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Abstract: Carbon and nitrogen are the essential elements constituting living organisms and are closely
coupled during biogeochemical cycles. Due to the atmospheric nitrogen deposition and increased
agricultural nitrogen fertilizer input, the effect of nitrogen on the sequestration of soil organic carbon
(SOCQ) is controversial. To facilitate a comprehensive understanding of this issue, the progress of
recent studies on the different SOC stabilization mechanisms is reviewed. Based on the differences
in the stability and fate mechanisms of particulate organic carbon (POC) and mineral-associated
organic carbon (MAOC), nitrogen input can increase POC input and inhibit microbial decomposition
of POC by increasing terrestrial biomass, changing the quality of litter and promoting the formation
of aggregates. N input reduces the chemical stability of MAOC by altering the chemical bonding of
mineral-organic complexes. This study has promising implications for understanding the effect of N
on SOC transformation by different stabilization mechanisms to promote soil carbon sequestration.

Keywords: nitrogen; particulate organic carbon (POC); mineral-associated organic carbon (MAOC);
stabilization mechanisms; soil

1. Introduction

Soil organic carbon (SOC) is a significant indicator of soil fertility, and its sequestration
is a vital strategy to mitigate greenhouse gases. The soil carbon pool is the largest in
terrestrial ecosystems, accounting for 81.2% of the carbon in the ecosystem and containing
about 250 billion tons of soil organic carbon [1]. For the global soil carbon cycle, even a
minor disturbance will cause a great response to the climate [2]. In addition, organic carbon
also has a variety of functions. For example, chemically organic carbon is a store of soil
nutrients; physically, it improves soil aggregation and water-holding capacity (WHC), and
biologically it increases the energy supply of microorganisms [3].

The fixed potential of soil organic carbon is related to the quantity and quality of input
organic matter, soil microbial activity, and physical and chemical properties [4—6]. Soil
carbon and nitrogen are closely coupled, and nitrogen is involved in the biogeochemical
cycle of carbon as an energy supply element for microbial and plant growth [7]. Since the
1960s, nitrogen fertilizer use has increased dramatically [8]. Nitrogen input can gradually
affect soil organic carbon stocks by altering the importation of fresh particulate organic
carbon to the soil [9] and the output of microbially decomposed organic carbon [10].
Previous studies have reported that organic carbon sequestration under N addition may
change in three different directions of change: increasing, constant, and decreasing [11-13].

Nitrogen bioavailability is a critical factor affecting organic carbon cycling and seques-
tration [14]. For example, plant litter with low C/N has a faster decomposition rate than
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high C/N [15]. The rate of SOM decomposition is positively related to soil nitrogen effec-
tiveness; therefore, increasing nitrogen effectiveness accelerates SOM decomposition and is
detrimental to SOC sequestration. However, nitrogen increases SOC input by promoting
plant growth and plant litter formation [16]. At the same time, nitrogen input also inhibits
the decomposition of SOC by reducing microbial activity and promoting the formation of
aggregates [17]. The main effect of inorganic nitrogen input on soil’s physical and chemical
properties is to cause soil acidification. The conversion of ammonium nitrogen applied
to agricultural soils to nitrate nitrogen through nitrification, the uptake of ammonium
nitrogen by plants, and the loss of nitrogen by leaching all lead to soil acidification [18,19],
by the following reactions [20]:

NH; 420, = H" +NO; +H,0 1)
NH4NO; + 20, = 2H* + 2NO; +H,0 )
NH4NO; + 20, = 2H" + 2NO; +H,0 3)

Previous studies have suggested that a decrease in PH under N addition drives Al
toxicity [21], reducing fungal abundance [17,22] and inhibiting microbial catabolic activity.
Chang [23] et al. conducted a two-year ammonium nitrate application experiment on alpine
ecosystems. They found that MWD values of soil aggregates were significantly higher,
MWD positively correlated with SOC content, and MWD negatively correlated with CO,
release. Thus, increased nitrogen effectiveness can enhance soil organic carbon input and
slow down soil organic carbon decomposition, promoting soil SOC sequestration. Overall,
the effect of N input on soil organic carbon turnover is attributed to the interaction between
plants, soil physicochemical properties, and microorganisms.

