-
dimensional, field-scale, weather-driven, flexible time step (from minute up to daily),
and process-based model that quantifies the biogeochemical processes of C, N, and P
cycling, and the water and heat budgets in soil, plant and ruminant animal. The
description of soil C and N processes is similar to that in a number of existing models
(Wu and McGechan, 2001; Wu et al., 2007), but it offers more detail in relation to
nutrient cycling from decaying root material. The water, heat, and soil N components
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are conceptualized as two-dimensional submodels, with the water component
incorporating a horizontal water flow that influences the movement of heat and nitrate.
The soil C cycling is treated as a one-dimensional component. The state variables
within a soil layer that are influenced by root systems are determined by considering
the values of each root segment within that soil layer. The processes related to the C
and N cycles and water movement in the SPACSYS model are presented in Figures
1-1, 1-2, and 1-3.

In the SPACSYS model, the plant growth module includes plant development,
assimilation, respiration, and the allocation of photosynthates and plant N uptake. The
soil organic C and N pools are composed of five sub-pools: the fresh litter pool, the
microbial pool, the humus pool, the dissolved organic matter pool, the fresh OM pool
(if manure was applied). The primary processes affecting the soluble N pool are
mineralization, nitrification, denitrification, and plant N uptake. Additionally, the
transfer of N from the organic matter pool to the microbial pool and the conversion
processes between organic matter pools are directly related to C transformations, and
the estimates of N transformation destinations are based on corresponding C fluxes
and C/N ratios (Wu et al., 2007).
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Figure 1-1 Conceptual diagram of C cycling in the model (from SPACSY'S manual 6.0).
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Figure 1-2 Conceptual diagram of N cycling in the model. a represents partition of
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Table 1-1 Comparison of involved processes between the SPACSYS model with other
models (modified from Wu et al., 2007; Brilli et al., 2017; Lutz et al., 2019; Wowra et al.,
2021)

SPACSYS DAISY APSIM DAYCENT DNDC EPIC

SOM pools number 5 5 4 4 3 3
Microbial biomass \ N N N N N
Humus \ N N \ N N
DOC e A N
DON N N _ _ N N

Main processes explicitly simulated
Mineral fertiliser \ N N N N N
Organic fertiliser \ N N N N N
Management Irrigation v v v v v v
Tillage v v v \ N N
Sowing N, N N \ N N
Harvest/cutting N N N N \ N
Decomposition ~ N N N \ N
Mineralization- J J J J J J

immobilization
Nitrification \/ N N N N N
C, N processes  Denitrification \ \ N N N N
Nitrate leaching N N N N \ N
NH4" leaching \ N N B} ) )
NOs surface loss V - \ - - \
Volatilization v - - _ N N
Heat transfer \ N - - N N
Photosynthesis \ N N N N N
Respiration v N N N N )
Plant growth Phenological stage V \ N \/ N N
Partitioning \/ V V \ \ -
Translocation v - N, - N .

—_
[o)
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Root architecture v v v N \/ -

Water uptake Y \ N N N N

Nitrogen uptake Y \ N N N N

Nitrogen fixation \ - \ N - N

Infiltration \ N N N N N

Wat i Ground water \ N N N N N

ater cyclin

yeme Evapotranspiration v \/ \ N N N
Erosion - - N N N N

Numerous models that simulate plant growth and development, C and N cycles, as
well as water and heat transfers, have been widely applied, such as APSIM, DNDC,
DAISY, DAYCENT and EPIC. Among these, the APSIM model is capable of
simulating plant growth, soil water, and C and N cycling, and it has good performance
in simulating crop yields under extreme climate conditions (Holzworth et al., 2014;
Ebrahimi-Mollabashi et al., 2019). However, it doesn’t include the DOC and DON
pools. The DNDC model can simulate soil temperature, moisture, pH, redox potential,
and the emissions of NO, N>O and NH; associated with nitrification and
denitrification processes, but it considers a smaller number of SOM pools (Gilhespy
et al., 2014). DAISY is mainly used for simulating water and C and N cycling, and it
can be used to simulate crop growth and grain yield, as well as N mineralization,
nitrification, denitrification, and crop N uptake, but it does not consider ammonia
volatilization (Hansen et al., 2012; Gyldengren et al., 2020). Therefore, SPACSYS
demonstrates significant advantages over other extensively cited simulation models
in terms of the processes and number of pools considered for C and N cycling (Table
1-1). Additionally, the SPACSYS model has advantages in simulating crop growth
and the movement of water and heat. For instance, the DAYCENT, EPIC and DAISY
models are less detailed in their simulation of crop growth and development processes
than SPACSYS and APSIM, although they have been proved to accurately simulate
crop yields (Stehfest et al., 2007; Timlin et al., 2024). SPACSYS also simulates N
fixation, a process that is not accounted for in models such as DAISY and DNDC.
Most notably, it can simulate root architecture, providing a 3D root structure. A well-
simulated root architecture can more clearly reflect the absorption of nutrients and
water from the soil by the roots, as well as the transport processes to the aboveground
and belowground parts of the plant, which are particularly important for plant growth
(Bingham and Wu, 2011).

Since the development of the SPACSYS model in 1996, it has been proven to have
a strong ability to accurately simulate plant growth, N uptake, SOC and TN stocks,
and CO,, CH4 and N>O emissions of cropland and grassland across Europe and China.
For example, Wu et al. (2007) validated the model’s accuracy in simulating spring
barley grain yield and N uptake, as well as cumulative drainage flows and N leaching
in an arable land at Bush Estate near Edinburgh, highlighting that SPACSYS’s detailed
root architecture description enhanced its performance in estimating N cycling over
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SOIL-SOILN. Wu et al. (2015) validated a new microbial growth-based module for
both nitrification and denitrification, and proved SPACSYS’s accuracy in simulating
soil moisture, aboveground biomass, N uptake, and N>O emissions in a Scottish
grassland. Li et al. (2017) confirmed the applicability of SPACSYS for simulating soil
moisture, the C and N balance in a reseeded grassland in southeast England. Perego
et al. (2016) studied the effects of tillage and different fertilisations on N>,O emissions
from a rotation of forage and bioenergy crops in the Povalley of northern Italy. Zhang
et al. (2016b; 2016¢; 2018) and Liang et al. (2018) used SPACSYS to validate wheat
and corn yields, SOC and TN stocks, and GHG emissions in six long-term
experiments in China. Wu et al. (2020) investigated the responses to different
management practises in seed yield, biological N fixation, protein yield and soil N
budgets based on a four-year soybean cropping system in Northeast China. Liu et al.
(2023) evaluated the utility of measured saturated soil hydraulic conductivity to
enhance SPACSYS’s accuracy in simulating water and soil mineral N content for a
lowland UK grazed field. Clearly, the SPACSYS model has a strong foundation in
nutrient cycling within the soil-plant-atmosphere system, demonstrating robust
simulation results and the capability to predict different crop yields and SOC stocks
under various climate change scenarios and fertiliser treatments.

3. Scientific question and objectives

This study aims to address the following question: What are the differences in soil
carbon sequestration efficiency among typical croplands in China, the United
Kingdom, and the United States under long-term different fertilisations? The general
objectives of this study are to reveal the characteristics of soil CSE in response to
different C input levels and to identify the controlling factors of these CSE
characteristics based on long-term experiments with typical fertilisation and soil types
in China, UK and USA. Meanwhile, fertilisation practises that are favourable to
improve SOC stocks and efficiency are recommended.

The technology roadmap of our research is shown in Figure 1-1. First, through eight
dryland long-term experiments with nearly four decades of fertilisation, the soil CSE
characteristics of the plough layer and their main controllers were studied (red colour,
Chapter II). Second, based on four classical long-term experiments with more than a
century of fertilisation and a large amount of carbon input accumulation, the CSE of
the plough layer, its relation with C input, and the main influencing factors were
confirmed (blue colour, Chapter II). Then, the SPACSYS model was validated for its
performance in simulating the long-term dynamics of SOC stock using data from the
longest and well-documented continuous Broadbalk wheat system in southeastern
England. Based on this validation, a sustainable strategy for enhancing carbon
sequestration under future climate change was determined (orange colour, Chapter
IV). Finally, SPACSYS predicted the future response of CSE in two typical Mollisols
in Northeast China to climate change. The characteristics of their CSE in response to
C input accumulation in the future were also studied (green colour, Chapter V). A
comparison of the CSE between the two Mollisol sites in Northeast China and the two
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Mollisol sites in the USA was conducted in the general discussion to highlight the
regional differences in CSE.

In this study, we assumed a uniform conversion efficiency of C input to SOC within
the targeted soil layer. This simplifying assumption allows for the estimation of an
average CSE, although it may not account for the potential spatial and temporal
heterogeneity in the actual SOC sequestration process. Additionally, the study focuses
mainly on the plough layer, which accumulates the majority of carbon inputs and is
directly susceptible to human activities and climate change. The CSE of the
subsurface soil during long-term fertilisation is constrained by the availability of
experimental data and the challenge of quantifying organic C inputs distributed across
different soil layers.

To expound on the main objectives above, the specific questions were formulated:

1. What are the characteristics of soil CSE in the plough layer under different
fertilisations based on long-term experiments with different durations?

Hypothesis: Soil organic carbon exhibits linear-to-asymptotic behaviours as carbon
input increase. The linear relation indicates that the soil has constant C sequestration
efficiency and no C equilibrium level. In contrast, the asymptotic relation emphasizes
a decrease of C sequestration efficiency when the SOC approaches the equilibrium
level.

2. Is the SPACSY'S model appropriate for simulating the long-term dynamics of soil
organic carbon stocks in the Broadbalk long-term experiment under different fertiliser
treatments?

Hypothesis: Based on the model's detailed description of crop growth and C and N
cycling within the soil-plant-atmosphere system, the SPACSYS model can well
simulate the SOC dynamics of the Broadbalk wheat continuous cropping system for
more than a century.

3. What are the differences in soil CSE between Mollisol long-term experiments in
Northeast China and those in the US?

Hypothesis: Due to manure application during the first five decades of the Sanborn
and Morrow experiments in the US, the CSE was higher than that in the Gongzhuling
and Harbin experiments in Northeast China during the rapid decline phase of CSE.
However, during the asymptotically stable stage, the Mollisol CSE in the Sanborn and
Morrow experiments, which had warmer climates and received substantial C input
from straw return in all plots, was lower than that in the Harbin and Gongzhuling
experiments.

4. What is the recommend fertiliser practise that is favourable to improve soil CSE
and mitigate future climate change?

Hypothesis: Because of the improved soil nutrient environment and the enhanced
macro-aggregate components associated with higher CSE through the direct fresh
organic matter input, manure application is a recommended fertiliser practise for
enhancing CSE under long-term fertilisation and mitigating negative climate effects
on crop yield and SOC sequestration in the future.
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Figure 1-4 The technology route of this thesis.

4.0verview of the chapters

Chapter I General introduction

In this chapter, general information on the research progresses and objectives was
described. The main content included the development of CSE calculation methods,
research progresses of CSE under long-term fertilisations, and the main influencing
factors and mechanisms that control CSE. The response of SOC stock to future climate
change under different fertiliser treatments was also presented. The problems and
knowledge gaps were described in this section. The importance and suitability of
studying SOC sequestration based on long-term experiments were also presented.

Chapter II Manure amendment acts as a recommended fertilisation for improving
carbon sequestration efficiency in soils of typical drylands of China

In this chapter, based on 8 long-term experiments established in 1979 or 1989/1990
across the dryland region of China, the objectives were to clarify the characteristics
of soil CSE in the plough layer and its main controller with a small amount of C input
(in comparison to the four classical experiments). Appropriate fertiliser practises for
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improving soil CSE were recommended. In this study, we calculated CSE annually
under four treatments, including no fertiliser (CK), chemical nitrogen, phosphorus and
potassium  combination  (NPK), chemical fertilisers plus  manure
(NPKM/NPM/FYMN), and straw (NPKS/NPS/NS). Variance partitioning analysis
(VPA) and structural equation modelling (SEM) were applied to quantify the
contributions of different influencing factors to the soil CSE across the whole region
and under different fertilisations.

Chapter III Soil carbon sequestration efficiency decreased exponentially with
carbon input - Based on four classical long-term experiments

In this chapter, the objectives were to identify the CSE characteristics of the plough
layer and its main influencing factors with a large amount of C inputs, and to confirm
the relationship between the CSE and cumulative C input based on four classical long-
term experiments: Broadbalk (1843-), Hoosfield (1852—), Sanborn (1888-) and
Morrow (1904—-). We calculated the SOC sequestration rate, C input, and CSE in the
year with measured data under four treatments, including CK, NPK, manure only
(FYM), and chemical N plus manure (FYMN). Extreme gradient boosted tree
(XGBoost) regression modelling was applied to evaluate the importance of the
examined climate variables, management factors, and edaphic properties on soil CSE.

Chapter IV Climate change impacts on crop production and soil carbon stock in a
continuous wheat cropping system in southeast England

In this chapter, the SPACSYS model’s performance to simulate the long-term
dynamics of SOC stocks was validated using data from the longest and well-
documented Broadbalk wheat system in southeast England. Whether continuous
manure application over 170 years can still be considered a sustainable strategy for
increasing SOC sequestration under future climate change was evaluated. Six
treatments were used: CK, a combination of chemical nitrogen, phosphorus and
potassium with three nitrogen application rates (N1PK, N3PK and N5PK), FYM, and
FYMN. Four climate scenarios were selected to investigate the impacts of varying
levels of climate change on crop production and SOC sequestration: baseline,
Representative Concentration Pathway (RCP) 2.6, 4.5 and 8.5.

Chapter V Both soil productivity and carbon sequestration of Mollisols decreased
under future climate change

In this chapter, the objectives were to demonstrate the response of SOC stock and
CSE to future climate change in two Mollisol long-term experiments in Northeast
China, and describe the full CSE characteristics when a large amount of C has been
accumulated in the future. We focused on the same soil type in both the four classical
long-term experiments and those in China, i.e., Mollisol, thereby establishing the
foundation for a more reliable comparison of soil CSE among different regions. Four
fertilisations, including CK, NPK, FYM and NPKM/FYMN, were chosen. Model
predictions were performed under the baseline, RCP 2.6, RCP 4.5 and RCP 8.5
scenarios. The CSE of the two Mollisols in northeastern China were calculated based
on the predicted yield and SOC stock under future climate scenarios. A beneficial
strategy for simultaneously sustaining crop yield and improving CSE under future
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climate change was presented.
Chapter VI General discussion and conclusions

In this chapter, the distinct characteristics of CSE in two Mollisol long-term
experiments conducted in China, as well as in two others in the USA at varying stages
of cumulative carbon input, have been identified and thoroughly discussed. In addition,
the meaning, importance, and relevance of the general results were discussed. We
stated the answers to the main research question and made recommendations for future
research on our topic.
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Abstract

It is generally known that soil organic carbon (SOC) stocks tend to increase with
increasing C input, whereas the C sequestration efficiency (CSE), i.e. the conversion
ratio of C input to SOC, differs depending on the amount and type of C input. However,
there still exists the need to better understand the impact of various fertilisation
practises on CSE. We studied the data from 8 long-term experiments located in the
main dryland region of China in order to clarify the responses of CSE to different
fertilisations and to comprehensively assess the key drivers of CSE in the plough layer
considering nearly four decades of various fertiliser treatments, i.e., no fertiliser (CK),
chemical nitrogen, phosphorus and potassium (NPK/NP), chemical fertilisers plus
manure (NPKM/NPM/FYMN) and straw (NPKS/NPS/NS). Our results showed that
manure amendment had the most significant fertilisation effect on SOC sequestration
with the average CSE of manure amendment (14.9%), which was significantly higher
than that of chemical fertilisations (9.0%) and straw return treatments (7.9%). And
manure amendment also had the highest average SOC increase rate of 684 kg C ha!
yr''. Variance partitioning analysis (VPA) illustrated that CSE of the main dryland
region of China was mostly controlled by edaphic characteristics (32.2%), especially
the soil C/N ratio and clay content. The VPA and structural equation modelling (SEM)
revealed that the magnitude and influencing factors driving CSE varied among
different fertiliser treatments. Soil total N was the limiting factor for CSE in the CK
treatment, whereas the soil C/N ratio and pH were the main explanatory factors for
CSE in the long-term chemical NPK fertiliser treatment. The negative impact of C
input from straw was the main driver of CSE under straw return treatments, though C
input had a positive effect on soil physical properties improvement. However, when
considering manure amendments, the improvement of soil nutrients and clay content
controlled CSE, underlining the main positive direct effect of soil chemical properties.
In a nutshell, our results recommend manure plus chemical fertilisers as a sustainable
practise for improving C sequestration rate and efficiency in dryland cropping systems.

Keywords: Soil carbon sequestration efficiency, dryland, long-term fertilisation,
influence factor, organic amendments.
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1.Introduction

Recently, enhancing soil organic carbon (SOC) sequestration in agroecosystems has
been considered as an important strategy for maintaining soil productivity and
mitigating climate change globally (e.g., Amundson and Biardeau, 2019; Sun et al.
2020). It should be noted that considerable SOC losses, taking place continuously
across many regions on Earth, are often characterized by either remarkable land use
change or intensified agricultural practises, including the unreasonable intensive
usage of fertilisers (Chen et al., 2021; Pugh et al., 2015). Generally, manure combined
with mineral fertiliser has been considered as an effective strategy to improve SOC
storage because of the combined effect of (i) enhanced residual C input by increasing
the biomass production from the mineral fertilisers and (ii) the higher direct organic
C input from the manure (Gross and Glaser, 2021; Jiang et al., 2018a; Triberti et al.,
2016) However, when considering the incorporation of these sources of C to the soil
C pool, it’s not only the quantity that matter but also the retention coefficient of those
C inputs, which has been defined as carbon sequestration efficiency (i.e. CSE) (Hua
et al., 2014; Kong et al., 2005; Stewart et al., 2007). Recent studies highlighted that,
regardless the applications rate, the effects of different types of fertilisers (either
mineral or organic types) on SOC sequestration are remarkably different (Aguilera et
al., 2013; Li et al., 2020a). Consequently, an assessment of region and/or fertiliser
treatment specific CSE could be very useful in order to identify a better management
strategy with the objective to enhance the soil’s C sequestration ability (Hua et al.,
2014; Liang et al., 2019).

Research indicates that CSE depends on climate conditions, soil types and fertiliser
practises (Triberti et al., 2008; Wang et al., 2020b; Yan et al., 2013; Zhao et al., 2016).
More specifically, a faster mineralization of C input, and hence lower CSE, usually
appear in regions characterized by both higher temperature and precipitation amounts
because of the typically more active microbial community in these environments
(Chen et al., 2021; Liu et al., 2019). Soils with low initial SOC contents might have a
greater potential and efficiency to sequester freshly added organic C, because these
soils are still far away from their C saturation level (Stewart et al., 2008). The CSE of
soils with higher clay content could be significantly higher due to the adsorption
ability of soil clay particles, and hence the formation of stronger organic-mineral
complexes as compared to soil with more sand and silt (Ekschmitt et al., 2005; Hua et
al., 2014). A higher soil bulk density (BD) typically results in a lower SOC turnover,
and therefore, higher CSE, because of the generally slower soil-atmosphere-water
cycling associated with poor air permeability and restricted hydraulic conductivity
(Lu et al., 2018; Thomsen et al., 1999). Soil pH could affect CSE indirectly by
controlling SOC solubility and affecting plant nutrient absorption and microorganism
growth (Evans et al., 2008, 2012). In addition, CSE might vary significantly relying
on the different magnitudes of SOC changes in response to animal manure and crop
residue amendments (Liu et al., 2014; Maillard and Angers, 2014), which mainly
depends on the quality of the newly added carbon. The composted cattle organic
fertiliser with high amount of stabilized component-lignin could have a higher CSE
than that of uncomposted pig material (Hua et al., 2014), while they were lower than
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that of dairy manure (Wang et al., 2020b). Moreover, the C input amount has been
suggested negatively effecting CSE (Stewart et al., 2008). The CSE of soil with the
high rate of wheat straw return was lower than that of soil with a half input rate (Hua
et al., 2014), and a similar result was also found in soil with manure amendments
(Wang et al., 2020b). The amounts of added substrates as related to microbial biomass
C could also affect C sequestration by stimulating microbial growth and altering the
composition of microbial community (Blagodatskaya and Kuzyakov, 2008). However,
there is in particular a lack of precise knowledge concerning the impact of different
fertilisers on CSE. In this context, it is important to note that a comparison of CSE
among regions and/or fertiliser treatments is very difficult due to the existence of
complex interactions between climate, edaphic and fertilisation factors (Liang et al.,
2016). Hence, a comprehensive study of the individual effects of those factors on CSE
under long term fertilisations is urgently needed.

The long-term experiments network of China (from 1979/1989) based on regional
specific common soil and fertiliser practises, has effectively monitored the evolution
of SOC stocks (Jiang et al., 2014). Hence, this network could be considered as a good
opportunity to study whether a given fertiliser treatment can sustain or improve C
sequestration on the long-term. The well-document and quite detailed records
concerning the fertiliser managements, soil properties and climates are also supporting
a comprehensive assessment of the drivers of CSE. In addition, CSE is a function of
fertilisation duration (Smith, 2004; Stewart et al., 2008). When considering a period
of 30 to 40 years of fertilisers application, many studies indicate that observed changes
in SOC are significantly, positively and linearly correlated with C input, resulting in
a constant CSE with the limited range of C input (Bhattacharyya et al., 2010; Jiang et
al., 2014; Maillard and Angers, 2014; Majumder et al., 2008; Wang et al., 2020b;
Zhang et al., 2010). The present study aims to (1) quantify CSE in the plough layer
(020 cm) and to (2) identify the main drivers of CSE considering 8 long-term
experiments in dryland of China.

2. Materials and methods
2.1. Study sites and experimental design

For this study eight classical long-term experiments across a wide range of
pedoclimatological conditions were selected, which were based in Gongzhuling
(GZL), Changping (CP), Zhengzhou (ZZ), Tianjin (TJ), Xuzhou (XZ), Pingliang (PL),
Yangling (YL) and Urumgqi (UM) (Figure 2-1). Detailed information about these
particular study sites can be found in Jiang et al. (2018a) and Jiang et al. (2014), which
are located in major wheat and corn planting areas. However, key background
information, including the locations, initial soil properties, cropping systems and
climates, can be found in Table 2-1 and Table 2-S1.

2.2. Fertilisation

Four different fertiliser treatments, present in all of the eight studied sites, were
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considered, i.e. (1) no fertiliser (CK), (2) balanced application of chemical nitrogen

(N), phosphorus (P) and potassium (K) fertilisers (NPK), (3) chemical fertilisers

combined with manure (NPKM), (4) chemical fertilisers combined with straw (NPKS)
(except for XZ) (Table 2-S2). Specially, CK, NP, NPM and NPS were used for PL,

and No K was applied in PL due to its high soil K content. The (3) and (4) treatments

in TJ were FYMN and NS because of the fully supply of P and K from manure and

straw.

The total amount of N applied (chemical + organic) was equal for the NPK and
NPKM, NPKS treatments at GZL, ZZ, YL and UM sites, but this amount was higher
in NPKM/NPM/FYMN and NPKS/NPS/NS treatment at the other sites due to an
additional manure application or straw return. The types of manure were depended on
the local availability (Table 2-S2). Considering the straw return treatment, crop
residues were chopped and put into the soil by rotary tillage. These crop residues were
only returned during the corn season in CP, ZZ, XZ and YL.

2.3. Soil sampling and analysis

Soil samples from plough layer (0-20 cm) for all experiments were collected in
approximately 15 days after harvest (the corn season in double cropping systems) in
each long-term experiment (Table 2-1). The soil was air-dried and then passed through
a 2-mm sieve prior. A part of the sub-sample was dried, crushed and sieved at 0.25
mm for the determination of total nutrient and 1.0 mm for nutrient analyses.
Concentration of SOC was analysed with dichromate oxidation by a modified Walkley
& Black method (i.e. heated for 12 minutes at 220 °C) and a correction factor of 1.1
was applied (Hu et al., 2016; Walkley and Black, 1934). Total nitrogen (TN),
phosphorus (TP) and potassium (TK) were determined by the classical method of
Black (1965), Murphy and Riley (1962) and Kundsen et al. (1982), respectively.
Available nitrogen is measured following Lu (1999). Available phosphorus (Olsen-P)
was quantified by Olsen et al. (1954), and available potassium by Shi (1976). The clay
content, soil pH (considering a 1:1 water/soil mixture) and BD were also measured
following Lu (1999).

28



Chapter I Manure amendment acts as a recommended fertilization for improving carbon sequestration

efficiency in soils of typical drylands of China

40°N

30°N

20°N

10°N

60°E 70°E 80°E 90°E 100°E

110°E

120°E

130°E

140°E

150°E

[ Paddy field

20°N

[ IDryland - |
o /
0 250 500 1,000 L2
km \ 5 & A
80°E 90°E 100°E 110°E 120°E 130°E

Figure 2-1 The locations of the 8 long-term dryland experiments.
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Table 2-1 Initial soil characteristics of plough layer of long-term fertilisation experiments at the 8 dryland long-term experimental sites across

China.

) Gongzhuling Changping Zhengzhou Tianjin Xuzhou Urumgqi Pingliang Yangling
Site (GZL) (CP) (22) (T) XZ2) (UM) (PL) (YL)
Strat year 1989 1990 1990 1979 1980 1990 1979 1990
Soil type (FAO) Luvic Haplic Calcaric Calcaric Calcaric Haplic Calcic Cumulic

Phaeozems Luvisol Cambisol Cambisol Cambisol Calcisol  Kastanozem  Anthrosol

Initial SOC*, g kg ! 13.23 7.10 6.60 10.96 6.26 9.86 6.09 7.44
Total N4, g kg! 1.40 0.79 0.65 1.06 0.66 0.87 0.95 0.83
Available N, mg kg 114 49.7 76.6 75.1 68.0 55.2 55.5 61.3
Total P%, g kg™ 1.39 0.69 0.65 1.59 0.74 0.67 0.58 0.83
Olsen P, mg kg ™! 27.0 4.6 6.5 16.6 12.0 3.4 7.0 9.6

Total K%, g kg™ 22.1 14.6 16.9 16.1 22.7 19.8 20.5 21.6
Available K, mg kg™ 190 65.4 74.0 173.3 62.0 288 164.7 194.0
pH 7.6 8.2 8.3 8.1 8.2 8.1 8.2 8.6

Bulk density, g cm™ 1.19 1.58 1.55 1.28 1.25 1.25 1.30 1.35
Clay, % 32 10 13 31 6 21 34 17

#Soil organic carbon; . Nitrogen; . Phosphorus; % Potassium.
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2.4. Soil carbon sequestration efficiency calculation

In each site, soil C sequestration efficiency was calculated by using following
equations:

SOC stocks
The SOC stocks (SOCs, t C ha™') were calculated as:

SOCs =SOC. x BDx Hx 10 (1)

where SOC is the SOC content (g kg™!); BD is the soil bulk density (g cm™); H is the
depth of soil sampling (cm).

Carbon input

The C inputs included C from crop above-ground residual (Csiyppie)> 100t (Croot)s
extra-root (Crpizosphere) and manure (Cpgnyre) (Bolinder et al., 2007a). Among these
C inputs, extra-root C included root exudates and other material derived from root-
turnover, which was referred to as ‘rhizodeposition’ (Crpizosphere)- The Crpizosphere
of small-grain cereals, corn, and soybean was assumed as 0.65 (i.e., 33/50) times the
C input from the roots (Bolinder et al., 2007a), based on the finding of tracer studies
(Kuzyakov and Domanski, 2000; Kuzyakov and Schneckenberger, 2004). These
studies indicated that approximately 33% of the below-ground C in wheat and barley
is released by living roots and remains in soil, and that 50% of the below-ground C
remains in roots. Thus, the annual C input (Cinpye, t C ha™') was calculated using the
following:

Cinput = CStubble + CRoot + CRhizosphere + CManure
= Ysnoot X Cshoot X Pstubbie X 0.001 X (1 — Mgp40¢)

+ YTOOt X CTOOt X PTOOt X 0 001 X (1 - MTOOt) + 0 65 X CROOt
+ Fmanure X Cmanure X (1 - Mmanure) (2)

where Ygp,0¢ is the shoot biomass (t ha'); Y,,,; is the root biomass (t ha');
Fanure/straw is the application amount of manure or straw (t ha™); Pspyppie is the
ratio of above-ground stubble returned to soil with 100% for NPKS and 15% (wheat)
or 3% (corn) for other treatments (Jiang et al., 2014; Zhang et al., 2010); Cspo0t»
Crootand Crngnure/straw are C content of corresponding plant tissues and fertilisers,
respectively (Table 2-S3); Py, is ratio of the root biomass in plough layer with 75.3%
for wheat and 85.1% for corn, respectively (Jiang et al., 2014; Khan et al., 2007); The
average moisture content of the air-dried crop samples of the shoot (Mgp,,:) and root
(M,o0¢) 1s based on the observations (%); otherwise, it is an average value of 14%
(Jiang et al. 2014; Jiang et al. 2018a); M, gnure 1S the moisture content of manure (%).

Considering the shoot biomass, we assumed it was approximately equal to straw dry
matter production. When sites hadn’t measured straw production (XZ), it was
established as follow:

Y ,
grain
Yshoot = T - Ygrain 3)
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where Yspo0t and Yy,44, are the shoot biomass and grain yield (t ha™), respectively;
HI is the harvest index (Table 2-S3).
The root biomass could be estimated by:

Yroot = Yshoot X RSR (4)

where RSR is the root to shoot ratio (Table 2-S3).
Soil carbon sequestration rate

After calculating the SOC stocks in the plough layer across the eight long-term
experiments, we found that the SOC stocks exhibited linear increases over the entire
experimental period (Figure 2-2). Therefore, this study used the difference between
SOC stocks in the current year and the initial year to calculate the soil C sequestration
rate and efficiency.
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Figure 2-2 Soil organic carbon stocks (t C ha™') in the plough layer of the eight long-term

experiments in China.

The soil C sequestration rate (Csequestration rate- t C ha™' yr'") in the plough layer
(0-20 cm) during the experimental period was calculated as follow:

_ SOC—SO0Cnitial
Csequestration rate = : Q)]

where SOC; is the SOC stocks in the t-th year, and SOC;yjtia) is the average SOC
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stocks of the initial 3 years; t is the experimental duration.

Carbon sequestration efficiency

The carbon sequestration efficiency (CSE, %) is the conversion ratio of unit carbon
input to SOC stock.
SOC; — SOCipjtial

CSE = x 1009 6
Cinput, o (6)

where Cinput, is the total C input during t years.

2.5. Influence factors

To gain insight to factors controlling CSE among the studied dryland soils under
different long-term fertiliser treatments, climate variables, edaphic properties and
management factors were selected for each site. Mean annual temperature (MAT) and
mean annual precipitation (MAP) as main climate factors influencing crop growth and
C decompositions were collected from the National Meteoritical Information Center
(http:// data.cma.cn/). Considering edaphic factors, soil chemical properties (i.e.,
measured total N stock (TN), available N (AN), total P (TP), Olsen P (AP), total K
(TK), available K (AK), soil C/N ratio, initial SOC content and pH) as well as physical
properties (i.e., clay content and BD) were selected for further analysis. As regards
the management factors, C inputs from crop residue (stubble, root, rhizosphere) and
organic manure/straw return were calculated for further analysis.

2.6. Statistical analysis

Figure 2-3 presents the methodological flowchart of this study. One-way analysis of
variance (ANOVA) and the least significant difference (LSD; P < 0.05) test were
applied to compare the fertilisation effects on the SOC sequestration rate, annual C
input and CSE within an individual site. One-way ANOVA was also used to identify
the duration when CSE of studied treatments has no significant difference with the
latest record year of the experiment. Paired-samples t tests was used to compare the
difference of CSE between NPK/NP and CK, NPKM/NPM/FYMN  and
NPKS/NPS/NS across different sites, respectively. The statistical analyses were
performed with SPSS 22.0 (SPSS, IBM, 2015, Chicago, USA). Graphs were prepared
using Origin profession version 2019 (OriginLab, Northampton, USA).
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Figure 2-3 The methodological flowchart of this study.

Variance partitioning analysis (VPA) was applied to quantify the contributions (%)
of (i) total selected edaphic, C input and climate factors and their interactions, as well
as (ii) each individual variable within each factor when considering the CSE
differences among different fertiliser treatments and sites. Only factors that passed the
test of collinearity were considered when conducting the VPA by using R-software,
version 4.1.2. Subsequently, selected soil variables that significantly (P <0.05)
influenced CSE following the results of the VPA, were used to build the structural
equation modelling (SEM). This SEM was used to investigate the direct and indirect
factors regulating CSE under manure amendments and straw return treatments. The
chi-square statistic to the respective degrees of freedom ratio (y*/df < 3 for good fit, <
5 for reasonable fit), probability level (P > 0.05), comparative fit index (CFI > 0.9),
root mean square error of approximation (RMSEA < 0.08) and low Akaike
information criterion (AIC) were used to assess the overall performance of the model
(Browne and Cudeck, 1992).

3.Results

3.1. Annual SOC sequestration rate and C input under long-
term fertilisation

Over a time span of 30 to 40 years of fertilisations, chemical fertiliser combined
with manure resulted in significantly higher annual SOC sequestration rates (684 kg
C ha'! yr'!) in the top 20cm of the soil as compared to other treatments (P < 0.05)
(Table 2-2). Furthermore, the average annual SOC sequestration rates of chemical
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fertiliser with straw return (i.e. 333 kg C ha™! yr') were higher than those of only
chemical fertilisers (244 kg C ha™! yr).

Table 2-2 Average SOC change rate (kg C ha™! yr'!) of typical croplands under different
long-term fertiliser treatments.

Site CK NPK/NP NPKM/NPM/FYMN  NPKS/NPS/NS
GZL 139.14b 194.54b 988.04 a 262.57b

CP 114.67 c 157.06 be 49832 a 286.71 ab

77 148.78 ¢ 311.74 b 495.11a 345.03 ab

TJ 113.24 ¢ 246.77b 72632 a 255.03b

Xz 160.08 b 240.88 b 560.75 a -

UM 10241 c 213.20b 81035 a 259.55b

PL 109.86 b 122.22 b 32291 a 253.93 ab

YL 297.34d 46833 ¢ 1068.12 a 667.06 be
Average 148.19 244.34 683.74 332.84

- means no this kind of treatment. Numbers with different lowercase indicate significant
difference among different treatments in an individual site (P < 0.05).

The annual C input from crop residues was significantly higher in the chemical
fertilisers plus manure or straw treatments (i.e. 0.9-2.9 t C ha! yr') as compared with
CK and chemical treatments (i.e. 0.6-2.3 t C ha™! yr''") (Figure 2-4). The C inputs
from manure and straw return were 0.9-5.3 t C ha™! yr'!' (Figure 2-4). Generally, the
average annual C input under an individual treatment from the highest to the lowest
value was as follows: NPKM/NPM/FYMN (2.6-7.5 t C ha™! yr'') > NPKS/NPS/NS
(2.8-5.6t Cha! yr'")>NPK/NP (1.4-3.9tCha' yr')>CK (0.9-1.5tC ha' yr'!)
(P < 0.05). However, this trend was slightly different in GZL, ZZ and PL where the
highest annual C input was found in the NPKS treatment.
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Figure 2-4 The average annual C input from different sources under different fertiliser
treatments at all long-term experimental sites. Numbers with different lowercase letters
indicate significant difference (P < 0.05) for total annual C input under different treatments

within an individual site.

3.2. Carbon sequestration efficiency under long-term
fertilisation

After calculating the annual CSE of each fertiliser treatment in each long-term
experiment (Figure 2-S1), we took an average value of the last 9 years in which CSE
had no significant difference with the latest record year for all sites (Tables 2-3, 2-4,
Table 2-S4). Generally, the CSE in GZL, UM, PL and YL, located across Northeast
and Northwest China and typically characterized by high clay contents (i.e. 17-34%),
was higher (i.e. CSE of 4.6-27.7%) than those in other sites located across the North
China plain with typically lower clay contents (except TJ) (i.e. CSE of 3.5-15.2%)
(Table 2-3, Table 2-S1). The CSE of chemical NPK fertilisers, with an average value
of 9.0%, was significantly lower than that of treatments with manure amendments
with the average of 14.9% (P < 0.01) (Tables 2-3, 2-4). However, NPK/NP had a
significantly higher CSE as compared to NPKS/NPS/NS (7.9%) (P < 0.01) (Tables 2-
3, 2-4, Table 2-S5).
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Table 2-3 Average carbon sequestration efficiency (%) of typical drylands under different

long-term fertiliser treatments.

Site CK NPK/NP NPKM/NPM/FYMN  NPKS/NPS/NS
GZL 13.78 b 8.78 ¢ 27.56 a 6.14d

CP 6.79 ¢ 6.73 ¢ 11.08 a 9.21b

77 3.96 ¢ 9.40 b 15.16 a 9.37b

TJ 10.12b 9.09b 11.54 a 593 ¢

XZ 353 ¢ 423b 831a -

UM 10.51b 10.46 b 1741 a 452¢

PL 4.64 ¢ 10.05b 13.05a 965b

YL 13.97b 12.90 b 1544 a 10.25¢
Average 8.41 8.96 14.94 7.87

- means no this kind of treatment. Numbers with different lowercase indicate significant
difference among different treatments in an individual site (P < 0.05)

Table 2-4 Paired-samples t tests of CSE under different fertiliser treatments.

Treatments Correlation t df Sig. (two-tailed)
NPK/NP CK 0.57** 1.003 71 0.319
NPK/NP  NPKM/NPM/FYMN  0.40** -9.49 71 0.000**
NPK/NP  NPKS/NPS/NS 0.16® - 63 -

® there was no significant relation between CSE of NPK and NPKS, and independent

samples t-tests was used for the analysis (Table 2-S5); **P < 0.01.

37



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

3.3. Factors influencing carbon sequestration efficiency

The VPA results indicated that 37.9% of the variations could be explained by
edaphic, C input and climate factors as well as their interactions across all sites and
treatments (Figure 2-5). However, the edaphic factors contributed the most (32.2%)
to the CSE of studied region, with in particular the soil C/N ratio (4.9%) and clay
content (3.8%), followed by C input (3.2%) and climate (2.8%). Similarly, the
contribution of edaphic factor (21.6-63.6%) was much higher than that of C input
(1.2-20.2%) and climate factors (0.1-18.3%) under each fertiliser treatment or site
(Figure 2-5). For the contribution of each individual variable within each factor, soil
C/N ratio and clay content were important controllers to CSE as being indicated by
significant relations for most sites (except for GZL and UM for C/N and CP and XZ
for clay) (Table 2-5). Furthermore, soil C/N ratio only had significant influence on the
CSE of CK and chemical fertilisers (Table 2-5).

For different treatments, the VPA results showed that TN was the main controller
for CSE of CK with a much higher contribution of 9.6% as compared to other
variables that had a significant effect on CSE (1.4-5.3%, P <0.05) (Table 2-5). When
considering chemical NPK treatment, soil C/N ratio (5.1%) and pH (1.3%) were the
main explanatory factors (Table 2-5). Furthermore, many edaphic factors had a
significant effect on CSE with contributions ranging between 0.8 and 3.9% and
between 1.4% and 5.2% for manure and straw amendments, respectively (Table 2-5)
(P <0.05). The SEM illustrated that the selected variables were able to predict 66%
and 29% of variances in CSE under NPKM/NPM/FYMN and NPKS/NPS/NS of the
studied region, respectively (Figure 2-6). Soil chemical properties had the largest
direct effect on CSE for manure amendments with a positive standardized coefficient
of 0.76, whereas C input had the largest indirect effect with a positive standardized
coefficient of 0.44 through its association with soil chemical factors and clay content
(Figure 2-6 a&c, Figure 2-S2 a&c). C input had the largest direct effect on CSE with
a negative standardized coefficient of -0.69 for straw return treatments, whereas
climate and C input had similar indirect effects with a positive standardized coefficient
of 0.16 and 0.14, respectively, through their interactions with soil chemical and
physical properties (Figure 2-6 b&d, Figure 2-S2 b&d).
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Figure 2-5 The proportional contributions (%) of edaphic, climate, C input factor and their interactions on CSE under each treatment, each
dryland long-term experimental site and across all fertiliser treatments and sites in China based on VPA method.
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Figure 2-6 Structural equation model showing the effects of climate, carbon (C) input, soil
chemical properties and soil physical properties on soil carbon sequestration efficiency
(CSE) under NPKM/NPM/FYMN (a&c) and NPKS/NPS/NS (b&d). The red and blue lines
in (a) and (b) represent positive and negative effects, respectively. The line width and the
numbers above the lines (standardized path coefficient) corresponding to the strength of the
path. Solid and dashed lines represent significant and non-significant paths, respectively (*P
<0.05, **P < 0.01, ***P < 0.001). Multi-layer rectangles represent the first component from
the principal component analysis of climate factors, soil chemical and physical properties, C
inputs, and the vertical red (/blue) arrows within it represent the positive (/negative)
relationships between adjacent variables and the corresponding PC1. MAT: mean annual
temperature, MAP: mean annual precipitation, SOCini: initial SOC content, TN: soil total
nitrogen content, AN: available N content, TP: total phosphorus content, AP: Olsen P
content, TK: total potassium content, AK: available K content, Clay: soil clay content, BD:
soil bulk density, pH: soil pH, Cresidual: C input from stubble, root and exudates, Cmanure:
C input from manure, Cstraw: C input from straw. y2: chi-square values, d.f.: degree of
freedom, GFI: goodness of fit index, RMSEA: the root mean square error of

approximation.
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Table 2-5 The proportional contribution (%) of individual edaphic, carbon input, and climate factors on variance of carbon sequestration
efficiency based on variance partitioning analysis.

Sites
Treatments
Category Factors NPKM/ NPKS/
CK  NPKNP ey wpsws | GZL CP zz T XZ UM YL PL
SOCini 531 1.03 3.87 0.47 328  0.00 1332 11.26%%* 000  0.00 3.66 1.46
skokk sksksk * skskosk * kk
TN 9.56 0.32 1.49 1.78 034 857 238 2.85% 132 000 389 3.74
skokk % % kkk sksk * kkk
AN 0.56 0.89 0.14 1.40 516 0.6 0.00 0.44 146 044 000 0.74
% k3

TP 0.00 1.08 434 0.33 000 3.85 288 188 0.00 028  3.12¢ 0.17

sksksk kkck kk
Edaphic 0.00 1.14 0.96 1.02 478 0.00 242  0.00 0.00 000 094 073

* * kk
TK 1.92 034 0.80 0.01 0.00 022 0.00 0.80 032 000 000 3.07
kk * Hkkok
AK 038 0.28 0.13 523 0.00 276 0.00 0.00 000 041  0.12  0.00

*kk sk
pH 0.99 1.29 0.20 2.45 0.00 0.00 0.00 1642 0.00 043 301 052
* k% kkk *

41



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK and USA

C/N 135 5.13 0.75 0.01 0.02 13.59 245 3.94 3.65%% 0.83  3.18 445
* k% kokk ok * * sk ok
BD 0.13 1.17 0.37 2.31 1.49  0.00 0.00 124 0.14 036 937 201
* sk ok *%
Clay 491 1.10 331 2.47 332 034 1826 2.80 0.03  2.03** 836 5.59
skokk sksksk sksksk * skskosk k kkk kkk
' 222 1.19 0.96 1.71 1828 093 1.61 198 1.18 250 124  0.89
Cinput Cresidual Hk % % $okok * o *
- - 0.65 2.18 037 0.09 406 13.75 089 9.09 193 0.6
Cranure/straw *k *kk *kk *kk *
MAT 145 021 0.37 0.22 1321 007 133 2.02 480 038 247 040
* kkk * * kk *
Climate —\/\p 0.00 0.00 0.00 0.00 6.44  0.00 0.00 1.84 039 169 000 051
kk

SOCini means the initial SOC content; Cresiqual means the C input from stubble, root and rhizosphere; Cmanuresraw means the C input from
manure or straw return; *P < 0.05, **P < 0.01, ***P < 0.001. The proportional contribution of total edaphic, carbon input, and climate factors
on variance of carbon sequestration efficiency is shown in Figure 2-5.
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4.Discussion

4.1. Response of SOC sequestration rate and C input to long-
term fertilisation

Over nearly 40 years of combined application of chemical fertilisers and manure
significantly (P <0.05) increased SOC stocks in the top 20cm of the dryland soils of
China under both single cropping and double cropping systems (Table 2-2), which is
in agreement with previous studies (Jiang et al., 2018a; Liang et al., 2016; Ren et al.,
2021). The average SOC sequestration rates (i.e., 148-684 kg C ha™! yr'") across our
studied sites for all fertilisers treatments were very close to the results of 30-590 kg C
ha! yr! derived by 45 field trials (2037 years) across Chinese drylands as being
reported by Ren et al. (2021). The highest SOC sequestration rate under the NPKM
treatment can be explained by the fact that this treatment is characterized by the
highest average plant derived C-input (stubble + root + rhizosphere) of 1.7—4.0 t C ha™
"'yr!in combination with the additional organic C input from manure (0.85-4.05t C
ha! yr!) (Figure 2-4). Moreover, an accurate C input estimation is important for the
analysis of CSE differences among different treatments. In our study, the annual wheat
and corn derived C-inputs for all treatments are ranging between 0.51 and 2.46 t C ha™
U'yr! and between 0.72 and 2.63 t C ha™! yr!, respectively (Table 2-S6). Those are
comparable to C input values of 0.58-2.86 t C ha™! yr! for wheat and of 0.90-2.39 t
C ha™! yr! for corn reported for China, Belgium, France and Canada, despite the
different methods for C input calculation (Bolinder et al., 2007b; Jiang et al., 2018a;
Meersmans et al., 2013).