Previous studies focused on microorganisms’ organic carbon cycle [23-25]. In compari-
son, there were few studies on the transformation and fixation of organic carbon of different
components in soil under nitrogen input. The division of organic carbon into particulate
organic carbon (POC) and mineral-associated organic carbon (MAOC) is fundamental
to understanding organic carbon turnover processes. Numerous previous studies have
shown that the MAOC fraction, mainly derived from microbial residues [26,27], has a slow
turnover, is difficult to decompose, requires large amounts of nitrogen for its formation,
and has a limited storage capacity. In contrast, the POC fraction, an essential precursor
to MAOC, is mainly derived from plant and animal residues and root secretions [28], is
susceptible to external disturbances, has poor stability and rapid turnover rates [29,30],
has a low demand for nitrogen, and may accumulate indefinitely. Given that the two
carbon pools have different turnover rates and stability, there are also different conver-
sion directions and stabilization mechanisms for the effects of nitrogen addition (Table 1,
Figure 1). Nitrogen addition promotes aboveground biomass in nitrogen-limited terrestrial
ecosystems [31], but there is significant uncertainty about belowground organic carbon
cycling and fixation. Therefore, this paper reviews the research progress in recent years
on how nitrogen input changes the transformation of organic carbon produced by POC
and MAOC to comprehensively understand the impact of nitrogen on the occurrence and
transformation of organic carbon in four aspects: the quantity and quality of plant litter,
the physical protection of aggregates, microbial carbon utilization efficiency (CUE), and the
formation of organic—-mineral complexes.
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Table 1. Effect of nitrogen on the turnover process of POC and MAOC.

SOC Types Process Category Promotional Effects Inhibitory Effects
NPP elevation due to Soil acidification triggers
Quantity increased N factor heavy metal toxicity leading to
Plant litt effectiveness. lower NPP.
ant fitter N elements cause elevated
Quality organic matter content of Lower C/N of plant litter.
structural complexity.
Increasing the amount of
organic cementing
POC substances promotes the
formation of aggregates.
The enFanglement of plant Soil acidification causes
. roots increases and thus . .
Physical . extensive depletion of
. Aggregates promotes the formation of . .
protection inorganic carbon and reduces
aggregates. its cementation
Soil acidification makes ’
Fe-Al oxides positively
charged and thus
promotes aggregate
formation.
The dominant role of Elevated N efficiency shifts the
. . . fungal communities under microbial community
Microbial community o i .
soil acidification structure toward bacterial
structure o . . .
conditions produced high dominance and negatively
CUE. affects CUE.
. . The increased effectiveness of
Microorganisms allocate .
. - N elements led to increased C
. . more C to maintain their P
Ecological Chemometrics . . limitation, inhibition of
stoichiometric balance, K X
CUE resulting in higher CUE microbial growth, and
& & ’ decreased CUE.
The substrate decrease leads to
Substrate quality and the increase in m1crob1al.
bioavailability extracellular enzyme secretion
and the reduction
MAOC

in microbial CUE.

Mineral-organic
complexes

Soil acidification makes
iron and aluminum oxides
have positive charges,
promoting the formation
of mineral-organic
complexes.
Organic nitrogen
fertilizers promote the
formation of hydroxyl
radicals (HO-) and
increase the appearance of
intermolecular covalent
bonds and
mineral-organic
complexes in SOC.

Soil minerals

Bond bridge

Oxalic acid in root exudates
releases organic compounds
from the protective association
with minerals.

Soil acidification produces
competition between H* and
exchangeable base cations for
adsorption sites (neutral and

alkaline soils).
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Figure 1. Effect of nitrogen on POC and MAOC cycle processes.
2. Particulate Organic Carbon (POC)

Particulate organic carbon (POC) is usually composed of undissolved or partially
decomposed animal, plant, and root residues [26]. It refers to the part of organic carbon
combined with soil sand, which has a fast turnover rate and is vulnerable to external
interference. It is a component and quantitative indicator of soil active organic matter [32].
The mineralization of POC is mainly restricted by the chemical resistance of imported soil
organic molecules and the physical protection of large aggregates.

2.1. Quantity and Quality of Plant Litter

Nitrogen addition reduces competition for bioavailable N between microorganisms
and plants, increases net primary plant productivity, and promotes carbon input from soil
root secretions and plant residues [33]. Global net primary production of vegetation (NPP)
is limited by N, with NPP increasing by up to 30% under N deposition [34]. Although this
implies a higher POC input, there are differences in the direction of SOC sequestration
in soils. Previous studies have shown that the net rate of soil organic carbon fixation is
positively correlated with root mass. Fornara et al. [35] found that a potential mechanism
for SOC accumulation in grassland soils is an N-induced increase in root mass through
long-term NH4NO3 addition experiments on grassland soils. However, Lajtha et al. [36] did
not find a significant effect of the amount of annual litter on SOC in a model formulation of
soil carbon based on first-order decomposition kinetics, most of which may be lost through
leaching and microbial respiration. Root secretions facilitate the co-metabolic process of
decomposition of the original organic carbon of the soil by providing a readily bioavailable
energy supply [37]. Soil acidification from excess N inputs can also lead to increased levels
of toxic elements such as Al and Mn [38]. In acidic environments, heavy metal ions are
more likely to bind to water in an ionic state. The more acidic the environment, the higher
the ionic solubility and the easier it is for plants to take up or migrate, leading to lower/net
primary productivity and reduced POC input.

Reasonable input of N increases the net primary productivity of vegetation, but the
direction of change in SOC stocks may depend on changes in litter mass and C/N [39].
Nitrogen addition may lead to elevated levels of structurally complex organic matter such
as lignin, which favors POC formation by resisting microbial degradation but is detrimental
to the long-term sequestration of soil SOC [40]. It has also been found that N addition
had no significant effect on the ratio of lignin, glucose, and cellulose in plant tissues and
significantly contributed to SOC accumulation mainly by reducing C/N in foliage and
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roots [35,41]. The results of several studies have shown that low-C/N, easily decomposable
litter, where microorganisms are more likely to obtain high-quality inputs and improve
litter turnover, is not conducive to POC sequestration but can effectively form MAOM,
which is beneficial to SOC accumulation in the long run [42-44]. In contrast, high C/N
recalcitrant litter resists microbial decomposition in the short term and contributes to the
accumulation of short-term carbon pool POC, but less of the initial material is converted to
microbial products that can be stably present. [45]. Nitrogen addition can also influence the
conversion of SOC in soils by altering plant community composition [35]. High N addition
drives the conversion of terrestrial vegetation from C4 to C3 plants, which have lower C/N
and higher root mass than C4 plants [46], contributing to a more efficient transformation of
POC to MAOC.

2.2. Physical Protection of Aggregates

Soil aggregates are the basic structural unit of soil and the leading site of organic
carbon fixation. About 90% of organic carbon in the surface soil of terrestrial ecosystems is
located in aggregates [47]. The spatial segregation of microorganisms and organic carbon
generated during the formation of aggregates is the primary stabilization mechanism of soil
organic carbon [48]. Soil aggregates’ stability was significantly and positively correlated
with SOC content [49], especially the POC fraction [50,51]. Chen et al. [52] found that POC
could explain 87.1% of the variation in MWD and macroaggregates by redundancy analysis
(RDA) between soil aggregates and basic physicochemical properties in saline-alkali soil,
indicating that POC was a suitable index for evaluating the formation of macroaggregates
in saline-alkali soil. The relationship between POC and soil aggregates is interactive: on
the one hand, POC promotes the formation of microaggregates and macroaggregates; on
the other hand, the highly complex spatial arrangement and composition of solid particles
make the soil structure more inhomogeneous, affecting the distribution and biological
effectiveness of POC and creating a physical protection effect on POC.