4.2. Main drivers for carbon sequestration efficiency in typical
dryland of China

Edaphic characteristics, especially soil C/N ratio and clay content, were the main
factors driving CSE after 30—40 years of fertilisations across the main dryland regions
of China (Figure 2-5, Table 2-5). Soil C/N ratio is an indication of soil quality as it is
typically inversely proportional to the decomposition rate of SOC (Zinn et al., 2007).
Agricultural management practises, especially fertilisation, tend to affect this ratio in
agroecosystem (Deng et al., 2020). In this study, compared to CK, the long-term
intensified N fertiliser application slightly decreased the soil C/N ratio (Figure 2-S3).
The reduction of soil C/N ratio usually suggested a potential SOC decrease and GHG
emissions with high mineralization rates (Majumder et al., 2008; Xu et al., 2016).
However, the soil C/N ratio of manure amendments were significantly higher than
that of NPK/NP (P <0.05) and slightly higher than that of chemical fertilisers plus
straw return (Figure 2-S3). A meta-analysis of globally published studies indicated
that the quality of the organic amendment was the main driver determining CSE
(Maillard and Angers, 2014), which might be the major reason explaining the
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difference of soil C/N ratios and their effects on CSE. It seems that the high C/N ratio
of straw (i.e. on average 67 for wheat and 50 for corn across the entire study area)
contributed to the slow decomposition of organic matter and the deficiency of
available mineral nitrogen due to the competition of microbes with crops (Triberti et
al., 2016), and which, therefore, generally results in increasing SOC stocks
(Mahmoodabadi and Heydarpour, 2014). However, organic substances originating
from aboveground residues are more resistant to decomposition than those of crop
roots (Rasse et al., 2005), which could impede the high CSE. The low C/N ratio of
manure (i.e. on average 22 across the entire study area) might result in an increased
organic matter decomposition, whereas on the other hand the input of direct organic
C, and the associated formation of stable soil organic complexes from the resistant
constituents in manure (e.g. lignin and polyphenol), might lead to an accumulation of
SOC (Majumder et al., 2008). Furthermore, the application of manure, compared to
straw return and chemical NPK applications, was beneficial to the enhancement of the
size and functional group diversity of soil microorganisms that contributed to OC
sequestration, like Proteobacteria (Wang et al., 2020a), and inherent C substances
decomposition, like Dothideomycetes (Freedman et al., 2015). Therefore, the
mechanisms and efficiencies for the sequestration of C into SOC pool among the
studied treatments were significantly different.

In our study, the high clay content generally contributed to high CSEs. The CSE in
GZL, UM, PL and YL with high clay contents (17-34%) (except TJ with high
contributions of C input and pH to CSE) was higher (4.5-27.6%) than that of CP, ZZ
and XZ sites (3.5-15.2%) with relatively low clay contents (6—13%) (Table 2-3, Table
2-S1). The SEM of NPKM also showed that clay content had a positive effect on CSE
(Figure 2-6 a & c). A study focused on CSE in Vertisols with a clay content of around
40%, highlighted that a soil with a high clay content has typically high CSE
irrespective of the type of C input (wheat straw, pig manure or cattle manure) (Hua et
al., 2014). Soil clay influences the sequestration of organic C due to the strong
adsorption capacity of the clay particles by organo-mineral bonding reactions (Chen
et al., 2010; Ekschmitt et al., 2005). Hence, soils with high clay contents are generally
characterized by low SOC decomposition rates as SOC could be chemical stabilized
after being absorbed onto clay minerals (Franzluebbers et al., 1996; Mikha and Rice,
2004). This chemically protection of SOC by association with organo-mineral
complexes was reinforced with the increase in clay content (Hassink, 1997).

4.3. The variation of key influence factor of carbon
sequestration efficiency among different fertiliser treatments

Notably, the main controlling factor of CSE varied considerably among different
treatments (Table 2-5, Figure 2-5). Based on the results of VPA, soil TN was the most
important factor for CSE of CK. When considering the CK treatment, N supply
depended only on the basic soil fertility, whereas N as a limiting factor on crop growth
and belowground C transformations has an important influence on the amount of C
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input and thus the CSE (Liang et al., 2016). Soil C/N ratio (5.1%) and pH (1.3%) were
main explanatory variables under long-term chemical NPK fertilisations (Table 2-5).
The long-term chemical N application caused a decrease of soil C/N ratio (Figure 2-
S3), which most probably accelerated soil microorganisms’ mineralization of carbon
sources from humus and led to the decomposition of organic carbon (Brown et al.,
2014). Liang et al. (2016) showed that pH was an important factor explaining CSE
variations in drylands at sites located in Northwest China, because pH was
significantly inversely related to SOC content. Moreover, the decrease of pH due to
the intensified mineral N fertiliser application impeded the abundance and activity of
microorganisms, resulting in a reduced SOC quality (e.g., polyphenols content)
(Kemmitt et al., 2006) and influencing organic C turnover and accumulation due to a
reducing of microbial mineralization (Wong et al., 2010).

For treatments combining manure with chemical fertilisers, our results presented
that soil chemical properties had the largest direct positive effect on CSE, whereas C
input had the largest indirect positive effect, through soil chemical properties and clay
content, on CSE (Figure 2-6, Figure 2-S2 a&c). Generally, manure application was
recognized as a recommended practise for improving soil fertility and soil structure
because of the beneficial impacts of the additional organic matter and nutrient inputs
(Guo et al., 2019). Previous studies have indicated that manure amendments led to
greater retention of total C, N, P and K in the soil under wheat and corn cropping
systems across China (Jiao et al., 2006; Su et al., 2006), which on its turn provided
favourable conditions for crop growth and microbial activity. Additionally, recent
research found that manure combined with NPK chemical fertilisers significantly
increased the SOC stock and the macroaggregate component associated C (Liu et al.,
2019; Yan et al., 2013). Moreover, manure amendments seem to promote aggregate
stability significantly as compared with long-term chemical fertilisers or no fertiliser
treatments (Haynes and Naidu, 1998; Liu et al., 2019; Yan et al., 2013). In this respect
it is important to note that Liu et al. (2019) showed that the CSE of macroaggregates
was greater than that of other physical fractions, and as such this can be seen as a
reason to why CSE in treatments with manure amendments are higher. The latter can
be explained more specifically as follows: Firstly, manure directly increased
mycorrhizal hyphae that, as colloids, could be associated with mineral fraction of the
soil in order to bind microaggregates into macroaggregates (Bronick and Lal, 2005).
Secondly, increased microbial biomass and associated activity due to manure
amendments might lead to a greater production of microbial-derived agents (Pan et
al., 2009; Six et al., 1999). Hence, manure applications could result in more stable
SOC in both newly formed macroaggregates and microaggregates (Fonte et al., 2009).

For chemical fertilisers plus straw return treatment, the negative effect of C input
was the main driver of CSE (Figure 2-6, Figure 2-S2 b&d). The negative effect can
be explained by the following reasons: (1) The increased mineralization of native soil
origin matter (SOM) was stimulated by fresh OC input following straw return. More
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specifically, the added residuals could have increased the concentration of easily
available compounds (e.g. phytosterols, policosanol), which are essential sources for
microorganisms, and thus stimulates microbial activity via, causing a positive priming
effect (Kuzyakov et al., 2000; Wu et al., 2019b). (2) Most of the added straw derived
C would be mineralized eventually. Studies with 13C-labeled corn straw has estimated
that about 42—79% of the straw derived C got mineralized, and as such only c. 10%
of this C input was transformed into particulate organic carbon and more stable SOC
fractions (An et al., 2015; De Troyer et al., 2011; Yang et al., 2012). (3) Crop straw
characterised by slow biodegradation and low stability of its litter-derived C both
adverse to a high CSE (Berhane et al., 2020; Poeplau et al., 2015; Zhao et al., 2016).
The root derived C could have more opportunity for physico-chemical interactions
with soil particles, and hence, could be much more efficiently incorporated into the
stable soil C pools (Rasse et al., 2005), which might explain the significant difference
between NPK/NP and NPKS/NPS/NS in the present study. Moreover, our results
indicated lower CSE in straw plus chemical fertilisers as compared to manure
amendments, highlighting that the type of OC input influences CSE. A 34 years corn-
wheat rotation in Italy gave a similar result with more than doubled CSE under manure
combined N fertiliser than that of straw returning (Triberti et al., 2008). In addition,
another study considering a long-term dryland rotation in Northeast China has shown
that CSE was 30% higher under NPKM treatment than under NPKS treatment (Zhao
et al., 2016). Hence, the choice of the type of organic amendment is crucial to increase
soil carbon sequestration.

4.4. Uncertainties of carbon sequestration efficiency
estimation

In our study, the CSE values of CK and chemical fertilisers ranged from 3.5 to 14.0%
in drylands of China, which is close to the results of 2.1-17.0% derived by Zhao et al.
(2016) but lower than those of Wang et al. (2020b), i.e. 14-32%. The CSE of
NPKM/NPM/FYMN in our study generally (except GZL, Table 2-3) matched the
range of 12% =+ 4%, which was a global manure-C retention coefficient established
by a meta-analysis based on 130 observations considering an average of 18 years of
application (Maillard and Angers, 2014). Besides the impact of edaphic properties,
climate and C input on CES variations, the uncertainties in our study may also partly
intensify the difference. We obtained the CSE of the different treatments by making
two assumptions. More precisely, we assumed that (i) the short-term effect of the
priming effect after exogenous organic matter addition would be negligible for long-
term carbon sequestration, and (ii) the soil respiration rates before and after C addition
were similar during long-term fertilisations. Moreover, we estimated C input via root
and stubble by using a fixed ratio of the aboveground biomass (Table 2-S3), and the
C contents of manure as well as crop’s shoot and root were not measured annually.
The effects of different sources of manure on CSE was not considered in this study
even if a three decades long-term experiment observed that CSE of cattle manure was
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higher than that of pig manure (Hua et al., 2014). However, the main reason was that
the cattle manure was composted and had a high lignin content of 23.7%, which was
considered as stabilized component of SOC, influencing its pool-size and its turnover
(Ghosh et al., 2004). When considering the straw return in different regions, the plant
residue chemistry converged after the straw decomposed over nearly a decade despite
of different climate zones (Wang et al., 2023), and the initial quality does not control
the long-term decomposition of SOC (Schmidt et al., 2011). Thus, we should pay more
attention to whether the property of manure is one of the determining factors of CSE
under long-term fertilisation. Although these elements are quite common uncertainties
in long-term experiment studies, it should be noted that the estimate of rhizosphere C
input may help us to reduce the uncertainty.

Additionally, there was a significant linear relation between cumulative C input and
SOC stock change for each treatment when combining the data from all sites (Figure
2-S4). Based on the fact that there was a curvilinear relation between SOC change and
C input rates obtained by data from 14 long-term experiments with durations of 12 to
96 years (Stewart et al., 2007), a small range of C input levels (fertilisation durations)
will not necessarily reflect the full range of linear to asymptotic behaviours when a
soil is subject to C saturation. Future studies should focus on CSE characteristics and
its main controlling factors when a large amount of C has been accumulated.

5.Conclusion

Our study revealed that nearly four-decades of combined chemical NPK fertilisers
and manure application significantly promoted SOC sequestration rate and efficiency
in drylands of China. The improvement of soil chemical properties, which was a
consequence of the manure application, was the main driver of soil carbon
sequestration efficiency in manure amendment. Additionally, the soil C/N ratio and
clay content most contributed to CSE across the main dryland region of China. The
controlling factors of CSE varied considerably among the different treatments. Soil
total N was the limiting factor for CSE of CK by controlling C input, whereas the soil
C/N ratio and pH were the main explanatory factors of the long-term chemical NPK
fertilisation treatment. The negative impact of C input was the main driver of CSE
with straw return due to low humification for crop straw and low stabilization of
straw-derived carbon. In conclusion, our findings highlight that different factors are
driving SOC sequestration efficiency when considering different fertilisation
treatments across main drylands of China. Hence, our study can be considered as a
reference to promote soil carbon sequestration under long-term fertilisations in wheat
and corn production regions.
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6.Supplementary Figures and Tables
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Figure 2-S1 Soil carbon sequestration efficiencies (CSE) (0—20 cm) of different treatments
at the 8 long-term experiments. GZL means Gongzhuling; CP means Changping; XZ means
Xuzhou; TJ means Tianjing; XZ means Xuzhou; UM means Urumgi; YL means Yangling;
PL means Pingliang.
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Figure 2-S2 Standardized direct and indirect effects of each variable from the structural

equation model (SEM) under chemical fertilisers plus manure (a, c) and straw (b, d). The
values adjacent to the column represent the standardized coefficients in SEM. Soilchemical
means soil chemical properties; Soilgnysica means soil physical properties.
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Figure 2-S3 Soil C/N ratio of different fertiliser treatments with all data from the 8 sites
combined. Numbers with different lowercase indicate significant differences among different
treatments by using one-way analysis of variance (ANOVA) test (P < 0.05).
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Figure 2-S4 Relation of cumulative C input and SOC stock change (ASOC stock: the
difference as compared to initial status) for each treatment with data from all sites combined.
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Table 2-S1 The locations, cropping systems and climatic characteristics of the studied sites

Site Location Climate type Temperature  precipitation Cropping system
(Cé)%gjhuhng 124°48' E, 43°30' N giﬁ_h:;%erate; 4.5 595 Single cropping corn

(Cél;)n gping 116°15"E, 40°13' N z\éarlrrlrir_lhutrenr;?erate; 11.0 600 Double cropping;  Wheat-corn
(TTI"}I)Um 116°57' E, 39°25' N z‘g‘f_‘hlf;f(‘femte; 11.6 607 Double cropping; ~ Wheat- corn
(Zzhg;lgzhou 113°41'E, 35°00’ N ;Zii?}h:;%erate; 14.1 645 Double cropping;  Wheat- corn
Xuzh Warm temperate;

()él;) ou 113°40" E, 34°47' N Semi-humid 14.0 860 Double cropping; ~ Wheat-Corn
gjr;\l/ln)lql 87°46'E, 43°57' N g/ilrlndi_arit(eimperate; 7.7 310 Single cropping; ~ Corn-wheat-wheat
F;Iﬁg)llang 107°30'E, 35°16' N lg/illlndi_aritgmperate; 8.0 540 Single cropping; Corn-wheat
Yangling onnr o1 Warm temperate; .

(YL) 108°00" E, 34°17' N Semi-arid 13.0 634 Double cropping;  Wheat-Corn
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Table 2-S2 Nitrogen, phosphorus and potassium application rates in different fertiliser treatments at the 8 long-term experimental sites across

China (kg ha™).

GZL CPp TJ# 77 XZ YL PL& UM
Treament ¢ W c W C W C w ¢ ¥ b
Nitrogen (kg N ha’l)
NP/NPK 165 150 150 285 210 165 188 150 150 165 188 90 242
50+ 150+ 285+ 50+ 150+ 50+ 90+ 85+
NPKM 115* 146* 150 54/129% 210 115* 188 237* 150 115* 188 40* 240%*
112+ 150+ 285+ 123+ 123+ 90+ 217+
NPKS s 1ps 1500 T2 210 00 188 - , e 188 S o
Phosphorus (kg P ha™)
NP/NPK 36 33 33 142.5 - 36 41 33 33 58 25 33 60
36+ 33+ " 36+ 33+ 33+ 58+ 33+ 22+
NPRM 59 3¢ 33 16 - 66 1 45 70/51% 106 2 200¢  65*
36+ 33+ . . 36+ 58+ 3+ 51+
NPKS g 3315 LA - 25 . o
Potassium (kg K ha™)
NPK 68 37 37 71.3 - 68 78 934 934 69 78 - 47
68+ 37+ " 68+ 93 .4+ 93.4+ 69+ 10+
NPKM 77* 78% 37 66 ) 92%* 78 200/110%* 226/115%* 139* 78 ) 160*
68+ 37+ . . 68+ 69+ 39+
NPKS o 3% 37 239 107 R6* 78 - - R6* 78 - Sy
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Types of manure or straw

straw Corn Corn Wheat/ Corn Corn Corn Wheat/ Wheat/
Corn Corn Corn
Cow Chicken with Cow
manure L7 Pig furnace ash, Horse, cow Cow Cow L Sheep
Pig Chicken p1g

C means corn; W means wheat; “No P and K application at TJ for chemical fertiliser plus manure/straw treatments; € No K application at PL;
*The amount of nitrogen, phosphorus and potassium from manure or straw; - means no application.
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Table 2-S3 Carbon (C) contents in shoot and root of cereals, root: shoot ratio (RSR) and
harvest index (HI), and manure C content.

Shoot C  Root C

Sites Cro RSR HI
P (gkg)  (g/kg)
Wheat 434 425 0.29* 0.41-0.45*
All long-term experiments Corn ' 433 412 0.12* 0.46-0.52*
Manure C: 17.45-41.38% (fresh)*

* means measured data; 1-5 are references, and the value in this table is the average value
from the references (Cai et al., 2015; E et al., 2018; Li et al, 2015; Wang et al., 1989; Wang et
al., 1991).

Table 2-S4 The duration (n) when CSE had no significant difference with the latest year, and

the ANOVA test results.
Sites Latest ?iii%tr}eiiilizt n df Mean F P
year year square

Gongzhuling 2018 2007 12 1 159.90 12.25 0.03*
Changping 2016 2003 14 1 244.60 20.42 0.00%***
Zhengzhou 2018 2009 10 1 140143  8.36 0.01**
Tianjin 2016 2003 14 1 41.10 6.60 0.02*
Xuzhou 2016 2000 16 1 237.37 79.47 0.00%***
Urumgqi 2018 2007 12 1 277.93 5.72 0.03*
Pingliang 2016 2008 9 1 94.20 6.45 0.03*
Yangling 2018 2008 11 1 168.12 9.10 0.01**

*P <0.05, **P <0.01, ***P<0.001.

Table 2-S5 Independent samples t-tests for the CSE difference between NPK/NP and

NPKS/NPS/NS.
Control Treatment Sig. (L) T Sig. (t) n
NPK/NP NPKS 0.784 2.663 0.009** 63

**P <0.01.
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Table 2-S6 Average annual C input (t C ha! yr!) from crop residue (stubble + root +
rhizosphere) at all sites.

Double cropping system Single cropping system
Treatments Wheat Corn Wheat Corn
Zhengzhou Pingliang
CK 0.63 0.72 0.59 2.00
NPK 1.90 1.46 1.36 2.19
NPKM 1.96 1.60 1.51 2.63
NPKS 1.96 1.52 1.25 2.35
Xuzhou Urumgqi
CK 0.60 0.73 0.51 1.43
NPK 1.93 1.46 1.60 2.29
NPKM 2.46 1.59 1.52 2.17
NPKS - - 1.24 2.12
Tianjin Gongzhuling
CK 0.64 0.87 - 0.96
NPK 1.67 2.24 - 2.50
NPKM 1.71 2.28 - 2.57
NPKS 1.16 1.71 - 2.42
Changping
CK 0.59 0.76
NPK 1.23 1.39
NPKM 1.61 1.68
NPKS 1.65 1.54
Yangling
CK 0.61 0.76
NPK 1.93 1.46
NPKM 2.14 1.97
NPKS 2.05 1.80
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Chapter III Soil carbon sequestration efficiency decreased exponentially with carbon input- Based on
four classical long-term experiments

Abstract

Soil organic carbon (SOC) is affected not only by the amount of C input but also by
its conversion efficiency (i.e., CSE, ASOC/AC input), which has been observed to
decrease as soils approach C saturation. A better understanding of the CSE
characteristics changed with a large amount of C input accumulation (corresponding
to long fertilisation durations) is urgently needed to effectively sequester C in
agroecosystem, thereby improving soil fertility and mitigating climate change. We
chose four classical long-term experiments, namely Broadbalk and Hoosfield in the
UK (>170 years), as well as Morrow and Sanborn in the USA (>130 years). They are
all dryland with similar fertiliser treatments, including no fertiliser (CK), combined
mineral nitrogen, phosphorus and potassium (NPK), manure (FYM), and chemical N
plus FYM (FYMN). Based on the data and records of crop yield, soil properties, and
climate conditions during the whole fertilisation period, the study also assessed the
key drivers of soil CSE in the plough layer. The results showed that practises with
manure application had more significant fertilisation effects on SOC sequestration rate
and efficiency compared with chemical fertilisation. The XGBoost regression
modelling indicated that C input, MAT, and TN stock were crucial factors influencing
CSE across four sites with more than a century of fertilisations. Moreover, clay
content played the most important role in the Broadbalk and Hoosfield experiments.
Initial SOC was another controller of soil CSE in the Morrow and Sanborn
experiments. In addition, the CSE decreased rapidly in the Chromic Luvisol of the
Broadbalk and Hoosfield experiments until C input reached 123-315t C ha'!, and a
similar trend was observed in the Mollisols of the Morrow and Sanborn experiments
before C input levels of 93—-145 t C ha™!. Then, the CSE decreased more slowly until
it approached a more stable, equilibrium level. The relationship between CSE and
cumulative C input fitted well with the negative exponential function (i.e.,
CSE=b+a*e**Cinrut P < (0.01). The highest CSE asymptotic value (i.e., b) was found
in practises with manure application. This study demonstrated the negative
exponential change behaviour of soil CSE in response to C input accumulation and
helped target the optimal fertiliser strategies to enhance both rate and efficiency of
soil carbon sequestration under long-term fertilisations.

Keywords: soil organic carbon sequestration, classical long-term experiment,
carbon sequestration efficiency, manure application, long-term fertilisation
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1.Introduction

Soil organic carbon (SOC) is one of the most important components of soil,
recognized for its significant role in soil productivity and fertility (Bauer and Black,
1994). In recent decades, the enhancement of SOC sequestration in agricultural soils
has received worldwide attention as an effective strategy for mitigating climate
change (Amundson and Biardeau, 2019). Generally, the SOC stock increased directly
by incorporating added C. However, the relation between SOC stock and C input
varies in different studies, and the slope of the relationship function is commonly
considered as the soil carbon sequestration efficiency (i.e., CSE, ASOC/AC input).
Some suggested a linear relation (Bhattacharyya et al., 2010; Liang et al., 2016; Liu
et al., 2019; Maillard and Angers, 2014; Majumder et al., 2008; Zhang et al., 2010),
whereas others found a no-linear (e.g., decreased logarithmic or exponential)
correlation based on long-term experiments (Cai and Qin, 2006; West and Six, 2007;
Yan et al., 2013). The latter emphasized a decreased CSE as the soil approached C
saturation (Hassink and Whitmore, 1997; Six et al., 2002). In addition, a small range
of C input levels (corresponding to shorten fertilisation durations) will not necessarily
reflect the full range of linear-to-asymptotic behaviours of SOC, and thus the CSE
characteristics (Stewart et al., 2007). Thus, classical long-term experiments that
exhibited full SOC behaviours under more than a century of fertilisation could be an
essential tool to study the full characteristics of soil CSE.

Long-term experiments are typically initiated to assess the impacts of fertiliser
management practises on crop production, aiming to identify the optimal fertiliser
practises for a specific region (Johnston and Poulton, 2018; Macdonald et al., 2018).
As society and technology evolve, long-term experiments offer a vital resource for
studying plant growth and soil properties, particularly those attributes that develop
incrementally over time, such as soil fertility. These experiments provide a unique
opportunity to observe and understand the dynamics of ecological systems and to
inform more sustainable agricultural practises. There are many long-term experiments
around the world, but many of them may not meet our specific research requirements
regarding the status of approaching SOC saturation or equilibrium with a broad C
input accumulation. However, the classical long-term experiments established earlier
in Europe and North America, such as the Broadbalk and Hoosfield at Rothamsted
Research in the UK, as well as the Morrow plots and Sanborn fields in the USA, which
are the oldest and most representative experiments of the two regions (Johnston and
Poulton, 2018), may fulfil our research requirements (Li et al., 1994; Johnston et al.,
2009; Miles and Brown, 2011). The test results from those long-term experiments on
cereal production have demonstrated that both chemical fertilisation and organic
manure application is capable of sustaining high yield production over a period of
more than a century (Johnston and Mattingly, 1976). However, these experiments
exhibited varying capacities for soil C sequestration, achieving different levels of SOC,
and thus exhibited differing soil CSE. Therefore, we chose these four long-term
experiments to examine how soil CSE responds to the accumulation of C inputs under
different long-term fertiliser practises.

60



Chapter III Soil carbon sequestration efficiency decreased exponentially with carbon input- Based on
four classical long-term experiments

Studies have demonstrated that soil CSE mainly depends on climatic conditions,
soil types, and fertilisation practises. Our results in Chapter II derived from
experiments with soils far from C saturation suggested that edaphic factors, especially
soil C/N ratio and clay content, were more important CSE drivers than C input and
climate factors. However, a summary of 25 long-term experiment, encompassing soils
in both C equilibrium and disequilibrium states, revealed that C input was the most
important controller for CSE, followed by soil properties, management and climate
(Cai, 2016). This may be due to the large range of C input levels observed across the
25 long-term experiments. Thus, as analysed in Chapter 11, a comprehensive study of
the contribution of each individual influencing factor to soil CSE with a large amount
of C input accumulation is necessary to fully understand the characteristics of CSE
under long-term fertilisations.

Based on the data of the Broadbalk and Hoosfield long-term experiments in the UK
and the Morrow and Sanborn long-term experiments in the USA, our research focused
on (1) the response of soil CSE in plough depth to different fertiliser treatments, (2)
the relation between CSE and C input, and (3) the main drivers of soil CSE with a
large amount of C input accumulation.

2. Materials and methods

2.1. Study sites and experimental design

Four classical long-term experiments are chosen, including 1) the Broadbalk and
Hoosfield long-term experiments in the UK, and 2) the Morrow and Sanborn long-
term experiments in the USA. Detailed information about the four experiments can be
found elsewhere (Hutchinson, 1963; Khan et al., 2007; Liang et al., 2008; Miles and
Brown, 2011; Wilhelm and Wortmann, 2004). The basic background information,
including the locations, soil properties, cropping systems and climates, are shown in
Table 3-1.

Table 3-1 Locations, cropping systems, climatic conditions and initial soil properties of the
studied sites

Sites Broadbalk Hoosfield Morrow Sanborn
Region Southeast England Central plain of the USA
Starting year ~ 1843 1852 1904 1888
Location 51<487N, 51°48'N, 40V67N, 38%57'N,
020"W 0°22'W 8813"W 9320'W
Temperate Temperate Temperate Temperate
Climate type ~ maritime maritime continental continental
climate climate climate climate
Temperature 10.2 10.2 114 12.9
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Precipitation 718 718 1043 1058
Single Single Single Single
cropping; cropping; cropping; cropping;

Cropping COhtIl?UOUS Continuous corn;  Continuous
wheat; . .

system Continuous corn-oat/corn- corn/wheat;
Oat-corn-

barley soybean  (after corn-wheat-red
wheat-wheat-
1967) clover
wheat
Initial soil properties

Soil type Chromic Chromic Mollisol Mollisol
Luvisol Luvisol

Initial SOC, 10.00? 11.32b 55.0f 40.0"

gkg'

Total N, 1.10° 1.26° 4.21f 4.00"

gkg!

pH 7.82¢ 7.34 5.89¢ 5.451

Bulk density, 1.25° 1.18° 1.00f 1.12h

gcm

Clay, % 252 25¢ 27° 20"

a: estimated value of 1843; b: measured data of 1852; c: average measured values of 1865;
d: average measured values of 1965; ¢: estimated value of 1852; f: estimated value of 1876; g:
average measured values of 1967; h: estimated value of 1888; i: average measured values of

1938.

2.2. Fertilisation

Four fertiliser treatments common to all experiments were chosen: (1) no fertiliser
(CK), (2) combinations of chemical N, phosphorus (P) and potassium (K) fertilisers
(NPK), (3) chemical fertilisers combined with manure (FYMN and NPKM), and (4)
manure only (FYM). The application rates of chemical N, P and K fertilisers, and
manure are presented in Table 3-2. The types of manure were dependent on the local
availability (Tables 3-2, 3-3).

Table 3-2 Application rates of nitrogen, phosphorus, potassium (kg ha™' yr '), and manure (t
ha™! yr'!) in different fertiliser treatments

Sites Treatments N P K Manure Straw
CK, NPK,

Broadbalk FYM, FYMN 96, 144 35 90 35 /

Hoosfield CK, NPK, FYM 0’1%{26’ 35 90 35 /
CK, NPK, All of

Sanborn FYM, FYM-NPK 0-112 0-38 0-16.6 13.4/20.2 residual
CK, NPK, All of

Morrow b FYM-MNPK 224 >6 336 4.5 residual
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Note: FYM-NPK means the fertilisation changed from FYM to NPK during the
experimental period; FYM-FYMN means the fertilisation changed from FYM to FYMN
during the experimental period.

In the Broadbalk experiment, we chose the continuous wheat system and the 5-yr
oat—corn—wheat—wheat—wheat rotation. The annual N application amount was 144 kg
ha™! yr! for the NPK treatment. The average N application rate for FYM was 224 kg
ha! yr!. Notably, the chemical N application of FYMN started in 1968, and the
application rate was 96 kg ha™! yr-! before 2004 and later as 144 kg ha™! yr!. The fields
were divided into subplots in 1926 and 1968. The fertiliser management in the rotation
system was the same as that in the continuous wheat cropping system, while there was
no N or FYM application in the oat planting years. In the Hoosfield experiment, the
N application rate was 48 kg ha™! yr! before 1968 and later as a rotation of 0-48-96-
144 kg ha ! yr! for the NPK treatment. The manure application rate in the Hoosfield
experiment is the same as that in the Broadbalk experiment.

In the Sanborn experiment, we chose the continuous wheat system (CK, NPK and
FYM), the continuous corn system (CK and FYM), and the 3-yr corn—wheat-red
clover rotation (CK, FYM-NPK and FYM-FYMN). The average N application rate
for the FYM/FYMN treatment was 41 kg ha™' yr!. For the NPK treatment in the
continuous wheat system, the application rate of N, P, and K was 56, 9.9, and 18.6 kg
ha ! yr!, respectively. For the FYM-NPK treatment in the rotation, the average annual
application rate of N from manure was 41 kg ha™! yr! before 1913 and increased to
62 kg ha ! yr'! by 1928. Additionally, a rate of 16 kg ha™! yr ! of phosphorus from lime
was added to the plots receiving the FYM-NPK before 1950. Subsequently, an average
application rate of 50, 8.7 and 16.6 kg ha™! yr! of N, P, and K was applied, respectively,
in accordance with the soil test. All crop residues were retained and incorporated into
the plot of origin after 1950. In the rotation system, additional 112 and 37 kg ha™' yr-
! of chemical N was applied to the FYM-FYMN treatment after 1950 for corn and
wheat, respectively, in accordance with the soil test.

In the Morrow experiment, we chose the continuous corn system and the 2-yr corn—
oat (before 1967)/soybean (after 1967) rotation (CK, FYM-NPK and FYM). The
chosen plots except CK were all treated with manure before 1955, and the average N
application rate form manure was 75 kg N ha™! yr!. For the NPK treatment, a total
rate of 224-56-336 kg N-P-K ha! yr! was applied to NPK plots after 1954. Grain and
straw were removed, while crop stubble and root residues were returned to the original
plot from 1905 to 1955. All crop residues were returned to NPK plots from 1955 and
to all plots from 1967.

2.3. Soil sampling and analysis

In the Broadbalk experiment, soil samples from the plough layer (0—23 c¢cm) were
collected approximately every 20 years up until 1987, after which the collection
frequency was revised to every five years. Selected treatments from 1881, 1893, 1914,
1936 and 1944 were reanalysed in 2001-2004 for soil total C and total N by
combustion (LECO) and for CaCOs-C by manometry (Kalembasa and Jenkinson,
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1973). The data form 1992, 1997, 2000, and 2005 were also analysed by combustion
and manometry. Notably, the organic C values used in this study are the total C minus
CaCOs-C. The data from 1865 were derived from the original Soda lime analyses (for
TN) and soil C/N ratios from 1893 (for SOC). The SOC and TN from 1966 were
analysed by the Walkley-Black method (Walkley and Black, 1934) and the Kjeldahl
method (Tinsley, 1950), respectively. The data form 1987/88 were analysed by the
Tinsley method for SOC and by the Kjeldahl method for TN (Bremner and Mulvaney,
1982; Tinsley, 1950). The soil samples (0-23 cm) in the Hoosfield experiment were
collected in 1882, 1913, 1946, 1965, 1975, 1982, 1998, 2008, 2013 and 2017. Soil TN
was measured by the Kjeldahl method (Bremner and Mulvaney, 1982). Soil total C
was determined gravimetrically by dry combustion, carbonate C was determined
gravimetrically, and organic C was determined by difference (Kalembasa and
Jenkinson, 1973). Detailed information regarding the sampling and analysis methods
employed for the Broadbalk and Hoosfield long-term experiments can be found in
Hutchinson (1963), Experimental Station Rothamsted (1970), Jenkinson and
Johnston  (1977), and the electronic Rothamsted Archive (e-RA)
(https://www.era.rothamsted.ac.uk/dataset/rbk1/02-BKSOC1843 and
http://www.era.rothamsted.ac.uk/Hoos/hfsoils#SECS).

The soil samples from 0—20 cm of the Sanborn experiment’s selected plots in 1915,
1928, 1938, 1948, 1962, 1988, 1999, 2008 and 2014 were used for the study. The SOC
content was measured with a LECO CR-12 carbon analyser following method 6A2
carbon by dry combustion (Miles and Brown, 2011). Soil samples from the surface
layer (0—15 cm) were collected and analysed approximately every 10 years between
1904 and 1953, almost every five years from 1955 to 1974, and annually from 1980
to 1993 in the Morrow long-term experiment. Samples from 2005, 2007, and 2008
were also analysed. The analyses for total organic C were performed by the
dichromate oxidation technique of Mebius (1960). For the aim of comparing soil CSE
of long-term experiments with the same soil type (i.e., Mollisol), the SOC
measurements from Morrow’s 0—15 cm layer were extrapolated to a 20 cm depth
based on the assumption of an equal distribution of SOC within the top layer. To obtain
the SOC content for the 0—20 cm layer of the Morrow plots, the SOC content of the
0-15 cm layer was multiplied by 1.33. Details on the sampling and analysis methods
employed in the Morrow and Sanborn experiments can be found in Odell et al. (1982,
1984), Smith (1942), and Liang et al. (2008).

2.4. Soil carbon sequestration efficiency calculation

This section gives the different equations used to compute soil C fluxes, stocks and
sequestration efficiency.

The SOC stock and C input calculations used the same equations that were presented
in Chapter II. Notably, Psyppie 15 20% for all treatments in the Broadbalk and
Hoosfied experiments (pers. Comm., experience value), and 10% for all treatments in
the Morrow and Sanborn experiments (Khan et al., 2007; Liang et al., 2008); Pstyppie
is 100% when all crop residues are returned; P,.,,; is 75.3% for wheat and oats, 85.1%
for corn and 70% for soybean, bean, red clover, and cowpea, respectively (Bolinder
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et al., 2007a; Jiang et al., 2018a; Jiang et al., 2014; Khan et al., 2007); The average
percentage of moisture content in the shoot (Mgy,,,:) and root (M,.,,;) are based on
the observations of the air-dried crop samples when they are available; otherwise, they
are set to 14% (Jiang et al., 2018a); The percentage of moisture content of
manure (M, gnure) 1 set to 70% (the average value of all observations). Straw yields
for the Morrow experiment in unrecorded years, as well as root biomass for all years
of the four experiments, have been established. Other indexes about C input
calculation are shown in Table 3-3.

Table 3-3 Carbon (C) contents in shoot and root of cereals and manure, and root: shoot ratio
(RSR) and harvest index (HI) for calculating C input in the four classical long-term
experiments

Shoot C  Root C

Sites Cereal g/kg g/kg RSR HI
Wheat -6 456 375 0.39 1213 -
Bean’ 429 363 0.10 415 -
Broadbalk Oats 8 428 428 0.24 116 -
UK Silage corn *!! 438 400  0.19 1718 -
Manure (average) dairy manure C: 35.80% (dry) *
Barley'>!1%-20 446 397 0.40 1221 -
Hoosfield Manure (average) dairy manure C: 35.44% (dry) *
Corn 437 343 0.5 0.5
M 2223 Soybean 454 467 0.6 0.4
orrow Oats 440 440 0.8 0.5
Manure (average) dairy manure C: 47.0% (dry) *
Wheat 2 370 296 0.88 0.33
USA (average)*
Corn % 409 261 1.0 0.44
Sanborn (average)*
Red clover®? 431 460 04 /
Cowpea’® 442 430 0.231%2 /
Manure (average) horse manure C: 49.5% (dry)*

*Measured data; '-3? are references, and the value in this table is the average value from the
references (Angers, 1992; Berg et al., 1987; Biscoe et al., 1975; Buyanovsky and Wagner, 1986;
Chapman, 1997; Chirinda et al., 2012; Christie et al., 1992; De Manzi and Cartwright, 1984;
Franzluebbers et al., 1994; Greenhalf et al., 2012; Hall et al., 1914; Henriksen and Breland,
2002; Hibberd et al., 1996; Khan et al., 2007; Komainda et al., 2018; Laubach et al., 2019;
Lentz and Ippolito, 2012; McKendry, 2002; Nafziger and Dunker, 2011; Rengasamy and Reid,
1993; Robinson et al., 1993; Ross et al., 2018; Seremesic et al., 2017; STUTZEL and
AUFHAMMER, 1991; Sutherland et al., 1985; Triberti et al., 2008; Van Vuuren et al., 2000;
Welbank et al., 1974; Whitehead, 1970; Yang et al., 2002; Zhang et al., 2004).
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After calculating the SOC stocks in the plough layer for the four classical long-term
experiments, we found that the SOC stocks exhibited nonlinear increases or decreases
over the entire experimental period (Figure 3-1). Therefore, this study used the relative
change in SOC stocks under fertiliser treatments compared to those under the no-
fertiliser to calculate the C sequestration rate and efficiency.
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Figure 3-1 Soil organic carbon stocks (t C ha™') in the plough layer of the four classical
long-term experiments. FYM-NPK means the fertilisation changed from FYM to NPK
during the experimental period for the rotation; FYM-FYMN means the fertilisation changed

from FYM to FYMN during the experimental period for the rotation.

SOC sequestration rate

The SOC sequestration rate with fertilisation (Csequestration rate> t C ha' yr') in
the plough layer during the experimental period was calculated using the following:

c _ (80Cg — SOCpitia1-r) — (SOCck — SOCinitial—ck)

sequenstration rate — t (1)
where SOCr are the SOC stocks of NPK, FYMN and FYM treatments in the t-th year,
and SOCc is the SOC stock of CK treatment in the t-th year; t is the experimental
duration. SOCjpjtiqi—r 1S the initial SOC stock of plot with fertilisations and
SOCinitiai—ck 1s the initial SOC stock of plot without fertilisation. If the calculation
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showed a negative value, the SOC content of each treatment used the average value
of three consecutive measurements around the t-th year to avoid this measurement
errors.

Carbon sequestration efficiency

The carbon sequestration efficiency (CSE, %) of fertilisation treatments is the ratio
between the SOC stock change and C input both relative to the CK equivalent value
(Jiang et al., 2018a).

CSE = 0L 50Cck X 100% 2)
cumulative Cinputy — cumulative Cinput g
where cumulative Cinputy and cumulative Cinput g are the total C input during
t years for treatments with fertilisers (NPK, FYMN and FYM) and CK, respectively.

2.5. Influence factors

To identify the factors deriving CSE under long-term fertilisations when a large
amount of C has been accumulated in studied regions, climate variables, management
factors, and edaphic properties were collected. MAT and MAP as key climate factors
controlling crop growth and OC mineralization were selected for analysis. Data for
these variables were collected from the weather station at Rothamsted Research for
the Broadbalk and Hoosfield experiments, and from the National Centers for
environmental information (https://www.ncdc.noaa.gov/cdo-web/) for the Morrow
and Sanborn experiments. For management factors, total C input from stubble, root,
rhizosphere, and organic manure was calculated for further analysis. In consideration
of edaphic properties, several key soil characteristics were chosen for analysis based
on the limited available data from each site. These included initial SOC content, TN,
soil C/N ratio, pH, BD and clay percentage. For the clay content, the average value
was used for analysis when there was no record. For the years without measured BD
in the Morrow and Sanborn experiments, the following function was used for the
calculation:

BD = 100/ (1.727><SOC 100—1.727><SOC)

BDom BDymn

3)

where SOC is soil organic carbon content (%), BDyyand BD,,;y are the bulk densities
(g ecm™) for organic matter and mineral matter, respectively (Adams, 1973). In this
study, the specific BDyy and BDy;y values for the Morrow (0.185 and 1.85,
respectively) are from Kwon and Hudson. (2019). The specific BDgy, and BDy;y
values for the Sanborn experiment (0.249 and 1.52, respectively) were derived using
the same method described in Khan et al. (2007). The measurements from soil samples
(n=72) collected on 8" May 2014 and 1% April 2016 were used for model calibration,
and the measurements from soil samples (n=72) collected on 4" September 2014 and
18™ August 2016 were used for model validation. This study used three statistical
criteria to evaluate the model performance: (1) the coefficient of determination (R?)
that measures the degree of agreement between simulation and observation; (2) the
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root mean squared error (RMSE), indicating the average deviation of estimated values
from observed ones; and (3) the relative error (RE) that reflects the overall difference
between simulated and observed data. The results are presented in Figure 3-2.
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Figure 3-2 Relationship between simulated and observed bulk densities (g cm™) in the
plough layer of the Sanborn long-term experiment.

2.6. Statistical analysis

The study presented the results of SOC sequestration rates, C inputs and CSE by
dividing the whole experimental phase into different periods. This division was based
on the particular modifications in fertiliser application and/or field management that
occurred during the long-term experimental period. By doing this, we were able to
assess the effects of these changes on C sequestration in the soil over time. One-way
ANOVA and the LSD (P < 0.05) test were applied to compare the effects of
fertilisation on the annual C input from residues in an individual period. One-way
ANOVA and the LSD (P < 0.05) test were also applied to compare the effects of
cropping system on annual total C input in an individual treatment.

Generally, the threshold of a model that describes the relation between soil
biodiversity/functional attribute (y) and influence factors (x) can be identified by two
steps (Zhang et al., 2023). First, choosing suitable model from linear and nonlinear
model (i.e., quadratic and generalized additive model), with the nonlinear model
indicating the presence of a threshold point. Secondly, choosing suitable piecewise
linear regression from four types of threshold effects that included step, hinge,
segmented and stegmented regression based on the characteristics of the nonlinear
model identified in step one. In our study, we utilized the Generalized Additive Model
(GAM) to capture the complex trends in the data through the use of smoothing
parameters. This model allows for a more nuanced description of the CSE dynamic
curve by accounting for non-linear relationships (Fong et al., 2017; Zhang et al., 2023).
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Following the GAM analysis, we applied segmented piecewise linear regression, a
technique that divides the data into distinct segments and fits linear models to each
segment (Fong et al., 2017). This approach was informed by the continuous threshold
characteristics identified by the GAM regression, enabling us to pinpoint the
inflection points of the CSE dynamic curve (CSEp) for each treatment. These
inflection points represent significant changes in the CSE and are crucial for
understanding the treatment effects over time (Fong et al., 2017; Zhang et al., 2023).
We used the “gam” package and “segmented” package of R, version 4.3.0, for above
analyses.

Extreme gradient boosted tree (XGBoost) regression modelling was applied to
evaluate the feature importance of the studied climate variables, management factors,
and edaphic properties to soil CSE, particularly considering the nonlinear changes of
key factors, such as SOC and TN stocks. We used the “xgboost” package of R, version
4.3.0. Before conducting XGBoost analysis, the test of collinearity was considered by
computing the variance inflation factor (VIF < 10) with SPSS 24.0 (SPSS, Inc., 2017,
Chicago, USA). The XGBoost regression modelling refers to a tree ensemble model
that can be used for classification and regression (Zhao et al., 2022). We chose the
XGBoost regression because of the following two main advantages: (1) investigating
complex and nonlinear relationships while maintaining high prediction accuracy and
(2) estimating and ranking the feature’s relative importance and visualizing their
marginal effects (Chen et al., 2023). The grid search method was used for the
hyperparameter optimization of XGBoost, which estimated the model performance
for each combination of the specified hyperparameters. The hyperparameters used for
the XGBoost in this study are shown in Table 3-4. Due to limited measurements from
each individual experiment, we combined data of experiments from the same country
with similar soil types and weather conditions to explore the controllers of soil CSE
in these two regions under long-term fertilisations.