N deposition can help stabilize soil structure and reduce POC decomposition by
promoting aggregate formation and increasing MWD [23,53], as shown in Figure 2 [54].
According to the soil aggregates hierarchical development model [55], the formation of
aggregates is influenced by various types of caking agents. Primarily, persistent cementing
substances (highly humified organic matter, multivalent metal cations, and adsorbed
complexes) and powder-mucilage particles polymerize to form microaggregates. Then, the
microaggregates combine to form macroaggregates through temporary (fungal mycelium
and roots) and transient (polysaccharides secreted by microorganisms and roots) cementing
substances [56], as shown in Figure 3 [57].

N availability 1
1 = - » Particulate organic C
1 *Organic matter input N
1 1
: @ Plant-derived binding agents |
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1 1
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Figure 2. Conceptual model of the dynamic responses of soil aggregates to N enrichment and the
potential mechanisms involved in soil aggregation and C sequestration. The blue, red, and black
boxes indicate variables that are positively, negatively, or not changed by N enrichment. Reprinted
with permission from Ref. [54]. Copyright 2021 Wiley.
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Figure 3. Hierarchy of building units and microaggregates in soil. Reprinted with permission from
Ref. [57]. Copyright 2018 Wiley.

On the one hand, nitrogen deposition can affect the formation of an organic cementing
agent. Nitrogen addition increases microbial activity, promotes the mycelial growth of
fungi [58], and releases polysaccharides, lipids, mucus, etc., from microbial secretions [59].
Fungus mycelium will provide resistance against mechanical breakdown and exfoliation.
The linear molecular structure of polysaccharides and the formation of contacts, acid groups,
and hydroxy-hydrogen bonds in the molecules promote the formation of soil aggregates.
The application of organic nitrogen fertilizer activates clumped mycorrhizae [60], enhances
the production of insoluble glycoproteins [61], and facilitates the production of aggregates.
N enrichment significantly contributed to aboveground biomass, but there was a threshold
effect on belowground plant roots [62]: belowground biomass increased under low-dose
N additions and slightly decreased under high-dose N additions. Thus, appropriate N
addition promotes the entanglement of plant roots on aggregate formation [56], inhibits
microbial respiration, and protects the POC produced by plant litter to some extent. Organic
N promotes soil macroaggregate formation better than inorganic N. This is because organic
N alleviates soil acidification [63,64] and significantly increases aboveground biomass,
leading to more plant residues entering the soil and forming POC; in addition, organic N
deposition can be considered as increasing unstable organic matter in the soil [65], acting
as an organic cementing agent for aggregate formation. On the other hand, nitrogen
addition affects the cementation of soil inorganic cementing agents by changing the soil
PH. Soil inorganic cementing agents include oxides and carbonates. Fe-Al oxides are
amphoteric, showing a positive charge at low pH and a negative charge at high pH [66].
Soil acidification due to nitrogen enrichment results in positively charged Fe-Al oxides,
which cover the mucilage surface as a gel film [67] and act as a “bond bridge” in the
soil aggregation process. In acidic soils with low organic matter and Fe-Al oxide content,
the cementation of Fe-Al oxides plays a key role in the formation of aggregates [68].
Carbonates in semi-arid calcareous soils can contribute significantly to the formation of
stable aggregates [69]. The increase in H* content under nitrogen deposition leads to an
extensive depletion of soil inorganic carbon in arid and semi-arid regions and karsts, which
affects the cementation of inorganic carbonates [70]. However, it has also been found
that carbon accumulation in surface soil aggregates under short-term nitrogen deposition
is related to the inhibition of soil respiration under microbial reduction without a direct
relationship with soil acidification [23].
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3. Mineral-Associated Organic Carbon (MAOC)