Table 3-4 Hyperparameters in the XGBoost regression model

Value
Broadbalk Morrow
& &
Hoosfield Sanborn

Index Meaning

i rounds Th.e pumber of iterations in the 150 100
training process

max_depth  Maximum depth of a tree 2 2

Hyperparameter eta The learning rate 0.4 0.4

Minimum loss reduction
gamma required to make a further 0 0
partition on a leaf node of a tree
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colsample ~ Column sampling rate of

bytree features when building each tree 0.8 0.8
. . Minimum sum of the instance
min_child . . . .
. —  weights contained in child 1 1
weight
nodes
subsample Sampling rate of the training 0.75 1
samples
R The coefficient of determination 0.86 0.60
Model RMSE The root mean squared error 2.74 4.41
performance
RPD Relative percent deviation 2.70 1.62
3.Results

3.1. Changes in SOC stocks and C inputs of Broadbalk and
Hoosfield

During the whole experimental period of the Broadbalk and Hoosfield long-term
experiments, the SOC sequestration rates decreased with time for all treatments
(Tables 3-5, 3-6). When considering the change of SOC stocks with different fertiliser
treatments relative to CK, the SOC sequestration rate of FYM and FYMN was greater
than that of NPK. Correspondingly, the annual C inputs of FYM and FYMN, with
averages of 3.87-4.34 t C ha™! yr'! in Broadbalk and 3.65-3.72 t C ha! yr! in
Hoosfield, were significantly higher than those of NPK and CK (Figure 3-3).

In the Broadbalk experiment, the fertiliser treatments did not indicate consistent
characteristics in their carbon sequestration rates across different cropping systems
(Table 3-5). The NPK and FYM treatments demonstrated very close values between
the continuous wheat system and rotation. However, when considering the FYMN,
the C sequestration rate of the rotation was lower than that of the continuous wheat
system. In the Hoosfield experiment, the C sequestration rate for the NPK treatment
in the continuous barley system was lower than that of both the continuous wheat and
rotation systems in the Broadbalk. The C input from the crop in the continuous barley
system (0.16-0.94 t C ha™! yr!) for all treatments was lower than that for both the
continuous wheat (0.18-1.32 t C ha! yr!') and rotation (0.19-1.45 t C ha! yr!)
systems in the Broadbalk experiment. The average C input from manure over the
whole period was 2.89 t C ha™! yr!in the Broadbalk and Hoosfield experiment.

3.2. Changes in SOC stocks and C inputs of Morrow and
Sanborn

Similarly, compared with the SOC sequestration rate of the NPK (Morrow: 0.07—
0.08 t C ha!yr !, Sanborn: 0.04-0.27 t C ha ' yr''), FYM and FYMN had higher SOC
change rates of 0.07-0.29 t C ha! yr! in the Morrow experiment and 0.08-0.38 t C
ha ! yr!in the Sanborn experiment (Tables 3-7, 3-8) associated with higher annual C
inputs during the whole experimental periods (Figures 3-4 and 3-5). The SOC
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sequestration rates decreased with time for most studied cropping systems in the
Morrow (except continuous corn) and Sanborn (except continuous wheat with NPK)
experiments.

The annual C input from crops for all treatments in the continuous corn of the
Morrow experiment (without straw return: 0.45-1.49 t C ha™! yr!; with straw return:
2.01-6.26 t C ha! yr'!) was lower than that of the rotation (without straw return: 0.51—
1.67 t C ha™! yr'!; with straw return: 3.05-6.82 t C ha! yr'!) (P < 0.05) (Figure 3-4).
However, the difference in the annual C input from crops between/among cropping
systems in the Sanborn experiment varied among treatments (Figure 3-5). When
considering the FYM/FYMN, rotation (without straw return: 1.20-1.37 t C ha! yr'!;
with straw return: 3.11 t C ha™! yr'!) > continuous wheat (without straw return: 1.02—
1.17 t C ha ! yr'!; with straw return: 2.96 t C ha™! yr!), continuous corn (without straw
return: 1.05-1.08 t C ha! yr'!'; with straw return: 2.80 t C ha™! yr'!) (P < 0.05). In the
NPK treatment where straw was not returned, the annual carbon input from crops was
very close between the rotation (1.20-1.23 t C ha! yr'!) and continuous wheat (1.15—
1.18 t C ha! yr'!) systems. However, when all straw was returned, the annual carbon
input in the continuous wheat system (3.08 t C ha™! yr'!) exceeded that of the rotation
system (2.38 t C ha! yr!). The average C input from manure over the whole period
was 2.12 and 1.36 t C ha™! yr!in the Morrow and Sanborn experiment, respectively.
Similar to the Broadbalk and Hoosfield experiments, the Morrow and Sanborn
experiments also did not yield consistent conclusions regarding SOC sequestration
rates across the different cropping systems for all treatments (Tables 3-7, 3-8).
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Figure 3-3 Average annual C input from different sources in Broadbalk continuous wheat system and rotation and Hoosfield continuous
barley system. Numbers with different lowercase letters indicate significant difference (P < 0.05) for annual C input from residues (stubble
+ root + rhizosphere) under different treatments within an individual experimental period. Numbers with different capital letters indicate
significant difference (P < 0.05) for annual C input between different cropping systems with the same fertilisation within an individual

experimental period. The same as below.

72



Chapter III Soil carbon sequestration efficiency decreased exponentially with carbon input- Based on four classical long-term experiments

Table 3-5 Soil organic carbon stocks (t C ha!) in some specific years and average sequestration rates (t C ha! yr!) in the plough layer (0-23

cm) of the Broadbalk long-term experiment within an individual experimental period

1881 1914 1966 2010
Initial Contlilnuous Cont}ilnu;)us Continuous wheat Continuous wheat Continuous .
Treatment St((?ci wheat e (Section I) (Section II) wheat Rotation *
stocks rate stocks rate

stocks rate stocks rate stocks rate  stocks rate
CK 28.80 26.78 - 2420 - 25.35 - 23.62 - 25.35 - 2333 -
N3PK 3427 020 32.83 0.12 31.68 0.05 28.51 0.04 29.96 0.04 2793 0.04
FYM 53.04 0.69 71.17 0.66 6641 0.33 69.08 0.37 74.22 040 7449 042
FYMN 26.78 58.59 1.19 58.64 0.41 62.45 0.48 74.67 0.61 60.42 0.46

+The plots are located in the section II, which is divided from the continuous wheat system in 1926, and the section II was divided into subplots
for rotations in 1968.

Table 3-6 Soil organic carbon stocks (t C ha™') in some specific years and average sequestration rates (t C ha™' yr™!) in the plough layer (023

cm) of the Hoosfield long-term experiment within an individual experimental period

Initial 1882 1913 1965 2013
Treatment  SOC

stock stocks rate stocks rate stocks rate stocks rate
CK 26.48 - 26.80 - 24.15 - 26.90 -
NPK 30.71 28.30 0.06 27.80 0.03 24.11 0.004 25.83 0.003
FYM 59.90 1.11 75.50 0.80 87.20 0.56 96.60 0.43
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Figure 3-4 Average annual C input (t C ha ! yr ') from different sources in continuous corn
system and rotation system of the Morrow experiment. NA, SB, NC and SC mean different
plots where the treatments are located.
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Figure 3-5 Average annual C input (t C ha yr?) from different sources in continuous corn
system, continuous wheat system and rotation system of the Sanborn experiment.
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Table 3-7 Soil organic carbon stocks (t C ha!) in some specific years and average sequestration rates (t C ha ! yr ') in the plough layer of the

Morrow (0—20 cm) long-term experiment within an individual experimental period

Initial SOC stock (1904) 196 2008
Treatment Continuous corn Rotation Continuous corn Rotation

Continuous corn Rotation

stock rate stock rate stock rate stock rate

CK (NA) 58.79 64.48 44.28 - 50.91 - 40.27 - 50.21 -
FYM-NPK (SB) 62.48 60.45 52.93 0.08 61.07 0.22 52.72 0.08 53.83 0.07
CK (NC) 63.48 70.89 44.64 - 55.15 - 43.29 - 54.71 -
FYM (SC) 59.62 73.18 59.21 0.29 70.37 0.20 53.05 0.14 64.69 0.07

Note: NA, SB, NC and SC are the plots where the treatments are located; FYM-NPK means the fertilisation changed from FYM to NPK

during the experimental period.
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Table 3-8 Soil organic carbon stocks (t C ha™') in some specific years and average
sequestration rates (t C ha ! yr'!) in the plough layer (0-20 cm) of the Sanborn long-term
experiment within an individual experimental period

Initial Continuous Continuous .
Rotation
SOC wheat corn
Treatment Year

stock tock rate  stock rate  stock  rat

(1888) stoc rate stoc rate stoc rate
CK 1928 28.5 - 24.8 - 28.3 -
NPK/FYM-NPK 29.1 0.01 - - 31.7 0.30
FYM/FYM-FYMN 438 0.38 383 0.34 38.6 0.26
CK 1948 24.5 - 21.4 - 25.9 -
NPK/FYM-NPK 92.40 25.9 0.04 - - 31.7 0.10
FYM/FYM-FYMN 373 032 345 022 359 0.17
CK 2014  30.6 - 21.0 - 30.3 -
NPK/FYM-NPK 41.2 027 - - 35.1 0.04
FYM/FYM-FYMN 48.0 0.44 36.8 0.13 408 0.08

Note: FYM-NPK means the fertilisation changed from FYM to NPK during the
experimental period for rotation; FYM-FYMN means the fertilisation changed from FYM to
FYMN during the experimental period for rotation.

. 3.3. Carbon sequestration efficiency and its relation with C
input

After calculating the sequestration rate and C input for each long-term experiment,
we obtained the soil CSE and its correlation with the C input under each treatment
(Tables 3-9 to 3-12; Figures 3-6, 3-7). We found that the soil CSE with manure
application (FYM and FYMN) was higher compared to that with chemical fertilisers.
In addition, the relationship between soil CSE and cumulative C input could be well
described by the exponential function (CSE=b+a*e™*Cimut P < (0.01) across most
treatments. Soil CSE decreased exponentially as the C input accumulated, eventually
approaching a near-equilibrium level (i.e., the asymptotic value). In each long-term
experiment, the asymptotic value of the soil CSE was found to be higher for the
treatments with manure application (2.45-10.25%) compared to the NPK treatment
(0.48-3.85%). Additionally, our analysis revealed a rapid decrease stage in soil CSE
(Figures 3-8 and 3-9). The inflection points for each treatment are presented in Table
3-13, indicating the onset of the slower phase of CSE decline. For the Chromic Luvisol
in the Broadbalk and Hoosfield long-term experiments, the soil CSE decreased rapidly
before the cumulative C input reached 123-315 t C ha™!. For Mollisols in the Morrow
and Sanborn experiments, the soil CSE decreased rapidly before the cumulative C
input reached 93-145t C ha™'.
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Table 3-9 Carbon sequestration efficiency (%) in the plough layer (0—23 cm) of the Broadbalk long-term experiment within an individual
experimental period

1865 1881 1914 1966 2010
Treatments Continuous Continuous Continuous Continuous wheat Continuous wheat Continuous Rotation
wheat wheat wheat (Section I) (Section II) wheat
N3PK 18.71 19.87 9.00 4.55 3.35 3.99 4.16
FYM 25.82 15.95 13.13 8.86 8.57 8.01 7.49
FYMN - - 25.82 12.41 12.53 9.78 9.87

Note: Section I and section II mean the plot where the cropping systems were located.

Table 3-10 Carbon sequestration efficiency (%) in the plough layer (0—23 cm) of the Hoosfield long-term experiment within an individual
experimental period

Treatment 1882 1913 1965 2013
NPK 9.52 4.79 4.13 0.12
FYM 24.24 16.65 12.32 10.91
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Table 3-11 Carbon sequestration efficiency (%) in the plough layer (0—20 cm) of the Morrow long-term experiment within an individual
experimental period

1913 1968 2008
Treatments Continuous wheat Rotation Continuous wheat Rotation Continuous wheat Rotation
FYM-NPK (SB) 30.27 16.19 5.10 6.15 3.31 1.37
FYM (SC) 36.45 37.70 8.05 8.56 3.13 2.55

Note: SB and SC are the plots where the treatments are located; FYM-NPK means the fertilisation changed from FYM to NPK during the
experimental period.

Table 3-12 Carbon sequestration efficiency (%) in the plough layer (0—20 c¢cm) of the Sanborn long-term experiment within an individual
experimental period

Treatments 1915 1828 1948 2014

Cw CC Ro Cw CC Ro Cw CC Ro Ccw CC Ro
NPK/FYM-NPK 740 - 3175 332 24.48 17.81 2.71 - 7.62 5.86 5.94 3.60
FYM/FYM-FYMN 2522 34.55 19.61 19.02 - 13.74  8.98 13.56 898 5.02 - 3.47

Note: CW means continuous wheat system; CC means continuous corn system; Ro means rotation; FYM-NPK means the fertilisation
changed from FYM to NPK during the experimental period for the rotation; FYM-FYMN means the fertilisation changed from FYM to
FYMN during the experimental period for the rotation.
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Figure 3-6 Relation between cumulative carbon (C) input (t C ha ') and carbon sequestration efficiency (CSE, %) for all treatments in
studied cropping systems of Broadbalk and Hoosfield. ** means the relation fitted the negative exponential function well (P < 0.01).
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Figure 3-7 Relation between cumulative carbon (C) input (t C ha™!) and carbon sequestration
efficiency (CSE, %) for all treatments in studied cropping systems of Morrow and Sanborn.
** means the relation fitted the negative exponential function well (P < 0.01).

80



Chapter III Soil carbon sequestration efficiency decreased exponentially with carbon input- Based on
four classical long-term experiments

40
. Broadbalk- e NPK Brogdbalk-o FYM-FYMN Broadbalk- ® FYM

30 continuous wheat continuous wheat continuous wheat

20-

10-
=
& 0 50 100 150 2000 200 400 0 200 400 600
c 40 —_——
% Broadbalk-rotation Broadbalk-rotation Broadbalk-rotation
£ 39 ® NPK ® FYM-FYMN e FYM
)
o=
el \
‘é‘ 200 o o\
*g,-; ! .\\
o ..
& oo

0. ‘
§ 0 50 100 150 2000 200 400 0 200 400 600
2 40
8 Hoosfield- e NPK Hoosfield- e FYMm

30 continuous barley continuous barley

20

10{ o

[ ] ..
0

L
0 50 100 150 2000 200 400 600
Cumulative C input (t C ha™)

Figure 3-8 The generalized additive model and segmented piecewise linear regression for
the relation between carbon sequestration efficiency (%) and cumulative C input (t C ha™') in
the Broadbalk and Hoosfield experiments. AIC means Akaike information criterion. *** P <

0.001.
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Table 3-13 The cumulative carbon (C) input and carbon sequestration efficiency (CSE, %) at
the inflection point (CSEsp), and the CSE asymptotic value (CSEas)

Inflection point

Site Cropping systems Treatments CSE.
C input CSEp
NPK 123 44 1.2
Wheat FYM-FYMN 235 12.4 8.4
FYM 206 13.5 7.2
Broadbalk
NPK - - -
Rotation FYM-FYMN 315 10.6 7.6
FYM 260 8.1 6.3
NPK - - -
Hoosfield Barley
FYM 271 13.1 10.3
Wheat FYM 145 7.8 5.7
Corn FYM 122 14.9 6.8
Sanborn
) FYM-NPK 103 7.1 3.6
Rotation
FYM-FYMN 133 9.9 4.5
FYM-NPK 141 7.5 39
Corn
FYM 105 12.1 4.7
Morrow
FYM-NPK 93 8.7 0.5
Rotation
FYM 128 13.0 2.5

3.4. Main factors influencing carbon sequestration efficiency

The impact of C input, soil properties and climatic variables on the CSE of the two
typical regions are shown in Figure 3-10. The XGBoost regression indicated that the
most important controller for soil CSE of the Broadbalk and Hoosfield experiments
in southeastern England was clay percentage, with the highest feature importance of
0.36, followed by C input (0.23), TN (0.15) and MAT (0.10). Nevertheless, the C input
(0.33) was the most important factor for soil CSE of the Morrow and Sanborn
experiments in the Central Great Plain of America. MAT (0.29), TN (0.16) and initial
SOC content (0.11) were the main explanatory factors that ranked after C input
(Figure 3-10).
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Figure 3-10 The importance value of independent variables for controlling carbon
sequestration efficiency (CSE) of the plough layer in each studied region by using the
extreme gradient boosted tree (XGBoost) regression modelling. Model performance shows in

Table 3-4.

4.Discussion

4.1. Fertiliser effect on soil carbon sequestration

Over a century of fertilisation, manure application has a higher SOC sequestration
ability compared to treatments using only chemical fertilisers, yielding higher C
sequestration rates and soil CSE levels (Tables 3-5 to 3-12, Figures 3-6, 3-7).
Consequently, the SOC stocks of the FYM and FYMN treatments in studied systems
increased by an average of 156% and 215%, respectively, in the Broadbalk and
Hoosfield experiments, as compared to the initial SOC stocks. Furthermore, they were
on average 145% and 274% higher, respectively, than those of the NPK treatment. In
the Morrow and Sanborn fields, despite the decline in SOC stocks over time (Figure
3-1), the SOC stocks in the manure-applied treatments were, on average across all
cropping systems, 11% higher in the Morrow field and 20% higher in the Sanborn
field than in the treatments using only chemical fertilisers. Therefore, regardless of
whether SOC increases or decreases with C inputs, manure application consistently
provides a greater advantage for SOC sequestration over chemical fertilisers when
compared to the CK.

The positive effects of manure only and manure amendment treatments were mainly
due to the following reasons: (1) The manure, being a mix of dung and compost from
horses or cattle, likely contained more humified and resistant materials like lignin and
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polyphenols, which could remain unaffected and persist for long periods (Liao et al.,
2006). In the Hoosfield experiment, manured plots contained approximately 50%
higher organic C than unfertilised plots after manure addition had been discontinued
for 104 years (Johnston, 1986), thus indicating the long-term stability and persistence
of organic material derived from manure. (2) The enhancement of activities and
functional group diversity within the microbial community associated with C
sequestration in soil treated with manure contributed beneficially to SOC
sequestration (Blagodatskaya and Kuzyakov, 2008). As summarized by Lal (2003)
based on many classical long-term experiments in North America, including Sanborn
and Morrow, the addition of manure increased microbial biomass and mineralizable
C. This reported indicated higher SOC concentrations and greater biological activity
in organic fertiliser treatments compared to chemical fertiliser applications. (3) The
macroaggregate component and aggregate stability, which are linked to a high CSE,
significantly increase after manure application. Liu et al. (2019) has proved that the
CSE of macroaggregates was greater than that of other physical fractions. For instance,
in the Broabadlk, Morrow, and Sanborn long-term experiments, the increased SOC
content due to FYM application led to enhanced stability of soil macroaggregates
(Acikgoz et al., 2017; Chakraborty et al., 2014; Huggins et al., 1998; Powlson et al.,
2014). Accordingly, this can be seen as a reason contributing to the higher CSE
observed in treatments with manure applications.

4.2. Carbon sequestration efficiency changes with C input
accumulation

Our results demonstrated that soil CSE decreased exponentially (CSE=b-+a*e™"Cinput,
P <0.01) with the accumulation of C input until it approached a near-equilibrium level
(i.e., b, the asymptotic value), with the exception of NPK treatments in certain
cropping systems where data limitations may have constrained the observed trends.
This decreased dynamic in soil CSE with C input has been directly or indirectly
supported by findings from previous studies (Jiang et al., 2018a; Stewart et al., 2007,
2008; Yan et al., 2013). Hassink and Whitmore (1997) clarified that as soil approached
C saturation, it accumulated less SOC at a lower efficiency. As our results show, the
SOC sequestration rate and soil CSE generally decreased over time for almost all
treatments in the four classical long-term experiments (Tables 3-5 to 3-8, Figures 3-6,
3-7). Furthermore, a study discussed the soil C saturation model and proposed the
concept of the C saturation deficit based on 14 long-term experiments ranging 12-96
years (Stewart et al., 2007). The conceptual model implied that the further the soil
from saturation, the higher the SOC sequestration potential and efficiency (Stewart et
al., 2008). This could explain the exponential decreasing trend observed between soil
CSE and C input under long-term fertilisation, as derived from the four classical long-
term experiments. Moreover, Jiang et al. (2018a) predicted the CSE dynamic with
long-term manure application and derived the same function for the relationship
between soil CSE and accumulative manure C input as our study did, using both
measured and predicted data by 2100 from 20 long-term experiments across China.
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4.3. Main drivers of soil carbon sequestration efficiency with a
large amount of C input accumulation

The XGBoost regression modelling indicated that C input, MAT and TN were the
predominant factors influencing soil CSE in the four classical long-term experiments.
Specifically, carbon input is the most important factor influencing soil CSE in the
Morrow and Sanborn experiments in the USA, and ranks as the second most important
factor for the CSE in the Broadbalk and Hoosfield experiments in England. Stewart
et al. (2007) has emphasized the necessity of a wide range of C inputs to fully capture
the linear to asymptotic behaviours of SOC changes. Otherwise, a smaller section of
the asymptotic curve between SOC and C input could appear linear in the early stages
of SOC stock accumulation, leading to the perception of a constant CSE (Yan et al.,
2013). As indicated in Chapter 11, a linearly increasing SOC and a nearly constant CSE
were found with 30—40 years of fertilisation. In such case, carbon input was less
important than soil properties, especially clay content and soil C/N ratio, for
controlling CSE. Thus, a large range of C input levels is crucial for clarifying the full
CSE dynamics. Maillard and Angers (2014) summarized that a dominant impact of
cumulative C input on SOC sequestration could explain at least 53% of the variances
in SOC stock, as determined by a meta-analysis based on 130 observations
considering 4-82 years of fertilisation. Similarly, Cai (2016) demonstrated that
cumulative C input could account for 42% of the variations in soil CSE by analysing
25 long-term experiments that included both C equilibrium and disequilibrium soils
in China. These results support the high importance of C input for soil CSE under
long-term fertilisation for soils with SOC showing nonlinear changes.

MAT was also found as one of the key factors influencing soil CSE in the four
classical long-term experiments. Temperature mainly affects soil CSE by regulating
crop biomass growth (related to C input) and by influencing the decomposition of
organic C (Aguileraetal.,2018; Liang et al., 2016). The latter might be the main reason
for this study. According to the weather records from the Broadbalk and Hoosfield
experiments, the MAT increased by approximately 1.2°C from 1878—1914 (8.97°C) to
19902018 (10.20°C). Similarly, the MAT increased by approximately 0.5°C from
1893-1928 (12.50°C) to 1990-2018 (12.97°C) in Sanborn and from 1900-1930
(10.77°C) to 1990-2018 (11.35°C) in the Morrow experiment. The significant increase
in MAT might accelerate the mineralization of added OC and thus reduce soil CSE
(Chen et al., 2021; Liu et al., 2019). Poeplau et al. (2011) developed a C response
function for cultivation ages of 100200 years by summarizing data from 205 fields
converted from forest or grassland to cropland, which was consistent with the four
classical long-term experiments in the present study. And their analysis revealed that
the decrease rate of SOC significantly increased with temperature. In this case, the
increase in temperature led to higher OC decomposition rates that were not offset by
plant residues (Schlesinger, 1986). Similarly, Evrendilek and Wali (2001) found that a
0.5°C increase in MAT between 1866 and 1996 resulted in a decrease of 1% in SOC
stock for continuous wheat systems in Ohio croplands in the USA. Bellamy et al. (2005)
suggested that the 0.5°C increase in temperature should have been responsible for the
observed 0.6% loss of SOC in England and Wales after 1978. Fantappié et al. (2011)
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clarified that temperature (with an increase of 0.28—1.01°C) had the most relevant
impact on SOC sequestration in arable lands among climate factors in Italy after 1961
(r=-0.329%%).

Soil TN stock was identified as another key factor influencing soil CSE under long-
term fertilisation with a large amount of C input. Soil TN content represents the
balance between plant N demand and soil N supply in croplands, and it limits crop
growth and the transformation of belowground C. Researchers have suggested a
significant positive relation between SOC changes and TN content because N addition
generally increases plant production by enhancing soil TN content and promoting N
availability (Henriksen and Breland, 1999; Ren et al., 2021), which in turn supports
the accumulation of SOC from crop residues (Finn et al., 2016; Jesmin et al., 2021).
In addition, the increased N availability affected the mineralization of exogenous
organic C by affecting the microbial biomass and extracellular enzyme activity
involved in microbial C cycling (Jesmin et al., 2021). Based on six dryland
experiments under long-term fertilisations, soil available N was found to be the most
important limiting factor among soil properties and could explain 7.9% of the total
variation in CSE (Liang et al., 2016). As demonstrated by an incubation experiment
conducted in the Morrow field, high N availability, compared to soils with low N
addition, increased the activity of cellulase and protease—two key enzymes involved
in OC mineralization (Jesmin et al., 2021). Furthermore, Liang et al. (2016)
recognized that the impact of soil available N on soil CSE was more effective under
the NPK treatment. This was attributed to the fact that manure input in the
FYMN/FYM treatments was likely to alleviate N limitations on crop growth and
subsequent effects on OC turnover, in comparison to the NPK treatment.

In addition, clay content was the most important factor controlling soil CSE of the
Broadbalk and Hoosfield experiments. Generally, soil physiochemical properties
determine the maximum potential for soil C sequestration, which can constrain the
increase of SOC resulting from added C inputs (Six et al., 2002). This impact is more
significant for soil that is far from C saturation (Hassink and Whitmore, 1997), as
there is more available space for the adsorption of organic molecules (Boyle et al.,
1989). A study conducted in the Broadbalk experiment, which focused on soils with
both chemical and organic fertilisers, similar to our study, suggested that the minimum
SOC concentration increment was found to be higher in soils with higher clay content
(Watts et al., 2006). The soil in Broadbalk and Hoosfield experiments was initially far
from C saturation when the experiments began (Johnston et al., 2009; Rasmussen et
al., 1998). During the long-term fertilisation period, the availability of free space on
the clay surface, along with the proportion of organic polymers bound to clay,
determined the adsorption and desorption of SOC (Boyle et al., 1989). Further, the
clay-protected SOC was difficult to decompose due to the strong adsorption capacity
of clay particles by organo-mineral bonding reactions, and hence, soils with higher
clay contents can exhibit significantly higher CSE compared to soils with higher sand
and silt contents (Ekschmitt et al., 2005; Hua et al., 2014). Thus, clay content may
mainly determine the space available for stabilizing OC once exogenous C is added,
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particularly when the soil approaches C equilibrium in the Broadbalk and Hoosfield
experiments (Johnston et al., 2009). Meanwhile, our results indicated that soil physical
properties (e.g., clay content) and their protection seemed to be limited by their
characteristics, which was consistent with the phenomenon of C saturation observed
during long-term soil C accumulation (Hassink, 1997). In the Morrow and Sanborn
experiments, the initial SOC content was another important influential factor
influencing soil CSE. Research in the Central Great Plain of America, where the
Morrow and Sanborn experiments were located, revealed that the high initial SOC
level together with the high clay content contributed to the formation of extremely
stable and durable soil aggregates. As a result, the addition of SOM may not be as
effectively protected within these already highly stable aggregates (Puget and Lal,
2005). Thus, the high initial SOC content in the Morrow and Sanborn experiments
might have led to a low potential and efficiency for sequestering freshly added organic
C.

4.4. Recommended fertilisation and its uncertainties

Based on the results of Chapter II and Chapter III, manure amendment is an
effective fertiliser practise for enhancing SOC storage and soil CSE compared to
chemical fertilisers. However, our findings are limited to the plough layer. It is
important to note that SOC was changed by fertiliser practises in both surface and
subsurface soils. Accounting only for soil C change in the surface layer may
misrepresent the C sequestration capacity across the soil profile. For example, long-
term NPKM application in Gongzhuling resulted in a significantly greater increase in
SOC stock in the 2040 cm and 40—60 cm layers compared to the 0-20 cm layer,
when compared to the initial values. Conversely, in Zhengzhou, NPKM had a negative
effect on SOC stock in the subsoil, decreasing it by 5% in the 40—60 cm layer, while
SOC stock increased by 18% in the 0-20 cm layer and by 10% in the 0—40 cm layer
compared to the initial values (Liang et al., 2019). Similarly, an increase in SOC stock
in the 0-20 cm layer and a decrease in the 20—60 cm layer were observed with FYM
application from 1915 to 1988 in the corn cropping system of the Sanborn long-term
experiment (Buyanovsky and Wagner, 1998; Miles and Brown, 2011). Although
research on CSE in subsurface soils is limited due to the scarcity of experimental data
and the challenge of quantifying C input allocation across different soil layers, the
influence of fertilisation on CSE in both surface and subsoil remains controversial. A
study reported that, over three decades of fertilization, sites with high initial SOC
contents (e.g., Gongzhuling) exhibited lower CSE in the 0-20 cm layer than in the 0—
60 cm under NPK and NPKM treatments. In contrast, at sites with lower initial SOC
contents (e.g., Zhengzhou), a higher CSE in the 0-20 cm layer compared to the 0—60
cm layer was observed (Liang et al., 2019). Those uncertainties necessitate that future
research should focus on the characteristics of CSE in subsoil in response to different
long-term fertilisations.

88



Chapter III Soil carbon sequestration efficiency decreased exponentially with carbon input- Based on
four classical long-term experiments

5.Conclusion

Based on four classical long-term experiments with more than a century of
fertilisation, the full behaviour of the negative exponential dynamics of soil CSE was
captured in this study. The results demonstrated that soil CSE decreased rapidly once
C input began to accumulate and then continued to decrease more slowly up to an
asymptotic value when a large amount of C input was accumulated. This suggests that
managers should take appropriate strategies before the C input reaches the inflection
point, ensuring a timely improvement in CSE. When considering the factors
controlling soil CSE, carbon input, MAT, and TN stock were crucial factors across the
four experiments with more than a century of fertilisation. Clay content played an
important role for soil CSE only in the Broadbalk and Hoosfield experiments. The
initial SOC significantly controlled soil CSE only in the Morrow and Sanborn
experiments. Furthermore, the classical long-term experiments clarified that manure
application had a higher SOC sequestration rate and efficiency compared with
chemical fertilisation. The classical long-term experiments revealed that manure
application yielded a higher asymptotic value for soil CSE relative to chemical
fertilisation practises. These results help identify optimal fertiliser strategies to
promote CSE under long-term fertilisation.
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cropping system in southeast England
Abstract

Understanding dynamics of soil organic carbon (SOC) stock in agroecosystems
under climate change is imperative for maintaining soil productivity and offsetting
greenhouse gas emissions. Simulations with the SPACSY'S model were conducted to
assess the effects of future climate scenarios (RCP2.6, RCP4.5 and RCPS8.5) and
fertilisation practises on crop yield and SOC stock by 2100 for a continuous winter
wheat cropping system in southeast England. Weather data between 1921 and 2000
was considered as the baseline. SPACSYSS was first calibrated and validated with the
data of the Broadbalk continuous winter wheat experiment for over a century. Six
treatments were used: no fertiliser, a combination of chemical nitrogen, phosphorus
and potassium with three nitrogen application rates (N1PK, N3PK and N5PK),
manure only (FYM, close N application rate to NSPK) and a combination of manure
and chemical nitrogen application (FYMN, the same chemical N application rate as
N3PK). Compared with the observations, SPACSY'S was able to simulate grain yields
and dynamics of SOC and TN stocks. Our predications showed that wheat yield would
increase by 5.8—13.5% for all the fertiliser application treatments under future climate
scenarios compared to that under the baseline because of a gradual increase in
atmospheric CO; concentration. Meanwhile, the SOC stock can increase for the
practises under the scenarios except the NPK fertiliser practises under RCP2.6.
Increased C input through “CO,-fertilisation effects” can compensate C losses by soil
respiration under the RCP scenarios. We concluded that manure application practises
can be considered as a sustainable strategy for enhancing wheat yield and soil C
sequestration under the future climate scenarios.

Key words: Yield; Soil organic carbon stock; Broadbalk wheat experiment;
SPACSYS; Climate change
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1. Introduction

Sequestrating more organic C in agricultural soils plays a critical role in mitigating
climate change (Sykes et al., 2020). It has been reported that about 90% of the total
mitigation potential in agriculture could be achieved by SOC sequestration (Begum et
al., 2017). SOC changes can be manipulated by agronomic management practises,
especially fertilisation. It has been shown that types and rates of applied fertiliser have
various effects on SOC stock under different climatic conditions (Ma et al., 2022; Wan
etal., 2011; Wiesmeier et al., 2016), and hence, a more detailed quantification of these
effects is required. Furthermore, changes in SOC stock are very slow, and a steady-
state soil C content would be realised over 50-100 years, depending on fertiliser
application practises as well as soil type specific settings (Johnston et al., 2009;
Rasmussen et al., 1998). Therefore, long-term experiments based on regional specific
common soil and crop types as well as fertiliser practise conditions (Smith et al., 1997),
may be the best choice to estimate whether a given fertiliser practise can sustain crop
productivity and improve soil health under climate change on the long-term.

Winter wheat is currently the most extensively grown arable crop in the UK with
approximately 40% of the arable aera (Cho et al., 2012; Harkness et al., 2020). Future
climate projections suggested a hotter and drier summer and warmer and wetter winter
across the UK (Harkness et al., 2020). CO, concentration would even increase to more
than 900 ppm by 2100 under the worst scenario (Meinshausen et al., 2011). Because
of uncertainty in climate change in the future and a slow response of SOC to the
change, it would be difficult to observe the consequences with field or controlled
experiments timely.

Modelling is a powerful option for predicting SOC changes under different climate
and fertilisation scenarios (Begum et al., 2017). Previous predictions showed that
climate change would increase winter wheat yield by ca. 5-33% in most regions of
the UK (Cho et al., 2012; Ghaffari et al., 2002; Semenov and Shewry, 2011; William
et al., 2018) and also increase SOC stock by 2.5-10 t C ha™! in the following decades
(Lugato et al., 2014; Smith et al., 2005; Yigini & Panagos, 2016). However, those
positive responses were mainly derived from uncoupled crop growth models and soil
C models that consider an altered C-input value using estimates of net primary
productivity (NPP). They didn’t take into consideration the interaction of C and N
among soil, plant and atmosphere. Thus, models that are able to simulate the
interactions between crop, soil nutrients cycling, management practises and other
environmental variables are needed to conduct a more realistic and comprehensive
assessment about crop yield, and the C sequestration capacity considering various
fertiliser management practises and/or different climate scenarios. Process-based
models could be used as decision support tools in order to assess the impacts of
climate change and agronomic management practises on agroecosystems, as they
allow an integration of various sources of data and knowledge on crop and/or
environmental variables to evaluate hypotheses (Arulnathan et al., 2020).

The SPACSYS model has been proven with a strong ability to accurately simulate
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plant growth, N uptake, SOC and TN stocks, and CO,, CH4 and N,O emissions of
cropland and grassland across Europe and China (Liu et al., 2018, 2020; Perego et al.,
2016; Wu et al., 2015; Zhang et al., 2016b, 2016¢). Compared with other popular
process-based models, it considers more processes in C, N and P cycling (Table 1-1).
The Broadbalk continuous wheat winter experiment at Rothamsted Research in
England is the longest continuous experiment (>170 years) in the world and has well-
document records about crop and field managements (Johnston and Poulton, 2018).
If simulations by SPACSYS can be verified by the data from the experiment, then the
prediction on crop yield and the dynamics of SOC under future climate scenarios
would be much more credible. Although the same dataset has been used for model
validation with CENTURY/DailyDayCent (Falloon and Smith, 2000; Begum et al.,
2017), Roth-CNP (Muhammed et al., 2018), C-TOOL (Taghizadeh-Toosi et al., 2014)
and Roth-C (Falloon and Smith, 2000), the impacts of future climate change on the
yield of winter wheat and SOC stock have not been explored simultaneously. This is
important because a question needs to be answered whether continuous FYM
amendment over 170 years would impede the goal of C neutrality under future climate
scenarios as a low SOC sequestration rate is expected when approaching SOC
saturation (Stewart et al., 2007).

In this study, we tried to identify the response of crop yield and SOC stock to future
climate change in the winter wheat continuous system in southeast England and
recommend a sustainable strategy for both soil productivity and carbon sequestration.
To achieve this, firstly we calibrated and validated the SPACSY'S model using the data
collected from the Broadbalk continuous winter wheat experiment over a century on
the wheat yield, and SOC and TN stocks, then quantified the yield response of winter
wheat to future climate change scenarios with different fertiliser practises, and finally
assessed the dynamics of SOC stock and C balance with the continuous winter wheat
cropping system and various fertiliser application practises under future climate
scenarios.

2. Materials and methods

2.1. Site description and experiment treatments

The data from the Broadbalk continuous winter wheat experiment
(http://www.era.rothamsted.ac.uk/experiment/rbk1) which started from 1843 at
Rothamsted Research, Harpenden, UK (0°22'30” W, 51°48'36" N, 128 m a.s.l.) are
used for model calibration and validation in this study. The soil type corresponds to a
Chromic Luvisol when considering FAO soil classification. The site has a cool
temperate climate with an average temperature of 10.2°C and an average total annual
precipitation amount of 793 mm (according to 1991-2017 period). Its original purpose
was to test the response of crop yields on various combinations of fertilisers. The
experiment remains its long-term integrity but has been modified to address current
agriculture challenges (Johnston and Poulton, 2018). The original plots were sub-
divided twice, occurred in 1926 and 1968, respectively. There are 10 sections since

95



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

the last subdivision. The grain and straw yields and soil data, as used in this study,
were from Section 1 of Broadbalk. Because of availability of historic daily weather
data, only the data from 1914 onwards were used in this study.

The treatments that were basically established in 1852 were kept largely unaltered
until 1968. Some of the fertiliser treatments were updated to better reflect modern
agriculture after 1968. There are 20 treatments in total. In our study, six treatments
were chosen: no fertiliser application (CK), a combination of chemical N, phosphorus
(P) and potassium (K) fertilisers with three N application rates (thereafter, N1PK,
N3PK and N5PK), and farmyard manure (FYM) application only or with N chemical
fertiliser (thereafter, FYM and FYMN). All details about fertiliser applications for the
selected treatments are summarized in Table 4-1.

Table 4-1 Nitrogen fertiliser and manure application rates for different treatments of the
Broadbalk continuous winter wheat experiment

Treatment N (kg N hatyr?) Manure? (t ha'tyr?) Form

CK - - before 1967: ammonium
sulphate and ammonium

N1PK 48 - chloride (1:1):
N3PK 144 - .
1968 -1985: calcium
N5PK 96 (1852-1967)/ ammonium nitrate;
144 (1968-1984)/ ) After 1985: ammonium
240 (from 1985) nitrate;
FYM - 35 (from 1843)
FYMN 96 (from 1968)/ 35 (from 1885) Farmyard manure (cow)
144 (from 2005)

 Before 1968, a fixed rate of 24 kg N ha ! chemical N fertiliser was applied in the autumn
and the remainder in spring each growing season, and then all applied in spring.

11t was estimated 224 kg N ha™! yr'!.
*The treatment started from 1885.

Winter wheat was generally sown between September and October and harvested
between late July and early September the following year. Cultivars varied over time,
and short-strawed cultivars were introduced after 1967 (Table 4-S1). Herbicides and
insecticides have been used as routine applications since 1964 and 1979, respectively.
The plots were cultivated before sowing each year with a ploughing depth of 23 cm.
Grain yield and straw yields at 85% dry matter were recorded each year. Soil samples
taken within the 0—-23 cm depth increment were taken and analysed periodically.

2.2. Data

Historic daily weather data for the site, agronomic management records, grain yield,
straw yield, SOC and TN contents were downloaded from e-RA
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(http://www.era.rothamsted.ac.uk). Management includes cultivation (ploughing
depth and date), crop management (date and rate of seeding and harvesting date) and
fertiliser application (date, amount and fertiliser type) for each treatment.

2.3. Model description

The SPACSYS model is a multi-dimensional, field-scale, weather-driven, flexible
time step (from minute up to daily), and process-based model that quantifies the
biogeochemical processes of C, N, and P cycling, and the water and heat budgets in
soil, plant and ruminant animal. As the details of the model have been described
elsewhere (Wu et al., 2007, 2015, 2019a, 2022 ), here we briefly described it in terms
of organic pools and simulated processes. Carbon and N are held in a number of
above-ground and below-ground pools, including the fresh litter pool, the microbial
pool, the humus pool, the dissolved organic matter pool, the fresh OM pool (if manure
was applied), the ammonium pool and the nitrate pool. Main plant growth processes
are plant development, assimilation, respiration, and partitioning of photosynthate and
nutrients from uptake estimated with various mechanisms implemented in the model,
plus N fixation for legume plants, and root growth and development that is described
either in 3D or 1D root system. Nitrogen cycling coupled with C cycling covers the
transformation processes for OM and inorganic N. The main processes and
transformations causing size changes to soluble N pools are mineralization,
nitrification, denitrification and plant N uptake. Most of these are dependent on soil
water content and temperature. Nitrate is transported through the soil profile and into
field drains or deep groundwater with water movement. A biological-based
component for the denitrification process has been implemented that can estimate
nitrogen gaseous emissions. Fluxes between the pools occur in a particular way
according to physical and biological conditions in the source and destination pools.
The fresh litter, dissolved OM and humus pools receive contributions from above
ground litter fall and below ground root litter. Decomposed OM from litter, dissolved
OM and humus are partitioned to different pools. Meanwhile, CO is released from
soils with the decomposition process and microbial respiration. The Richards equation
for water potential and Fourier’s equation for temperature are used to simulate water
and heat fluxes, which are inherited from the SOIL model.

2.4. Model input and parameterisation

The SPACSYS model was operated with a daily time-step in our study. Daily
meteorological data (max temperature, min temperature, precipitation, wind speed,
humidity and solar radiation) were provided as model input. Because photosynthesis
was calculated on an hourly basis, hourly temperatures and solar radiation were
interpolated based on the date and site location in a simulation. Soil physical
properties shown in Table 4-2 were estimated by pedotransfer functions implemented
the model based on soil texture and soil organic matter content prior to simulations.
Initial SOC content of each treatment used the average value of three consecutive
measurements around 1914 to avoid measurement errors. The atmospheric CO;
concentration was set to 296 ppm in 1914 and 380 ppm in 2017 (IPCC, 2021) with a
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linear increase over the period. Parameters about C and N cycling, soil water
redistribution and heat transformation were adopted from previous studies (Bingham
and Wu, 2011; Wu et al., 2015). Those for plant photosynthesis and development were
based on the previous study (Liu et al., 2020). The built-in Multi-Objective Shuftled
Complex Evolution Metropolis algorithm (MOSCEM-UA) (Vrugt et al., 2003) was
applied for parameter optimization. The calibrated parameters with optimisation on
wheat winter, and soil C and N cycling are listed in Tables 4-S3 and 4-S4, respectively.

Because wheat cultivars varied over time and some of them only planted for a short
period (Table 4-S1), especially the short-strawed wheat cultivars, which are not
enough to parameterise them. Thus, we assumed that the performance of cultivars
grown during the 1914 to 1967 (tall-strawed varieties), the 1968 to 1995 (short-
strawed varieties), and the 1996 to 2017 (short-strawed varieties) periods is similar
and chose cultivars Red Standard, Cappelle Desprez, and Hereward as the dominant
cultivar for each period, respectively. During each period, the grain and straw yields
for the chosen dominant cultivars were for calibration, whereas the yields data of rest
cultivars were used for validation. The parameters related to soil C and N cycling,
water redistribution and heat transformation were kept constant through the entire
period. SOC and TN stocks in the plough layer (i.e. 0-23 cm) were calculated after
using the C contents and soil bulk density measurements. The SOC and TN stocks
data from the three NPK treatments were used to calibrate and those from the rest of
the treatments for model validation. Figure 4-1 presents the methodological flowchart
of the model calibration and validation.
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Figure 4-1 A methodological flowchart of model calibration and validation.

99



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK and USA

Table 4-2 Soil texture and pH, and estimated soil properties in different soil layers for different treatments of the Broadbalk continuous
winter wheat experiment

Upper  Lower soct Saturated

Treatment  depth  depth (tha) Clay! Sand!  Silt! water Field capacity Satl?ra.lted total oH
m) m) (%) (%) (%) content (%) (%) conductivity (mm/day)
0 0.20 218 24 8 68 50.23 41.75 105.55 7.6
0.20 0.51 25.2 57 3 40 55.39 55.03 88.50 7.2
cK 0.51 0.96 40.1 71 9 20 56.17 59.87 109.33 7.0
0.96 1.42 25.8 70 8 22 56.16 59.66 105.55 6.8
0 0.23 29.1 19 16 65 48.36 39.83 139.91 7.6
0.23 0.41 16.1 25 10 65 50.31 41.70 113.25 7.5
N1PK 0.41 0.66 22.4 39 3 58 53.28 47.21 88.50 7.3
0.66 0.94 25.0 40 5 55 53.28 47.50 94.96 7.3
0.94 1.17 13.7 36 10 54 52.33 45.26 113.25 7.4
0 0.23 328 19 16 65 48.36 39.83 139.91 7.6
0.23 0.41 17.1 25 10 65 50.31 41.70 113.25 7.5
N3PK 0.41 0.66 24.2 39 3 58 53.28 47.21 88.50 7.3
0.66 0.94 27.2 40 5 55 53.28 47.50 94.96 7.3
0.94 1.17 155 36 10 54 52.33 45.26 113.25 7.4
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0 0.23 30.5 19 16 65 48.36 39.83 139.91 7.6

0.23 0.41 16.9 25 10 65 50.31 41.70 113.25 7.5

N5PK 0.41 0.66 235 39 3 58 53.28 47.21 88.50 7.3
0.66 0.94 26.3 40 5 55 53.28 47.50 94.96 7.3

0.94 1.17 14.4 36 10 54 52.33 45.26 113.25 7.4

0 0.18 49.3 25 18 57 49.73 40.18 150.12 7.3

0.18 0.48 81.0 37 12 51 52.34 45.32 121.52 7.0

FYM 0.48 0.71 34.5 50 29 21 52.78 46.03 221.18 7.0
0.71 1.02 46.5 43 27 30 52.09 43.88 206.13 7.0

1.02 1.52 34.7 35 30 35 50.73 39.94 229.11 6.9

0 0.18 38.7 25 18 57 49.73 40.18 150.12 7.3

0.18 0.48 40.9 37 12 51 52.34 45.32 121.52 7.0

FYMN 0.48 0.71 15.4 50 29 21 52.78 46.03 221.18 7.0
0.71 1.02 20.7 43 27 30 52.09 43.88 206.13 7.0

1.02 1.52 155 35 30 35 50.73 39.94 229.11 6.9

T Soil organic carbon (SOC) content was only measured in the 0—23 cm and 23—46 cm depths in 1914 and estimated in different soil layers
based on the ratio of each layer fraction to total SOC stock of the measured soil profile in 1969.

fmeasured data.