Mineral-associated organic carbon (MAOC) is the most stable and longest turnover
organic carbon. The sorption of organic matter by soil minerals prolongs the ecosystem’s
organic carbon cycle. It reduces its bioavailability [26,71]. Microbial growth rate and
microbial residues control the amount of newly formed MAOC, since microbial residues
are an essential source of MAOC formation [72,73]. Clay minerals and iron aluminum
oxide hydrate in soil minerals play a significant role in organic carbon stabilization [74].
Ligand exchange adsorption of soil minerals on organic matter, multivalent cation bonding
bridges, complexation of free Ca?*, AI**, and Fe®* and their mineral forms on organic
ligands, hydrogen bonding, condensation, and van der Waals forces are the main chemo-
protective mechanisms for MAOC persistence [75,76]. Thus, N addition may affect MAOC
sequestration through two pathways. First, N addition alters microbial CUE and thus
microbial mass carbon by affecting the microbial activity and community structure; sec-
ond, soil acidification due to N addition triggers changes in the chemical bonding of
mineral-organic complexes.

3.1. Microbial Carbon Utilization Efficiency

Microorganisms mediate the transfer from plant inputs to mineral-related organic
carbon pools and are the main drivers of the soil carbon cycle [77]. Microbially driven soil
C dynamics may be closely related to microbial catabolic and anabolic processes [78]. In the
process of decomposing organic matter, one part of organic matter is lost through respiration
and extracellular enzymes, and the other part is converted into microbial biomass carbon
and microbial biomass nitrogen through assimilation [79]. Liang et al. [72] proposed
the concept of a “soil microbial carbon pump,” a theoretical system that defined for the
first time the “entombing effect,” i.e., the long-term microbial assimilation process leads
to the continuous accumulation of iterations of microbial residues, which promotes the
formation of a series of organic substances including microbial residues. Microbial carbon
utilization efficiency (CUE) [80] is the efficiency of converting total organic carbon absorbed
by microorganisms into microbial biomass carbon. Under thermodynamic constraints, the
maximum theoretical value of CUE is 0.8 [81], which indicates that up to 80% of organic
carbon can be converted to MBC, and at least 20% of organic carbon is used to sustain
microbial respiration and secretion of extracellular enzymes.

Nitrogen availability strongly influences microbial CUE because microorganisms
require energy to balance catabolic and anabolic reactions. N input drives changes in
microbial CUE by altering soil microbial activity and community structure, substrate
quality and bioavailability, and ecological stoichiometry [82,83].

3.1.1. Microbial Community Structure and Activities

Microbial community structure and activity are the strongest drivers of CUE because
different microbial communities metabolize organic carbon in different pathways [84].
Fungi exhibit high CUE because they have a more comprehensive range of C/N variability
than bacteria and have a higher demand for C [77]. Hawkes et al. [85] concluded that the
dominance of fungi in soil implies higher carbon stocks.