101



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK and USA

Table 4-3 Average annual maximum and minimum temperatures, precipitation and CO; concentration under the future climate scenarios
(2021-2100) and the baseline (1921-2000) at the experimental site

Scenarios  Maximum Minimum  Precipitation  Precipitation events Frequency daily precipitation  CO. concentration®

(°C) (°C) (mm) (times) >10 mm (times) (ppm)
Baseline 13.3(#.7) 7.7 (30.6) 829 (+149) 17171 1642 380
RCP2.6 16.0 (#0.8) 8.0 (30.6) 730 (#135) 16127 1438 424
RCP4.5 16.7 (#0.9) 8.6 (#0.8) 688 (+112) 15249 1300 536
RCP8.5 17.8(#.6) 9.5(#.3) 656 (+112) 14669 1306 934

TCO; concentration in 2100 for different future climate scenarios.
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2.5. Prediction

In order to investigate the impacts of future climate change on wheat yield, SOC
stock, and C balance with different fertiliser practises, the daily bias-corrected weather
data for three future climate scenarios (2021-2100) and the baseline climate (1921—
2000) based on the well-cited HadGEM2-ES model with a spatial resolution of 0.5°
x 0.5° (Collins et al., 2011; Jones et al., 2011) were downloaded from the Inter-
Sectoral Impact Model Intercomparison Project (www.isimip.org, Arneth et al., 2017).
The future scenarios were Representative Concentration Pathway (RCP) 2.6, 4.5 and
8.5 (van Vuuren et al., 2011). The average annual precipitation, maximum and
minimum temperatures (°C) for the baseline and RCP climate scenarios are shown in
Table 4-3. Their dynamic changes are shown in Figure 4-S1. Climate projections
showed warmer and dryer future conditions in the study region.

Current cultivar “Crusoe” was used for the future crop variety. To simplify the
impact of climate change on crop phenology and yield, the sowing date was fixed on
15" October each year in this study, and the harvest date is determined by simulated
physiological maturity. To study the response of existing fertilisation practises to
future climate change, field management and fertiliser practises are the same as the
experimental treatments.

2.6. Statistical analysis

We used three statistical criteria to evaluate model performance: (1) the coefficient
of determination (R?) that describes the degree of fitness between simulation and
observation; (2) the root mean squared error (RMSE), a measure of the average
deviation of the estimates from the observed values; and (3) the relative error (RE)
that reflects the overall difference between simulated and observed data.

For the predications, two-way ANOVA and Tukey (P < 0.05) were used in order to
compare the effects of fertiliser treatments and climate scenarios on grain yield, SOC
stock, NPP (gross primary productivity minus plant respiration), soil respiration and
C balance. Coefficient variation (CV, %) was used to represent stability of grain yield.
Alow CV value means high yield stability (Berzsenyi et al., 2000). Statistical analysis
was performed with SPSS 24.0 (SPSS, Inc., 2017, Chicago, USA).

3.Results

3.1. Model calibration and validation

Overall, the SPACSYS model was able to simulate wheat yields for different
treatments in Broadbalk continuous wheat cropping system under more than a century
of fertilisations (Table 4-4; Figures 4-2 and S4-2). However, model performance for
the modern short-strawed varieties was better than the tall varieties. For the tall
varieties, the main discrepancy between simulation and observation occurred for cv.
Red Standard with all the treatments during the period 1918 to 1925. Discrepancies
also existed for short-strawed cultivars between 1978 and 1995, however, the model
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underestimated grain and straw yields only for FYMN, with approximately 11% and
35%, respectively. In addition, the SPACSYS model satisfactorily simulated the
dynamics of SOC and TN stocks in the ploughing layer under different fertiliser
application practises for over a century (Figure 4-3) as being sown by supportive
statistical indicator values (Table 4-4). About 16% underestimation in TN with FYMN
after 1992 was found (Figure 4-S3).

Table 4-4 The statistical criteria about model performance for wheat grain yield, straw dry
matter and SOC and TN stocks at Broadbalk

Index Calibration Validation Calibration Validation
Grain yield Straw dry matter

Tell-strawed varieties (1915-1967)

R? 0.24** 0.30** 0.53** 0.41**

RMSE (%) 52 34 37 32

RE (%) -31 -10 -41 -16

n 119 131 119 131

Short-strawed varieties (1968-1995)

R? 0.71** 0.67** 0.55** 0.41**

RMSE (%) 26 26 37 47

RE (%) -16 -11 4 -15

n 60 108 60 1067

Short-strawed varieties (1996-2017)

R? 0.70** 0.65** 0.63** 0.58**

RMSE (%) 26 32 38 36

RE (%) -16 -20 -26 -26

n 101 30 101 30
SOC stock TN stock

R? 0.40** 0.98** 0.69** 0.98**

RMSE (%) 5.8 9.8 34 9.4

RE (%) -4.6 -3.5 -0.5 35

n 9 48 9 48

T data missing for CK and N3PK in 1987.
** means P < 0.01.
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Figure 4-2 Relationship between simulated and observed grain and straw yields of winter
wheat from different treatments over the 19141967 (a and b), 1968—1995 (c and d) and
19962017 (e and f) periods for calibration and validation. The cultivars with solid circle
were used for model calibration, and others with open circle were used for model
validation.
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Figure 4-3 Relationship between simulated and observed soil organic carbon and total
nitrogen stocks in the plough layer (0—23 cm) for calibration and validation.

3.2. Climate change effect on wheat yield under long-term
fertilisations

Compared with the baseline, future climates had a positive effect on grain yield
(5.81-13.51%) with all N input treatments and negative without N input (-9.12—
4.26%) with a rank of: RCP8.5 > RCP4.5 > RCP2.6 (P < 0.05) (Figures 4-4 and 4-S4;
Table 4-5). Grain yields were higher (5366-10976 kg ha™!) with a higher N application
rate (NSPK and FYMN) than those (2207-9663 kg ha ') with other N application rates
(P < 0.05). Grain yields with N5PK and FYMN did not show significant differences
among the three RCP scenarios (P > 0.05). In an individual treatment, grain yields
under the RCP scenarios were in general more stable with lower CV values (8.80—
11.80%) than that under the baseline (10.19—-14.13%) except CK and N1PK (Table 4-
5).
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Table 4-5 The coefficient variation (CV) of grain yield, average SOC stock and C budget for
different fertiliser application treatments under all the climate scenarios over the simulation
period. Numbers with different lowercase letters indicate significant differences among
climate scenarios for a treatment (P < 0.05) and those with different capital letters indicate
significant differences among different treatments under a climate scenario (P < 0.05).

: Grain SOC
Treatments Cllma.te Relative cVv Relative ~ C budget
scenarios Stocks
changes changes
CK Baseline - 9.53 24.85 bF - 62 cD
RCP2.6 -4.76 11.88  24.66 cF -0.74 112 bcC
RCP4.5 -4.26 10.68  24.89 bF 0.19 132 abC
RCP8.5 -9.12 12.86  25.07 aF 0.92 166 aB
N1PK Baseline - 8.62 33.92 cE - 242 cC
RCP2.6 5.92 9.66 33.77dE -0.43 374 bcB
RCP4.5 7.88 8.86 34.49 bE 1.70 467 abB
RCP8.5 11.41 12.15 35.26 aE 3.99 650 aA
N3PK Baseline - 11.06 36.11cD - 443 cB
RCP2.6 8.53 8.80 36.00 dD -0.27 610 bcA
RCP4.5 12.14 8.88 36.80 bD 1.93 683 abA
RCP8.5 13,51 9.00 37.36aD 3.49 867 aA
N5PK Baseline - 10.19  36.53cC - 504 bA
RCP2.6 5.81 0.88 36.13dC -1.08 642 abA
RCP4.5 8.10 8.85 36.72bC 0.54 687 abA
RCP8.5 8.88 9.89 37.36 aC 2.28 881 aA
FYM Baseline - 1413 92.82dA - 543 bA
RCP2.6 9.71 10.16  93.60 cA 1.56 673 abA
RCP4.5 12.10 10.24  93.91bA 1.63 780 abA
RCP8.5 13.39 11.63  94.42 aA 2.34 855 aA
FYMN Baseline - 13.39 84.66dB - 593 bA
RCP2.6 8.64 11.02 85.38¢cB 0.84 694 abA
RCP4.5 10.61 9.42 85.44 bB 0.92 701 abA
RCP8.5 9.56 11.80 85.81aB 1.36 774 aA
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Figure 4-4 Wheat grain yield with different fertiliser practises under future climate
scenarios. The lines and circles within the boxes are the median and mean values. The spots
are outliers. Columns with different lowercase letters indicate significant differences among

climate scenario with an individual treatment (P < 0.05). Columns with different capital

letters indicate significant differences among different treatments under the same climate

scenario (P < 0.05). The effects of fertilisation treatments and climate scenarios on wheat
yields between 2021 and 2100 were shown in Table 4-S4.

3.3. Climate change effect on SOC stock under long-term
fertilisations

The SOC stock with FYM or FYMN had positive responses to all three RCP
scenarios with an average relative increase (0.84-2.34%) to that under the baseline
(Figure 4-5; Table 4-5). Meanwhile, the field with FYM had the highest C
sequestration rate over the simulation period (i.e. 107-142 kg C ha! yr'') among all
the fertiliser practises for both baseline and RCP scenarios (Table 4-6). In addition,
when considering SOC stock under future climate scenarios with CK and NPK
fertiliser practises, these SOC stocks had positive responses to the RCP4.5 and
RCP8.5 scenarios during 2021-2100 with average relative increases of 0.19-3.99%
(Figure 4-5; Table 4-5). However, the SOC stocks with CK and NPK fertiliser
practises showed a negative response with average decreases of 0.27—1.08% to the
RCP2.6 (Figure 4-5; Table 4-5).
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Table 4-6 The average annual change rate of soil organic carbon stock (kg C ha™! yr'!) during
2021-2100 with various fertiliser management practises under different climate scenarios

Treatments Baseline RCP2.6 RCP4.5 RCP8.5
CK -26.64 -23.62 -22.56 -18.28
N1PK -10.37 -11.08 4.26 22.27
N3PK 15.26 15.68 22.08 41.94
N5PK 13.81 12.74 14,51 35.88
FYM 106.72 142.16 124.56 139.25
FYMN 70.97 93.80 81.98 95.22

3.4. Climate change effect on C balance under long-term
fertilisations

The analysis of average annual inputs and outputs of C with different fertiliser
practises under the climate scenarios indicated that all the fertiliser treatments resulted
in a C sink under each climate scenario within a range of 62—166 kg C ha™! yr! for
CK, 242-881 kg C ha™! yr! for NPK fertiliser practises and 543-855 kg C ha™! yr!
for FYM and FYMN (Figure 4-6; Table 4-5). Hence, future climate changes seem to
result in a net C sink (i.e. 112-881 kg C ha™' yr!) and a relative increase of 50424
kg C ha™! yr'! as compared with the baseline (i.e. 62-593 kg C ha™! yr™"). This was
especially the case under the RCP8.5 climate scenario with an average increase of
104-424 kg C ha™! yr!. There was no significant difference for C sink levels among
N5PK, FYM and FYMN under the RCP scenarios.

4.Discussion

4.1. Model performance

The SPACSYS model is able to simulate winter wheat grain yields (R? of 0.24—0.71
and RMSE of 26-52%) and SOC and TN stocks (R? of 0.40-0.98 and RMSE of 3—
10%), respectively, for both calibration and validation (P < 0.05) (Table 4-4). The
values of R? and RMSE for the yield were close or slightly better than of those from
DayCent (R?: 0.06-0.64 and RMSE: 32-83%; Begum et al., 2017) and Roth-CNP (R?:
0.20-0.76 and RMSE: 52-70%; Muhammed et al., 2018) when using the same dataset,
indicating that SPACSYS is a competitive tool for predicting wheat yield. Moreover,
SPACSYS has also a good performance for modelling SOC and TN stocks, which was
comparable to the performance of DayCent, C-TOOL and Roth-C with R? of 0.23—
0.85 and RMSE of 7-9% (Begum et al., 2017; Falloon and Smith, 2000; Taghizadeh-
Toosi et al., 2014), but was better than the performance of CENTURY and Roth-CNP
with R? of 0.18-0.86 and RMSE of 6-17% (Falloon and Smith, 2000; Muhammed et
al., 2018; Taghizadeh-Toosi et al., 2014).
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Figure 4-6 Simulated average annual carbon inputs and outputs (kg C ha™' yr™') with different fertiliser practises under the baseline and

RCP climate scenarios. The bar is the standard deviation of annual values from 2021 to 2100.

111



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Although the simulations turned up to be better performance, the discrepancies
between simulated and observed values still existed over a century period, especially
for some specific growing seasons. The reasons may be due to model simplification
on the interactions between plant growth and driving variables, and sampling errors.
The model was assumed that plant growth is not affected by either weeds, diseases or
insects (Liang et al., 2018; Zhang et al., 2016¢), which would be impossible for long-
term field experiments especially before herbicide and insecticides were introduced.
In reality, any adverse events happened in a growing season, the model would
overestimate crop growth and grain yield. For example, an overestimation of 41% of
grain yield and 69% of straw yield for cv. Red Standard during 1918 to 1925, which
is in accordance with the record that “a decline set in during the first World War, when
labour for hand weeding became scarce and weeds got out of control, and fallowing
the field one year in five was adopted to control weeds after 1925 (Jenkinson, 1991).
Furthermore, extreme weather events occurred much more frequently recently. Heavy
and persistent precipitation in the spring and/or summer of 1979, 2007 and 2012, a
prolonged drought in 1989 and 2011, and a cold winter in 1991 and 2013 were
recorded in the studied region (Addy et al., 2020; Harkness et al., 2020). The influence
of the events, especially waterlogging, on crop growth and development has not been
given enough attention in the model, which should be improved in the future.

4.2. Wheat yield under different climate change scenarios

Our prediction showed that future climate change had positive effects on the wheat
yields for all the N application practises. It was reported that grain yield of winter
wheat decreased by approximately 10% in South-East England if only precipitation
or temperature changes relative to the baseline without considering the CO»-
enrichment effect (Cho et al., 2012). Apparently, an increasing CO> concentration
plays a critical role in crop growth. Our results confirmed no significate difference in
grain yield under the baseline and the RCP scenarios (N1PK, N3PK except RCP8.5)
or a significantly decreased yield under the RCP scenarios (CK, N5PK, FYM and
FYMN) when the CO; concentration was kept unchanged (Figure 4-S5). The
contribution of the concentration to the grain yield was in the order of RCP8.5 >
RCP4.5 > RCP2.6 (Table 4-S5). Controlled experiments on winter wheat in the
studied region showed that the photosynthetic rate can increase 10% at a doubled CO»
concentration (i.e. 700 umol mol ') compared to that at the ambient concentration
(Delgado et al., 1994), and a doubled CO, concentration (i.e. 684 umol mol™') also
increased the partitioning of assimilates to grain by 8.0 mg DM ear™' d"! as compared
with that under 380 pumol mol™' CO, (Wheeler et al., 1996). Furthermore, it was
reported by a summary of both field and laboratory results that the wheat yield would
keep increasing until the CO; elevated to around 900 ppm (Amthor, 2001), which is
very close to the CO, concentration around 2090s under the RCP8.5. Meanwhile, we
found that grain yields under all the fertiliser practises could increase more under the
high-emissions scenario (RCP8.5) compared with those under the low- or medium-
emissions scenario (Tables 4-3 and 4-5; Figure 4-4), which is in agreement with the
previous reports for the studied region (Cho et al., 2012; Semenov and Shewry, 2011;
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William et al., 2018).

For the impact of the N application practises on the yield, there was no significant
difference in grain yields with N5SPK or FYMN among three RCP scenarios and the
highest yield was achieved with the FYMN practise (Figure 4-4; Table 4-5). Those
indicated that high N supplication might favour crop growth under the future climate
change. Further, combined inorganic N and manure application could effectively
increase soil organic matter and quantity of soil microbial community that release
nutrients persistently (Yang et al., 2020). As a consequent, those are much favourable
for wheat growth and final grain yield (Dhaliwal et al., 2020). Annual N application
amounts between N5PK and FYM were very close (Table 4-1). However, the relative
increase of the yield for FYM was higher than that for N5SPK under the RCP scenarios
(Table 4-5). This may be support by the increase of the soil’s water-holding capacity
through manure application. Under future increased temperature and reduced
precipitation, manure application significantly mitigated the decline in soil water
content during the wheat growth period, except in July, compared to NPK fertiliser
(Figure 4-S6). This allows the soil to store and supply water more effectively to wheat
roots (Rasool et al., 2008; Yang et al., 2011). Thus, with the similar application rate,
manure application should be more beneficial to keep or increase the yield under
climate change than that with chemical fertilisers applied only.

4.3. Climate change and fertilisation effects on SOC stock and
C balance

The response of SOC stock to future climate change varied among the RCP
scenarios and fertiliser practises. Although wheat yields for each NPK fertiliser
treatment increased under the future climate change scenarios (Table 4-5, Figure 4-4),
a significant decrease of the SOC stock was found under the RCP2.6 compared with
the baseline (Table 4-5, Figure 4-5). The remarkable decrease in the fresh litter pool
(Table 4-S6), transferred from above-ground residues and dead roots, could explain
the SOC stock decrease. More precisely, the shortened grow period under the RCP
scenarios resulted in a lower accumulation of dead materials (Figure 4-S7), despite a
significant increase in crop biomass. For example, significant decreases in transferring
plant biomass to the fresh litter pool for NSPK and FYMN under the climate scenarios
compared to that under the baseline (Table 4-S7). Increasing temperature under the
RCP scenarios would shorten the growing season of wheat in study region, which
could provide less time to accumulate dead leaf, stem and root to above- and below-
ground litter under future climate change (Balkovi¢ et al., 2014; Senapati et al., 2019),
especially during the reproductive stage in our study (Figure 4-S7). This has also been
clarified by other modelling studies in the UK (Harkness et al., 2020; Richter and
Semenov, 2005). In addition, our predictions proved that the enhanced biomass under
the RCP scenarios increased the dissolved organic matter (DOM) pool (Table 4-S6)
that mainly originates from fresh organic material, fresh litter and root exudates. This
principally results in the SOC stock increase under higher atmospheric CO,
concentration and intensified climate change situations (i.e., RCP4.5 and RCP8.5) in
our study. C3 crops, like wheat, tend to produce more total exudation under higher
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CO; concentrations (Drigo et al., 2008; Phillips et al., 2006). Further, an experiment
with labelled "C wheat showed that increases in CO, concentration quantitatively
increased rhizosphere soluble C by 60% because of the significantly increased
substrate input to the rhizosphere due to both increased root biomass and root
activities per unit of roots under the elevated atmospheric CO, (Cheng and Johnson,
1998).

Furthermore, C balance analyses showed that climate change resulted in a net C sink
and an average increase of 50-424 kg C ha™! yr! as compared with the baseline (Table
4-5). An increase in NPP under the RCP scenarios supports the hypothesis that
continuous wheat cropping in south-east England could result in a larger C sink (i.e.
112-881 kg C ha! yr!) in the future as compared with the baseline (i.e. 62—593 kg C
ha™! yr!) (Figures 4-6 and 4-S7; Table 4-5). The increase in NPP due to CO,-
fertilisation could be a dominant factor in determining whether SOC stocks continue
to act as a sink of C in the future (Wieder et al., 2015b). Studies have indicated that
the rising CO, concentration could ease climatic constraints to plant growth by
decreasing stomata conductance and hence reducing transpiration, which could
improve water use efficiency and inhibit drought stress, resulting in global NPP
increases throughout the next few decades (Pan et al., 2014; Wieder et al., 2015b).
Our simulations indicated there was an average increase of 524, 690 and 841 kg C
ha™! yr! for NPPunder RCP2.6, RCP4.5 and RCP8.5 (Figure 4-6), respectively, which
is close to previous study reporting increases in the range of 0-500 kg C ha ! yr~! under
a low emission scenario, and 500—1000 kg C ha ! yr! under a high emission scenario
for the South-East of England (Pan et al., 2014). In addition, our predictions also
showed significantly high soil respiration rates, especially from the microbial pool,
under all the RCP scenarios compared with the baseline (Figure 4-S8; Table 4-S8).
This is corroborated by the previous simulation reports that warming future climates
in Europe would accelerate microbial respiration predicted by CENTURY (Lugato et
al., 2018) and Roth-C (Gutierrez et al., 2023; Wiesmeier et al., 2016) both of which
have the similar respiration-temperature relationship as SPACSYS. Therefore,
increased C input through the CO; concentration effect can compensate C losses
caused by the increased temperatures under the climate scenarios in the region.

4.4. Adaptation strategies to future climate change

Our simulations suggested that the practise of manure application only (FYM) or
combined chemical N fertiliser and manure application (FYMN) can realise higher
grain yields of winter wheat and SOC sequestration rates among the investigated
practises under the future climate scenarios. Despite of higher soil respiration rates
under the two practises (Fig. S7), the SOC sequestration rates are higher than those
for N3PK and N5PK (Table 6). Thus, manure application practises seem to be
sustainable for the continuous winter wheat cropping system in southeastern England
to adapt to climate change.

However, in our prediction, the N application rates keep unchanged under future
climate change. It has been reported that increasing the N application rate enhanced
both crop yield and plant residues that was incorporated in the soil (Johnston et al.,
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2009). Furthermore, the contribution of “CO»-fertilisation effects” to vegetation
photosynthesis has been declined at the global scale, owing to nutrient supply
limitations (Wang et al., 2021). Thus, further investigation should be made to explore
an appropriate N applied rate to enhance both crop yield and C sequestration in the
study region under future climate change. Additionally, although planting the current
variety of winter wheat under future climate change would not result in a yield decline
due to the fertilising effect of increased CO,, it is important to note that increased
temperatures significantly reduce the growth period (Figure 4-S7). New cultivars,
better adapted to the anticipated warmer and drier climates, could be introduced in the
study region to achieve a greater yield increase and lower GHG emissions compared
to the current variety (Ainsworth and Long, 2021; Shi et al., 2021).

5. Conclusion

Verified by the Broadbalk continuous wheat experiment over a period of more than
100 years, the SPACSY'S model was able to simulate grain yield of different tall and
modern short-strawed varieties of winter wheat, and the dynamics of SOC and TN
stocks in the plough layer (i.e. 0-23 cm). Future climate change in the studied region
had positive impacts on wheat grain yield for both chemical and manure applied
practises because of a gradual CO, concentration increase. However, the effects of
future climate change on the SOC stock varied among the RCP scenarios and fertiliser
practises. Compared to the baseline, the medium- and high- emissions scenarios
would cause significantly increase the SOC stock for all the N treatments by 2100
whist the very stringent pathway (RCP2.6) resulted in reduction of the SOC stock for
the practises of chemical fertiliser application only because of the least residue return
among the scenarios. Further, manure application practises are effective to sustain the
winter wheat production and promote soil C sequestration under future climate change
in southeastern England. In conclusion, our results provide in-depth insights into the
response of wheat yield and cropland SOC dynamics under long-term fertilisation as
well as future climate change conditions, especially for the regions with long history
of fertilisations or approaching the SOC equilibrium level.
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Figure 4-S1 Annual maximum and minimum temperatures and precipitation under future
climate scenarios and the baseline.
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Figure 4-S2 Simulated and grain yield and straw dry matter of winter wheat over the simulated period for different fertiliser application
treatments. Open circles represent simulated results.
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Figure 4-S4 Predicted wheat yield for different fertiliser practises under different climate scenarios.
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Figure 4-S5 Wheat grain yield during 2021-2100 with different fertiliser practises under future climate scenarios without considering CO>
concentration change. The lines and circles within the boxes are the median and mean values. The spots are outliers. Columns with different
lowercase letters indicate significant differences among climate scenario with an individual treatment (P < 0.05). Columns with different

capital letters indicate significant differences among different treatments under the same climate scenario (P < 0.05).
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Figure 4-S6 Simulated monthly volumetric soil water content (%) with standard deviation in the plough layer from 2021 to 2100 with
N5PK and FYM under future climate scenarios at Broadbalk. The values located at the bottom of the figures are the average changes of soil
water content (%) under future climate scenarios compared to the baseline.
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Figure 4-S7 Anthesis and harvest dates under future climate scenarios from 2021 to 2100, and average length changes and standard
deviation for the periods from emergence to anthesis and from anthesis to maturity under the climate scenarios compared with those under
the baseline.
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Figure 4-S8 Simulated average annual net primary productivity (NPP) (kg C ha™' yr™') and
soil respiration (kg C ha™'yr™!) during 2021 to 2100 with all the fertiliser management
practises under future climate scenarios at Broadbalk. The lines and open circles within the
boxes are the median and mean values. The spots are outliers. Columns with different
lowercase letters indicate significant differences among climate scenario with an individual
treatment (P < 0.05). Columns with different capital letters indicate significant differences

among different treatments under the same climate scenario (P < 0.05).
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Table 4-S1 Wheat cultivars in the Broadbalk continuous winter wheat experiment over the simulated years at Rothamsted Research,
Harpenden, UK

Year Cultivars

Tall-strawed

1915-1916 S. Master
1917-1928, 1930-1939,1944,1945 Red standard
1929, 1940,1941, 1943, 1946-1967 S. Master
1942 Stand up
Short-strawed
1968-1978 Cappelle Desprez
1979-1984 Flanders
1985-1990 Brimstone
1991-1995 Apollo
1996-2012 Hereward
2015 Mulika'
2013-2018 Crusoe

TIn 2015, a spring wheat variety was sown, because the bad weather conditions delayed the sowing from autumn until early spring.
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Table 4-S2 Optimized parameters related to wheat growth and development for different cultivars used in simulations

Tall-strawed Short-strawed varieties

. variety
Parameter Unit C 1
Red Standard appetie Hereward
Desprez

Accumulated temperatures required from sowing to emergence <Td4d 120 120 120
Accumulated temperatures required from emergence to flowering <Td4d 680 750 750
Accumulated temperatures required from emergence to flag leaf fully < 4 880 900 900
expansion
Accumulated temperatures required from flowering to maturity T4 1260 1500 1400
Maximum plant height m 1.55 1.05 1.05
Critical photoperiod for vegetative stage below or over which plant

_ _ hr 14.5 14.5 14.5
development will not be affected by light
Critical photoperiod for vegetative stage below or over which plant

] hr 8.0 8.0 8.0
development will stop
Threshold temperature for emergence < 3.0 4.0 4.0
Threshold temperature for vegetative stage < -4.0 0.0 -4.0
Threshold temperature for reproductive stage < 10.0 10.0 10.0
Specific leaf area m?2g'DM  0.023 0.02 0.02
Specific green ear area m2g' DM  0.00637 0.00637 0.00637
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Specific green stem area 0.006 0.006 0.006
Rate of carbon translocation from leaf to grain during reproductive stage 0.0005 0.003 0.003
Rate of carbon translocation from stem to grain during reproductive stage 0.001 0.01 0.013
Rate of N translocation from leaf to grain during reproductive stage 0.018 0.02 0.025
Rate of N translocation from stem to grain during reproductive stage 0.012 0.023 0.028
Table 4-S3 Optimized parameters related to soil C and N cycling in SPACSYS
Parameter unit Values
Ammonium immobilised fraction - 0.45
Humus fraction from dissolved - 0.03
Humus fraction from fresh litter - 0.05
Humus fraction from fresh organic matter - 0.09
Potential decomposition rate for humus d! 0.000025
Potential decomposition rate for fresh litter organic matter d! 0.008
Potential decomposition rate for fresh organic matter d! 0.009
Potential decomposition rate for dissolved organic matter d! 0.012
Critical C/N ratio favourable to immobilization - 10
Microbial maintenance respiration rate d! 0.678
Maximum autotrophic nitrification rate d! 0.08
Potential heterotrophic nitrification rate d! 0.04
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Maximum nitrifier growth rate

Precipitation N concentration

Relative activity at saturated water content

Dry deposition mineral N to soil

Base temperature at which temperature function is in unity for denitrification process

Base temperature at which temperature function is in unity for mineralization-immobilisation process

Base temperature at which temperature function is in unity for nitrification process

d*l

gNm?
gNm?2day!
<

<

<

9.74
0.80
0.60
0.004
25

28

20
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Table 4-S4 ANOVA test for the effects of fertilisation treatments and climate scenarios on
wheat yield, SOC stock, C budget, net primary productivity and soil respiration between
2021 to 2100 (P < 0.05)

df F P
Yield (considering CO; concentration)

Treatment 5 5375 <0.001
Climate scenario 3 60 <0.001
Treatment*Climate scenario 15 4 <0.001

SOC stock
Treatment 5 4708483 <0.001
Climate scenario 3 1229 <0.001
Treatment*Climate scenario 15 41 <0.001

C budget

Treatment 5 49 <0.001
Climate scenario 3 11 <0.001
Treatment*Climate scenario 15 0.4 0.98

Yield (without considering CO, concentration)

Treatment 5 4388 <0.001
Climate scenario 3 62 <0.001
Treatment*Climate scenario 15 11 <0.001

Net primary productivity

Treatment 5 4632 <0.001
Climate scenario 3 141 <0.001
Treatment*Climate scenario 15 5 <0.001

Soil respiration

Treatment 5 11650 <0.001
Climate scenario 3 45 <0.001
Treatment*Climate scenario 15 5 <0.001
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Table 4-S5 The relative change (%) of wheat yield with and without considering CO»
concentration compared to those under the baseline during 2021-2100%

Treatments Scenarios Relative changes
CK RCP2.6 0.06
RCP4.5 0.10
RCP8.5 0.62
N1PK RCP2.6 0.11
RCP4.5 0.34
RCP8.5 3.77
N3PK RCP2.6 0.80
RCP4.5 5.53
RCP8.5 13.44
N5PK RCP2.6 3.84
RCP4.5 10.88
RCP8.5 20.78
FYM RCP2.6 7.43
RCP4.5 13.82
RCP8.5 24.02
FYMN RCP2.6 6.15
RCP4.5 13.23
RCP8.5 22.76

. Yield i —Yield i
s Itis calculated as: leldrcp with co2—YleLARCP without CO2 x 100

Yieldpgseline
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Table 4-S6 Average relative changes (kg C ha™! yr'!) of main carbon pools under the RCP
scenarios compared with the baseline during 2021-2100

Treatments Scenarios  Fresh litter pool Dissolved organic matter pool Humus pool

CK RCP2.6 -47 151 -93
RCP4.5 7 298 -98
RCP8.5 45 352 -19
N1PK RCP2.6 -552 612 -175
RCP4.5 -508 1353 -174
RCP8.5 -449 1886 -52
N3PK RCP2.6 -649 650 -42
RCP4.5 -561 1293 -17
RCP8.5 -541 1753 69
N5PK RCP2.6 -798 556 -123
RCP4.5 -767 1050 -53
RCP8.5 -745 1572 34
FYM RCP2.6 -384 254 925
RCP4.5 -348 327 1093
RCP8.5 -360 507 1294
FYMN RCP2.6 -848 171 1676
RCP4.5 -859 236 1740
RCP8.5 -871 395 1905
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Table 4-S7 Average annual transferred C (kg C ha™! yr!) from dead leaves and stems to
residue and from roots to the fresh litter pool with NSPK and FYMN under each climate
scenario during 2021-2100

Treatment Climate Leaves to Stems to Roots to litter
scenarios residue residue

N5PK Baseline 571a 1170a 420b
RCP2.6 507b 1069b 439b
RCP4.5 513b 1061b 457ab
RCP8.5 511b 1009b 488a

FYMN Baseline 579 1233a 430b
RCP2.6 513b 1104b 445h
RCP4.5 520b 1095b 464ab
RCP8.5 521b 10400 498a

Numbers with different lowercase letters indicate significant differences among climate

scenarios for a treatment (P < 0.05).

Table 4-S8 Average CO; release rate (kg C ha™' yr') from different soil carbon pools with
N5PK and FYMN under four climate scenarios during 2021—2100

Treatment ~ SOM pools Baseline RCP2.6 RCP4.5 RCP8.5

N5PK 2Lstizlvséiotl)rganic 44 67 01 93
Humus pool 106 115 119 122
Microbial pool 876 937 986 1026
Fresh litter pool 921 927 932 936

FYMN 2;?2:?:0?93”” 354 439 515 577
Humus pool 186 165 170 171
Microbial pool 2241 2389 2479 2593
Fresh litter pool 953 958 985 999
Fresh OM pool 1145 1147 1149 1149
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Chapter V

Both soil productivity and carbon
sequestration of Mollisols decrease
under future climate change

From: Liang, S., Sun, N., Longdoz, B., Meersmans, J., Ma, X., Gao, H., Zhang, X.,
Qiao, L., Colinet, G., Xu, M., Wu, L., 2024. Both yields of maize and soybean and
soil carbon sequestration in typical Mollisols cropland decrease under future climate
change: SPACSYS simulation. Frontiers In Sustainable Food Systems 8, 1332483.
https://doi.org/10.3389/fsufs.2024.1332483
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Abstract

Although Mollisols are renowned for their fertility and high-productivity, high C
losses pose a substantial challenge to the sustainable provision of ecosystem services,
including food security and climate regulation. Protecting these soils with a specific
focus on revitalizing their C sequestration potential emerges as a crucial measure to
address various threats associated with climate change. In this study, we employed a
modelling approach to assess the impact of different fertilisation strategies on crop
yield, soil organic carbon (SOC) stock, and C sequestration efficiency (CSE) under
various climate change scenarios (baseline, RCP2.6, RCP4.5, and RCP8.5). The
process-based SPACSYS model was calibrated and validated using data from two
representative Mollisol long-term experiments in Northeast China, including three
crops (wheat, corn and soyabean) and four fertilisations (no-fertiliser (CK), mineral
nitrogen, phosphorus and potassium (NPK), manure only (FYM), and chemical
fertilisers plus FYM (NPKM or FYMN)). SPACSYS effectively simulated crop yields
and the dynamics of SOC stock. According to SPACSYS projections, climate change
is anticipated to reduce corn yield by an average of 14.5% in Harbin and 13.3% in
Gongzhuling, and soybean yield by an average of 10.6%, across all the treatments and
climatic scenarios. Conversely, a slight but not statistically significant average yield
increase of 2.5% was predicted for spring wheat. SOC stock showed a decrease of 8.2%
for Harbin and 7.6% for Gonghzuling by 2100 under the RCP scenarios. Future
climates also led to a reduction in CSE by an average of 6.3% in Harbin (except NPK)
and 12.1% in Gongzhuling. In addition, the higher average crop yields, annual SOC
stocks, and annual CSE (10.64-14.56%) were found when manure amendments were
performed under all climate scenarios compared with the chemical fertilisation. Soil
CSE displayed an exponential decrease with the C accumulated input, asymptotically
approaching a constant. Importantly, the CSE asymptote associated with manure
application was higher than that of other treatments. Our findings emphasize the
consequences of climate change on crop yields, SOC stock, and CSE in the Mollisol
regions, identifying manure application as a targeted fertiliser practise for effective
climate change mitigation.

Key words: Mollisols, yield, SOC stock, carbon sequestration efficiency,
SPACSYS model, long-term feralization, climate change
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1.Introduction

Mollisols, characterized by their thick, dark and well-structured surface horizon,
stand out as the most fertile and productive soils on Earth (Durdn et al., 2011).
Comprising approximately 7% of the world’s ice-free land surface, these soils account
for 28.6% of global farmland across all soil types (Duran et al., 2011; Liu et al., 2012;
Xu et al., 2020). Their unique characteristics make Mollisols exceptionally suitable
for cultivating cereal crops and establishing pasture and forage systems (Durén et al.,
2011; Xu et al., 2020), playing a vital role in agricultural productivity and global food
security (Liu et al., 2012).

Nearly 50% of China’s corn yield and approximately one-third of its soybean yield
are cultivated on the fertile Mollisols located in the Northeastern provinces of
Heilongjiang, Jilin, Liaoning, and the Inner Mongolian Autonomous Region (Liu et
al., 2013; Xu et al., 2020). However, the crop yield growth rate has significantly
decreased since 2000, despite the ongoing rise in fertiliser application and the
expansion of irrigated area (Tong et al., 2017). Among the numerous challenges faced
in this region, the declining SOC is the most notable. Reports indicated Mollisols in
Northeast China have experienced a decline of around 50% in SOC (from 103 to 43.2
g kg!) between the 1950s and the 1980s, and a further 50% decrease (to an average
0f21.9 g kg! from 2016 to 2021) occurred over the subsequent four decades (Tong et
al.,2017; Meng et al., 2024). This decline is attributed to active agricultural utilization,
low organic matter return, and intensive tillage practises (Duran et al., 2011; Liu et al.,
2012; Xu et al., 2020). In addition, even a slight reduction in C from the substantial
SOC pool (approximately 4 Pg) in Mollisols could lead to significant CO, emissions
within these regions (Cheng et al., 2010). For instance, the average C release rate from
Mollisols in Northeast China ranged from 0.17 to 2.17 Tg C yr !, significantly
surpassing the global average of 0.09-0.78 Tg C yr! from the pedological C pool (Lal
etal., 2007; Li et al., 2013). Therefore, strategic C sequestration in Mollisols is crucial
not only for ensuring food security and promoting soil stability but also for effectively
mitigating global climate change.

The potential to sequester C in soils depends not only on the quantity of C input but
also on the retention coefficient of the applied C, a concept referred to as C
sequestration efficiency (i.e., CSE, ASOC/AC input) (Maillard and Angers, 2014;
Stewart et al., 2007). Stewart et al. (2007) established an asymptotically increasing
relationship between C inputs and changes in SOC, based on data from 14 long-term
experiments conducted over 12 to 96 years of fertilisation. This highlighted a
decreasing CSE as the soil approached C saturation (Hassink and Whitmore, 1997;
Six et al., 2002). However, our study in Chapter II indicated CSE remained nearly
constant within four decades of fertilisation. This was accompanied by a linear
relationship between C inputs and SOC changes, as validated by eight extensive long-
term experimental datasets, including the Mollisol site at Gongzhuling. Therefore, a
narrow range of C input levels, corresponding to shorter fertilisation durations, did
not necessarily reflect the full spectrum of linear-to-asymptotic behaviours for SOC
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content (Stewart et al., 2007), and, consequently, the CSE characteristics. Further,
examining SOC dynamics that encompasses Mollisols across a broad range of C input
levels is essential and urgent to comprehensively elucidate their CSE characteristics.

Optimal fertiliser practises play a critical role in promoting SOC restoration in
degraded Mollisols (Xu et al., 2020). Manure application, especially when combined
with chemical fertilisers, has demonstrated the potential to enhance CSE due to the
beneficial effects of additional organic C and nutrients on soil fertility and soil
structure in Chapter II. However, the sustainability of this benefit under long-term
fertilisation conditions as soil C approaches saturation requires further investigation.
In addition, most Mollisol regions experience cool, moist, and semi-humid climates
(Xu et al., 2020), and the warmer and wetter future climates in these regions might
significantly impact SOC sequestration by influencing crop production and soil
ecological processes (Chu et al., 2017; Lin et al., 2017). Thus, predicting SOC changes
and crop yields (associated with C input) in Mollisols is necessary to explore the
dynamics of CSE and its response to future climate change under different fertilisation
strategies.

Process-based models have become essential decision support tools for addressing
climate change issues in agriculture management and production, as these models
enable the integration of diverse data sources and knowledge concerning the impacts
of phenological and environmental variables allowing for valuable evaluations of
specific hypotheses and scenarios (Smith et al., 2005). Among the widely used
process-based models, the SPACSYS model stands out for its comprehensive
consideration of processes in C, N and P cycling. Numerous studies have
demonstrated its robust capabilities in accurately simulating plant growth, N and P
uptake, SOC and TN stocks, as well as CO; and N>O emissions across cropland and
grassland in diverse regions of Europe and China (Li et al., 2017; Liang et al., 2018;
Perego et al., 2016; Wu et al., 2015). In addition, Furthermore, validated using data
from the Broadbalk continuous wheat experiment over a century of fertilisation, the
SPACSYS model has successfully captured the dynamics of SOC stock in the plough
layer (Chapter V). These results confirm the SPACSYS model’s reliability in
simulating SOC changes and crop yields in response to different long-term
fertilisation strategies and various climatic conditions. The Mollisol long-term
experiments established in the 1980 s in Northeast China offer a valuable resource
with well-documented and comprehensive records, detailing fertilisation practises,
cultivation methods, crop management, climate conditions, grain and straw yields,
and soil properties. These detailed records provide a solid foundation for the
modelling study and enable accurate predictions of the impacts of fertiliser
management and climate change on CSE.

In this study, we aimed to elucidate the responses of crop yield and CSE to climate
change in the typical Mollsiol regions of China, while proposing a sustainable strategy
to enhance both crop productivity and C sequestration. Specifically, firstly we initially
calibrated and validated the SPACSY'S model using data from two Mollisol long-term
experiments in Northeast China. Subsequently, we quantified the impacts of various
future climate scenarios and fertiliser application practises on crop yield, SOC stock,
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and CSE within the plough layer (0-20 cm) of Mollisols. Finally, we elucidated the
comprehensive CSE characteristics when a substantial amount of C has accumulated
in the future.

2. Materials and Methods
2.1. Study sites background information

2.1.1. Study sites and experimental design

Two typical Mollisols long-term experiments located in Northeast China at Harbin
(45°40" N, 126°35' E) and Gongzhuling (43°30’ N, 124°48" E) have been selected for
this study. The essential background information, including the locations, initial soil
properties, cropping systems and climatic conditions, is given in Table 5-1. For both
experiments, four fertiliser treatments common were chosen, namely (1) no fertiliser
(CK), (2) combinations of chemical nitrogen (N), phosphorus (P) and potassium (K)
fertilisers (NPK), (3) manure application (FYM), and (4) chemical fertilisers (N or
NPK) plus manure (FYMN/NPKM) (refer to Table 5-S1 for details). Detail
information can be found in the works of Jiang et al. (2014, 2018a).

Table 5-1 Information of location, climate type and initial soil properties of two
experimental sites

Site Harbin Gongzhuling
Starting year 1979 1989
Location 45°40' N, 126°35'E 43°30' N, 124°48' E
Climate type M;ld temperate; Mild temperate;
emi-humid Semi-humid

Annual temperature, °C 3.5 4.5
Annual precipitation, mm 533 595

Single cropping Single cropping

Cropping system Corn-soybean-wheat Com

Initial soil properties

Initial SOC!, g kg™ 15.66 13.23
Total N2, g kg! 1.47 1.40
Available N, mg kg™ 151 114
Total P?, g kg™ 1.07 1.39
Olsen P, mg kg™ 51 27.0
Total K*, g kg™ 25.16 22.1
Available K, mg kg™ 200 190
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pH 7.2 7.6
Bulk density, g cm™ 1.37 1.19
Clay, % 30 32

'SOC means soil organic carbon; 2 N means nitrogen; > P means phosphorus; # K means
potassium.

2.1.2. Soil sampling and analysis

The soil samples of Gongzhuling in the plough layer (0-20 cm) were collected from
1989 to 2018 annually in approximately 15 days after harvest (n=28 for each
treatment). The soil samples of Harbin in the plough layer (0-20 cm) were collected
annually from 1979 to 1988 and almost every three years from 1988 to 2018 in
approximately 15 days after harvest (n=23 for each treatment). The SOC content was
determined using dichromate oxidation following the modified Walkley & Black
method (i.e., heated for 12 minutes at 220°C) with a correction factor of 1.1 (Walkley
and Black, 1934; Xu et al., 2016). While the factor may vary between samples with
and without manure applications, a very high heating temperature of 220°C results in
a nearly complete oxidation of the organic carbon, and as such, also the more
recalcitrant fractions. This strongly limits the potential error introduced to the
application of it across all treatments. In this context, we assumed that the error
introduced in SOC measurements due to variations in the correction factor among the
different treatments could be considered negligible.

2.2. Model parameterisation and prediction

2.2.1. Model description

The SPACSYS model is a field-scale, weather-driven with flexible time steps
(ranging from minutes to daily), employing a process-based approach that quantifies
the biogeochemical processes related to C, N, and P cycling, as well as the water and
heat budgets within the soil-plants-and atmosphere continuum. In the current version
(6.0) the model incorporates the Farquhar method for photosynthesis (Yin and Struik,
2009) coupled with a modified stomatal conductance sub-model based on Leuning et
al. (1995) and Tuzet et al. (2003). This integration enables simulation of the plant
photosynthesis rates accounting for the impacts of atmospheric CO2 concentration on
photosynthesis and transpiration.