Both increased nitrogen effectiveness and changes in soil pH under N addition can
induce a rapid shift in microbial communities [86,87], but the two are contradictory. Higher
nitrogen effectiveness drives a change in microbial community structure toward bacterial
dominance [22,88], which negatively affects CUE because bacteria have a higher demand for
soil nutrients than fungi [22]. Soil acidification due to N addition drives a shift in microbial
community structure towards fungal dominance. Bacterial /fungal community structure
was positively related to soil pH [89] due to different microbial dominant communities for
soil organic matter decomposition activities at different pH levels. Bacteria are most active
under neutral conditions, fungi grow best under neutral or slightly acidic conditions, and
fungi have better resistance to acidification [90]. The input of mineral N, especially nitrate
N, leads to soil acidification and shifts the microbial community towards fungal dominance
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with high CUE. In contrast, organic N fertilization and organic-inorganic pairing will alle-
viate soil acidification and move the microbial community towards bacterial authority [91].
Nitrogen additions can also affect microbial activity by altering soil pH [88]. Soil acidifi-
cation caused by excessive mineral N input forces microorganisms to allocate large amounts
of SOC for energy production [92], which inhibits microbial growth and reduces microbial
CUE. Organic N input alleviates soil acidification and enhances microbial CUE [93]. First,
the decrease in pH leads to the leaching of Ca?* and Mg?* [94], and microorganisms may
become Ca and Mg nutrient-limited, directly inhibiting microbial growth and reducing
microbial CUE. Second, the decrease in pH and the increase in Al** migration lead to
elevated microbial heavy metal resistance genes [95]. Microorganisms resist heavy metals
through efflux pump mechanisms, enzymatic transport mechanisms, and chelation of
heavy metals in vivo [96,97]. This process usually requires ATP, so that more C must be
transferred to respiration and microbial CUE reduced. Davey et al. [98] measured microbial
CUE using '*C-labeled glucose in 970 soil samples from the southwestern agricultural
region of Australia. They found that the relationship between microbial CUE and pH
showed a clear turning point at pH = 5.5, with a gradual decrease in CUE as the soil became
progressively more acidic, and that at the pH = 5.5 turning point, soil exchange complexes
with AP * began to dominate in the soil exchange complex (Figure 4). There is a strong
negative correlation between microbial CUE and exchangeable Al as microbial resistance
to toxic metal elements is energy intensive [99]. Under environmental conditions of low
pH and high Al concentration, the metabolic pathways of microbiology shift [100]. First,
microorganisms produce and secrete compounds (e.g., extracellular polymers and organic
acids) to the external environment to combine and detoxify the harmful AR [96,101].
Second, microorganisms secrete energy to overcome acidic stress and maintain cellular
integrity, indirectly inhibiting microbial growth and reducing microbial CUE [102].
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Figure 4. Relationship between soil pH and microbial carbon use efficiency (upper panel) and soil
pH and exchangeable Al (lower panel). Values represent means + SEM. Different letters at the top
of each panel represent significant differences between soil pH categories at the p < 0.05 level. The
average number of values in each pH category is 68. The dotted line represents the soil pH value
point at which there is a transition in the response of both CUE and exchangeable Al. Reprinted with
permission from Ref. [98]. Copyright 2019 Elsevier.
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3.1.2. Ecological Chemometrics

Ecological stoichiometry is a key control driver of microbial metabolic activity [103,104].
Microbial growth and metabolism are optimal if the stoichiometry of microbial demand
matches that of the soil matrix [105]; conversely, if in a stoichiometric imbalance, microbial
activity will be limited by specific nutrients. Thus, microbial growth and training are often
singularly or jointly limited by resources (e.g., C, N, and P) in terrestrial ecosystems [106], as
shown in Figure 5 [104].

Arid and semi-arid region Eul o Climax forest

Climate

Herb-shrub

Vegetation

Soil moisture

Promoting

2 growth
5 Causin, Causin,
: v s :
g Soil (
9
g limitation
A Alleviating Increasing
v
Microbial P Microbial C
limitation  Reducing Reducing  limitation

Figure 5. Conceptual diagram for the influence of soil moisture change on processes controlling soil
microbial metabolism during the secondary succession. Reprinted with permission from Ref. [104].
Copyright 2020 Elsevier.

MBC and MBN are usually positively correlated [107], and high microbial biomass
increases demand for N during microbial life activities [108]. Moderate N input increases
microbial activity by supplying energy to microorganisms, which respond to changes in
soil nutrient effectiveness by altering their chemoenzymatic-regulated carbon assimilation
processes [109]. According to steady-state stoichiometric theory, microorganisms increase
CUE to adapt to high N environments [79], and soil microbial CUE negatively correlates
with soil matrix C/N [7,110]. When N is limiting, catabolic and anabolic processes of
microorganisms in soil uncouple [79], and microbial metabolites such as extracellular
enzymes and polysaccharides increase for energy [111], producing more significant C
loss; at the same time, microorganisms release excess carbon from the substrate as CO; (a
respiratory metabolite) and CUE decrease. As N availability increases, microbes allocate
more carbon to maintain a stable stoichiometric ratio of microbes (C/N = 7-8.6) [112].
At the same time, microbes also reduce the secretion of extracellular enzymes used to
mine N [113], resulting in higher CUE [104]. N addition mainly promotes the efficiency
of microbial utilization of active C. However, it has also been found that an increase in N
alone has no effect on the decomposition of organic matter in soil [114]. The simultaneous
addition of N and P affects the conversion of organic matter because N enrichment also
exacerbates ecosystem dependence on phosphorus. The chemometrics suggest that the
optimal C:N:P ratio to satisfy microbial activity is 60:7:1 [115].