Compared to other widely cited process-based simulation models, SPACSYS
stands out due to its detailed representation biogeochemical processes (refer to Table
1-1) and a substantial number of organic matter pools (five). Additionally, SPACSYS
includes a detailed root architecture that significantly influences nutrients and water
capture, comprehensive descriptions of above- and below-ground plant growth and a
nutrient recycling (Wu et al., 2007). More information about SPACSYS can be found
in previous articles (Bingham and Wu, 2011; Wu et al., 2007, 2015).
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2.2.2. Calibration, validation, and prediction

SPACSYS was operated from the starting year of the experiments (1979 for Harbin
and 1989 for Gongzhuling) until 2020 using a daily time-step. Daily weather data
(maximum and minimum temperatures, precipitation, wind speed, relative humidity,
and solar radiation) were obtained as inputs from the National Meteorological
Information Center (http:// data.cma.cn/). Agronomic management details including
soil work (ploughing depth and date), plant management (seeding and harvesting
dates), and fertiliser application (date, amount and type) for each treatment in the
Harbin and Gongzhuling long-term experiments, were sourced from records
maintained by the Heilongjiang Academy of Black Soil Conservation and Utilization
and Jilin Academy of Agricultural Sciences, respectively. Soil properties in the top 20
cm deep at each site (Table 5-1) were acquired through field surveys. Other missing
properties that the model required were estimated from soil texture using pedo transfer
functions (PTFs) implemented in the model. The atmospheric CO, concentration was
set from 330 to 380 ppm for Harbin and from 348 to 380 ppm for Gongzhuling,
following a linear increase over the experimental period, as per IPCC (2021)
guidelines. Grain yields and straw dry matter (if recorded) of maize, wheat and
soybean, as well as SOC and TN stocks from the NPK and NPKM/FY MN treatments,
were randomly chosen for the model calibration. Data from the other treatments
served for model validation. Parameters related to C and N cycling, soil water
movement, heat transformation, and plant photosynthesis were adopted from previous
studies (Bingham and Wu, 2011; Wu et al., 2015; Liu et al., 2020). The parameters
related to the manure decomposition and transformation were from our previous
reports (Zhang et al., 2016¢; Liang et al., 2018). The built-in Multi-Objective Shuffled
Complex Evolution Metropolis algorithm (MOSCEM-UA) (Vrugt et al., 2003) was
applied to determine the other parameters, primarily those linked to phenology and
vegetation characteristics. The optimized parameters and their values for corn, wheat,
soybean, and soil C and N cycling are listed in Tables 5-S3 and 5-S4.

For crop yield and SOC predictions, four climate scenarios were considered,
encompassing the baseline and three representative concentration pathways (RCP2.6,
RCP4.5, and RCP8.5; Riahi et al., 2011; van Vuuren et al., 2011). The baseline
scenario involved historic meteorological data rotated between 1979 and 2020 for
Harbin and between 1989 and 2020 for Gongzhuling with a constant CO2
concentration of 380 ppm. Weather data for the RCP scenarios between 2021 and 2100
were extracted from the HadGEM2-ES model with a spatial resolution of 0.5° x 0.5°
(Collins et al., 2011; Jones et al., 2011). The annual average of maximum and
minimum temperatures, precipitation, and CO; concentration under the three RCP
scenarios are shown in Figure 5-S1 and Table 5-S2. The climate projections indicated
warmer and wetter future conditions in the studied regions, with average increases of
0.8-3.5°C and 0.4-2.5°C observed in Harbin and Gongzhuling, respectively, when
compared to the baseline. The mean annual precipitation (MAP) was projected to rise
by 43-121 mm in Harbin and 137-207 mm in Gongzhuling. The RCP8.5 scenario
demonstrated the most significant alteration, nearly doubling CO, concentrations by
2100.
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Crop varieties and field management practises were fixed as identical to those before
2021 for both sites and scenario. To simplify the assessment of future climate change
on crop phenology and yield, the sowing dates were fixed on 30" April for maize, 23
April for wheat, and 29" April for soybean in Harbin and 26™ April in Gongzhuling
each year in this study. Harvest dates were determined based on simulated
physiological maturity. Simulations were run for each of the four treatments under the
various proposed climate scenarios.

2.3. Soil carbon sequestration efficiency calculation

Since SOC predominately undergoes changes in the plough layer (0-20 cm) in
Mollisol (Liang et al., 2009), our research concentrates on SOC within this layer. The
calculations for SOC stock, carbon input, SOC sequestration rate, and soil carbon
sequestration efficiency within the plough layer at each study site were conducted
utilizing the consistent equations presented in Section 2.4 of Chapter III. The C
content of shoots and roots, the RSR and HI for the studied crops, as well as the C
content of manure, were detailed in Table 5-S5.

2.4. Statistical analysis

We used three statistical criteria to evaluate the model performance: (1) the
coefficient of determination (R?) that measures the degree of agreement between
simulation and observation; (2) the root mean squared error (RMSE), providing a
measure of the average deviation of the estimates from observed values; and (3) the
relative error (RE) that reflects the overall difference between simulated and observed
data.

Two-way analysis of variance (ANOVA) and Tukey tests (P < 0.05) were used to
compare the effects of fertiliser practises and future climate scenarios on grain yield,
SOC stock, C input, and CSE. All statistical analyses were conducted using SPSS 24.0
(SPSS, Inc., 2017, Chicago, USA). Graphs were performed by Origin Profession
version 2019 (OriginLab, 2019, Northampton, USA).

3.Results

3.1. Model calibration and validation

The simulated crop yields for different treatments at both sites closely aligned with
observations, demonstrating an RMSE below 24% (Table 5-2, Figures 5-S2 — 5-S5).
Linear regression analysis further revealed a satisfactory correlation between the
observed and simulated values (R? > 0.54) (Figure 5-1), despite a tendency for the
model to overestimate low observed yields and underestimate high observed ones. It
was noted that SPACSYS underestimated corn grain and straw yields at Gongzhuling
by an average of 16% and 20%, respectively, from 2010 to 2012 (Figure 5-S3).

Moreover, SPACSYS effectively simulated SOC and TN stocks, with R? values
ranging from 0.60 to 0.79 and RMSE ranging from 6.8 to 8.2% (Table 5-3; Figure 5-
1). This favourable agreement with measurements is particularly evident in the first
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decade of the simulation period (Figures 5-S4 and 5-S5). In general, the model
exhibited a 20% underestimation of SOC stock and a 37% underestimation of TN
stock during model validation (Figure 5-1). However, it overestimated TN stock by
an average of 7.3% for CK, 10.2% for NPK, 8.5% for FYMN, and 9.0% for FYM
after 2000 in Harbin (Figure 5-S4).

3.2. Crop yield and SOC stock

Average yields of wheat, corn, and soybean from 2021 to 2100 under each climate
scenario with different fertiliser practises are shown in Figure 5-2. Notably, a slight
but not statistically significant average yield increase of 2.5% was predicted for spring
wheat (P < 0.05). Under all climate scenarios, there was also no significant difference
(P < 0.05) between the NPK and NPKM/FYMN fertiliser treatments for corn
(1005-12101 vs 1112-12573 kg ha™'), wheat (2729-5548 vs 2727-5287 kg ha™"), and
soybean (975-4314 vs 1024-4350 kg ha™!) at both sites. However, the yields for these
treatments were significantly higher than those for the FYM and CK treatments (P <
0.05). Compared with the baseline, the corn yield decreased by an average of 14.5%
and 13.3% for Harbin and Gongzhuling, respectively, across all RCP scenarios and
under all considered fertiliser practises (Table 5-3). The decreases in corn yield under
the RCP scenarios were ranked as follows: RCP8.5 (20.6-40.8%) > RCP4.5
(5.5-25.4%) > RCP2.6 (0.1-7.8%). The soybean yield decreased by 10.6% on
average in Harbin, with the highest decline under RCP8.5 (P < 0.05) (Table 5-3).

SOC stock decreased by 8.2% in Harbin and 7.6% in Gongzhuling by 2100 across
all RCP scenarios and fertiliser treatments when compared with the baseline (Figure
5-3, Table 5-3). The decline under RCP8.5 (10.5-15.6%) was significantly higher than
those under RCP4.5 (5.3-8.5%) and RCP2.6 (3.9-6.8%). The ranking of SOC stocks
in 2100 was generally as follows: baseline > RCP2.6 > RCP4.5 > RCP8.5. In addition,
manure amendment resulted in the highest SOC stock among the treatments, with the
values of 38.9-50.3 t C ha' in Harbin and 60.6—69.2 t C ha' in Gongzhuling,
respectively (Table 5-3).
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Table 5-2 Statistical criteria of model performance for crop grain yield, straw dry matter, and
SOC and TN stocks in the Harbin and Gongzhuling long-term experiments

Index Calibration Validation Calibration Validation
Corn grain yield Corn straw dry matter

R2 0.58** 0.58** 0.72%** 0.60**

RMSE (%) 15 23 16 15

RE (%) -12 -11 9 4

n 81 54 56 28
Wheat grain yield" Soybean grain yield'

R2 0.66** 0.60** 0.54** 0.56%*

RMSE (%) 21 17 23 18

RE (%) -7 -6 -24 -11

n 26 26 26 26
SOC stock TN stock

R2 0.79** 0.71** 0.67** 0.60%**

RMSE (%) 8.2 6.8 8.6 7.5

RE (%) -0.8 0.4 -2.0 -33

n 128 94 128 94

T There was no record about the wheat and soybean straw biomass productions at Harbin
long-term experiment;

*

“means P <0.01.
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Figure 5-1 Calibration and Validation of corn, wheat and soybean grain yields and straw dry
matters with data from Harbin and Gongzhuling combined. Note: wheat and soybean were
only planted in Harbin, and data on straw dry matter for all crops in the Harbin long-term

experiment are unavailable.
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Figure 5-2 Corn, wheat and soybean grain yields with all fertiliser practises under future
climate scenarios between 2021 and 2100 in the Harbin (HEB) and Gongzhuling (GZL)
long-term experiments. Numbers with different lowercase letters indicate significant
difference (P < 0.05) under different climate scenarios in an individual fertiliser practise.
Numbers with different capital letters indicate significant difference (P < 0.05) in different

fertiliser practises under an individual climate scenario.
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Figure 5-3 Dynamics of soil organic carbon (SOC) stocks with all fertiliser practises under future climate scenarios from 2021 and 2100 in
the Harbin (HEB) and Gongzhuling (GZL) long-term experiments.
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Table 5-3 Relative change of crop yield (%) and average annual CSE (%) between 2021 and 2100, annual SOC stock in 2100 (t C ha™'), and
their relative changes (%) with each fertiliser treatments under RCP climate scenarios compared with the baseline.

Harbin Gongzhuling
Treat- Climate Corn Wheat  Soybean Corn
2 3
ment scenario Vielde!  Yielde  Yielde SOC  SOCc CSE  CSEc Yielde SOC  SOCc CSE  CSEc
CK Baseline 35.88 29.12
RCP2.6 3.76 5.39 1.26 3443 -4.02 5.27 27.82 -4.46
RCP4.5 -8.83 8.58 -8.72 33.99 -5.26 -6.16 2731 -6.23
RCP8.5 -26.79  6.46 -19.89 3136  -12.59 -20.60  26.06 -10.51
NPK Baseline 37.77 4.27 33.92 5.92
bC aB
RCP2.6 242 2.14 -6.62 36.14 -4.32 4.32 0.83 1.98 32.57 -3.98 5.0 -17.49
bC bB
RCP4.5 -5.53 1.65 -11.61 35.64 -5.65 4.47 1.46 -11.64  31.65 -6.69 5.09 -16.40
bC bB
RCP8.5 -20.66  -1.12 -21.13 33.37 -11.65  5.08 8.98 -2846  30.07 -11.35 495 -19.17
aC cB
FYMN/ Baseline 50.31 12.60 69.19 14.56
NPKM aA aA
RCP2.6 -7.82 2.48 -4.13 4691 -6.76 12.00 -4.41 3.97 66.01 -4.60 13.79 -6.36
bA bA
RCP4.5 -2541 244 -8.15 46.03 -8.51 11.85 -5.69 -9.55 63.51 -8.20 13.87 -5.87
bA bA
RCP8.5 -40.77  -1.44 -20.04 4245 -15.63 11.66  -7.89 -27.10  60.56 -12.46  13.68 -7.21
cA cA
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FYM Baseline 45.34 11.91
aB
RCP2.6 -0.14 0.41 0.55 43.57 -3.90 11.50 -3.10
bB
RCP4.5 -13.32 1.95 -8.65 4247 -6.33 11.33 -4.91
bB
RCP8.5 -30.87 0.42 -20.00 38.85 -14.31 10.64 -11.34
cA

't is defined as the relative change of crop yield under an individual RCP scenario to the baseline (%);
2SOCc means the relative change of SOC stock under an individual RCP scenario to the baseline (%);
3 CSEc means the relative change of CSE under an individual RCP scenario to the baseline (%);

Numbers with different lowercase letters indicate significant difference (P < 0.05) in an individual fertilisation treatment under different
climate scenarios and those with different capital letters indicate significant difference (P < 0.05) in the different fertilisation treatments under
an individual climate scenario.
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3.3. Carbon sequestration efficiency

Compared with the baseline, the annual total C input from crops, including stubble,
roots, and rhizospheres, decreased by an average of 5.7% in Harbin and 9.3% in
Gongzhuling under all the RCP scenarios (Figure 5-4). The rates for manure-amended
treatments exceeded those without manure ranging from 62 to 154 kg C ha™! yr'! in
Harbin and 311 to 429 kg C ha™! yr! in Gongzhuling (Table 5-4). Additionally, the
relative change rate under RCP8.5 was lower than those under RCP4.5 and RCP2.6.

The future climate change and fertilisation effects on the CSE are shown in Table 5-
3. For most treatments, the annual CSE averaged over the simulation period showed
significantly reduction compared to the baseline across RCP scenarios at both sites
(except those for NPK in Harbin). The average decreases of this variable due to
climate change were 6.3% in Harbin (except NPK) and 12.1% in Gongzhuling. The
CSE values for treatments excluding NPK in Harbin were ranked as follows: baseline >
RCP2.6, RCP4.5 > RCP8.5 (P < 0.05). Among the treatments, those with manure
amendment (10.64-14.56%) were higher than those for NPK (4.27-5.92%).

The relationship between CSE and cumulative C input (Ciypu) Was accurately
captured by an exponential decreasing function (CSE=b+a*e **Cirrvt, p<(0.001) for all
the treatments (Figure 5-5). The CSE asymptotic value, denoted by the parameter ‘b’
in the function, consistently exhibited higher values for FYM (Harbin: 8.19-10.56%)
and FYMN/NPKM (Harbin: 9.90-11.36%, Gongzhuling: 8.19-9.29%) under all
climate scenarios compared to NPK (Harbin: 3.78-5.00%, Gongzhuling:
4.20-5.51%). In addition, the asymptotic CSE values under all RCP scenarios
(4.20-10.86%) generally were lower than those under the baseline (5.51-11.36%) for
the majority of treatments in both Harbin (except NPK in Harbin) and Gongzhuling
long-term experiments (Table 5-5).

Table 5-4 Average annual change rates (kg C ha™! yr!) in plough layer (0—20 cm) of the
Harbin and Gongzhuling long-term experiments

Harbin Gongzhuling
freatment Climate scenario 2021-2060 2061-2100 2021-2060 2061-2020
NPK Baseline 15.7 15.7 57.1 43.2
RCP2.6 15.4 14.1 57.0 42.8
RCP4.5 15.1 13.7 55.3 39.1
RCP8.5 16.8 16.6 54.5 36.1
FYMN/NPKM Baseline 154.0 119.3 429.0 361.0
RCP2.6 147.3 103.1 400.3 344.0
RCP4.5 138.0 99.5 401.4 326.2
RCP8.5 141.8 91.6 397.1 310.8
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FYM Baseline 98.5 78.2
RCP2.6 95.7 75.5
RCP4.5 96.3 70.1
RCP8.5 88.2 61.9

Table 5-5 Relation between carbon sequestration efficiency (CSE) and cumulative carbon
(C) input with data from beginning to 2100 in plough layer (0—20 cm) of the Harbin (HEB)
and Gongzhuling (GZL) long-term experiments

i Cropping Climate  Model
Site systems Treatments Scenarios  (y=b-+a*e*Cimu);
Baseline CSE=3.78+49.12¢0-049Cinput
RCP2.6 CSE=3.89+48.87¢0-049Cinput
NPK 4
RCP4.5 CSE=4.04+48 .88 ¢-0-050Cinput
RCP8.5 CSE=5.00+48.13¢-0-052Cinput
Baseline CSE=11.36+46.18¢-0-028Cinput
Corn- RCP2.6  CSE=10.86+47.96¢ 02 Cinput
HEB wheat- FYMN 4
soybean RCP4.5 CSE=10.60+34.55¢0-028Cinput
RCP8.5 CSE=9.90+45.00e-0-024Cinput
Baseline CSE=10.56+24.55¢0-024Cinput
RCP2.6 CSE=9.84+24.84¢0-022Cinput
FYM |
RCP4.5 CSE=9.95+25.75¢-024Cinput
RCP8.5 CSE=8.19+25.42¢0-018Cinput
Baseline CSE=5.51+16.04¢-038Cinput
RCP2.6 CSE=4.22+15.93¢0:027Cinput
NPK ‘
RCP4.5 CSE=4.30+16.02¢-0-028Cinput
RCP8.5 CSE=4.20+16.49¢-0-029Cinput
GZL Corn |
Baseline CSE=9.29+27.37¢"0-006Cinput
RCP2.6 CSE=8.74+28.84¢0-007Cinput
NPKM

RCP4.5 CSE=8.66+28.89¢0-007Cinput
RCP8.5 CSE=8.19+29.31¢-007Cinput

Where b is the CSE asymptotic value (lower value of asymptotic line).
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Figure 5-4 Average annual C input from different sources under different fertiliser treatments in Harbin (HEB) and Gongzhuling (GZL)
long-term experimental sites. Numbers with different lowercase letters indicate significant difference (P < 0.05) among different climate
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difference (P < 0.05) in different fertiliser practises under an individual climate scenario within an individual site.
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Figure 5-5 Dynamics of carbon sequestration efficiency (CSE) with carbon input cumulation for all fertiliser practises from the beginning
to 2100 under future climate scenarios in the Harbin (HEB) and Gongzhuling (GZL) long-term experiments. Note: Due to the limited
amount of measurement data, the value is plotted every three years.
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4 .Discussion

4.1. Model performance

Our results highlight that SPACSYS emerges as a competitive model for simulating
corn yield in typical Mollisol regions of Northeast China achieving R? values of
0.58-0.72 (Table 5-2, Figure 5-1). This performance compares favourably with the
PRYM-Maize model (R? = 0.57) and the CERES-Maize (R? = 0.80) model (Jiang et
al., 2021; Zhang et al., 2021). Similarly, SPACSYS demonstrated a competitive
soybean yield simulation with an RMSE of 18-23%, comparable to the performance
of the DSSAT model with an RMSE of 15-22% in Northeast China (Liu et al., 2013b).
It should be noted that SPACSYS has previously employed for simulating winter
wheat yield (Liang et al., 2018; Liu et al., 2020), and our study further validates its
effectiveness in simulating spring wheat, expanding the application scope of
SPACSYS. Furthermore, SPACSYS adequately simulated SOC stocks in the study
regions for all treatments (Table 5-2, Figures 5-1, 5-S3 and 5-S4), despite
underestimating SOC stocks by 20% during validation. Jiang et al. (2014) applied the
Roth-C model to the same sites, our study demonstrated superior performance with
R? values of 0.79 for calibration and 0.71 for validation, while Roth-C achieved R?
values of 0.25 for Harbin and 0.77 for Gongzhuling. In terms of TN stock, SPACSYS
also performed well with R? values of 0.60—-0.67 and RMSE of 7.5-8.6% (Table 5-2),
surpassing the GWRK model (R? = 0.50 and RMSE = 29%) when applied to data from
the central Northeast China, including Gongzhuling (Li et al., 2020b).

Nevertheless, the model still exhibited certain inevitable errors. For example, it
consistently overestimated TN stock for all treatments after 2000 in Harbin. This
discrepancy could be partially due to the relocation of the long-term experiment in
December 2010, despite the soil at a depth of 1.5 m being transferred under frozen
soil conditions. Moreover, the model’s excessive reliance on stomatal resistance to
soil water could lead to underestimations of corn grain and straw yields (Figure 5-S3)
during the prolonged droughts from April to June in 2010, 2011 and 2012 in
Gongzhuling. In addition, the extreme drought experienced after flowering in 2008,
with the precipitation about 80—100 mm lower than those of adjacent years in Harbin,
might have contributed to the overestimation of soybean yield by 2.5 times (Figure 5-
S2). Improvements are needed in the model’s representation of how drought impacts
crop growth and development in future iterations.

4.2. Climate and fertiliser impacts on crop yield

Future climate change was projected to decrease corn yield in the typical Mollisol
regions of Northeast China. Previous studies have indicated that increasing
precipitation during the corn growing season would have no discernible influences on
corn yield in Northeast China under future climate change (Lin et al., 2017; Xiong et
al., 2007). By contrast, it seemed that the increased temperature could be the leading
factor contributing the decline in corn yield, as it led to early development in the crop
(i.e., anthesis precocity) and accelerated the reproductive stage, relative to the cooler
conditions observed under the baseline (Figure 5-S6). Although a warming climate
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might mitigate the effects of chilling damage on corn growth and production in Harbin
and Gongzhuling, our study states that the effect of future temperatures would be more
negative rather than positive for corn crop growth (Lin et al., 2017). Furthermore,
several studies have suggested that the corn yield increase resulting from the “CO,
fertilisation effect” could not offset the reduction caused by the increased temperature
in study regions of Northeast China (Jiang et al., 2021; Lin et al., 2017; Wang et al.,
2011). Consequently, future climate was expected to significantly decrease corn yield
in the Mollisol regions of Northeastern China, especially at the end of the simulation
period (2090-2100) under RCP8.5 (57.6—69.2% for Harbin and 54.8-67.1% for
Gongzhuling), coinciding with the largest increments in both CO, concentration and
temperature (Table 5-S6).

Climate change did not significantly affect spring wheat yield in the study regions,
being consistent with the earlier reports (Jin and Zhu, 2008; Yin et al., 2015). The
anticipated warmer climate is expected to result in a shortened growing period,
leading to a diminished accumulation of photosynthate (Figure 5-S6). However, under
the RCP scenarios, CO, concentrations are projected to increase greatly (Table 5-S2),
which could enhance the thermotolerance of crop photosynthesis, especially in the
context of higher temperatures compared with the baseline. This effect is more
favourable for C3 (e.g., wheat) rather than C4 (e.g., corn) species (Jin et al., 2017;
Taub et al., 2000). For major C3 crops, increased CO, concentration could improve
the radiation use efficiency and net photosynthesis of crops by increasing the
availability of intercellular CO, as a substrate and restraining competition with
photorespiration for the Rubisco enzyme (Dermody et al., 2008). Similarly, the
reduction in soybean yield in Harbin was less pronounced (10.6%) compared to corn
(14.5%). According to Chen et al. (2017), the effect of enhanced CO, concentration
on offsetting yield gaps caused by temperature and precipitation changes is more
substantial for soybean than for corn. On the other hand, previous studies showed that
soybean yield in Northeast China could increase with rising precipitation and
temperature, considering the effects of “CO, fertilisation” (Lin et al., 2017; Yin et al.,
2015). However, when temperatures reach high levels (e.g., a 4°C increase), other
studies corroborate our findings (Guo et al., 2022; Jin and Zhu, 2008). They suggested
that soybean yield would decline without cultivar adaption in response to temperature
extremes, which could disrupt the pollination stage and reduce the number of grains
by shortening the grain-filling period.

4.3. Response of the carbon sequestration to future climate
change under long-term fertilisation

Our simulations revealed a significant decrease in SOC stock under all future
climate scenarios, consistent with previous studies conducted in Mollisol regions (Gao
et al., 2008; Ramirez et al., 2019; Bao et al., 2023). The decline in C input for each
fertiliser practise, due to the reduction of corn and soybean productions under the RCP
scenarios, likely played a predominant role in the SOC decline. Consequently, SOC
stock under RCP8.5 was significantly lower than those under RCP4.5 and RCP 2.6 (P
< 0.05) Furthermore, the combined application of manure with chemical N treatments
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simultaneously showed the highest SOC stock and crop yield at both sites under each
climate scenario (Table 5-3, Figures 5-2 and 5-3). It has been reported that manure
combined with chemical fertiliser treatment has the beneficial effects of both C inputs
and readily available nutrients for plant growth, enhancing C inputs from crop
residues and sequestrating a greater amount of C compared to other treatments
(Triberti et al., 2016; Jiang et al., 2018a; Gross and Glaser, 2021). Notably, the impact
of fertilisation on SOC stock was more pronounced with the manure-only treatment
compared to NPK. The significantly higher annual C input could be the primary
reason for the observed difference, along with the very close amount of C inputs from
crop residues for both treatments (Figure 5-4). However, a contrary conclusion was
found primarily when the C input to croplands from manure was from other
ecosystems within the study region, rather than relying on consistent C inputs from
fertilisation (Schmidt et al., 2011).

Our results showed that fields with manure application had greater efficiencies in C
sequestration than those receiving chemical fertiliser alone. Applied manure creates a
favourable growth environment for plants and microorganisms (Mandal et al., 2007).
Our simulations demonstrated that manure amendments led to increased C inputs and
microbial biomass. Those might be beneficial for retaining massive amounts of total
C in the Mollisol regions of Northeast China (Ding et al., 2016; Ma et al., 2010).
Consistently, compared to the practise using chemical fertiliser alone, manure
application exhibited significantly higher SOC stocks and change rates (Figure 5-3
and Table 5-4), supporting a higher value of CSE.

Our investigation revealed a pronounced negative exponential correlation between
CSE and the cumulative C input. Specifically, CSE showed an initial rapid decline
following the onset of C input, then a decelerated decrease, ultimately settling into a
slow decay until reaching a stable asymptotic value with a substantial accumulation
of C input. This dynamics pattern has been directly or indirectly supported by previous
findings (Jiang et al., 2018a; Maillard and Angers, 2014; Stewart et al., 2007, 2008;
Yan et al., 2013). Stewart et al. (2007), in their synthesis of data from 14 long-term
experiments in the USA and Canada, identified an asymptotic increase in the
relationship between C inputs and SOC content, ascribable to the soil C saturation
phenomena at high C inputs. Additionally, Stewart et al. (2008) suggested the
stabilization efficiency of added C would decrease as C input level increased. These
studies collectively supported our observation of a negative exponential relationship
between soil CSE and C inputs. Warmer and wetter environmental conditions are
likely to enhance the mineralization rate of added C (Fang et al., 2022; Bao et al.,
2023), leading to a reduction in CSE. Our predictions indicated that the soil respiration
rate under the RCP scenarios which soil temperature is a primary control factor
increased 3.10-9.36% in Gongzhuling and 1.67—-16.18% in Harbin compared to the
baseline (Table S5-7). Similar findings have been reported (Wang et al., 2022).

Notably, the average annual CSE for NPK under future climate scenarios in Harbin
increased, contrasting with the absence of such a trend in Gongzhuling (Table 5-3).
The incorporation of soybean into the crop rotation in Harbin likely contributed to the
divergent responses observed in CSE. Biologically fixed N by soyabean can be
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available for subsequent crops, which can increase biomass accumulation in non-
leguminous crops within the rotation (Stagnari et al., 2017). This results in an increase
of C input to the soils. Additionally, root exudation and senescence of legume roots
and nodules further contribute to the C input to the soils, offering benefits for SOC
sequestration (Virk et al., 2022). The findings suggested that integrating leguminous
crop in a rotation cropping system could contribute to improved C retention in soils,
especially in situations where manure is not readily available.

4.4. Adaptation strategies for climate change

In our study, the average soil CSE for NPKM/FYMN/FYM treatments ranged from
10.6% to 14.6%, aligning closely with the reported global manure C conversion ratio
of 12% + 4%, derived from a meta-analysis of 130 observations considering 4—82
years of manure applications (Maillard and Angers, 2014). Furthermore, predictions
regarding the CSE of manure application in the soils of 20 long-term experiments in
China, including the two Mollisols examined in our research, indicated that CSE
approaching the stable stage ranged from 8.8% to 10.4% under baseline and RCP 4.5
conditions (Jiang et al., 2018a). Our findings, ranging from 8.7% to 11.4%, closely
resembled these results (Table 5-5). This suggested that our results can serve as a
useful reference for investigating the characteristics of CSE under long-term
fertilisation conditions in Chinese Mollisols, especially with a substantial amount of
C input. Despite the presence of several quite common uncertainties in long-term
experimental studies, such as discrepancies in C input assessment methods and the
estimated crop straw and root biomass in the absence of measured data, our results
remain informative.

Our predictions indicated a worse situation for both food security and soil fertility
for Mollisols in the future, in comparison to the current condition. In addition to spring
wheat, the production of corn and soybean, which are the primary crops in the world’s
Mollisol regions (Duran et al., 2011; Xu et al., 2020), would decline under future
climate change. Notably, the RCP8.5 scenario anticipated the largest decreases, with
approximately 30-40% for corn and 20% for soybeans (Figure 5-2). To address this,
our predictions suggest the following interventions: (1) the development of new
cultivars that better adapt to the anticipated warmer and wetter climates; (2) an earlier
planting of crops to prevent the negative effects of heat and drought during the
growing season; (3) the adoption of conservation tillage techniques such as no-tillage
and crop rotation to reduce soil erosion, maintain soil moisture and nutrients, and
increase SOC content. In addition, the combination of manure and NPK is
recommended based on our prediction. However, the goal of sequestrating more C in
Mollisols to mitigate global warming cannot be achieved as both the SOC stocks and
CSE decreased under RCP scenarios compared to the Baseline. Further study can
focus on the optimization of nutrient application rates and the ratio of chemical
fertilisers to manure to maximize crop yield and SOC sequestration while minimizing
environmental risks.
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5.Conclusion

Our study successfully validated the SPACSY'S model for simulating yields of corn,
spring wheat and soybean, and the SOC stock in typical Mollisol regions in China.
SPACSYS predicted a decline in both yields and SOC stock under future climate
scenarios compared with the baseline. The anticipated reduction in corn and soybean
yields was primarily attributed to increased temperatures with corn being more
significantly affected than soybean. Interestingly, the warmer and wetter future had
no significant effects on spring wheat yield in this region. Future climate conditions
led to a decrease in SOC stocks and CSE at the two typical Mollisol sites for
fertilisation treatments. Our prediction confirmed that CSE initially decreased rapidly
following C inputs, exhibited a decelerated decline, and eventually decayed slowly
until reaching a stable asymptotic value due to substantial C accumulation. Notably,
the combined application of manure and chemical fertilisers demonstrated the highest
potential to mitigate the negative impacts of climate change on crop yields and CSE.
Our findings suggest that future research should prioritize improving crop cultivars,
optimizing planting timings, and establishing effective fertiliser management
strategies to mitigate climate change risks in Mollisol regions.
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6.Supplementary Figures and Tables
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Figure 5-S1 Dynamics of annual average maximum and minimum temperature (°C), precipitation (mm) and CO2 concentration (ppm)
under RCP climate scenarios between 2021 and 2100 in the Harbin (HEB) and Gongzhuling (GZL) long-term experiments.
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Figure 5-S2 Simulated and observed yields of wheat, corn and soybean over the simulated
period in the Harbin long-term experiment. No straw dry matter record in this experiment.
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Figure 5-S4 Simulated and observed SOC and TN stocks over the simulated period in the
Harbin long-term experiment.
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Figure 5-S5 Simulated and observed SOC and TN stocks over the simulated period in the
Gongzhuling long-term experiment.
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maturity under future climate scenarios from 2021 to 2100 compared with those under the
baseline in the Gongzhuling and Harbin long-term experiments.
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Table 5-S1 Nitrogen, phosphorus and potassium application rates in different fertiliser
treatments (kg ha™)

Harbin Gongzhuling
Treatment
Wheat Soybean Corn Corn
Nitrogen (kg N ha!)

NPK 150 75 150 165
NPKM/FYMN 150+33* 75 150 50+115%
FYM 33%* - - -

Phosphorus (kg P ha'')
NPK 75 150 75 36
NPKM/FYMN 36* - - 36+39*
FYM 36* - - -

Potassium (kg K ha)
NPK 75 75 75 68
NPKM/FYMN 50%* - - 68+77*
FYM 50* - - -
Manure type Horse Cow, pig

*The amount of nitrogen, phosphorus and potassium from manure or straw; - means no
application.
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Table 5-S2 Average annual temperature, precipitation and rain events, CO concentration of the Harbin and Gongzhuling long-term
experiments from 2021 to 2100

Cco," s s
Site Climate Max temperature Min temperature Annual Concentration Precipitation Precipitation events
scenario (T) (T) Precipitation (mm) (ppm) events >10mm S50mm
Baseline 10.4 (0.8) T -0.5 (1.0) 549 (108) 380.0 11317 1237 60
RCP2.6 11.5(1.2) 0.3(0.8) 641 (150) 4214 10706 1359 22
Harbin
RCP4.5 12.6 (1.3) 1.3 (1.0) 592 (138) 537.9 10576 1245 22
RCP8.5 13.9 (2.5) 2.9 (2.5) 670 (160) 926.7 10364 1441 46
Baseline 12.9(0.9) 2.3(0.7) 615 (138) 380.0 11206 1423 99
RCP2.6 13.7(1.1) 2.7(0.8) 784 (200) 421.4 13121 1908 93
Gongzhuling
RCP4.5 14.5(1.3) 3.5(1.0) 752 (174) 537.9 13059 1821 98
RCP8.5 15.4 (2.5) 4.9 (2.4) 822 (203) 926.7 13033 1990 118

T Numbers in parentheses are standard deviation;
"The CO, concentration in 2100;
 means the total amount of precipitation events from 2021 to 2100.
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Table 5-S3 Optimized parameters related to wheat growth and development for different cultivars used in simulations

Harbin Gongzhuling
Parameter Unit Wheat Soybean Comn Comn
(Longfumai  (Heinong (Sidan (Zhengdan

19) 42) 19) 958)
Accumulated temperatures from sowing to emergence T4 140 160 100 120
Accumulated temperatures from emergence to flowering T4 900 1150 650 800
Accum_ulated temperatures from emergence to flag leaf fully < d 650 1600 520 700
expansion
Accumulated temperatures from flowering to maturity T4 800 1570 910 1000
Maximum plant height m 0.8 1.0 24 2.4
Critical photoperiod for vegetative stage below or over
which plant development will not be affected by light hr 10 8.0 145 145
Crl_tlcal photoperiod for veg_etatlve stage below or over hr 8.0 16.0 19.0 19.0
which plant development will stop
Threshold temperature for emergence < 3.0 6.0 4.0 5.0
Threshold temperature for vegetative stage <T 0.0 9.0 0.0 0.0
Threshold temperature for reproductive stage < 10.0 10.0 10.0 10.0
Specific leaf area m? g' DM 0.035 0.03 0.035 0.04
Specific green ear area m? g DM 0.00637 - 0.00637 0.00637
Specific green stem area m2.g~' DM 0.006 0.006 0.006 0.006
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Rate of N translocation from leaf to grain during d! 0.035 0.07 0.018 0.05
reproductive stage
Rate of N translocation from stem to grain during d! 0.042 0.01 0.032 0.025

reproductive stage

The lower threshold of optimal temperature for N fixation <T - 13 - -
The maximum temperature over which N fixation stops <T - 30 - -
The minimum temperature below which N fixation ceases <T - 9 - -
The upper threshold of optimal temperature for N fixation < - 26 - -

Potential N fixation rate for legume plant (based on gNg'DMd! 106
belowground biomass)

Table 5-S4 Optimized parameters related to soil C and N cycling in SPACSYS

Parameter unit Harbin Gongzhuling
Ammonium immobilised fraction - 0.45 0.45
Humus fraction from dissolved - 0.15 0.15
Humus fraction from fresh litter - 0.25 0.25
Humus fraction from fresh organic matter - 0.07 0.10
Potential decomposition rate for humus d! 0.000015 0.000015
Potential decomposition rate for fresh litter organic matter d! 0.012 0.008
Potential decomposition rate for fresh organic matter d! 0.013 0.009
Potential decomposition rate for dissolved organic matter d! 0.02 0.04
Critical C/N ratio favourable to immobilization - 15 15
Microbial maintenance respiration rate d! 0.678 0.678
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Maximum autotrophic nitrification rate d! 0.08 0.08
Potential heterotrophic nitrification rate d! 0.04 0.04
Maximum nitrifier growth rate d! 9.74 9.74
Precipitation N concentration gNm3 0.80 0.80
Relative activity at saturated water content - 0.60 0.60
Dry deposition mineral N to soil g Nm=2day! 0.0045 0.0045
Base temperature at which temperature function is in unity for denitrification < 20 20
Base temperature at which temperature function is in unity for < 22 25
mineralization/immobilisation

Base temperature at which temperature function is in unity for nitrification < 20 20

Table 5-S5 Carbon (C) content in manure and cereals shoot and root, and root: shoot ratio (RSR) and harvest index (HI) of studied crops.

Site Cereal Shoot C (g/kg) Root C g/kg RSR HI
Wheat! 434 425 0.29* 0.41-0.45*
. Corn '~ 433 412 0.12* 0.46-0.52*
Harbin
Soybean * 473 447 0.14 0.46
Manure C: 17.45-41.38% (fresh)*
Corn 3 433 412 0.12* 0.46-0.52*
Gongzhuling
Manure C: 17.45-41.38% (fresh)*

"Measured data; 1-5 are references, and the value in this table is the average value from the references (Cai et al., 2015; E et al., 2018; Li
et al, 2015; Wang et al., 1989; Wang et al., 1991).
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Table 5-S6 Crop yield (t ha™!), average annual SOC stock (t C ha™!) and CSE (%) and their relative changes (%) with each fertiliser treatment

under RCP climate scenarios compared with the baseline between 2090 and 2100

Harbin Gongzhuling
Treatments — Climate ComYield  WheatYield S0  goc  cgp  Com g0 CSE
scenarios Yield Yield
CK Baseline 5.48aB 2.49aB 2.37abB 36.0aD - 2.98ab 29.2aC -
RCP2.6 6.94aB 2.74aB 2.78aB 34.8bD - 3.25a 27.9bC -
(20.4)* 9.5) (16.4) (-3.4) (11.3) (-4.5)
RCP4.5 5.47aC 3.24aB 2.23abA 343bD - 2.48b 27.5bC -
(0.6) (19.8) (-2.4) (-4.7) (-12.6) (-5.9)
RCP8.5 2.02bB 2.83aB 1.60bA 32.1cD - 1.38¢ 26.4cC -
(-65.2) (15.6) (-27.1) (-10.8) (-54.8)  (-9.8)
NPK Baseline 8.67aA 3.48aA 3.05aA 37.9aC 4.6cC  7.72ab  34.0aB 5.2aB
RCP2.6 9.51aA 3.83aAB 3.20aA 36.4bC  5.0bC  8.10a 32.6bB 3.8dB
(11.6) (9.0) (8.2) (-3.7)  (10.8) (7.8) (-4.1) (-26.2)
RCP4.5 8.72aA 4.25aAB 2.74aA 36.0bC 5.0bC  5.95b 31.8¢cB 4.2bB
(1.7) (21.6) (-7.6) (-5.00 (11.1) (-18.0) (-6.4) (-17.8)
RCP8.5 3.91bA 4.05aAB 2.14bA 34.0cC 5.5aB  2.72¢ 30.4dB 4.0bB
(-57.6) (18.6) (-25.4) (-10.2) (323) (-66.7)  (-10.6) (-22.1)
FYMN/NPKM Baseline 8.89abA 3.48aA 3.09aA 49.6aA 9.7aB  7.33ab  68.2aA 10.8aA
RCP2.6 10.09aA 3.87aA 3.23aA 46.7bA  9.1abB  7.78a 64.2bA 10.1cA
(10.1) (8.4) (4.2) (-5.8)  (-1.8)  (9.0) (-5.8) (-6.5)
RCP4.5 7.59bAB 4.30aA 2.77aA 46.2bA 8.9bB  5.78b 63.3bA 10.3bA
(-27.2) (19.9) (-10.9) -6.7) (49  (-16.00 (-7.1) (-5.0)
RCP8.5 2.86cAB 4.04aA 2.21bA 427cA  8.2cA  2.54c 60.3cA 10.2bcA
(-67.8) (17.8) (-27.2) (-13.8) (-12.7) (-67.1)  (-11.5) (-6.2)
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FYM Baseline 6.97abB 2.84aB 2.44abAB 44 9aB 9.8aA
RCP2.6 8.39aAB 2.98aAB 2.87aAB 43.2bB 9.4abA

(12.6) (3.8) (12.0) (-3.8) (-3.3)

RCP4.5 6.39bBC 3.48aAB 2.31abA 42.1cB  9.0bA

(-7.6) (20.7) (-2.5) (-6.1) (-8.1)

RCP8.5 2.29¢cB 3.32aAB 1.65bA 39.0dB  7.9cA
(-69.2) (16.2) (-27.1) (-13.1) (-19.0)

£The values in parentheses are relative changes of the studied indexes.
Numbers with different lowercase letters indicate significant difference (P < 0.05) under different climate scenarios in an individual fertiliser
treatment; Numbers with different capital letters indicate significant difference (P < 0.05) in different fertiliser treatments under an individual

climate scenario

Table 5-S7 Relative change (%) of the soil respiration rate under RCP climate scenarios compared with the baseline during 2021-2100

Site Fertiliser practise RCP2.6 RCP4.5 RCP8.5
CK 8.11 8.16 7.30

Gongzhuling NPK 9.36 7.00 3.10
NPKM 7.33 6.01 6.28
CK 2.23 1.90 2.28

Harbin NPK 16.18 11.28 8.37
FYMN 12.45 8.59 7.03
FYM 1.82 1.67 3.35
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Table 5-S8 ANOVA test for the effects of fertiliser treatments and climate scenarios on crop yield, soil organic carbon (SOC) stock, carbon
(C) input, and carbon sequestration efficiency (CSE) between 2021 to 2100 (P < 0.05)

df F P df F P
Corn yield (Harbin) Corn yield (Gongzhuling)
Treatment 3 60 <0.001 2 542 <0.001
Climate scenario 3 33 <0.001 3 59 <0.001
Treatment*Climate scenario 9 1 0.87 6 5 <0.001
Spring wheat (Harbin) Soybean (Harbin)
Treatment 3 100 <0.001 3 18 <0.001
Climate scenario 3 0.4 0.73 3 25 <0.001
Treatment*Climate scenario 9 0.2 0.98 9 0.2 0.99
SOC stock (Harbin) SOC stock (Gongzhuling)
Treatment 3 2074 <0.001 2 12350 <0.001
Climate scenario 3 135 <0.001 3 38 <0.001
Treatment*Climate scenario 9 3 0.001 6 7 <0.001
Annual C input (Harbin) Annual C input (Gongzhuling)
Treatment 3 37 <0.001 2 4260 <0.001
Climate scenario 3 3 0.02 3 52 <0.001
Treatment*Climate scenario 9 0.05 0.99 6 4 0.001
CSE (Harbin) CSE (Gongzhuling)
Treatment 2 1352 <0.001 1 981 <0.001
Climate scenario 3 8 <0.001 3 2 <0.001
Treatment*Climate scenario 6 1 0.30 3 0.01 0.98
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1.General discussion

1.1. Soil carbon sequestration efficiency characteristics under
long-term fertilisation

Soil C is the largest component of the terrestrial C pool (Lettens et al., 2005). It
varies with climate, geography, biological activity, and land management, leading to
large uncertainties in the soil C budget, especially in agroecosystems (Smith and
Conen, 2006; Yadav and Malanson, 2009). Changes in soil C content within
agricultural areas have the potential to influence soil fertility, food security, and
climate through the sequestration or release of CO». Soil C sequestration can be
characterized by several aspects, including storage, sequestration rate, change stage,
potential, and efficiency. Recently, CSE, as a dimensionless parameter, has been
recognized as a critical indicator of soil C sequestration capacity in field and regional
studies (Batjes and Sombroek, 1997; Follett, 2001; Hua et al., 2014; Liang et al., 2019;
Yan et al., 2013).

Based on the dryland long-term experiments established in 1979 or 1989/1990 in
China, where SOC linearly increased with C input, we observed that soil CSE
remained nearly constant within a limited range of C input (Luvisols: 27-120t C ha™!,
Calcisols: 25-280 t C ha™!, Anthrosol: 29-167 t C ha™') (Figures 2-3, 2-S1 and 2-S4).
However, the soil from four classical long-term experiments in the UK and USA
exhibited an exponential decrease in CSE, which was associated with nonlinear
changes in SOC, as a large amount of C input accumulated (Chromic Luvisols:187—
650 t C ha!, Mollisols: 268-502 t C ha') (Figures 3-6, 3-7 and 5-5). In addition, the
CSE in the Chromic Luvisol of southeast England experienced a rapid decrease until
C input reached 123-315 t C ha™!, and a similar trend was observed in the Mollisols
of the Central Great Plains of America before C input levels of 93-145 t C ha™'. Then,
the CSE decreased more slowly until it approached a more stable, equilibrium level.
As proved by previous studies (Bhattacharyya et al., 2010; Liu et al., 2019; Maillard
and Angers, 2014; Zhang et al., 2010), soil CSE could be a constant value or decrease
with C input accumulation (Hassink and Whitmore, 1997; Six et al., 2002; Stewart et
al., 2007). This depends on how far a soil is from the C saturation (Hassink and
Whitmore, 1997).

The constant CSE was typically derived from a linear relationship between SOC
stock and C input, with no evidence of a C saturation level. However, the logarithmic
relation emphasized a decrease of CSE when the SOC approached the saturation level
(Yan et al., 2013). Similarly, Stewart et al. (2007) reported a reduction in SOC
accumulation efficiency with increasing C input levels in a study centred on the C
saturation model. This observation was supported by data compiled from 14
agroecosystems with varying durations ranging from 12 to 96 years. The decrease in
CSE was attributed to the limited capacity of high-C soils to retain newly applied OC
(Six et al., 2002). As the soil approached C saturation, the proportion of newly added
C sequestered within the soil C pool was diminished due to inherent physicochemical
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constraints, particularly when a majority of protective sites were occupied (Hassink
and Whitmore, 1997). For example, soils with greater chemical stability (e.g., oxalate-
soluble Fe) and physical structure exhibited a higher CSE compared to those with
lower physicochemical stability (Yan et al., 2013). Additionally, our findings
highlighted that within a narrow range of C inputs, the variability in observed CSE
was constrained, and the asymptotic curve might not be evident.

Our findings, supported by observations from four classical long-term experiments
and predictions from two Mollisol sites in Northeast China, demonstrate an
exponential decrease in CSE with C input accumulation, aligning well with a negative
exponential function (CSE=b+a*e*" vt P <(0.01). Hence, our results suggest that
soil CSE could approach an asymptotically stable value, which corresponds to the
maximum increment in soil carbon sequestration capacity attributable to a specific
fertilisation strategy, as compared to the non-fertilised condition. This can account for
the observed differences in SOC levels under various fertiliser practises within the
same soil type.

1.2, Main drivers of carbon sequestration efficiency at
different stages

Climate, soil properties, and management factors that influence C input and SOM
decomposition consequently affect SOC stocks and their relationship with C input
(Barbera et al., 2012; Follett, 2001; Paustian et al., 2000). In our study, soil CSE
remains constant across fertiliser treatments when SOC linearly increases with C input.
Edaphic factors were more important drivers of CSE than C input and climate factors
when SOC accumulated at a constant efficiency (Figure 2-5). However, when SOC
shows non-linear changes with the accumulation of a large amount of C input, the
CSE exponentially decreases and eventually approaches an asymptote, with the
contribution of C input and climate factors promoting ahead of soil properties (Figure
3-10).

A meta-analysis of globally published studies indicated that the quality of the
organic amendment was the main driver determining CSE (Maillard and Angers,
2014), which could be a major reason explaining the difference in soil C/N ratios and
their impacts on CSE. The source of C input varied greatly among the different
treatments, leading to significant differences in soil C/N ratios after 3040 years of
fertilisation in long-term experiments of China. They affected the activity and
structure of microorganisms, thereby affecting the rates of organic matter
decomposition (Marschner et al., 2003; Maillard and Angers, 2014; Zhang et al.,
2015). Three decades of fertilisation in Gongzhuling demonstrated that the soil C/N
ratio was positively correlated with the microbial N limitation, which controlled the
ratio of bacterial functional genes (i.e., Cellulase/Amylase) involved in the
degradation of the recalcitrant SOC (Cui et al., 2022). In our study, soil C/N ratios
were higher for manure amendment treatments than for NPKS and NPK (Figure 2-
S3). This indicated a larger microbial N limitation due to manure than that caused by
straw (Cui et al., 2022), resulting in a lower rate of SOC decomposition (Maillard and
Angers, 2014). In addition, the lower soil C/N ratio observed for NPK in our study
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suggested a potential decrease in SOC stocks and GHG emissions due to higher
mineralization rates (Xu et al., 2016). This could be related to the microbial C
limitation caused by the long-term intensified N fertiliser application (Wang et al.,
2019). Consequently, soil C/N ratio mainly controlled soil CSE by limiting nutrient
availability and affecting microbial activity when SOC was linearly increased within
a limited range C inputs (e. g., 58-275 t C ha™' for the main dryland of China).
However, a study has summarised that the ‘“high-quality” organic matter,
characterized by high N content, low C/N ratio, and low phenol/lignin concentration,
did not stabilize in SOC with a greater efficiency compared to the “low-quality”
organic matter, which has low N content, high C/N ratio, and high phenol/lignin
concentration (Castellano et al., 2015). The impact of the added organic material
quality on the SOC pool size and CSE was modulated by the extent of soil C saturation
and was eventually controlled by physicochemical protection mechanisms within the
mineral soil matrix (Castellano et al., 2015).

In our study, the influence of clay content on soil CSE is more pronounced when C
inputs are limited compared to when a substantial amount of carbon is accumulated.
A study based on 10 soils found that the clay fraction predominantly determined the
maximum capacity of each soil to protect organic matter (Hassink and Whitmore,
1997). However, soil physical properties and their protection capacity seemed to be
limited by their characteristics, such as the availability of free space on the surface,
which was consistent with the phenomenon of C saturation during long-term soil C
accumulation (Hassink, 1997). The eight studied long-term experiments in China were
all characterized by rapid SOC accumulation in association with C inputs (Jiang et al.,
2018a; Jiang et al., 2014). In such cases, the soil could provide more protective sites
for stabilizing organic carbon than when most of those sites were occupied (Boyle et
al., 1989; Jenkinson, 1990).

The C input level determined the duration and SOC content when a soil approached
its steady state (West and Six, 2007). However, its relative importance was ranked
behind the soil C/N ratio and clay content in eight long-term experiments within four-
decades of fertilisations (Figure 2-5). This might be supported by the significantly
positive correlation between C input and SOC content (Figure 2-S4), which was
generally found in soils that are far from soil C saturation, reflecting an increase in
the relatively rapid-turnover SOC pools (Six et al., 2002; West and Six, 2007). This
result indicated that the significant effect of C input on CSE at this stage was still
controlled by SOC fractions.

Furthermore, the importance of the MAT effect on CSE was heightened with the
accumulation of a substantial amount of C input. This could be explained as follows:
(1) Long-term climate variations affected C input by controlling crop yield. Utilizing
data from the Broadbalk continuous experiment, which was conducted from 1864 to
1967, a study examined the impact of weather on the interannual variability in winter
wheat yield in response to N fertiliser, finding that maximum temperature variations
in May and June were negatively correlated with crop yields (Chmielewski and Potts,
1995). Furthermore, a separate study focusing on the period from 1968 to 2016
suggested that wheat yield was particularly sensitive to mean temperatures in
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November, April and May (Addy et al., 2020). (2) Changes in MAT primarily
influenced the decomposition of C inputs, thereby altering soil CSE. The impact of
long-term changes in MAT on soil CSE is discussed in Chapter III. These findings
highlighted the importance of considering temporal weather variations when assessing
the impacts of climate change on crop yield and SOC sequestration, especially under
long-term fertilisation (Addy et al., 2020).

1.3. Differences in carbon sequestration efficiency among
different regions

We concentrated on the Harbin, Gongzhuling, Morrow and Sanborn long-term
experiments, which had identical soil type (i.e., Mollisol) and similar agricultural
systems (i.e., continuous corn cropping and its rotation with legumes) across the four
classical long-term experiments in the UK and the USA, as well as all those conducted
in China. In addition, all four Mollisol experiments were located at approximately
45°N. They fulfilled the prerequisite for comparing CSE across different regions.
Based on the characteristics of CSE from the four long-term experiments (Figures 3-
6, 3-7 and 5-5), we investigated the differences in typical Mollisols between Northeast
China and Central USA during the rapid descent stage (i.e., preceding the inflection
point) and the asymptotically stable stage (i.e., as they approached the CSE asymptotic
value). The inflection point confirmed by the GAM and segmented regression is
presented in Figure 6-1. The C input and CSE at the inflection point (CSEpp), the
average CSE before the inflection point, and the asymptotic value of CSE (CSE,) are
shown in Table 6-1.

By analysing the C input at the inflection point for each treatment in the Sanborn
and Morrow experiments, we determined the corresponding year of the inflection
point. The analysis further revealed that each plot was in the phase characterized by
manure application and the absence of straw return. The average soil CSE before the
inflection points of the Sanborn and Morrow experiments (13.6-27.4%) was slightly
lower or close to that observed in the Gongzhuling and Harbin experiments (18.6—
27.1%). However, the C inputs at the inflection points (93—141 t C ha™) in the Sanborn
and Morrow experiments were lower than those in the Gongzhuling experiment (234—
250 t C ha™). Additionally, compared to the Sanborn and Morrow experiments, the
Gongzhuling experiment took a longer time to approach the IP (Table 6-1). Generally,
soils with high initial SOC content show lower C sequestration potential and
efficiency due to their proximity to C saturation, in contrast to soils with low initial
SOC content. Consequently, a relatively lower C input is required to reach the IP.
Moreover, soils with low initial C content have a large saturation deficit, leading to a
faster initial rate and a longer total duration of SOC sequestration until reaching a
steady-state level (Stewart et al., 2007; West and Six, 2007). Therefore, the high initial
SOC content of the Sanborn and Morrow experiments might be the main reason for
the differences in C inputs and the duration to reach the inflection points between
Mollisols in China and the USA.
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Figure 6-1 The generalized additive model and piecewise linear regression for the relation
between carbon sequestration efficiency (%) and cumulative C input (t C ha'). AIC means

Akaike information criterion. *** P < 0.001.
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Table 6-1 The cumulative C input and CSE at the inflection point (CSEwp), average CSE

before the inflection point, and the CSE asymptotic value (CSEqs)

) Inflection point (IP) ~ Average
Site Cropping Treatment  Scenario CSE CSE.s
system ) CSE;p Year Dbefore
mnput P
Corn FYM - 122 14.9 1942 254 6.8
(Sfl;;;)m FYM-NPK - 103 7.1 1944 203 3.6
Rotation FYM-
FYMN - 133 9.9 1943 14.7 4.5
FYM-NPK - 141 7.5 1947 19.3 3.9
Corn
Morrow FYM - 105 12.1 1935 23.8 4.7
(1904) . FYM-NPK - 93 87 1927 136 05
Rotation
FYM - 128 13.0 1938 27.4 2.5
Baseline  40.1 5.2 2010 21.1 3.8
RCP2.6 39.8 5.2 2009 21.1 3.9
NPK
RCP4.5 39.9 5.2 2009 21.1 4.0
RCP8.5 39.6 5.2 2009 21.1 5.0
Baseline  47.2 13.7 2003 27.1 11.4
HEB Corn- RCP2.6 47.2 13.7 2003 27.1 10.9
wheat- FYMN
(1979) soybean RCP4.5 472  13.7 2003 27.1 10.6
RCP8.5 47.2 13.7 2003 27.1 9.9
Baseline  42.7 15.8 2003 22.0 10.6
RCP2.6 42.7 15.8 2003 22.0 9.8
FYM
RCP4.5 42.7 15.8 2003 22.0 10.0
RCPS8.5 42.7 15.8 2003 22.0 8.2
Baseline  54.5 6.3 2013 9.2 5.5
RCP2.6 54.5 6.3 2013 9.2 4.2
NPK
RCP4.5 54.5 6.3 2013 9.2 43
GZL RCP8.5 54.5 6.3 2013 9.2 42
Corn
(1989) Baseline 250 133 2046 194 9.3
RCP2.6 234 13.3 2042 18.6 8.7
NPKM
RCP4.5 236 13.3 2043 18.7 8.7
RCP8.5 243 13.3 2044 18.6 8.2
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Furthermore, when considering the CSE asymptotic value, both NPK and manure
application treatments showed lower CSE in the Sanborn and Morrow experiments
(NPK: 0.2-3.9%, NPKM: 2.5-6.8%) as compared to those in the Harbin and
Gongzhuling experiments (NPK: 3.8-5.5%, FYM/FYMN/NPKM: 8.2-10.6%). As
our results demonstrated, carbon input and MAT were the two main controllers of soil
CSE when a large amount of C input was accumulated (Figure 3-7). The differences
in C input caused by straw returning in all treatments in the Sanborn and Morrow
experiments, as well as the differences in climate between the two Mollisol regions of
China and the USA, might be the main reasons. Because microbial communities were
more active in areas with higher temperature and precipitation, this resulted in faster
C mineralization and thus lower soil CSE in these environments (Zhang et al., 2016a).
Compared with Harbin and Gongzhuling, the twofold higher MAT of Sanborn and
Morrow (Tables 3-1 and 5-S2) could accelerate the decomposition of SOC, which was
not beneficial for achieving high CSE. In addition, the returned straw in all treatments
of Sanborn and Morrow, as the primary C source during the asymptotically stable
stage of soil CSE, resulted in slow biodegradation and low stabilization of litter-
derived C (Berhane et al., 2020; Poeplau et al., 2015). Such straw-derived C sources
hindered the achievement of high CSE in Mollisols within these experiments.

In summary, the Mollisol CSE at two sites in the USA, due to the manure application
for all fields, was higher than in Northeast China during the rapid decline phase of
CSE. During the asymptotically stable stage, the Mollisol CSE at two sites in the USA,
with higher temperatures and large C inputs from straw return, was lower than in
Northeast China. Notably, in addition to some common uncertainties in long-term
experiments, such as estimating C input through roots and stubbles using a fixed ratio
of aboveground biomass, the use of different methods for measuring SOC in long-
term experiments between two regions—Walkley & Black and dry combustion—may
also introduce additional uncertainties for the comparison. Although dry combustion
is considered the most accurate method to determine total (organic and inorganic) C
(Meersmans et al., 2009), a modified Walkley & Black method (i.e. heated for 12
minutes at 220 °C) with a correction factor of 1.1 was applied in long-term
experiments from China to minimize errors (Hu et al., 2016).

1.4. Fertilisation practises bemlzlﬁcial to improve carbon
sequestration and mitigate climate change

Studies conducted through both field observations and model projections have
indicated that the application of manure serves as an effective strategy to improve
SOC storage (Ding et al., 2016; Ma et al., 2010; Li et al., 2018; Powlson et al., 2012).
As proved by our study, manure application enhanced SOC sequestration rates and
CSE relative to those observed with chemical fertiliser treatments and straw return
treatments. Compared to other fertiliser treatments, the higher SOC sequestration rate
under FYM or NPKM/FYMN was mainly related to the higher average plant-derived
C input plus exogenous OC input from manure (Tables 2-2, 2-3 and Tables 3-5 to 3-
12). As discussed in Chapter II and III, the higher CSE from manure application can
be attributed to the direct OC input, the formation of stable soil organic complexes, a
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favourable environment for microbial activity and subsequent SOC sequestration, as
well as the enhancement of macro-aggregate components associated with a higher
CSE (Acikgoz et al., 2017; Huggins et al., 1998; Liu et al., 2019).

In our study, the increased temperature and enhanced CO, concentration under
future climate change primarily impacted crop yields and SOC sequestration. Key
effects include: (1) Increasing temperature under the RCP scenarios were anticipated
to shorten the crop growing season in the study regions (Figures 4-S8 and 5-S6),
potentially leading to reduced yields due to diminished biomass accumulation
(Asseng et al., 2004). (2) The abbreviated growing season reduced the time available
for the accumulation of dead leaves, stems and roots into above- and below-ground
litter under future climate change (Balkovi€ et al., 2014; Senapati et al., 2019). This
restricted the C input from residual and dead roots (Table 4-S6). (3) “CO»-fertilisation”
benefited winter wheat (e.g., C3 species) more than corn (e.g., C4 species) (Figures
4-4 and 5-2; Table 4-5). For C4 species, elevated CO, has minimal impact on C
fixation since PEP-carboxylase uses HCO:s- as a substrate instead of CO, (Jin et al.,
2017; Taub et al., 2000). (4) Increased NPP due to “CO,-fertilisation” could be a
dominant factor in determining the sink of C in studied systems in the future (Figure
4-6). The rising CO> concentration might alleviate climatic constraints on plant
growth by decreasing stomata conductance, which in turn lowers transpiration,
enhances water use efficiency, and inhibit drought stress, potentially leading to global
NPP increases over the next few decades (Pan et al., 2014; Wieder et al., 2015b).

The current study forecasts that the persistent application of manure will remain a
sustainable approach for the Broadbalk long-term experiment moving forward. This
sustainability is attributed to its capacity to simultaneously achieve the highest rates
of SOC sequestration and C sink capacity within the soil-wheat-atmosphere system
(Tables 4-5, 4-6; Figures 4-5, 4-6), as anticipated under RCP scenarios, despite over
170 years of FYM application. In addition, the integration of chemical fertilisers with
manure shows the greatest potential for mitigating the adverse impacts of climate
change on crop yields and soil C sequestration in typical Mollisol regions of China in
the future. This approach was expected to result in the highest average SOC stock and
soil CSE by the year 2100 (Tables 5-3 and 5-4). Beyond the reasons outlined in the
preceding paragraph, manure amendments facilitated high C inputs from crop residues,
with the microbial community significantly retaining more N, P, and K than the CK,
NPK, and NPKS treatments. This increase in retention was also conducive to soil C
sequestration (Ding et al., 2016; Jiao et al., 2006). Furthermore, manure application
was projected to result in high CO, emissions from soil respiration in the future
(Figure 4-S3; Table 5-S7). Nevertheless, the C sink under manure application suggests
that the enhanced C inputs through the ‘CO»-fertilisation’ effect can offset C losses
due to elevated temperatures projected under RCP climate scenarios.

Therefore, regions facing issues similar to those in Southeast England, where soil
degradation results from soil compaction, water erosion, and land use changes (Peake
et al., 2022), should consider manure amendments to enhance soil C sequestration and
mitigate future climate change. Similarly, areas in Northeastern China, where SOC
degradation and crop yield decrease is due to wind and water erosion, soil acidification,
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and excessive cultivation (Wang et al., 2022), would benefit from such measures. In
the Central Plains of the US, where SOC and crop yield decline is caused by wind
erosion, salinization, intensive tillage, and overgrazing (Montanarella et al., 2021),
manure application is also advisable for regions with similar problems.

1.5. Recommendations for farmers, scholars and politicians

For farmers:

@)

O]

®)

(4)

Increase the application of manure, such as livestock manure and dairy manure
from farm, to replace a portion of chemical fertilisers to enhance soil organic
matter content and nutrient levels, especially in regions facing SOC loss.

Learn and adopt scientific manure application techniques to ensure efficient use
of manure and reduce environmental pollution. For example, adopt precise
manure application amounts through soil testing and crop demand analysis to
avoid over-fertilisation and minimize water pollution.

Introduce crop rotation to improve soil quality and crop resistance. For instance,
the introduction of legume crops was found in this study to effectively offset the
negative impact of future climate change on the CSE of Mollisols under
chemical fertiliser treatment.

Participate in C farming projects. Farmers can increase their farm’s SOC stocks
through the manure application and the introduction of crop rotation. These
increased C can be certified as C credits, which farmers can sell in the C credit
market to gain economic benefits.

For scholars:

M)

2

®)

(4)

Determine the range of cumulative C input and the duration of rapid decline in
soil CSE for various soil types, and issue warnings before reaching the inflection
point to remind farmers to timely improve soil CSE by changing field or crop
management practises, such as adopting conservation tillage and rotation.

Develop new crop varieties and provide guidance to farmers on adjusting
planting dates in typical crop production regions (e.g., Mollisol regions) to
mitigate heat and/or drought stress during the growing season under future
climates, thereby protecting long-term food security.

Determine the optimal ratio and quantity of manure to replace chemical
fertilisers to maximize crop yield and SOC sequestration while minimizing
environmental risks.

Develop models and conduct analyses to quantify the C credit potential of
various agricultural practises (e.g., manure amendments, crop rotation),
informing policy recommendations and guiding farmers in maximizing their C
credit earnings.

For governments:

M)
)

Support and protect the development of long-term experiments.
Increase promotional efforts to enhance farmers’ awareness of the benefits of
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manure application and encourage its acceptance. Additionally, enact policies,
such as offering subsidies and tax incentives, to promote its use, particularly in
regions experiencing SOC depletion and crop yield decline.

(3) Invest in research and development related to enhance quality and efficacy of
manure, and establish standards and guidelines for safe and effective use in the
main production areas of different cereal crops.

(4) Develop standards and certification programs for C farming practises to validate
farmers’ C sequestration requests, thereby building trust in the C credit market
and encouraging participation.

Overall, developing sustainable agriculture that enhances soil fertility, ensures food
security, and mitigates climate change requires collaborative efforts across various
sectors of society.

2.General conclusion

This research, based on eight long-term experiments in China where SOC increased
linearly with C input, found that soil CSE remained constant across fertiliser
treatments. Edaphic characteristics, especially the soil C/N ratio and clay content,
significantly influenced CSE. In four classical long-term experiments, where SOC
showed nonlinear changes with the accumulation of a large amount of C input, CSE
exponentially decreased and eventually approached an asymptote (CSE=b+a*e™"Cinput,
P < 0.01). Carbon input, MAT and TN stock were key factors influencing soil CSE.
Manure application had a more significant effect on soil CSE than chemical
fertilisation across all experiments.

Using data collected from the Broadbalk continuous winter wheat experiment over
a century, the SPACSYS model has been validated to simulate grain yield for different
tall and modern short-strawed winter wheat varieties, as well as to capture the
dynamics of SOC stocks in the plough layer. Winter wheat yields were projected to
significantly increase under future climate change relative to the baseline. However,
the impact of future climate change on SOC stocks varied among RCP scenarios and
fertiliser practises. Compared to the baseline, the medium- and high- emissions
scenarios were found to significantly increase SOC stocks for all N treatments by 2100,
while the very stringent pathway (RCP2.6) led to a reduction in SOC stocks under
chemical fertiliser application. Further, manure application was shown to be effective
in sustaining winter wheat production and enhancing soil C sequestration under future
climate change in southeastern England.

For two Mollisols in Northeast China, future climate change would reduce both corn
and soybean yields due to increased temperatures. The RCP climate scenarios were
also found to be responsible for the decrease of SOC stocks and CSE in the two
Mollisol experiments, with the most significant decline under the high-emissions
scenario (RCP8.5). Similar to the relationship derived from the four classical long-
term experiments, Mollisol CSE decreased exponentially with C input accumulation
towards approaching an asymptotically stable value. The combined application of
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manure and chemical fertilisers demonstrated the highest potential to mitigate the
negative impacts of climate change on crop yields and CSE. Additionally, the Mollisol
CSE at two sites in the USA, where manure was applied to all fields, was higher than
that in Northeast China during the rapid decline phase of CSE. During the
asymptotically stable stage, the Mollisol CSE at two sites in the USA, with higher
temperatures and large C inputs from straw return, was lower than that in Northeast
China.

Overall, this study clarified the constant or exponentially decreasing trend of soil
CSE with C input accumulation and identified the key influencing factors based on
observations and simulations from the long-term experiments, providing empirical
evidence and insights into the optimal fertiliser strategy to enhance CSE and mitigate
future climate change under long-term fertilisations.

3.Innovations

This study, based on typical long-term experiments from the UK, USA, and China
with different experimental durations, comprehensively characterized the dynamics
of CSE with C input accumulation, highlighting the constant or negative exponential
trends.

Through the longest experiment, the Broadbalk continuous winter wheat experiment,
the performance of the SPACSYS model was assessed for simulating grain yield of
various tall and modern short-strawed winter wheat varieties and capturing the long-
term dynamics of SOC stocks in the plough layer over a period of more than a century.

Utilizing historical observations and future predictions of soil C sequestration
characteristics, this study confirmed that manure application is a sustainable fertiliser
practise, enhancing crop yields and promoting the retention of C within the
agroecosystem.

4.Perspectives

To better understand the characteristics of soil CSE and address the negative
response of SOC sequestration to future climate change under long-term fertilisation,
further investigation into the following aspects is recommended:

(1) This study analysed the differences in the characteristics of soil CSE and
their main influencing factors under balanced fertilisations. Based on long-term
experiments, significant differences in soil CSE were found between long-term
imbalanced and balanced fertilisations. Subsequent studies should elucidate the
impact and underlying mechanisms of nutrient availability on soil CSE under
unbalanced fertilisations.

(2 Manure application provides a greater advantage for soil CSE over chemical
fertilisers, as evidenced by analysis from the plough layer. However, the benefits of
manure application on SOC sequestration in the subsoil are controversial, given
different responses of SOC in the subsoil to long-term fertilisations and the
importance of crop growth and nutrient transport between soil layers. A
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comprehensive investigation of the soil CSE in deeper layers (e.g., 20-100 cm) is
necessary based on both observed and simulated data.

3 Manure application had the potential to significantly sustain or enhance SOC
sequestration rate and efficiency under future climate change. However, the N
application rates were assumed to remain unchanged under future climate change. N
application rates can influence SOC sequestration, with higher rates correlating with
increased crop yields and the subsequent incorporation of plant residues into the soil.
Furthermore, the contribution of “CO»-fertilisation effects” to vegetation
photosynthesis has declined at the global scale due to nutrient supply limitations.
Therefore, further investigation should be made to explore an appropriate N applied
rate to enhance both crop yield and C sequestration in the study region under future
climate change.

4) Mollisols, recognized as the most fertile and productive soils globally, must
adopt adaptive strategies to address the predicted worsened situation for both crop
production and C sequestration in the typical Mollisol region of Northeast China under
future climate change. Our predictions suggest that future research should prioritize:
1) developing cultivars to adapt them to the warmer and wetter future climates; 2)
advancing the planting date to mitigate heat and drought stress during the growing
season; 3) determining optimal ratios and amounts of chemical fertilisers combined
with manure in order to increase crop yield and CSE while minimising environmental
risks; and 4) modelling crop yield and CSE under optimal management practises that
promote SOC sequestration, such as conservation tillage (e.g., no-till or reduced
tillage) and straw return.

186



Chapter VII

References and appendix



188



Chapter VII References and appendix

References

Acikgoz, S., Anderson, S.H., Gantzer, C.J., Thompson, A.L., Miles, R.J., 2017. 125
years of soil and crop management on Sanborn Field: Effects on soil physical
properties related to soil erodibility. Soil Sci. 182, 172-180.
https://doi.org/10.1097/SS.0000000000000207

Adams, W.A., 1973. The Effect of Organic Matter on The Bulk and Ture Densities of
Some Uncultivated Podzolic Soils 24.

Addy, JW.G., Ellis, R.H., Macdonald, A.J., Semenov, M.A., Mead, A., 2020.
Investigating the effects of inter-annual weather variation (1968-2016) on the
functional response of cereal grain yield to applied nitrogen, using data from the
Rothamsted Long-Term Experiments. Agric. For. Meteorol. 284, 107898.
https://doi.org/10.1016/j.agrformet.2019.107898

Aguilera, E., Guzmén, G.l., Alvaro-Fuentes, J., Infante-Amate, J., Garc &-Ruiz, R.,
Carranza-Gallego, G., Soto, D., Gonzdez de Molina, M., 2018. A historical
perspective on soil organic carbon in Mediterranean cropland (Spain, 1900—
2008). Sci. Total Environ. 621, 634-648.
https://doi.org/10.1016/j.scitotenv.2017.11.243

Aguilera, E., Lassaletta, L., Sanz-Cobena, A., Garnier, J., Vallejo, A., 2013. The
potential of organic fertilizers and water management to reduce N2O emissions
in Mediterranean climate cropping systems. A review. Agric. Ecosyst. Environ.
164, 32-52. https://doi.org/10.1016/j.agee.2012.09.006

Ainsworth, E.A., Long, S.P., 2021. 30 years of free-air carbon dioxide enrichment
(FACE): What have we learned about future crop productivity and its potential
for adaptation? Glob. Chang. Biol. 27, 27—49. https://doi.org/10.1111/gcb.15375

Amelung, W., Bossio, D., de Vries, W., K&yel-Knabner, 1., Lehmann, J., Amundson,
R., Bol, R., Collins, C., Lal, R, Leifeld, J., Minasny, B., Pan, G., Paustian, K.,
Rumpel, C., Sanderman, J., van Groenigen, J.W., Mooney, S., van Wesemael,
B., Wander, M., Chabbi, A., 2020. Towards a global-scale soil climate
mitigation strategy. Nat. Commun. 11, 1-10. https://doi.org/10.1038/s41467-
020-18887-7

Amthor, J.S., 2001. Effects of atmospheric CO, concentration on wheat yield: Review
of results from experiments using various approaches to control CO;
concentration. F. Crop. Res. 73, 1-34. https://doi.org/10.1016/S0378-
4290(01)00179-4

Amundson, R., Biardeau, L., 2019. Correction: Opinion: Soil carbon sequestration is
an elusive climate mitigation tool (Proceedings of the National Academy of
Sciences of the United States of America (2018) 115 (11652-11656) DOI:
10.1073/pnas.1815901115). Proc. Natl. Acad. Sci. U. S. A. 116, 13143.
https://doi.org/10.1073/pnas.1908917116

An, T., Schaeffer, S., Zhuang, J., Radosevich, M., Li, S., Li, H., Pei, J., Wang, J., 2015.
Dynamics and distribution of 13C-labeled straw carbon by microorganisms as
affected by soil fertility levels in the Black Soil region of Northeast China. Biol.

189



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Fertil. Soils 51, 605-613. https://doi.org/10.1007/s00374-015-1006-3

Angers, D.A., 1992. Changes in Soil Aggregation and Organic Carbon under Corn
and Alfalfa. Soil Sci. Soc. Am. J. 56, 1244-1249.

Arneth, A., Balkovic, J., Ciais, P., de Wit, A., Deryng, D., Elliott, J., Folberth, C.,
Glotter, M., lizumi, T., l1zaurralde, R. C., Jones, A. D., Khabarov, N., Lawrence,
P., Liu, W., Mitter, H., Mdler, C., Olin, S., Pugh, T. A. M., Reddy, A. D.,
Sakurai, G., Schmid, E., Wang, X., Wu, X., Yang, H., BCchner, M., 2017.
SIMIP2a simulation data from agricultural sector. GFZ Data Services. Retrieved
10 March 2021 from https://dataservices.gfz-
potsdam.de/pik/showshort.php?id=escidoc:2959889

Arulnathan, V., Heidari, M.D., Doyon, M., Li, E., Pelletier, N., 2020. Farm-level
decision support tools: A review of methodological choices and their
consistency with principles of sustainability assessment. J. Clean. Prod. 256,
120410. https://doi.org/10.1016/j.jclepro.2020.120410

Ashraf, M.N., Hu, C., Wu, L., Duan, Y., Zhang, W., Aziz, T., Cai, A., Abrar, M.M.,,
Xu, M., 2020. Soil and microbial biomass stoichiometry regulate soil organic
carbon and nitrogen mineralization in rice-wheat rotation subjected to long-term
fertilization. J. Soils Sediments 20, 3103-3113. https://doi.org/10.1007/s11368-
020-02642-y

Asseng, S., Jamieson, P.D., Kimball, B., Pinter, P., Sayre, K., Bowden, J.W., Howden,
S.M., 2004. Simulated wheat growth affected by rising temperature, increased
water deficit and elevated atmospheric CO2. F. Crop. Res. 85, 85-102.
https://doi.org/10.1016/S0378-4290(03)00154-0

Balkovic, J., van der Velde, M., Skalsky, R., Xiong, W., Folberth, C., Khabarov, N.,
Smirnov, A., Mueller, N.D., Obersteiner, M., 2014. Global wheat production
potentials and management flexibility under the representative concentration
pathways. Glob. Planet. Change 122, 107-121.
https://doi.org/10.1016/j.gloplacha.2014.08.010

Bao, Y., Yao, F., Meng, X., Fan, J., Zhang, J., Liu, H., Mouazen, A. M., 2023.
Dynamic modeling of topsoil organic carbon and its scenarios forecast in global
Mollisols regions. J. Clean. Prod. 421, 138544. doi:
10.1016/j.jclepro.2023.138544.

Barbera, V., Poma, I, Gristina, L., Novara, A., Egli, M., 2012. Long-term cropping
systems and tillage management effects on soil organic carbon stock and steady
state level of C sequestration rates in a semiarid environment. L. Degrad. Dev.
23, 82-91. https://doi.org/10.1002/Idr.1055

Batjes, N.H., Sombroek, W.G., 1997. Possibilities for carbon sequestration in tropical
and  subtropical  soils.  Glob. Chang. Biol. 3, 161-173.
https://doi.org/10.1046/j.1365-2486.1997.00062.x

Bauer, A., Black, A.L., 1994. Quantification of the Effect of Soil Organic Matter
Content on Soil Productivity. Soil Sci. Soc. Am. J. 58, 185-193.
https://doi.org/10.2136/sssaj1994.03615995005800010027x

190



Chapter VII References and appendix

Begum, K., Kuhnert, M., Yeluripati, J., Glendining, M., Smith, P., 2017. Simulating
soil carbon sequestration from long term fertilizer and manure additions under
continuous wheat using the DailyDayCent model. Nutr. Cycl. Agroecosystems
109, 291-302. https://doi.org/10.1007/s10705-017-9888-0

Bellamy, P.H., Loveland, P.J., Bradley, R.1., Lark, R.M., Kirk, G.J.D., 2005. Carbon
losses from all soils across England and Wales 1978-2003. Nature 437, 245-248.
https://doi.org/10.1038/nature04038

Beneduzi, A., dos Anjos Borges, L.G., Alvarenga, S.M., Faoro, H., de Souza, E.M.,
Vargas, L.K., Passaglia, L.M.P., 2019. Distinct grazing pressure loads generate
different impacts on bacterial community in a long-term experiment in Pampa
biome. Appl. Soil Ecol. 137, 167-177.
https://doi.org/10.1016/j.aps0il.2019.02.005

Berg, B., MUler, M., Wessén, B., 1987. Decomposition of red clover (Trifolium
pratense) roots. Soil Biol. Biochem. 19, 589-593. https://doi.org/10.1016/0038-
0717(87)90103-9

Berhane, M., Xu, M., Liang, Z., Shi, J., Wei, G., Tian, X., 2020. Effects of long-term
straw return on soil organic carbon storage and sequestration rate in North China
upland crops: A meta-analysis. Glob. Chang. Biol. 26, 2686-2701.
https://doi.org/10.1111/gcb.15018

Bhattacharyya, R., Prakash, V., Kundu, S., Srivastva, A.K., Gupta, H.S., Mitra, S.,
2010. Long term effects of fertilization on carbon and nitrogen sequestration and
aggregate associated carbon and nitrogen in the Indian sub-Himalayas. Nutr.
Cycl. Agroecosystems 86, 1-16. https://doi.org/10.1007/s10705-009-9270-y

Bhogal, A., Chambers, B. J., Whitmore, A. P., & Powlson, D. S., 2007. The effects of
reduced tillage practices and organic material additions on the carbon content of
arable soils. Scientific report for Defra Project, SP0561, ADAS UK Ltd. (48 pp.).

Bingham, 1.J., Wu, L., 2011. Simulation of wheat growth using the 3D root
architecture model SPACSYS: Validation and sensitivity analysis. Eur. J. Agron.
34, 181-189. https://doi.org/10.1016/j.eja.2011.01.003

Biscoe, P.V., Scott, R. K., Monteith, J. L., 1975. Barley and its Environment . Il .
Carbon Budget of the Stand. Br. Ecol. Soc. Stable 12, 269-293.

Black, C. A., 1965. Methods of soil analysis. Part 2, Chemical and microbiological
properties. Madison, Wisconsin: American Society of Agronomy: Soil Science
Society of America.

Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming
effects and their dependence on soil microbial biomass and community structure:
Critical review. Biol. Fertil. Soils 45, 115-131. https://doi.org/10.1007/s00374-
008-0334-y

Blanco-Canqui, H., Lal, R., Post, W.M., Izaurralde, R.C., Owens, L.B., 2006. Rapid
changes in soil carbon and structural properties due to stover removal from no-
till corn plots. Handb. Environ. Chem. Vol. 5 Water Pollut. 171, 468-482.
https://doi.org/10.1097/01.ss.0000209364.85816.1b

191



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Blanco-Canqui, H., Lal, R., 2007. Soil structure and organic carbon relationships
following 10 years of wheat straw management in no-till. Soil Tillage Res. 95,
240-254. https://doi.org/10.1016/j.still.2007.01.004

Bolinder, M.A., Andrén, O., K&terer, T., de Jong, R., VandenBygaart, A.J., Angers,
D.A,, Parent, L.E., Gregorich, E.G., 2007a. Soil carbon dynamics in Canadian
Agricultural Ecoregions: Quantifying climatic influence on soil biological
activity. Agric. Ecosyst. Environ. 122, 461-470.
https://doi.org/10.1016/j.agee.2007.03.001

Bolinder, M.A., Angers, D.A., Dubuc, J.P., 1997. Estimating shoot to root ratios and
annual carbon inputs in soils for cereal crops. Agric. Ecosyst. Environ. 63, 61—
66. https://doi.org/10.1016/S0167-8809(96)01121-8

Bolinder, M.A., Janzen, H.H., Gregorich, E.G., Angers, D.A., VandenBygaart, A.J.,
2007b. An approach for estimating net primary productivity and annual carbon
inputs to soil for common agricultural crops in Canada. Agric. Ecosyst. Environ.
118, 29-42. https://doi.org/10.1016/j.agee.2006.05.013

Boyle, M., Frankenberger, W.T., Stolzy, L.H., 1989. The Influence of Organic Matter
on Soil Aggregation and Water Infiltration. J. Prod. Agric. 2, 290-299.
https://doi.org/10.2134/jpal989.0290

Bremner J.M., Mulvaney C.S., 1982. Nitrogen-total, In: Page, A.L., Miller, R.H.,
Keeney, D.R. (Eds.), Methods of soil analysis. Part 2. Chemical and
microbiological properties, 2nd Edition. Agronomy Monograph No. 9. ASA and
SSSA, Madison, WI, pp. 595-624.

Brilli, L., Bechini, L., Bindi, M., Carozzi, M., Cavalli, D., Conant, R., Dorich, C.D.,
Doro, L., Ehrhardt, F., Farina, R., Ferrise, R., Fitton, N., Francaviglia, R., Grace,
P., locola, 1., Klumpp, K., Léonard, J., Martin, R., Massad, R.S., Recous, S.,
Seddaiu, G., Sharp, J., Smith, P., Smith, W.N., Soussana, J.F., Bellocchi, G.,
2017. Review and analysis of strengths and weaknesses of agro-ecosystem
models for simulating C and N fluxes. Sci. Total Environ. 598, 445-470.
https://doi.org/10.1016/j.scitotenv.2017.03.208

Bronick, C.J., Lal, R., 2005. Soil structure and management: A review. Geoderma 124,
3-22. https://doi.org/10.1016/j.geoderma.2004.03.005

Brown, K.H., Bach, E.M., Drijber, R.A., Hofmockel, K.S., Jeske, E.S., Sawyer, J.E.,
Castellano, M.J., 2014. A long-term nitrogen fertilizer gradient has little effect
on soil organic matter in a high-intensity maize production system. Glob. Chang.
Biol. 20, 1339-1350. https://doi.org/10.1111/gcb.12519

Buyanovsky, G.A., Wagner, G.H., 1986. Post-harvest residue input to cropland 93,
57-65.

Buyanovsky, G.A., Wagner, G.H., 1998. Carbon cycling in cultivated land and its
global significance. Glob. Chang. Biol. 4, 131-141.
https://doi.org/10.1046/j.1365-2486.1998.00130.x

Cai, A., 2016. Characteristics and influence factors of carbon sequestration efficiency
from typical cropland in China. Master’s degree. Chinese Academy of

192




Chapter VII References and appendix

Agricultural Sciences.

Cai, A., Liang, G., Zhang, X., Zhang, W., Li, L., Rui, Y., Xu, M., Luo, Y., 2018.
Long-term straw decomposition in agro-ecosystems described by a unified
three-exponentiation equation with thermal time. Sci. Total Environ. 636, 699—
708. https://doi.org/10.1016/j.scitotenv.2018.04.303

Cai, M., Meng, Y., Mohammad, A. A. and Zhou, J., 2015. Effects of long-term
different fertilizations on biomass and nutrient content of maize root. Chinese J.
Appl. Ecol. 26, 2387-2396. (in Chinese). doi: 10.13287/j.1001-
9332.20150610.008.

Cai, Z.C., Qin, S.W., 2006. Dynamics of crop yields and soil organic carbon in a long-
term fertilization experiment in the Huang-Huai-Hai Plain of China. Geoderma
136, 708-715. https://doi.org/10.1016/j.geoderma.2006.05.008

Canadell, J.G., Monteiro, P.M.S., Costa, M.H., Cunha, L.C. da, Cox, P.M., Eliseev,
A.V., Henson, S., Ishii, M., Jaccard, S., Koven, C., Lohila, A., Patra, P.K., Piao,
S., Rogelj, J., Syampungani, S., Zaehle, S., Zickfeld, K., 2021. 2021:Global
Carbon and Other Biogeochemical Cycles and Feedbacks, in: Masson-Delmotte,
V., Zhai, P., Pirani, A., Connors, S.L., Pé&n, C., Berger, S., Caud, N., Chen, Y.,
Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K., Lonnoy, E., Matthews,
J.B.R., Maycock, T.K., Waterfield, T., Yelekg, O., Yu, R., Zhou, B. (Eds.),
Climate Change 2021 — The Physical Science Basis Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, pp. 673-816.
https://doi.org/10.1017/9781009157896.007

Castellano, M.J., Mueller, K.E., Olk, D.C., Sawyer, J.E., Six, J., 2015. Integrating
plant litter quality, soil organic matter stabilization, and the carbon saturation
concept. Glob. Chang. Biol. 21, 3200-3209. https://doi.org/10.1111/gcb.12982

Chakraborty, D., Watts, C.W., Powlson, D.S., Macdonald, A.J., Ashton, R.W., White,
R.P., Whalley, W.R., 2014. Triaxial Testing to Determine the Effect of Soil Type
and Organic Carbon Content on Soil Consolidation and Shear Deformation
Characteristics. Soil Sci. Soc. Am. J. 78, 1192-1200.
https://doi.org/10.2136/sssaj2014.01.0007

Chapman, S.J., 1997. Barley straw decomposition and S immobilization. Soil Biol.
Biochem. 29, 109-114. https://doi.org/10.1016/S0038-0717(97)00001-1

Chen, J., Luo, Y.Q., Li, J.W., Zhou, X.H., Cao, J.J., Wang, R.W., Wang, Y.Q., Shelton,
S., Jin, Z., Walker, L.M., Feng, Z.Z., Niu, S.L., Feng, W.T., Jian, S.Y., Zhou,
L.Y., 2017. Costimulation of soil glycosidase activity and soil respiration by
nitrogen addition. Glob. Chang. Biol. 23, 1328-1337.
https://doi.org/10.1111/gcb.13402

Chen, X., Hu, Y., Xia, Y., Zheng, S., Ma, C., Rui, Y., He, H., Huang, D., Zhang, Z.,
Ge, T., Wu, J., Guggenberger, G., Kuzyakov, Y., Su, Y., 2021. Contrasting
pathways of carbon sequestration in paddy and upland soils. Glob. Chang. Biol.

193



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

27, 2478-2490. https://doi.org/10.1111/gch.15595

Chen, Y., Zhang, X., Grekousis, G., Huang, Y., Hua, F., Pan, Z., Liu, Y., 2023.
Examining the importance of built and natural environment factors in predicting
self-rated health in older adults: An extreme gradient boosting (XGBoost)
approach. J. Clean. Prod. 413, 137432.
https://doi.org/10.1016/j.jclepro.2023.137432

Chen, Y., Zhang, X., He, H., Xie, H,, Yan, Y., Zhu, P., Ren, J., Wang, L., 2010.
Carbon and nitrogen pools in different aggregates of a Chinese Mollisol as
influenced by long-term fertilization. J. Soils Sediments 10, 1018-1026.
https://doi.org/10.1007/s11368-009-0123-8

Cheng, S., Fang, H., Zhu, T., Zheng, J., Yang, X., Zhang, X., Yu, G., 2010. Effects of
soil erosion and deposition on soil organic carbon dynamics at a sloping field in
Black Soil region, Northeast China. Soil Sci. Plant Nutr. 56, 521-529.
https://doi.org/10.1111/j.1747-0765.2010.00492.x

Cheng, W., Johnson, D.W., 1998. Elevated CO,, rhizosphere processes, and soil
organic matter ~ decomposition. Plant  Soil 202, 167-174.
https://doi.org/10.1023/A:1004315321332

Chenu, C., Angers, D.A., Barré, P., Derrien, D., Arrouays, D., Balesdent, J., 2019.
Increasing organic stocks in agricultural soils: Knowledge gaps and potential
innovations. Soil Tillage Res. 188, 41-52.
https://doi.org/10.1016/}.still.2018.04.011

Chirinda, N., Olesen, J.E., Porter, J.R., 2012. Root carbon input in organic and
inorganic  fertilizer-based  systems.  Plant  Soil 359, 321-333.
https://doi.org/10.1007/s11104-012-1208-5

Chmielewski, F.M., Potts, J.M., 1995. The relationship between crop yields from an
experiment in southern England and long-term climate variations. Agric. For.
Meteorol. 73, 43-66. https://doi.org/10.1016/0168-1923(94)02174-1

Cho, K., Falloon, P., Gornall, J., Betts, R., Clark, R., 2012. Winter wheat yields in the
UK: Uncertainties in climate and management impacts. Clim. Res. 54, 49-68.
https://doi.org/10.3354/cr01085

Christie, B.R., Clark, E.A., Fulkerson, R.S., 1992. Comparative plowdown value of
red clover strains. Can. J. Plant Sci. 72, 1207-1213.
https://doi.org/10.4141/cjps92-147

Chu, H., Lin, X., Fujii, T., Morimoto, S., Yagi, K., Hu, J., Zhang, J., 2007. Soil
microbial biomass, dehydrogenase activity, bacterial community structure in
response to long-term fertilizer management. Soil Biol. Biochem. 39, 2971
2976. https://doi.org/10.1016/j.s0ilbio.2007.05.031

Chu, Z., Guo, J., Zhao, J., 2017. Impacts of future climate change on agroclimatic
resources in Northeast China. J. Geogr. Sci. 27, 1044-1058.
https://doi.org/10.1007/s11442-017-1420-6

Collins, W.J., Bellouin, N., Gedney, N., Halloran, P., 2011. Development and

194



Chapter VII References and appendix

evaluation of an Earth-system model — HadGEM2. Geosci. Model Dev. Discuss.
4, 997. https://doi.org/10.5194/gmdd-4-997-2011

Cui, J., Zhu, R., Wang, X., Xu, X., Ai, C., He, P., Liang, G., Zhou, W., Zhu, P., 2022.
Effect of high soil C/N ratio and nitrogen limitation caused by the long-term
combined organic-inorganic fertilization on the soil microbial community
structure and its dominated SOC decomposition. J. Environ. Manage. 303,
114155. https://doi.org/10.1016/j.jenvman.2021.114155

Das, A., Purakayastha, T.J., Ahmed, N., Das, R., Biswas, S., Shivay, Y.S., Sehgal,
V.K., Rani, K., Trivedi, A., Tigga, P., Sahoo, J., Chakraborty, R., Sen, S., 2023.
Influence of Clay Mineralogy on Soil Organic Carbon Stabilization under
Tropical Climate, India. J. Soil Sci. Plant Nutr. 23, 1003-1018.
https://doi.org/10.1007/s42729-022-01099-x

De Manzi, J.M., Cartwright, P.M., 1984. The effects of pH and aluminium toxicity on
the growth and symbiotic development of cowpeas (Vigna unguiculata (L.)
Walp). Plant Soil 80, 423-430. https://doi.org/10.1007/BF02140049

De Troyer, I., Amery, F., Van Moorleghem, C., Smolders, E., Merckx, R., 2011.
Tracing the source and fate of dissolved organic matter in soil after incorporation
of a 13C labelled residue: A batch incubation study. Soil Biol. Biochem. 43,
513-519. https://doi.org/10.1016/j.50ilbi0.2010.11.016

Deng, X., Ma, W., Ren, Z., Zhang, M., Grieneisen, M.L., Chen, X., Fei, X., Qin, F.,
Zhan, Y., Lv, X., 2020. Spatial and temporal trends of soil total nitrogen and
C/N ratio for croplands of East China. Geoderma 361, 114035.
https://doi.org/10.1016/j.geoderma.2019.114035

Dermody, O., Long, S.P., McConnaughay, K., DeLucia, E.H., 2008. How do elevated
CO; and O3 affect the interception and utilization of radiation by a soybean
canopy? Glob. Chang. Biol. 14, 556-564. https://doi.org/10.1111/j.1365-
2486.2007.01502.x

Dhaliwal, S.S., Naresh, R.K., Gupta, R.K., Panwar, A.S., Mahajan, N.C., Singh, R.,
Mandal, A., 2020. Effect of tillage and straw return on carbon footprints, soil
organic carbon fractions and soil microbial community in different textured soils
under rice—wheat rotation: a review. Rev. Environ. Sci. Biotechnol. 19, 103-115.
https://doi.org/10.1007/s11157-019-09520-1

Ding, J., Jiang, X., Ma, M., Zhou, B., Guan, D., Zhao, B., Zhou, J., Cao, F., Li, L., Li,
J., 2016. Effect of 35 years inorganic fertilizer and manure amendment on
structure of bacterial and archaeal communities in black soil of northeast China.
Appl. Soil Ecol. 105, 187-195. https://doi.org/10.1016/j.aps0il.2016.04.010

Drigo, B., Kowalchuk, G.A., Van Veen, J.A., 2008. Climate change goes underground:
Effects of elevated atmospheric CO, on microbial community structure and
activities in the rhizosphere. Biol. Fertil. Soils 44, 667-679.
https://doi.org/10.1007/s00374-008-0277-3

Dur&, A., Morr&, H., Studdert, G., Liu, X., 2011. Distribution, properties, land use
and management of Mollisols in South America. Chinese Geogr. Sci. 21, 511—

195



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

530. https://doi.org/10.1007/s11769-011-0491-z

Ebrahimi-Mollabashi, E., Huth, N.I., Holzwoth, D.P., Ordoiiez, R.A., Hatfield, J.L.,
Huber, 1., Castellano, M.J., Archontoulis, S. V., 2019. Enhancing APSIM to
simulate excessive moisture effects on root growth. F. Crop. Res. 236, 58—67.
https://doi.org/10.1016/j.fcr.2019.03.014

Ekschmitt, K., Liu, M., Vetter, S., Fox, O., Wolters, V., 2005. Strategies used by soil
biota to overcome soil organic matter stability - Why is dead organic matter left
over in the soil? Geoderma 128, 167-176.
https://doi.org/10.1016/j.geoderma.2004.12.024

E, S., Ding, N., Li, L., Yuan, L., Che, Z., Zhou, H. and Shang, L., 2018. Relation of
crop yield and soil organic carbon and nitrogen under long-term fertilization in
black loessial soil region on the Loess Plateau in China. Chinese J. Appl. Ecol.
29, 4047-4055. (in Chinese). doi: 10.13287/j.1001-9332.201812.028

Evans, C.D., Goodale, C.L., Caporn, S.J.M., Dise, N.B., Emmett, B.A., Fernandez,
1.J., Field, C.D., Findlay, S.E.G., Lovett, G.M., Meesenburg, H., Moldan, F.,
Sheppard, L.J., 2008. Does elevated nitrogen deposition or ecosystem recovery
from acidification drive increased dissolved organic carbon loss from upland soil?
A review of evidence from field nitrogen addition experiments.
Biogeochemistry 91, 13-35. https://doi.org/10.1007/s10533-008-9256-x

Evans, C.D., Jones, T.G., Burden, A., Ostle, N., Zielinski, P., Cooper, M.D.A.,
Peacock, M., Clark, J.M., Oulehle, F., Cooper, D., Freeman, C., 2012. Acidity
controls on dissolved organic carbon mobility in organic soils. Glob. Chang.
Biol. 18, 3317-3331. https://doi.org/10.1111/j.1365-2486.2012.02794.x

Evrendilek, F., Wali, M.K., 2004. Changing global climate: Historical carbon and

nitrogen budgets and projected responses of Ohio’s cropland ecosystems.
Ecosystems 7, 381-392. https://doi.org/10.1007/s10021-004-0017-y

Evrendilek, F., Wali, M.K., 2001. Modelling long-term C dynamics in croplands in
the context of climate change: A case study from Ohio. Environ. Model. Softw.
16, 361-375. https://doi.org/10.1016/S1364-8152(00)00089-X

Experimental Station Rothamsted, 1970. Detail of the Classical and long-term
Experiments up to 1967. The Campfield Press,St. Albans, Harpenden.
https://doi.org/https://doi.org/10.23637/ERADOC-1-192

Falloon, P.D., Smith, P., 2000. Modelling refractory soil organic matter. Biol. Fertil.
Soils 30, 388-398. https://doi.org/10.1007/s003740050019

Fan, T., Stewart, B.A.,, Yong, W., Junjie, L., Guangye, Z., 2005. Long-term
fertilization effects on grain yield, water-use efficiency and soil fertility in the
dryland of Loess Plateau in China. Agric. Ecosyst. Environ. 106, 313-329.
https://doi.org/10.1016/j.agee.2004.09.003

Fang, R., Li, Y., Yu, Z., Xie, Z., Wang, G., Liu, X., Herbert, S. J., Jin. J., 2022.
Warming offsets the beneficial effect of elevated CO, on maize plant-carbon

accumulation in particulate organic carbon pools in a Mollisol. Catena 213,
106219. doi: 10.1016/j.catena.2022.106219.

196



Chapter VII References and appendix

Fantappié, M., L’ Abate, G., Costantini, E.A.C., 2011. The influence of climate change
on the soil organic carbon content in Italy from 1961 to 2008. Geomorphology
135, 343-352. https://doi.org/10.1016/j.geomorph.2011.02.006

Finn, D., Page, K., Catton, K., Kienzle, M., Robertson, F., Armstrong, R., Dalal, R.,
2016. Ecological stoichiometry controls the transformation and retention of
plant-derived organic matter to humus in response to nitrogen fertilisation. Soil
Biol. Biochem. 99, 117-127. https://doi.org/10.1016/j.s0ilbi0.2016.05.006

Follett, R.F., 2001. Soil management concepts and carbon sequestration zin cropland
soils. Soil Tillage Res. 61, 77-92. https://doi.org/10.1016/S0167-
1987(01)00180-5

Fong, Y., Huang, Y., Gilbert, P.B., Permar, S.R., 2017. chngpt: Threshold regression
model estimation and inference. BMC Bioinformatics 18, 1-7.
https://doi.org/10.1186/s12859-017-1863-x

Fonte, S.J., Yeboah, E., Ofori, P., Quansah, G.W., Vanlauwe, B., Six, J., 2009.
Fertilizer and Residue Quality Effects on Organic Matter Stabilization in Soil
Aggregates. Soil Sci. Soc. Am. J. 73, 961-966.
https://doi.org/10.2136/ss5aj2008.0204

Franzluebbers, AJ., Haney, R.L., Hons, F.M., Zuberer, D.A., 1996. Active fractions
of organic matter in soils with different texture. Soil Biol. Biochem. 28, 1367—
1372. https://doi.org/10.1016/S0038-0717(96)00143-5

Franzluebbers, K., Weaver, R.W., Juo, A.S.R., Franzluebbers, A.J., 1994. Carbon and
nitrogen mineralization from cowpea plants part decomposing in moist and in
repeatedly dried and wetted soil. Soil Biol. Biochem. 26, 1379-1387.
https://doi.org/10.1016/0038-0717(94)90221-6

Freedman, Z.B., Romanowicz, K.J., Upchurch, R.A., Zak, D.R., 2015. Differential
responses of total and active soil microbial communities to long-term
experimental N deposition. Soil Biol. Biochem. 90, 275-282.
https://doi.org/10.1016/j.s0ilbio.2015.08.014

Fynn, R.W.S., Morris, C.D., Edwards, T.J., 2004. Effect of burning and mowing on
grass and forb diversity in a long-term grassland experiment. Appl. Veg. Sci. 7,
1-10. https://doi.org/10.1111/j.1654-109X.2004.tb00589.x

Gao, C., Wang, J., Zhang, X., Sui, Y., 2008. The Evolution of Organic Carbon in
Chinese Mollisol Under Different Farming Systems: Validation and Prediction
by Using Century Model. Agric. Sci. China 7, 1490-1496. doi: 10.1016/S1671-
2927(08)60407-1.

Ghaffari, A., Cook, H.F., Lee, H.C., 2002. Climate change and winter wheat
management: A modelling scenario for South-Eastern England. Clim. Change
55, 509-533. https://doi.org/10.1023/A:1020784311916

Ghosh, P.K., Ramesh, P., Bandyopadhyay, K.K., Tripathi, A.K., Hati, K.M., Misra,
AK., Acharya, C.L., 2004. Comparative effectiveness of cattle manure, poultry
manure, phosphocompost and fertilizer-NPK on three cropping systems in
vertisols of semi-arid tropics. I. Crop yields and system performance. Bioresour.

197



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Technol. 95, 77-83. https://doi.org/10.1016/j.biortech.2004.02.011

Gilhespy, S.L., Anthony, S., Cardenas, L., Chadwick, D., del Prado, A., Li, C.,
Misselbrook, T., Rees, R.M., Salas, W., Sanz-Cobena, A., Smith, P., Tilston,
E.L., Topp, C.F.E., Vetter, S., Yeluripati, J.B., 2014. First 20 years of DNDC
(DeNitrification DeComposition): Model evolution. Ecol. Modell. 292, 51-62.
https://doi.org/10.1016/j.ecolmodel.2014.09.004

Gollany, H.T., Rickman, R.W., Liang, Y., Albrecht, S.L., Machado, S., Kang, S., 2011.
Predicting agricultural management influence on long-term soil organic carbon
dynamics: Implications for biofuel production. Agron. J. 103, 234-246.
https://doi.org/10.2134/agronj2010.0203s

Greenhalf, C.E., Nowakowski, D.J., Bridgwater, A. V., Titiloye, J., Yates, N., Riche,
A., Shield, 1., 2012. Thermochemical characterisation of straws and high
yielding  perennial grasses. Ind. Crops Prod. 36, 449-459.
https://doi.org/10.1016/j.indcrop.2011.10.025

Gregorich, E.G., Janzen, H., Ellert, B.H., Helgason, B.L., Qian, B., Zebarth, B.J.,
Angers, D.A., Beyaert, R.P., Drury, C.F., Duguid, S.D., May, W.E., McConkey,
B.G., Dyck, M.F., 2017. Litter decay controlled by temperature, not soil
properties, affecting future soil carbon. Glob. Chang. Biol. 23, 1725-1734.
https://doi.org/10.1111/gch.13502

Gross, A., Glaser, B., 2021. Meta-analysis on how manure application changes soil
organic carbon storage. Sci. Rep. 11, 1-13. https://doi.org/10.1038/s41598-021-
82739-7

Guo, S., Guo, E., Zhang, Z., Dong, M., Wang, X., Fu, Z., Guan, K., Zhang, Wenmeng,
Zhang, Wenjing, Zhao, J., Liu, Z., Zhao, C., Yang, X., 2022. Impacts of mean
climate and extreme climate indices on soybean yield and yield components in
Northeast China. Sci. Total Environ. 838, 156284.
https://doi.org/10.1016/j.scitotenv.2022.156284

Guo, Z., Zhang, J., Fan, J., Yang, X,, Yi, Y., Han, X., Wang, D., Zhu, P., Peng, X.,
2019. Does animal manure application improve soil aggregation? Insights from
nine long-term fertilization experiments. Sci. Total Environ. 660, 1029-1037.
https://doi.org/10.1016/j.scitotenv.2019.01.051

Gutierrez, S., Grados, D., Mdler, A.B., Gomes, L.C., Beucher, A., Giannini-Kurina,
F., de Jonge, L.W., Greve, M.H., 2023. Unleashing the sequestration potential
of soil organic carbon under climate and land use change scenarios in Danish
agroecosystems. Sci. Total Environ. 905, 166921.
https://doi.org/10.1016/j.scitotenv.2023.166921

Gyldengren, J.G., Abrahamsen, P., Olesen, J.E., Styczen, M., Hansen, S., Gislum, R.,
2020. Effects of winter wheat N status on assimilate and N partitioning in the
mechanistic agroecosystem model DAISY. J. Agron. Crop Sci. 206, 784-805.
https://doi.org/10.1111/jac.12412

Hall, A.D., Brenchley, W.E., Underwood, L.M., 1914. The soil solution and the
mineral constituents of the soil. J. Agric. Sci. 6, 278-301.

198



Chapter VII References and appendix

https://doi.org/10.1017/S0021859600001842

Hansen, S., Abrahamsen, P., Petersen, C.T., Styczen, M., 2012. Daisy: Model use,
calibration, and validation. Transacions of the ASABE 55, 1315-1333.
https://doi.org/10.13031/2013.42244

Hararuk, O., Smith, M.J., Luo, Y., 2015. Microbial models with data-driven
parameters predict stronger soil carbon responses to climate change. Glob.
Chang. Biol. 21, 2439-2453. https://doi.org/10.1111/gcb.12827

Harkness, C., Semenov, M.A., Areal, F., Senapati, N., Trnka, M., Balek, J., Bishop,
J., 2020. Adverse weather conditions for UK wheat production under climate
change. Agric. For. Meteorol. 282-283, 107862.
https://doi.org/10.1016/j.agrformet.2019.107862

Hassink, J., 1997. A Model of the Physical Protection of Organic Matter in Soils The
capacity of soils to preserve organic C and N by their association with clay and
silt particles. Plant Soil 191, 77-87.

Hassink, J., Whitmore, A.P., 1997. A Model of the Physical Protection of Organic
Matter in  Soils. Soil Sci. Soc. Am. J. 61, 131-139.
https://doi.org/10.2136/sssaj1997.03615995006100010020x

Haynes, R.J., Naidu, R., 1998. Influence of lime, fertilizer and manure applications
on soil organic matter. Nutr. Cycl. Agroecosystems 51, 123-137.

Henriksen, T.M., Breland, T.A., 2002. Carbon mineralization, fungal and bacterial
growth, and enzyme activities as affected by contact between crop residues and
soil. Biol. Fertil. Soils 35, 41-48. https://doi.org/10.1007/s00374-001-0438-0

Henriksen, T.M., Breland, T.A., 1999. Nitrogen availability effects on carbon
mineralization, fungal and bacterial growth, and enzyme activities during
decomposition of wheat straw in soil. Soil Biol. Biochem. 31, 1121-1134.
https://doi.org/10.1016/S0038-0717(99)00030-9

Hibberd, J.M., Quick, W.P., Press, M.C., Scholes, J.D., 1996. The influence of the
parasitic angiosperm Striga gesnerioides on the growth and photosynthesis of its
host, Vigna unguiculata. J. Exp. Bot. 47, 507-512.
https://doi.org/10.1093/jxb/47.4.507

Holzworth, D.P., Huth, N.I., deVoil, P.G., Zurcher, E.J., Herrmann, N.I., McLean, G.,
Chenu, K., van Oosterom, E.J., Snow, V., Murphy, C., Moore, A.D., Brown, H.,
Whish, J.P.M., Verrall, S., Fainges, J., Bell, L.W., Peake, A.S., Poulton, P.L.,
Hochman, Z., Thorburn, P.J., Gaydon, D.S., Dalgliesh, N.P., Rodriguez, D., Cox,
H., Chapman, S., Doherty, A., Teixeira, E., Sharp, J., Cichota, R., Vogeler, 1.,
Li, F.Y., Wang, E., Hammer, G.L., Robertson, M.J., Dimes, J.P., Whitbread,
A.M., Hunt, J., van Rees, H., McClelland, T., Carberry, P.S., Hargreaves, J.N.G.,
MacLeod, N., McDonald, C., Harsdorf, J., Wedgwood, S., Keating, B.A., 2014.
APSIM - Evolution towards a new generation of agricultural systems simulation.
Environ. Model. Softw. 62, 327-350.
https://doi.org/10.1016/j.envsoft.2014.07.009

Houghton, R.A., 1999. The annual net flux of carbon to the atmosphere from changes
199



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

in land use 1850-1990. Tellus, Ser. B Chem. Phys. Meteorol. 51, 298-313.
https://doi.org/10.3402/tellusb.v51i2.16288

Hu, X., Hua Ping, S., Shi Wei, Z., Li Xiao, W., Sun, N., 2016. Determination of soil
organic matter content by heating method with an aluminum module digesting
device. Soil fertizer Sci. China 3, 140-144. (in Chinese).
https://doi.org/10.11838/sfsc.20160323

Hua, K., Wang, D., Guo, X., Guo, Z., 2014. Carbon sequestration efficiency of organic
amendments in a long-term experiment on a vertisol in huang-huai-hai plain,
China. PLoS One 9. https://doi.org/10.1371/journal.pone.0108594

Huggins, D.R., Buyanovsky, G.A., Wagner, G.H., Brown, J.R., Darmody, R.G., Peck,
T.R., Lesoing, G.W., Vanotti, M.B., Bundy, L.G., 1998. Soil organic C in the
tallgrass prairie-derived region of the corn belt: Effects of long-term crop
management. Soil Tillage Res. 47, 219-234. https://doi.org/10.1016/S0167-
1987(98)00108-1

Hutchinson, J.B., 1963. Rothamsted experimental station report for 1962. Nature 199,
1046. https://doi.org/10.1038/1991046a0

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.

Jenkinson, D.S., 1990. The turnover of organic carbon and nitrogen in soil. Philos.
Trans. - R. Soc. London, B 329, 361-368.
https://doi.org/10.1098/rsth.1990.0177

Jenkinson, D.S., 1991. The rothamsted long-term experiments: are they still of use?
Agron. J. 83, 2-10. https://doi.org/10.2134/
agronj1991.00021962008300010008x..

Jenkinson, D.S., Johnston, A.E., 1977. Soil Organic Matter in the Hoosfield
Continuous Barley. Rothamsted Exp. Stn. Reports 1976 2, 87-101.
https://doi.org/https://doi.org/10.23637/ERADOC-1-34448

Jesmin, T., Mitchell, D.T., Mulvaney, R.L., 2021. Short-Term Effect of Nitrogen
Fertilization on Carbon Mineralization during Corn Residue Decomposition in
Soil. Nitrogen 2, 444-460. https://doi.org/10.3390/nitrogen2040030

Jiang, G., Xu, M., He, X,, Zhang, W., Huang, S., Yang, X., Liu, H., Peng, C., Shirato,
Y., lizumi, T., Wang, J., Murphy, D. V., 2014. Soil organic carbon sequestration
in upland soils of northern China under variable fertilizer management and
climate change scenarios. Global Biogeochem. Cycles 28, 319-333.
https://doi.org/10.1002/2013GB004746.Received

Jiang, G., Zhang, W., Xu, M., Kuzyakov, Y., Zhang, X., Wang, J., Di, J., Murphy, D.
V., 2018a. Manure and Mineral Fertilizer Effects on Crop Yield and Soil Carbon
Sequestration: A Meta-Analysis and Modeling Across China. Global
Biogeochem. Cycles 32, 1659-1672. https://doi.org/10.1029/2018GB005960

200



Chapter VII References and appendix

Jiang, H., Han, X., Zou, W., Hao, X., Zhang, B., 2018b. Seasonal and long-term
changes in soil physical properties and organic carbon fractions as affected by
manure application rates in the Mollisol region of Northeast China. Agric.
Ecosyst. Environ. 268, 133-143. https://doi.org/10.1016/j.agee.2018.09.007

Jiang, R., He, W., He, L., Yang, J.Y., Qian, B., Zhou, W., He, P., 2021. Modelling
adaptation strategies to reduce adverse impacts of climate change on maize
cropping system in  Northeast China. Sci. Rep. 11, 1-13.
https://doi.org/10.1038/s41598-020-79988-3

Jiao, Y., Whalen, J.K., Hendershot, W.H., 2006. No-tillage and manure applications
increase aggregation and improve nutrient retention in a sandy-loam soil.
Geoderma 134, 24-33. https://doi.org/10.1016/j.geoderma.2005.08.012

Jin, Z., Zhuang, Q., Wang, J., Archontoulis, S. V., Zobel, Z., Kotamarthi, V.R., 2017.
The combined and separate impacts of climate extremes on the current and
future US rainfed maize and soybean production under elevated CO,. Glab.
Chang. Biol. 23, 2687-2704. https://doi.org/10.1111/gcb.13617

Jin, Z.Q., Zhu, D.W., 2008. Impacts of Changes in Climate and Its Variability on Food
Production in Northeast China. Acta Agron. Sin. 34, 1588-1597.
https://doi.org/10.1016/S1875-2780(09)60005-5

Johnston, A.E., 1986. Soil Organic Matter,Effects on Soils and Crops. Soil Use Manag.
2, 97-1005. https://doi.org/doi:10.1111/j.1475-2743.1986.tb00690.x

Johnston, A.E., Mattingly, G.E.G., 1976. Experiments on continuous growth of arable
crops at Rothamsted and Woburn Experimental Stations: effects of treatments
on crop yields and soil analyses and recent modifications in purpose and design.
Annu. Agron. 927-956.

Johnston, A.E., Poulton, P.R., 2018. The importance of long-term experiments in
agriculture: their management to ensure continued crop production and soil
fertility; the Rothamsted experience. Eur. J. Soil Sci. 69, 113-125.
https://doi.org/10.1111/ejss.12521

Johnston, A.E., Poulton, P.R., Coleman, K., 2009. Chapter 1 Soil Organic Matter. Its
Importance in Sustainable Agriculture and Carbon Dioxide Fluxes, 1st ed,
Advances in Agronomy. Elsevier Inc. https://doi.org/10.1016/S0065-
2113(08)00801-8

Jones, C.D., Hughes, J.K., Bellouin, N., Hardiman, S.C., Jones, G.S., Knight, J.,
Liddicoat, S., O’Connor, F.M., Andres, R.J., Bell, C., Boo, K.-O., Bozzo, A.,
Butchart, N., Cadule, P., Corbin, K.D., Doutriaux-Boucher, M., Friedlingstein,
P., Gornall, J., Gray, L., Halloran, P.R., Hurtt, G., Ingram, W., Lamarque, J.-F.,
Law, R.M., Meinshausen, M., Osprey, S., Palin, E.J., Chini, L.P., Raddatz, T.,
Sanderson, M., Sellar, A.A., Schurer, A., Valdes, P., Wood1, N., Woodward, S.,
Yoshioka, M., Zerroukat, M., 2011. The HadGEM2-ES implementation of
CMIP5 centennial simulations. Geosci. Model Dev. Discuss. 4, 689-763.
https://doi.org/10.5194/gmdd-4-689-2011

Jones, D.L., Cooledge, E.C., Hoyle, F.C., Griffiths, R.1., Murphy, D. V., 2019. pH and
201



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

exchangeable aluminum are major regulators of microbial energy flow and
carbon use efficiency in soil microbial communities. Soil Biol. Biochem. 138,
0-4. https://doi.org/10.1016/j.50ilbi0.2019.107584

Kalembasa, S. J., and Jenkinson, D. S., 1973. A comparative study of titrimetric and
gravimetric methods for the determination of organic carbon in soil. J. Sci. Food
Agric. 24, 1085-1090. doi: 10.1002/jsfa.2740240910.

Kemmitt, S.J., Wright, D., Goulding, KW.T., Jones, D.L., 2006. pH regulation of
carbon and nitrogen dynamics in two agricultural soils. Soil Biol. Biochem. 38,
898-911. https://doi.org/10.1016/j.s0ilbio.2005.08.006

Khan, S.A., Mulvaney, R.L., Ellsworth, T.R., Boast, C.W., 2007. The Myth of
Nitrogen Fertilization for Soil Carbon Sequestration. J. Environ. Qual. 36, 1821—
1832. https://doi.org/10.2134/jeq2007.0099

Knops, J.M.H., Naeem, S., Reich, P.B., 2007. The impact of elevated CO,, increased
nitrogen availability and biodiversity on plant tissue quality and decomposition.
Glob. Chang. Biol. 13, 1960-1971. https://doi.org/10.1111/j.1365-
2486.2007.01405.x

Komainda, M., Taube, F., Kluf3 C., Herrmann, A., 2018. The effects of maize (Zea
mays L.) hybrid and harvest date on above- and belowground biomass dynamics,
forage yield and quality — A trade-off for carbon inputs? Eur. J. Agron. 92, 51—
62. https://doi.org/10.1016/j.eja.2017.10.003

Kong, A.Y.Y., Six, J., Bryant, D.C., Denison, R.F., van Kessel, C., 2005. The
Relationship between Carbon Input, Aggregation, and Soil Organic Carbon
Stabilization in Sustainable Cropping Systems. Soil Sci. Soc. Am. J. 69, 1078—
1085. https://doi.org/10.2136/sss5aj2004.0215

Kundsen, D., Peterson, G. A., Pratt, P. F., and Page, A. L. 1982. “Lithium, sodium,
and potassium,” in Methods of soil analysis, part 2. Editor A. L. Page (Madison,
Wisconsin: American Society of Agronomy: Soil Science Society of America),
225-246

Kuzyakov, Y., and Domanski, G. 2000. Carbon input by plants into the soil. Review.
J. Plant Nutr. Soil Sci. 163, 421-431. https://doi.org/10.1016/S0038-
0717(00)00084-5

Kuzyakov, Y., and Schneckenberger, K. 2004. Review of estimation of plant
rhizodeposition and their contribution to soil organic matter formation. Arch.
Agron. Soil Sci. 50, 115-132. https://doi.org/10.1080/03650340310001627658

Kuzyakov, Y., Friedel, J.K., Stahr, K., 2000. Review of mechanisms and
guantification of priming effects. Soil Biol. Biochem. 32, 1485-1498.
https://doi.org/10.1016/S0038-0717(00)00084-5

Kwon, H.Y., Hudson, R.J.M., 2010. Quantifying management-driven changes in
organic matter turnover in an agricultural soil: An inverse modeling approach
using historical data and a surrogate CENTURY -type model. Soil Biol. Biochem.
42, 2241-2253. https://doi.org/10.1016/j.s0ilbi0.2010.08.025

202



Chapter VII References and appendix

Ladd, J.N., Amato, M., Oades, J.M., 1985. Decomposition of plant material in
australian soils. lii.* Residual organic and microbial biomass ¢ and n from
isotope-labelled legume material and soil organic matter, decomposing under
field conditions. Aust. J. Soil Res. 23, 603-611.
https://doi.org/10.1071/SR9850603

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food
security. Science (80-. ). 304, 1623-1627.
https://doi.org/10.1126/science.1097396

Lal, R., 2003. Global potential of soil carbon sequestration to mitigate the greenhouse
effect. CRC. Crit. Rev. Plant Sci. 22, 151-184.
https://doi.org/10.1080/713610854

Lal, R., Follett, R.F., Stewart, B.A., Kimble, J.M., 2007. Soil carbon sequestration to
mitigate climate change and advance food security. Soil Sci. 172, 943-956.
https://doi.org/10.1097/ss.0b013e31815cc498

Latta, J., O’Leary, G.J., 2003. Long-term comparison of rotation and fallow tillage
systems of wheat in Australia. F. Crop. Res. 83, 173-190.
https://doi.org/10.1016/S0378-4290(03)00073-X

Laubach, J., Hunt, J.E., Graham, S.L., Buxton, R.P., Rogers, G.N.D., Mudge, P.L.,
Carrick, S., Whitehead, D., 2019. Irrigation increases forage production of newly
established lucerne but enhances net ecosystem carbon losses. Sci. Total Environ.
689, 921-936. https://doi.org/10.1016/j.scitotenv.2019.06.407

Lee, J.-Y., Marotzke, J., Bala, G., Cao, L., Corti, S., Dunne, J.P., Engelbrecht, F.,
Fischer, E., Fyfe, J.C., Jones, C., Maycock, A., Mutemi, J., Ndiaye, O., Panickal,
S., Zhou, T., 2021. 2021:Future Global Climate: Scenario-based Projections and
Near-term Information, in: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors,
S.L.,Pé&n, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., Huang,
M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T.,
Yelekg, O., Yu, R., Zhou, B. (Eds.), Climate Change 2021 — The Physical
Science Basis. Contribution of Working Group | to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change [Masson-Delmotte,.
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp.
553-672. https://doi.org/10.1017/9781009157896.006

Lefévre, R., Barré P., Moyano, F.E., Christensen, B.T., Bardoux, G., Eglin, T.,
Girardin, C., Houot, S., Ké&terer, T., van Oort, F., Chenu, C., 2014. Higher
temperature sensitivity for stable than for labile soil organic carbon - Evidence
from incubations of long-term bare fallow soils. Glob. Chang. Biol. 20, 633-640.
https://doi.org/10.1111/gch.12402

Lentz, R.D., Ippolito, J.A., 2012. Biochar and Manure Affect Calcareous Soil and
Corn Silage Nutrient Concentrations and Uptake. J. Environ. Qual. 41, 1033—
1043. https://doi.org/10.2134/jeq2011.0126

Lettens, S., Van Orshoven, J., Van Wesemael, B., De Vos, B., Muys, B., 2005. Stocks
and fluxes of soil organic carbon for landscape units in Belgium derived from

203



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

heterogeneous data sets for 1990 and 2000. Geoderma 127, 11-23.
https://doi.org/10.1016/j.geoderma.2004.11.001

Leuning, R., Kelliher, F.M., De pury, D.G.G., Schulze, E. -D, 1995. Leaf nitrogen,
photosynthesis, conductance and transpiration: scaling from leaves to canopies.
Plant. Cell Environ. 18, 1183-1200. https://doi.org/10.1111/j.1365-
3040.1995.th00628.x

Li, C. sheng, Frolking, S., Harriss, R., 1994. Modeling carbon biogeochemistry in
agricultural soils. Global Biogeochem. Cycles 8, 237-254.

Li, H., Peil, J.B., Wang, J.K., Li, S.Y., Gao, G.W., 2013. Organic carbon density and
storage of the major black soil regions in northeast China. J. Soil Sci. Plant Nutr.
13, 883-893. https://doi.org/10.4067/S0718-95162013005000070

Li, J., Wen, Y., Li, X,, Li, Y., Yang, X,, Lin, Z., Song, Z., Cooper, J.M., Zhao, B.,
2018. Soil labile organic carbon fractions and soil organic carbon stocks as
affected by long-term organic and mineral fertilization regimes in the North
China Plain. Soil Tillage Res. 175, 281-290.
https://doi.org/10.1016/j.still.2017.08.008

Li, T., Zhang, Y., Bei, S., Li, X., Reinsch, S., Zhang, H., Zhang, J., 2020a. Contrasting
impacts of manure and inorganic fertilizer applications for nine years on soil
organic carbon and its labile fractions in bulk soil and soil aggregates. Catena
194, 104739. https://doi.org/10.1016/j.catena.2020.104739

Li, X., Shang, B., Wang, D., Wang, Z., Wen, X., Kang, Y., 2020b. Mapping soil
organic carbon and total nitrogen in croplands of the Corn Belt of Northeast

China based on geographically weighted regression kriging model. Comput.
Geosci. 135, 104392. https://doi.org/10.1016/j.cage0.2019.104392

Li, Y., Liang, S., Zhao, Y., Li, W., Wang, Y., 2017. Machine learning for the
prediction of L. chinensis carbon, nitrogen and phosphorus contents and
understanding of mechanisms underlying grassland degradation. J. Environ.
Manage. 192, 116-123. https://doi.org/10.1016/j.jenvman.2017.01.047

Li, Y., Liu, Y., Harris, P., Sint, H., Murray, P.J., Lee, M.R.F.,, Wu, L., 2017.
Assessment of soil water, carbon and nitrogen cycling in reseeded grassland on
the North Wyke Farm Platform using a process-based model. Sci. Total Environ.
603-604, 27-37. https://doi.org/10.1016/j.scitotenv.2017.06.012

Liang, A. Z., Zhang, X. P., Yang, X. M., McLaughlin, N. B., Shen, Y., and Li, W. F.
2009. Estimation of total erosion in cultivated Black soils in northeast China
from vertical profiles of soil organic carbon. Eur. J. Soil Sci. 60, 223-229. doi:
10.1111/j.1365-2389.2008.01100.x

Liang, F., Li, J,, Yang, X., Huang, S., Cai, Z., Gao, H., Ma, J., Cui, X., Xu, M., 2016.
Three-decade long fertilization-induced soil organic carbon sequestration
depends on edaphic characteristics in six typical croplands. Sci. Rep. 6, 1-12.
https://doi.org/10.1038/srep30350

Liang, F., Li, J., Zhang, S., Gao, H., Wang, B., Shi, X., Huang, S., Xu, M., 2019. Two-
decade long fertilization induced changes in subsurface soil organic carbon stock

204



Chapter VII References and appendix

vary with indigenous site characteristics. Geoderma 337, 853-862.
https://doi.org/10.1016/j.geoderma.2018.10.033

Liang, S., Li, Y., Zhang, X., Sun, Z., Sun, N., Duan, Y., Xu, M., Wu, L., 2018.
Response of crop yield and nitrogen use efficiency for wheat-maize cropping
system to future climate change in northern China. Agric. For. Meteorol. 262,
310-321. https://doi.org/10.1016/j.agrformet.2018.07.019

Liang, Y., Gollany, H.T., Rickman, R.W., Albrecht, S.L., Follett, R.F., Wilhelm,
W.W., Novak, J.M., Douglas, C.L., 2008. CQESTR Simulation of Management
Practice Effects on Long-Term Soil Organic Carbon. Soil Sci. Soc. Am. J. 72,
1486-1492. https://doi.org/10.2136/ss5aj2007.0154

Liao, W., Liu, Y., Liu, C., Wen, Z., Chen, S., 2006. Acid hydrolysis of fibers from
dairy manure. Bioresour. Technol. 97, 1687-1695.
https://doi.org/10.1016/j.biortech.2005.07.028

Lin, Y., Feng, Z., Wu, W,, Yang, Y., Zhou, Y., Xu, C., 2017. Potential impacts of
climate change and adaptation on maize in Northeast China. Agron. J. 109,
1476-1490. https://doi.org/10.2134/agronj2016.05.0275

Liu, C., Lu, M., Cui, J., Li, B., Fang, C., 2014. Effects of straw carbon input on carbon
dynamics in agricultural soils: A meta-analysis. Glob. Chang. Biol. 20, 1366—
1381. https://doi.org/10.1111/gch.12517

Liu, C., Wang, L., Cocq, K. Le, Chang, C., Li, Z., Chen, F., Liu, Y., Wu, L., 2020.
Climate change and environmental impacts on and adaptation strategies for
production in wheat-rice rotations in southern China. Agric. For. Meteorol. 292—
293, 108136. https://doi.org/10.1016/j.agrformet.2020.108136

Liu, C., Shan, Y., Wang, Q., Harris, P., Liu, Y., Wu, L., 2023. Impacts of measured
soil hydraulic conductivity on the space—time simulations of water and nitrogen
cycling. Catena 226, 107058. https://doi.org/10.1016/j.catena.2023.107058

Liu, H., Zhang, T., Liu, B, Liu, G., Wilson, G. V., 2013a. Effects of gully erosion and
gully filling on soil depth and crop production in the black soil region, northeast
China. Environ. Earth Sci. 68, 1723-1732. https://doi.org/10.1007/s12665-012-
1863-0

Liu, K., Huang, J., Li, D., Yu, X,, Ye, H., Hu, H., Hu, Z., Huang, Q., Zhang, H., 2019.
Comparison of carbon sequestration efficiency in soil aggregates between
upland and paddy soils in a red soil region of China. J. Integr. Agric. 18, 1348—
1359. https://doi.org/10.1016/S2095-3119(18)62076-3

Liu, S., Yang, J.Y., Zhang, X.Y., Drury, C.F., Reynolds, W.D., Hoogenboom, G.,
2013b. Modelling crop yield, soil water content and soil temperature for a
soybean-maize rotation under conventional and conservation tillage systems in
Northeast China. Agric. Water Manag. 123, 3244,
https://doi.org/10.1016/j.agwat.2013.03.001

Liu, X., Lee Burras, C., Kravchenko, Y.S., Duran, A., Huffman, T., Morras, H.,
Studdert, G., Zhang, X., Cruse, R.M., Yuan, X., 2012. Overview of Mollisols in
the world: Distribution, land use and management. Can. J. Soil Sci. 92, 383-402.

205



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

https://doi.org/10.4141/CJSS2010-058

Liu, Y., Li, Y., Harris, P., Cardenas, L.M., Dunn, R.M., Sint, H., Murray, P.J., Lee,
M.R.F., Wu, L., 2018. Modelling field scale spatial variation in water run-off,
soil moisture, N-O emissions and herbage biomass of a grazed pasture using the
SPACSYS model. Geoderma 315, 49-58.
https://doi.org/10.1016/j.geoderma.2017.11.029

Lu, R. 1999. in Methods of soil and agrochemical analysis (Beijing: China
Agricultural Science and Technology Press). (in Chinese).

Lu, Q., Bai, J., Zhang, G., Zhao, Q., Wu, J., 2018. Spatial and seasonal distribution of
carbon, nitrogen, phosphorus, and sulfur and their ecological stoichiometry in
wetland soils along a water and salt gradient in the Yellow River Delta, China.
Phys. Chem. Earth 104, 9-17. https://doi.org/10.1016/j.pce.2018.04.001

Lugato, E., Panagos, P., Bampa, F., Jones, A., Montanarella, L., 2014. A new baseline
of organic carbon stock in European agricultural soils using a modelling
approach. Glob. Chang. Biol. 20, 313-326. https://doi.org/10.1111/gch.12292

Lugato, E., Smith, P., Borrelli, P., Panagos, P., Ballabio, C., Orgiazzi, A., Fernandez-
Ugalde, O., Montanarella, L., Jones, A., 2018. Soil erosion is unlikely to drive a
future carbon sink in Europe. Sci. Adv. 4.
https://doi.org/10.1126/sciadv.aau3523

Lutz, F., Stoorvogel, J.J., Mdler, C., 2019. Options to model the effects of tillage on
N.O emissions at the global scale. Ecol. Modell. 392, 212-225.
https://doi.org/10.1016/j.ecolmodel.2018.11.015

Ma, Q., Yu, W.T., Shen, S.M., Zhou, H., Jiang, Z.S., Xu, Y.G., 2010. Effects of
fertilization on nutrient budget and nitrogen use efficiency of farmland soil under
different precipitations in Northeastern China. Nutr. Cycl. Agroecosystems 88,
315-327. https://doi.org/10.1007/s10705-010-9356-6

Ma, R., Yu, K., Xiao, S., Liu, S., Ciais, P., Zou, J., 2022. Data-driven estimates of
fertilizer-induced soil NH3, NO and N,O emissions from croplands in China and
their climate change impacts. Glob. Chang. Biol. 28, 1008-1022.
https://doi.org/10.1111/gch.15975

Macdonald, A.J., Poulton, P.R., Clark, .M., Scott, T., Glendining, M.J., M.Perryman,
S.A., Storkey, J., Bell, J.R., Shield, I.F., Mcmillan, V.E., Hawkins, J.M.B.,
Macdonald, A.J., 2018. Rothamsted Longterm experiments: guide to the
classical and other long-term experiments, datasets and sample archive,
Symposia of the Society for Experimental Biology. Rothamsted Research,
Harpenden.

Mahmoodabadi, M., Heydarpour, E., 2014. Sequestration of organic carbon
influenced by the application of straw residue and farmyard manure in two
different soils. Int. Agrophysics 28, 169-176. https://doi.org/10.2478/intag-
2014-0005

Maillard, E, Angers, D.A., 2014. Animal manure application and soil organic carbon
stocks: A meta-analysis. Glob. Chang. Biol. 20, 666-679.

206



Chapter VII References and appendix

https://doi.org/10.1111/gcb.12438

Majumder, B., Mandal, B., Bandyopadhyay, P.K., Gangopadhyay, A., Mani, P.K.,
Kundu, A.L., Mazumdar, D., 2008. Organic Amendments Influence Soil
Organic Carbon Pools and Rice-Wheat Productivity. Soil Sci. Soc. Am. J. 72,
775-785. https://doi.org/10.2136/sssaj2006.0378

Marschner, P., Kandeler, E., Marschner, B., 2003. Structure and function of the soil
microbial community in a long-term fertilizer experiment. Soil Biol. Biochem.
35, 453-461. https://doi.org/10.1016/S0038-0717(02)00297-3

McConkey, B.G., Liang, B.C., Campbell, C.A., Curtin, D., Moulin, A., Brandt, S.A.,
Lafond, G.P., 2003. Crop rotation and tillage impact on carbon sequestration in
Canadian prairie soils. Soil Tillage Res. 74, 81-90.
https://doi.org/10.1016/S0167-1987(03)00121-1

McKendry, P., 2002. Energy production from biomass (part 1): Overview of biomass.
Bioresour. Technol. 83, 37-46. https://doi.org/10.1016/S0960-8524(01)00118-
3

Mebius, L.J., 1960. A rapid method for the determination of total nitrogen in soil.
Anal. Chim. Acta 22, 120-124. https://doi.org/10.1097/00010694-193408000-
00005

Meersmans, J., Martin, M.P., Lacarce, E., Orton, T.G., De Baets, S., Gourrat, M., Saby,
N.P.A., Wetterlind, J., Bispo, A., Quine, T.A., Arrouays, D., 2013. Estimation
of Soil Carbon Input in France: An Inverse Modelling Approach. Pedosphere 23,
422-436. https://doi.org/10.1016/S1002-0160(13)60035-1

Meinshausen, M., Smith, S.J., Calvin, K., Daniel, J.S., Kainuma, M.L.T., Lamarque,
J., Matsumoto, K., Montzka, S.A., Raper, S.C.B., Riahi, K., Thomson, A,
Velders, G.J.M., van Vuuren, D.P.P.,, 2011. The RCP greenhouse gas
concentrations and their extensions from 1765 to 2300. Clim. Change 109, 213—
241. https://doi.org/10.1007/s10584-011-0156-z

Mikha, M.M., Rice, C.W., 2004. Tillage and Manure Effects on Soil and Aggregate-
Associated Carbon and Nitrogen. Soil Sci. Soc. Am. J. 68, 809-816.
https://doi.org/10.2136/sss5aj2004.8090

Meng, X., Bao, Y., Luo, C., Zhang, X., Liu, H., 2024. SOC content of global Mollisols
at a 30 m spatial resolution from 1984 to 2021 generated by the novel ML-CNN
prediction model. Remote Sens. Environ. 300, 113911.
https://doi.org/10.1016/j.rse.2023.113911

Miles, R.J., Brown, J.R., 2011. The sanborn field experiment: Implications for long-
term  soil organic carbon levels. Agron. J. 103, 268-278.
https://doi.org/10.2134/agronj2010.0221s

Montanarella, L., Panagos, P., Scarpa, S., 2021. The Relevance of Black Soils for
Sustainable Development, Regenerative Agriculture. Springer, Cham.
https://doi.org/10.1007/978-3-030-72224-1-6

Mosier, A.R., 1998. Soil processes and global change. Biol. Fertil. Soils 27, 221-229.

207



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

https://doi.org/10.1007/s003740050424

Murphy, J., and Riley, J.P., 1962. A modified single solution method for the
determination of phosphate in natural waters. Anal. Chim. Acta. 27, 31-36.
doi:10.1016/S0003-2670(00)88444-5.

Muhammed, S.E., Coleman, K., Wu, L., Bell, V.A., Davies, J.A.C., Quinton, J.N.,
Carnell, E.J., Tomlinson, S.J., Dore, A.J., Dragosits, U., Naden, P.S., Glendining,
M.J., Tipping, E., Whitmore, A.P., 2018. Impact of two centuries of intensive
agriculture on soil carbon, nitrogen and phosphorus cycling in the UK. Sci. Total
Environ. 634, 1486-1504. https://doi.org/10.1016/j.scitotenv.2018.03.378

Nafziger, E.D., Dunker, R.E., 2011. Soil organic carbon trends over 100 years in the
morrow plots. Agron. J. 103, 261-267.
https://doi.org/10.2134/agronj2010.0213s

Nazarenko, L., Schmidt, G.A., Miller, R.L., Tausnev, N., Kelley, M., Ruedy, R.,
Russell, G.L., Aleinov, 1., Bauer, M., Bauer, S., Bleck, R., Canuto, V., Cheng,
Y., Clune, T.L., Del Genio, A.D., Faluvegi, G., Hansen, J.E., Healy, R.J., Kiang,
N.Y., Koch, D., Lacis, A.A., LeGrande, A.N., Lerner, L., Lo, K.K., Menon, S.,
Oinas, V., Perlwitz, J., Puma, M.J., Rind, D., Romanou, A., Sato, M., Shindell,
D.T., Sun, S., Tsigaridis, K., Unger, N., Voulgarakis, A., Yao, M.-S., Zhang, J.,
2015. Journal of Advances in Modeling Earth Systems. J. Adv. Model. Earth
Syst. 7, 244-267. https://doi.org/10.1002/2014MS000403.Received

Odell, R.T., Melsted, S.W., Walker, W.M., 1984. Changes in organic carbon and
nitrogen of morrow plot soils under different treatments, 1904-1973. Soil Sci.
https://doi.org/10.1097/00010694-198403000-00005

Odell, R.T., Walker, W.M., Boone, L. V., Oldham, M.G., 1982. Soil organic carbon
changes through time at the University of Illinois Morrow Plots. Univ. Illinois
Urbana-Champaign Bulletin 7, 22.

Olsen, S.R., Cole, C.V., Watanabe, F.S., 1954. Estimation of available phosphorus in
soils by extraction with sodium bicarbonate. USDA circular No. 939.
Washington DC: US Government Printing Office.

Pan, G., Zhou, P., Li, Z., Smith, P., Li, L., Qiu, D., Zhang, X., Xu, X., Shen, S., Chen,
X., 2009. Combined inorganic/organic fertilization enhances N efficiency and
increases rice productivity through organic carbon accumulation in a rice paddy
from the Tai Lake region, China. Agric. Ecosyst. Environ. 131, 274-280.
https://doi.org/10.1016/j.agee.2009.01.020

Pan, S., Tian, H., Dangal, S.R.S., Zhang, C., Yang, J., Tao, B., Ouyang, Z., Wang, X.,
Lu, C., Ren, W., Banger, K., Yang, Q., Zhang, B., Li, X., 2014. Complex
spatiotemporal responses of global terrestrial primary production to climate
change and increasing atmospheric CO; in the 21st century. PLoS One 9.
https://doi.org/10.1371/journal.pone.0112810

Parham, J.A., Deng, S.P., Da, H.N., Sun, H.Y., Raun, W.R., 2003. Long-term cattle
manure application in soil. Il. Effect on soil microbial populations and
community structure. Biol. Fertil. Soils 38, 209-215.

208



Chapter VII References and appendix

https://doi.org/10.1007/s00374-003-0657-7

Paustian, K., Six, J., Elliott, E., Hunt, H., 2000. Management options for reducing CO;
emissions  from  agricultural  soils.  Biogeochemistry 48, 1-18.
https://doi.org/10.1023/A:1006271331703

Peake, L.R., Dawson, L.A., Price, J.P.N., Aller, M.F., Bhogal, A., Doody, D.G.,
Gregory, A.S., McKinley, J.M., 2022. Priorities for UK soils. Geoderma Reg.
29, e00512. https://doi.org/10.1016/j.geodrs.2022.e00512

Perego, A., Wu, L., Gerosa, G., Finco, A., Chiazzese, M., Amaducci, S., 2016. Field
evaluation combined with modelling analysis to study fertilizer and tillage as
factors affecting N2O emissions: A case study in the Po valley (Northern Italy).
Agric. Ecosyst. Environ. 225, 72-85.
https://doi.org/10.1016/j.agee.2016.04.003

Phillips, D.A., Fox, T.C., Six, J., 2006. Root exudation (net efflux of amino acids)
may increase rhizodeposition under elevated CO,. Glob. Chang. Biol. 12, 561—
567. https://doi.org/10.1111/j.1365-2486.2006.01100.x

Poeplau, C., Ké&terer, T., Bolinder, M.A., B&Gjesson, G., Berti, A., Lugato, E., 2015.
Low stabilization of aboveground crop residue carbon in sandy soils of Swedish
long-term experiments. Geoderma 237, 246-255.
https://doi.org/10.1016/j.geoderma.2014.09.010

Posner, J.L., Baldock, J.O., Hedtcke, J.L., 2008. Organic and conventional production
systems in the Wisconsin integrated cropping systems trials: I. Productivity
1990-2002. Agron. J. 100, 253-260. https://doi.org/10.2134/agronj2007.0058

Powlson, D.S., Bhogal, A., Chambers, B.J., Coleman, K., Macdonald, A.J., Goulding,
K.W.T., Whitmore, A.P., 2012. The potential to increase soil carbon stocks
through reduced tillage or organic material additions in England and Wales: A
case study. Agric. Ecosyst. Environ. 146, 23-33.
https://doi.org/10.1016/j.agee.2011.10.004

Powlson, D.S., MacDonald, A.J., Poulton, P.R., 2014. Soil as World Heritage.
Chapter 16 The Continuing Value of Long-Term Field Experiments: Insights for
Achieving Food Security and Environmental Integrity. Springer Dordrecht
Heidelberg New York London. https://doi.org/10.1007/978-94-007-6187-2

Puget, P., Lal, R., 2005. Soil organic carbon and nitrogen in a Mollisol in central Ohio
as affected by tillage and land use. Soil Tillage Res. 80, 201-213.
https://doi.org/10.1016/j.still.2004.03.018

Pugh, T.A.M., Arneth, A, Olin, S., Ahlstrén, A., Bayer, A.D., Klein Goldewijk, K.,
Lindeskog, M., Schurgers, G., 2015. Simulated carbon emissions from land-use
change are substantially enhanced by accounting for agricultural management.
Environ. Res. Lett. 10. https://doi.org/10.1088/1748-9326/10/12/124008

Purakayastha, T.J., Rudrappa, L., Singh, D., Swarup, A., Bhadraray, S., 2008. Long-
term impact of fertilizers on soil organic carbon pools and sequestration rates in
maize-wheat-cowpea cropping  system. Geoderma 144, 370-378.
https://doi.org/10.1016/j.geoderma.2007.12.006

209



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Ram ez, P.B., Calder&n, F.J., Fonte, S.J., Bonilla, C.A., 2019. Environmental
controls and long-term changes on carbon stocks under agricultural lands. Soil
Tillage Res. 186, 310-321. doi: 10.1016/j.still.2018.10.018.

Rasmussen, P.E., Goulding, KW.T., Brown, J.R., Grace, P.R., Janzen, H.H.,
Korschens, M., 1998. Long-term agroecosystem experiments: Assessing
agricultural sustainability and global change. Science (80-. ). 282, 893-896.
https://doi.org/10.1126/science.282.5390.893

Rasool, R., Kukal, S.S., Hira, G.S., 2008. Soil organic carbon and physical properties
as affected by long-term application of FYM and inorganic fertilizers in maize-
wheat system. Soil Tillage Res. 101, 31-36.
https://doi.org/10.1016/j.still.2008.05.015

Rasse, D.P., Rumpel, C., Dignac, M.F., 2005. Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant Soil 269, 341-356.
https://doi.org/10.1007/s11104-004-0907-y

Ren, F., Misselbrook, T.H., Sun, N., Zhang, X., Zhang, S., Jiao, J., Xu, M., Wu, L.,
2021. Spatial changes and driving variables of topsoil organic carbon stocks in
Chinese croplands under different fertilization strategies. Sci. Total Environ. 767.
https://doi.org/10.1016/j.scitotenv.2020.144350

Rengasamy, J.1., Reid, J.B., 1993. Root system modification of faba beans (Vicia faba
L.), and its effects on crop performance. 1. Responses of root and shoot growth
to subsoiling, irrigation and sowing date. F. Crop. Res. 33, 175-196.

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G.,
Nakicenovic, N., Rafaj, P., 2011. RCP 8.5-A scenario of comparatively high
greenhouse gas emissions. Clim. Change 109, 33-57.
https://doi.org/10.1007/s10584-011-0149-y

Richter, G.M., Semenov, M.A., 2005. Modelling impacts of climate change on wheat
yields in England and Wales: Assessing drought risks. Agric. Syst. 84, 77-97.
https://doi.org/10.1016/j.agsy.2004.06.011

Robinson, C.H., Dighton, J., Frankland, J.C., Coward, P.A., 1993. Nutrient and carbon
dioxide release by interacting species of straw-decomposing fungi. Plant Soil
151, 139-142. https://doi.org/10.1007/BF00010794

Romanenkov, V., Belichenko, M., Petrova, A., Raskatova, T., Jahn, G., Krasilnikov,
P., 2019. Soil organic carbon dynamics in long-term experiments with mineral
and organic fertilizers in Russia. Geoderma Reg. 17, e00221.
https://doi.org/10.1016/j.geodrs.2019.e00221

Ross, C.L., Mundschenk, E., Wilken, V., Sensel-Gunke, K., Ellmer, F., 2018.
Biowaste Digestates: Influence of Pelletization on Nutrient Release and Early
Plant Development of Oats. Waste and Biomass Valorization 9, 335-341.
https://doi.org/10.1007/s12649-016-9794-8

Sajedi, T., Prescott, C.E., Seely, B., Lavkulich, L.M., 2012. Relationships among soil
moisture, aeration and plant communities in natural and harvested coniferous
forests in coastal British Columbia, Canada. J. Ecol. 100, 605-618.

210



Chapter VII References and appendix

https://doi.org/10.1111/j.1365-2745.2011.01942.x

Sanford, G.R., Posner, J.L., Jackson, R.D., Kucharik, C.J., Hedtcke, J.L., Lin, T.L.,
2012. Soil carbon lost from Mollisols of the North Central U.S.A. with 20 years
of agricultural best management practices. Agric. Ecosyst. Environ. 162, 68—76.
https://doi.org/10.1016/j.agee.2012.08.011

Schlesinger, W.H., 1986. Changes in Soil Carbon Storage and Associated Properties
with Disturbance and Recovery, in: Trabalka, J.R., Reichle, D.E. (Eds.), The
Changing Carbon Cycle: A Global Analysis. Springer New York, New York, pp.
194-220. https://doi.org/10.1007/978-1-4757-1915-4 11

Schmidt, M.\W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens,
LA, Kleber, M., K&yel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri,
P., Rasse, D.P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic
matter as  an ecosystem property. Nature 478, 49-56.
https://doi.org/10.1038/nature10386

Semenov, M.A., Shewry, P.R., 2011. Modelling predicts that heat stress, not drought,
will increase vulnerability of wheat in Europe. Sci. Rep. 1, 1-5.
https://doi.org/10.1038/srep00066

Senapati, N., Brown, H.E., Semenov, M.A., 2019. Raising genetic yield potential in
high productive countries: Designing wheat ideotypes under climate change.
Agric. For. Meteorol. 271, 33-45.
https://doi.org/10.1016/j.agrformet.2019.02.025

Seremesic, S., Ciri¢, V., Milosev, D., Vasin, J., Djalovic, 1., 2017. Changes in soil
carbon stock under the wheat-based cropping systems at VVojvodina province of
Serbia. Arch. Agron. Soil Sci. 63, 388-402.
https://doi.org/10.1080/03650340.2016.1218475

Shi, R. 1976. Soil and agricultural chemistry analysis. Beijing: China Agriculture
Press. (in Chinese)

Shi, Y., Lou, Y., Zhang, Y., Xu, Z., 2021. Quantitative contributions of climate change,
new cultivars adoption, and management practices to yield and global warming

potential in rice-winter wheat rotation ecosystems. Agric. Syst. 190, 103087.
https://doi.org/10.1016/j.agsy.2021.103087

Siedt, M., Sch&fer, A., Smith, K.E.C., Nabel, M., Rof&Nickoll, M., van Dongen, J.T.,
2021. Comparing straw, compost, and biochar regarding their suitability as
agricultural soil amendments to affect soil structure, nutrient leaching, microbial
communities, and the fate of pesticides. Sci. Total Environ. 751, 141607.
https://doi.org/10.1016/j.scitotenv.2020.141607

Silver, W.L., Miya, R.K., 2001. Global patterns in root decomposition: Comparisons
of climate and litter quality effects. Oecologia 129, 407-419.
https://doi.org/10.1007/s004420100740

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of
SOM implications for C saturation of soils.pdf. Plant Soil 241, 155-176.

211



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Six, J., Elliott, E.T., Paustian, K., 1999. Aggregate and Soil Organic Matter Dynamics

under Conventional and No-Tillage Systems. Soil Sci. Soc. Am. J. 63, 1350—
1358. https://doi.org/10.2136/ss5aj1999.6351350x

Smith, G.E., 1942. Fifty Years of Field Experiments with Crop Rotations,Manure and
Fertilizers. Univ. Missouri Coll. Agric. Bulletin 4, 1-61.

Smith, J., Smith, P., Wattenbach, M., Zaehle, S., Hiederer, R., Jones, R.J.A,,
Montanarella, L., Rounsevell, M.D.A., Reginster, 1., Ewert, F., 2005. Projected
changes in mineral soil carbon of European croplands and grasslands, 1990-2080.
Glob. Chang. Biol. 11, 2141-2152. https://doi.org/10.1111/j.1365-
2486.2005.001075.x

Smith, K.A., Conen, F., 2006. Impacts of land management on fluxes of trace
greenhouse gases. Soil Use Manag. 20, 255-263. https://doi.org/10.1111/j.1475-
2743.2004.th00366.x

Smith, P., 2004. How long before a change in soil organic carbon can be detected?
Glob. Chang. Biol. 10, 1878-1883. https://doi.org/10.1111/j.1365-
2486.2004.00854.x

Soussana, J.F., Lutfalla, S., Ehrhardt, F., Rosenstock, T., Lamanna, C., Havl k, P.,
Richards, M., Wollenberg, E. (Lini), Chotte, J.L., Torquebiau, E., Ciais, P.,
Smith, P., Lal, R., 2019. Matching policy and science: Rationale for the ‘4 per
1000 - soils for food security and climate’ initiative. Soil Tillage Res. 188, 3—-15.
https://doi.org/10.1016/j.still.2017.12.002

Stagnari, F., Maggio, A., Galieni, A., Pisante, M., 2017. Multiple benefits of legumes
for agriculture sustainability: an overview. Chem. Biol. Technol. Agric. 4, 1-13.
doi: 10.1186/s40538-016-0085-1.

Stehfest, E., Heistermann, M., Priess, J.A., Ojima, D.S., Alcamo, J., 2007. Simulation
of global crop production with the ecosystem model DayCent. Ecol. Modell. 209,
203-219. https://doi.org/10.1016/j.ecolmodel.2007.06.028

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2008. Soil carbon
saturation: Evaluation and corroboration by long-term incubations. Soil Biol.
Biochem. 40, 1741-1750. https://doi.org/10.1016/j.s0ilbi0.2008.02.014

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2007. Soil carbon
saturation: Concept, evidence and evaluation. Biogeochemistry 86, 19-31.
https://doi.org/10.1007/s10533-007-9140-0

Stocker, T.., Oin, D., Plattner, G.-K., Alexander, L.V., Allen, S.K., Bindof, N.L.,
Breon, F.-M., Church, J.A., Cubasch, U., Emori, S., Forster, P., Friedlingstein,
P., Gillett, N., Gregory, J.M., Hartmann, D.L., Jansen, E., Kitman, B., Knultti,
R., Kumar, Kk., Lemke, P., Marotzke, J., Masson-Delmotte, V., Meehl, G.A.,
Mokhov, L. I., Piao, S., Ramaswamy, V., D.Randal, Rhein, M., Rojas, M.,
Sabine, C., Shindell, D., Talley, L.D., Vaughan, D.G., Xie, S.-P., 2013.
Summary for Policymakers. In: Stocker, T.., Qin, D., Plattner, G.-K., Tignor, M.,
Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex,V., Midgley, P.M. (Eds.),
Climate Change 2013: The Physical Science Basis.Contribution of Working

212



Chapter VII References and appendix

Group | to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. ambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, pp. 33-109.
https://doi.org/10.1017/CB09781107415324.005

Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchi, N.,
Jenkins, M., Minasny, B., McBratney, A.B., de Remy de Courcelles, V., Singh,
K., Wheeler, 1., Abbott, L., Angers, D.A., Baldock, J., Bird, M., Brookes, P.C.,
Chenu, C., Jastrow, J.D., Lal, R., Lehmann, J., O, A.G., Parton, W.J., Whitehead,
D., Zimmermann, M., 2013. Author’s personal copy The knowns, known
unknowns and unknowns of sequestration of soil organic carbon Author’s
personal copy. Ecosyst. Environ. 164, 80-99.

STUTZEL, H., AUFHAMMER, W., 1991. Canopy development of a determinate and
an indeterminate cultivar of Vicia faba L. under contrasting plant distributions
and densities. Ann. Appl. Biol. 118, 185-199. https://doi.org/10.1111/j.1744-
7348.1991.th06097.x

Su, Y.Z., Wang, F., Suo, D.R., Zhang, Z.H., Du, M.W., 2006. Long-term effect of
fertilizer and manure application on soil-carbon sequestration and soil fertility
under the wheat-wheat-maize cropping system in northwest China. Nutr. Cycl.
Agroecosystems 75, 285-295. https://doi.org/10.1007/s10705-006-9034-x

Sun, W., Canadell, J. G., Yu, L., Yu, L., Zhang, W., Smith, P., Fischer, T., Huang, Y.,
2020. Climate drives global soil carbon sequestration and crop yield changes
under conservation agriculture. Glob. Chang. Biol. 26, 3325-3335.
https://doi.org 10.1111/gcb.15001

Sun, Z., Liu, S., Zhang, T., Zhao, X., Chen, S., Wang, Q., 2019. Priming of soil
organic carbon decomposition induced by exogenous organic carbon input: a
meta-analysis. Plant Soil 443, 463-471. https://doi.org/10.1007/s11104-019-
04240-5

Sutherland, J.M., Andrews, M., Mcinroy, S., Sprent, J.I., 1985. The distribution of
nitrate assimilation between root and shoot in Vicia faba L. Ann. Bot. 56, 259—
265. https://doi.org/10.1093/oxfordjournals.aob.a087010

Sykes, A.J., Macleod, M., Eory, V., Rees, R.M., Payen, F., Myrgiotis, V., Williams,
M., Sohi, S., Hillier, J., Moran, D., Manning, D.A.C., Goglio, P., Seghetta, M.,
Williams, A., Harris, J., Dondini, M., Walton, J., House, J., Smith, P., 2020.
Characterising the biophysical, economic and social impacts of soil carbon
sequestration as a greenhouse gas removal technology. Glob. Chang. Biol. 26,
1085-1108. https://doi.org/10.1111/gch.14844

Tadesse, T., Dechassa, N., Bayu, W., Gebeyehu, S., 2013. Effects of Farmyard
Manure and Inorganic Fertilizer Application on Soil Physico-Chemical
Properties and Nutrient Balance in Rain-Fed Lowland Rice Ecosystem. Am. J.
Plant Sci. 04, 309-316. https://doi.org/10.4236/ajps.2013.42041

Taghizadeh-Toosi, A., Christensen, B.T., Hutchings, N.J., Vejlin, J., K&terer, T.,
Glendining, M., Olesen, J.E., 2014. C-TOOL: A simple model for simulating

213



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

whole-profile carbon storage in temperate agricultural soils. Ecol. Modell. 292,
11-25. https://doi.org/10.1016/j.ecolmodel.2014.08.016

Tang, Y., Zhang, M., Chen, A., Zhang, W., Wei, W., Sheng, R., 2017. Impact of
fertilization regimes on diazotroph community compositions and N2-fixation
activity in paddy soil. Agric. Ecosyst. Environ. 247, 1-8.
https://doi.org/10.1016/j.agee.2017.06.009

Taub, D.R., Seemann, J.R., Coleman, J.S., 2000. Growth in elevated CO- protects
photosynthesis against high-temperature damage. Plant, Cell Environ. 23, 649—
656. https://doi.org/10.1046/j.1365-3040.2000.00574.x

Tao, F., Huang, Y., Hungate, B.A., Manzoni, S., Frey, S.D., Schmidt, M\W.I.,
Reichstein, M., Carvalhais, N., Ciais, P., Jiang, L., Lehmann, J., Wang, Y.P.,
Houlton, B.Z., Ahrens, B., Mishra, U., Hugelius, G., Hocking, T.D., Lu, X., Shi,
Z., Viatkin, K., Vargas, R., Yigini, Y., Omuto, C., Malik, A.A., Peralta, G.,
Cuevas-Corona, R., Di Paolo, L.E., Luotto, I., Liao, C., Liang, Y.S., Saynes,
V.S., Huang, X., Luo, Y., 2023. Microbial carbon use efficiency promotes global
soil carbon storage. Nature 618, 981-985. https://doi.org/10.1038/s41586-023-
06042-3

Thomsen, I.K., Schjenning, P., Jensen, B., 1999. Turnover of organic matter in
differently texured soils. Geoderma 89, 199-218.

Triberti, L., Nastri, A., Baldoni, G., 2016. Long-term effects of crop rotation, manure
and mineral fertilisation on carbon sequestration and soil fertility. Eur. J. Agron.
74, 47-55. https://doi.org/10.1016/j.eja.2015.11.024

Triberti, L., Nastri, A., Giordani, G., Comellini, F., Baldoni, G., Toderi, G., 2008. Can
mineral and organic fertilization help sequestrate carbon dioxide in cropland?
Eur. J. Agron. 29, 13-20. https://doi.org/10.1016/j.eja.2008.01.009

Timlin, D., Paff, K., Han, E., 2024. The role of crop simulation modeling in assessing
potential climate change impacts. Agrosystems, Geosci. Environ. 7, 1-23.
https://doi.org/10.1002/agg2.20453

Tinsley, J., 1950. The determination of organic carbon in soils by dichromate mixtures.
Transactions Int.cong.soil Sci. 1, 161-164. https://doi.org/10.1097/00010694-
193811000-00005

Tong, Y., Liu, J., Li, X., Sun, J., Herzberger, A., Wei, D., Zhang, W., Dou, Z., Zhang,
F.,2017. Cropping System Conversion led to Organic Carbon Change in China’s
Mollisols Regions. Sci. Rep. 7, 1-9. https://doi.org/10.1038/s41598-017-18270-

5

Tuzet, A., Perrier, A., Leuning, R., 2003. A coupled model of stomatal conductance ,
photosynthesis. Cell 1097-1116. https://doi.org/10.1046/j.1365-
3040.2003.01035.x

van Vuuren, D.P., Stehfest, E., den Elzen, M.G.J., Kram, T., van Vliet, J., Deetman,
S., Isaac, M., Goldewijk, K.K., Hof, A., Beltran, A.M., Oostenrijk, R., van
Ruijven, B., 2011. RCP2.6: Exploring the possibility to keep global mean
temperature  increase below 2<C. Clim. Change 109, 95-116.

214



Chapter VII References and appendix

https://doi.org/10.1007/s10584-011-0152-3

Van Vuuren, M.M.I., Robinson, D., Scrimgeour, C.M., Raven, J.A., Fitter, A.H., 2000.
Decomposition of 13C-labelled wheat root systems following growth at
different CO, concentrations. Soil Biol. Biochem. 32, 403-413.
https://doi.org/10.1016/S0038-0717(99)00174-1

Virk, A.L., Lin, B.J.,, Kan, Z.R., Qi, J.Y., Dang, Y.P,, Lal, R., Zhao, X., Zhang, H.L.,
2022. Simultaneous effects of legume cultivation on carbon and nitrogen
accumulation in  soil, 1st ed, Adv. Agron. Elsevier Inc.
https://doi.org/10.1016/bs.agron.2021.08.002

Vrugt, J.A., Gupta, H. V., Bastidas, L.A., Bouten, W., Sorooshian, S., 2003. Effective
and efficient algorithm for multiobjective optimization of hydrologic models.
Water Resour. Res. 39, 1-19. https://doi.org/10.1029/2002WR001746

Walkley, A., Black, I.A., 1934. An examination of the degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. https://doi.org/10.1097/00010694-193401000-00003

Wan, Y., Lin, E., Xiong, W., Li, Y., Guo, L., 2011. Modeling the impact of climate
change on soil organic carbon stock in upland soils in the 21st century in China.
Agric. Ecosyst. Environ. 141, 23-31.
https://doi.org/10.1016/j.agee.2011.02.004

Wang, G., Li, T., Zhang, W., Yu, Y., 2014. Impacts of agricultural management and
climate change on future soil organic carbon dynamics in North China Plain.
PLoS One 9. https://doi.org/10.1371/journal.pone.0094827

Wang, H., Yang, S., Wang, Y., Gu, Z., Xiong, S., Huang, X., Sun, M., Zhang, S., Guo,
L., Cui, J., Tang, Z., Ding, Z., 2022. Rates and causes of black soil erosion in
Northeast China. Catena 214, 106250.
https://doi.org/10.1016/j.catena.2022.106250

Wang, J., Sun, N., Xu, M., Wang, S., Zhang, J., Cai, Z., Cheng, Y., 2019. The
influence of long-term animal manure and crop residue application on abiotic
and biotic N immobilization in an acidified agricultural soil. Geoderma 337,
710-717. https://doi.org/10.1016/j.geoderma.2018.10.022

Wang, M., Li, Y., Ye, W., Bornman, J.F., Yan, X., 2011. Effects of climate change
on maize production, and potential adaptation measures: A case study in Jilin
province, China. Clim. Res. 46, 223-242. https://doi.org/10.3354/cr00986

Wang, Q., Liu, L. ling, Li, Y., Qin, S., Wang, C., Cai, A., Wu, L., Xu, M., Zhang, W.,
2020a. Long-term fertilization leads to specific PLFA finger-prints in Chinese
Hapludults soil. J. Integr. Agric. 19, 1354-1362. https://doi.org/10.1016/S2095-
3119(19)62866-2

Wang, R., Zhou, J., Xie, J., Khan, A,, Yang, X., Sun, B., Zhang, S., 2020b. Carbon
Sequestration in Irrigated and Rain-Fed Cropping Systems Under Long-Term
Fertilization Regimes. J.  Soil Sci. Plant Nutr. 20, 941-952.
https://doi.org/10.1007/s42729-020-00181-6

215



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

Wang, S., Zhang, Y., Ju, W., Chen, J.M., Cescatti, A., Sardans, J., Janssens, |.A., Wu,
M., Berry, J.A., Elliott Campbell, J., Fern&ndez-Mart mez, M., Alkama, R., Sitch,
S., Smith, W.K., Yuan, W., He, W., Lombardozzi, D., Kautz, M., Zhu, D.,
Lienert, S., Kato, E., Poulter, B., Sanders, T.G.M., Kriyer, I., Wang, R., Zeng,
N., Tian, H., Vuichard, N., Jain, A.K., Wiltshire, A., Goll, D.S., Pefuelas, J.,
2021. Response to Comments on “Recent global decline of CO; fertilization
effects on vegetation photosynthesis.” Science (80-. ). 373, 1-9.
https://doi.org/10.1126/science.abg7484

Wang, X., Liang, C., Mao, J., Jiang, Y., Bian, Q., Liang, Y., Chen, Y., Sun, B., 2023.
Microbial keystone taxa drive succession of plant residue chemistry. ISME J. 1—
10. https://doi.org/10.1038/s41396-023-01384-2

Wang, Y., Tao, F., Chen, Y., Yin, L., 2022. Interactive impacts of climate change and
agricultural management on soil organic carbon sequestration potential of
cropland in China over the coming decades. Sci. Total Environ. 817, 153018.
https://doi.org/10.1016/j.scitotenv.2022.153018

Wang, W., Wang, W., Zhang, J., Cai, D., and Zhang, M. 1989. Decomposition of crop
residues in Beijing farmland soil. Chinese J. Soil Sci. 3, 112-115. (in Chinese).
doi: 10.19336/j.cnki.trt b.1989.03.005

Wang, Z., Wang, H. and Zhong, C. 1991. Humification of Organic Materials and
Regulation of Soil Organic Matter. J. Northeast Agric. Coll. 22, 307-313. (in
Chinese). doi: 10.19720/j.cnki.issn.1005-9369.1991.04.001

Watts, C.W., Clark, L.J., Poulton, P.R., Powlson, D.S., Whitmore, A.P., 2006. The
role of clay, organic carbon and long-term management on mouldboard plough
draught measured on the Broadbalk wheat experiment at Rothamsted. Soil Use
Manag. 22, 334-341. https://doi.org/10.1111/j.1475-2743.2006.00054.x

Welbank, P.J., Gibb, M.J., Taylor, P.J., Williams, E.D., 1974. Root growth of cereal
crops.Rothamstead Experimental Station report, 1973, part 2.

West, T.0O., Six, J., 2007. Considering the influence of sequestration duration and
carbon saturation on estimates of soil carbon capacity. Clim. Change 80, 25-41.
https://doi.org/10.1007/s10584-006-9173-8

Wheeler, T.R., Hong, T.D., Ellis, R.H., Batts, G.R., Morison, J.I.L., Hadley, P., 1996.
The duration and rate of grain growth, and harvest index, of wheat (Triticum
aestivum L.) in response to temperature and CO,. J. Exp. Bot. 47, 623-630.
https://doi.org/10.1093/jxb/47.5.623

Whitehead, D.C., 1970. Carbon, Nitrogen, Phosphorus and Sulphur in Herbage Plant
Roots. Grass Forage Sci. 25, 236-241. https://doi.org/10.1111/j.1365-
2494.1970.tb00622.x

Wieder, W.R., Allison, S.D., Davidson, E.A., Georgiou, K., Hararuk, O., He, Y.,
Hopkins, F., Luo, Y., Smith, M.J., Sulman, B., Todd-Brown, K., Wang, Y.P.,
Xia, J., Xu, X., 2015a. Explicitly representing soil microbial processes in Earth
system  models. Global Biogeochem. Cycles 29, 1782-1800.
https://doi.org/10.1002/2015GB005188

216



Chapter VII References and appendix

Wieder, W.R., Cleveland, C.C., Smith, W.K., Todd-Brown, K., 2015b. Future
productivity and carbon storage limited by terrestrial nutrient availability. Nat.
Geosci. 8, 441-444. https://doi.org/10.1038/NGEO2413

Wiesmeier, M., Poeplau, C., Sierra, C.A., Maier, H., Frthauf, C., Hlbner, R., Kthnel,
A., Spdilein, P., Geufd U., Hangen, E., Schilling, B., Von Luzow, M., K&gel-
Knabner, 1., 2016. Projected loss of soil organic carbon in temperate agricultural
soils in the 21 st century: Effects of climate change and carbon input trends. Sci.
Rep. 6, 1-17. https://doi.org/10.1038/srep32525

Wilhelm, W.W., Wortmann, C.S., 2004. Tillage and rotation interactions for corn and
soybean grain yield as affected by precipitation and air temperature. Agron. J.
96, 425-432. https://doi.org/10.2134/agronj2004.4250

William, J., Addy, G., Mead, A., Semenov, M., Macdonald, A., Ellis, R., 2018.
Understanding the Relative Impacts of Climate Change on Crop Production
using Data from the Rothamsted Long-Term Experiments Doctor of Philosophy.

Wolf, J., Janssen, L.H.J.M., 1991. Effects of changing land use in the Netherlands on
net carbon fixation. Netherlands J. Agric. Sci. 39, 237-246.
https://doi.org/10.18174/njas.v39i4.16534

Wong, V.N.L., Greene, R.S.B., Dalal, R.C., Murphy, B.W., 2010. Soil carbon
dynamics in saline and sodic soils: A review. Soil Use Manag. 26, 2-11.
https://doi.org/10.1111/j.1475-2743.2009.00251.x

Wowra, K., Zeller, V., Schebek, L., 2021. Nitrogen in Life Cycle Assessment (LCA)
of agricultural crop production systems: Comparative analysis of regionalization
approaches. Sci. Total Environ. 763, 143009.
https://doi.org/10.1016/j.scitotenv.2020.143009

Wau, L., Blackwell, M., Dunham, S., Hern&dez-Allica, J., McGrath, S.P., 2019a.
Simulation of phosphorus chemistry, uptake and utilisation by winter wheat.
Plants 8. https://doi.org/10.3390/plants8100404

Wu, L., Harris, P., Misselbrook, T.H., Lee, M.R.F., 2022. Simulating grazing beef and
sheep systems. Agric. Syst. 195. https://doi.org/10.1016/j.agsy.2021.103307

Wu, L., McGechan, M., 2001. A Review of Carbon and Nitrogen Processes in
European Soil Nitrogen Dynamics Models. Model. Carbon Nitrogen Dyn. Soil
Manag. 279-305. https://doi.org/10.1201/9781420032635.ch5

Wu, L., McGechan, M.B., McRoberts, N., Baddeley, J.A., Watson, C.A., 2007.
SPACSYS: Integration of a 3D root architecture component to carbon, nitrogen
and water cycling-Model description. Ecol. Modell. 200, 343-359.
https://doi.org/10.1016/j.ecolmodel.2006.08.010

Wu, L., Rees, R.M., Tarsitano, D., Zhang, X., Jones, S.K., Whitmore, A.P., 2015.
Simulation of nitrous oxide emissions at field scale using the SPACSYS model.
Sci. Total Environ. 530-531, 76-86.
https://doi.org/10.1016/j.scitotenv.2015.05.064

Wu, L, Zhang, W., Wei, W., He, Z., Kuzyakov, Y., Bol, R., Hu, R., 2019b. Soil

217



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

organic matter priming and carbon balance after straw addition is regulated by
long-term  fertilization. Soil Biol. Biochem. 135, 383-391.
https://doi.org/10.1016/j.50ilbio.2019.06.003

Wu, Q., Ye, R., Bridgham, S.D., Jin, Q., 2021. Limitations of the Q10 Coefficient for
Quantifying Temperature Sensitivity of Anaerobic Organic Matter
Decomposition: A Modeling Based Assessment. J. Geophys. Res.
Biogeosciences 126, 1-18. https://doi.org/10.1029/2021JG006264

Xiong, W., Matthews, R., Holman, 1., Lin, E., Xu, Y., 2007. Modelling China’s
potential maize production at regional scale under climate change. Clim. Change
85, 433-451. https://doi.org/10.1007/510584-007-9284-x

Xu, X., Pei, J., Xu, Y., Wang, J., 2020. Soil organic carbon depletion in global
Mollisols regions and restoration by management practices: a review. J. Soils
Sediments 20, 1173-1181. https://doi.org/10.1007/s11368-019-02557-3

Xu, X., Shi, Z., Li, D., Rey, A., Ruan, H., Craine, J.M., Liang, J., Zhou, J., Luo, Y.,
2016. Soil properties control decomposition of soil organic carbon: Results from
data-assimilation analysis. Geoderma 262, 235-242.
https://doi.org/10.1016/j.geoderma.2015.08.038

Yadav, S.S., Guzman, J.G., Meena, R.S,, Lal, R., Yadav, G.S., 2020. Long term crop
management effects on soil organic carbon, structure, and water retention in a
cropland soil in central Ohio, USA. J. Plant Nutr. Soil Sci. 183, 200-207.
https://doi.org/10.1002/jpIn.201900430

Yadav, V., Malanson, G.P., 2009. Modeling impacts of erosion and deposition on soil
organic carbon in the Big Creek Basin of southern Illinois. Geomorphology 106,
304-314. https://doi.org/10.1016/j.geomorph.2008.11.011

Yan, X., Zhou, H., Zhu, Q.H., Wang, X.F., Zhang, Y.Z., Yu, X.C., Peng, X., 2013.
Carbon sequestration efficiency in paddy soil and upland soil under long-term
fertilization in southern China. Soil Tillage Res. 130, 42-51.
https://doi.org/10.1016/j.still.2013.01.013

Yang, X., Li, P., Zhang, S., Sun, B., Xinping, C., 2011. Long-term-fertilization effects
on soil organic carbon, physical properties, and wheat yield of a loess soil. J.
Plant Nutr. Soil Sci. 174, 775-784. https://doi.org/10.1002/jpIn.201000134

Yang, X., Ren, W., Sun, B., Zhang, S., 2012. Effects of contrasting soil management
regimes on total and labile soil organic carbon fractions in a loess soil in China.
Geoderma 177-178, 49-56. https://doi.org/10.1016/j.geoderma.2012.01.033

Yang, X.M., Drury, C.F., Reynolds, W.D., McKenney, D.J., Tan, C.S., Zhang, T.Q.,
Fleming, R.J., 2002. Influence of composts and liquid pig manure on CO, and
N,O emissions from a clay loam soil. Can. J. Soil Sci. 82, 395-401.
https://doi.org/10.4141/S02-008

Yang, Q., Zheng, F., Jia, X., Liu, P., Dong, S., Zhang, J., Zhao, B., 2020. The
combined application of organic and inorganic fertilizers increases soil organic

matter and improves soil microenvironment in wheat-maize field. J. Soils
Sediments 20, 2395-2404. https://doi.org/10.1007/s11368-020-02606-2

218



Chapter VII References and appendix

Yin, X., Struik, P.C., 2009. C3 and C4 photosynthesis models: An overview from the
perspective of crop modelling. NJAS - Wageningen J. Life Sci. 57, 27-38.
https://doi.org/10.1016/j.njas.2009.07.001

Yin, Y., Tang, Q., Liu, X., 2015. A multi-model analysis of change in potential yield
of major crops in China under climate change. Earth Syst. Dyn. 6, 45-59.
https://doi.org/10.5194/esd-6-45-2015

Zhang, J., Feng, Y., Maestre, F.T., Berdugo, M., Wang, J., Coleine, C., S&z-Sandino,
T., Garc B-Vel&quez, L., Singh, B.K., Delgado-Baquerizo, M., 2023. Water
availability creates global thresholds in multidimensional soil biodiversity and
functions. Nat. Ecol. Evol. 7. https://doi.org/10.1038/s41559-023-02071-3

Zhang, Q., Zhou, W., Liang, G., Sun, J., Wang, X., He, P., 2015. Distribution of soil
nutrients, extracellular enzyme activities and microbial communities across
particle-size fractions in a long-term fertilizer experiment. Appl. Soil Ecol. 94,
59-71. https://doi.org/10.1016/j.aps0il.2015.05.005

Zhang, S., Bai, Y., Zhang, J. hua, Ali, S., 2021. Developing a process-based and
remote sensing driven crop yield model for maize (PRYM-Maize) and its
validation over the Northeast China Plain. J. Integr. Agric. 20, 408-423.
https://doi.org/10.1016/S2095-3119(20)63293-2

Zhang, T.Q., Drury, C.F., Kay, B.D., 2004. Soil dissolved organic carbon: Influences
of water-filled pore space and red clover addition and relationships with
microbial biomass carbon. Can. J. Soil Sci. 84, 151-158.
https://doi.org/10.4141/S02-030

Zhang, W.J., Wang, X.J., Xu, M.G., Huang, S.M., Liu, H., Peng, C., 2010. Soil
organic carbon dynamics under long-term fertilizations in arable land of
northern China. Biogeosciences 7, 409-425. https://doi.org/10.5194/bg-7-409-
2010

Zhang, X., Sun, N., Wu, L., Xu, M., Bingham, 1.J., Li, Z., 2016a. Effects of enhancing
soil organic carbon sequestration in the topsoil by fertilization on crop
productivity and stability: Evidence from long-term experiments with wheat-
maize cropping systems in China. Sci. Total Environ. 562, 247-259.
https://doi.org/10.1016/j.scitotenv.2016.03.193

Zhang, X., Xu, M., Liu, J., Sun, N., Wang, B., Wu, L., 2016b. Greenhouse gas
emissions and stocks of soil carbon and nitrogen from a 20-year fertilised wheat-
maize intercropping system: A model approach. J. Environ. Manage. 167, 105—
114. https://doi.org/10.1016/j.jenvman.2015.11.014

Zhang, X., Xu, M., Sun, N., Xiong, W., Huang, S., Wu, L., 2016¢c. Modelling and
predicting crop yield, soil carbon and nitrogen stocks under climate change
scenarios with fertiliser management in the North China Plain. Geoderma 265,
176-186. https://doi.org/10.1016/j.geoderma.2015.11.027

Zhang, X., Sun, Z., Liu, J., Ouyang, Z., Wu, L., 2018. Simulating greenhouse gas
emissions and stocks of carbon and nitrogen in soil from a long-term no-till
system in the North China Plain. Soil Tillage Res. 178, 32-40.

219



Difference and Simulation of Soil Carbon Sequestration Efficiency of Typical Cropland in China, UK
and USA

https://doi.org/10.1016/j.still.2017.12.013

Zhao, D., Wang, Junjie, Jiang, X., Zhen, J., Miao, J., Wang, Jingzhe, Wu, G., 2022.
Reflectance spectroscopy for assessing heavy metal pollution indices in
mangrove sediments using XGBoost method and physicochemical properties.
Catena 211, 105967. https://doi.org/10.1016/j.catena.2021.105967

Zhao, Y., Zhang, Y., Liu, X., He, X., Shi, X., 2016. Carbon sequestration dynamic,
trend and efficiency as affected by 22-year fertilization under a rice—wheat
cropping system. J.  Plant Nutr. Soil Sci. 179, 652-660.
https://doi.org/10.1002/jpIn.201500602

Zhou, M., Xiao, Y., Zhang, X., Sui, Y., Xiao, L., Lin, J., Cruse, R.M., Ding, G., Liu,
X., 2023. Warming-dominated climate change impacts on soil organic carbon
fractions and aggregate stability in Mollisols. Geoderma 438, 116618.
https://doi.org/10.1016/j.geoderma.2023.116618

Zinn, Y.L., Lal, R., Bigham, J.M., Resck, D.V.S., 2007. Edaphic Controls on Soil
Organic Carbon Retention in the Brazilian Cerrado: Texture and Mineralogy.
Soil Sci. Soc. Am. J. 71, 1204-1214. https://doi.org/10.2136/sssaj2006.0014

220



Chapter VII References and appendix

Appendix

1. Publications

(D) Liang, S., Sun, N., Wang, S., Colinet, G., Longdoz, B., Meersmans, J., Wu,
L., Xu, M., 2023. Manure amendment acts as a recommended fertilization for
improving carbon sequestration efficiency in soils of typical drylands of China.
Frontiers n Environmental Science 11, 1173509.
https://doi.org/10.3389/fenvs.2023.1173509.

2 Liang, S., Sun, N., Meersmans, J., Longdoz, B., Colinet, G., Xu, M., Wu,
L., 2024. Impacts of climate change on crop production and soil carbon stock in a
continuous wheat cropping system in southeast England. Agriculture, Ecosystems &
Environment 365, 1089009. https://doi.org/10.1016/j.agee.2024.108909.

3 Liang, S., Sun, N., Longdoz, B., Meersmans, J., Ma, X., Gao, H., Zhang, X.,
Qiao, L., Colinet, G., Xu, M., Wu, L., 2024. Both yields of maize and soybean and
soil carbon sequestration in typical Mollisols cropland decrease under future climate
change: SPACSYS simulation. Frontiers In Sustainable Food Systems 8,1332483.
https://doi.org/10.3389/fsufs.2024.1332483.

()] Wang, S., Sun, N., Liang, S., Zhang, S., Meersmans, J., Colinet, G., Xu, M.,
Wu, L., 2023. SOC sequestration affected by fertilization in rice-based cropping
systems over the last four decades. Frontiers in Environmental Science 11, 1152439.
https://doi.org/10.3389/fenvs.2023.1152439.

2. Presentations

(1) Differences and mechanisms of soil carbon sequestration in typical arable
land of multi-regions (Differences and Mechanisms of Soil Carbon Sequestration in
Typical Arable Land of China, United States and United Kingdom based on Long-
term Various Fertilizations, Zhanjiang, 06/11/2018, Oral presentation).

(2) Climate change impacts on crop production and soil carbon stock in a
continuous wheat cropping system in southeast England (Soil Science Society of
Belgium Thematic Day 2022, Brussel, 19/12/2022, Poster presentation).

(3) Climate change impacts on crop production and soil carbon stock in a
continuous wheat cropping system in southeast England (The General Assembly
2023 of the European Geosciences Union, Vienna, 26/04/2023, Poster presentation).

221