During progressive N enrichment, microbial growth will gradually shift from nutrient
limitation (e.g., N and P) to C limitation [116,117]. Microbial C metabolism, especially
microbial growth, is inherently more C-limited than nutrient limitation. This is because the
reduced power and energy required to sustain substrate uptake and metabolism come from
the oxidation of other substrates. Carbon taken up by microbial cells can only be used for
their growth after the different basic energy maintenance needs are met, producing positive
CUE [118]. Previous studies have proposed several potential mechanisms to explain
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the increased C limitation during N enrichment. Soil acidification due to N enrichment
significantly increased the fungal: bacterial and MBC: MBN ratios [119], thus reducing the
C/N gap between microbial biomass and its resources. Furthermore, this gap decreased
linearly with decreasing soil pH, resulting in a shift from N limitation to C limitation.
Nitrogen-induced changes in biological C accessibility have an essential role in the growth
of microbial C metabolism. N addition decreases C availability by increasing the N content
in plant litter [120], decreasing C/N in the soil matrix, and reducing C availability. Second,
N addition decreases the abundance of bacterial and fungal communities [121], which
may be attributed to a decrease in subsurface carbon allocation. Plants provide carbon
to soil microbes in exchange for other soil nutrients such as N [122]; however, due to the
increased effectiveness of N under N deposition, plants have a reduced need to acquire
N and thus release less carbon to soil microbes [123]; third, soil acidification caused by
N addition reduces plant productivity and root exudation, thus reducing effective soil
C [124]. Fourth, the mass of organic matter decreases under N addition, and condensation
reactions between mineral N and organic matter increase recalcitrant organic matter [125].
However, it has also been suggested that increased plant carbon input and reduced mineral
protection [126] under N addition can alleviate microbial C limitation by increasing soil C
availability, promoting microbial growth, and increasing microbial CUE.

3.1.3. Substrate Quality and Bioavailability

Microbial CUE may be influenced by the substrate quality and the metabolic pathways
used for substrate utilization, as microbial decomposition uses soil organic carbon and
plant residues to sustain its life activities [127,128]. Microbial decomposition of low-quality
substrates (e.g., lignin) requires more enzymatic processes [129], increasing microbial
extracellular enzyme secretion and respiratory metabolism and resulting in lower microbial
CUE. As Allison et al. [130] found, difficult-to-use polymers such as lignin and cellulose
must depolymerize to be taken up by microbial cells, which means that microorganisms
reallocate more C elements from cell growth to extracellular enzyme secretion.

N addition inhibits microbial CUE by reducing substrate quality in four main ways.
First, N addition usually promotes the production of recalcitrant substrates (e.g., lignin) of
plant origin [40]. Second, increased N effectiveness leads to decreased activity of lignin-
degrading enzymes secreted by fungi [116,131], reducing substrate effectiveness, as lignin
can bind to or physically prevent access to other compounds (e.g., cellulose) in plant
tissues. Third, nitrogenous compounds may react chemically with phenolics to promote the
production of recalcitrant organic matter [132], and Gillespie et al. [133] found that NH,*
forms anti-biodegradable complexes with lignin. Fourth, nitrogen-containing compounds
can also coagulate with carbohydrates, producing melanin [134]. Melanin is a highly
aromatic biopolymer [135] resistant to decomposition.

3.2. Chemical Bonding of Mineral-Organic Complexes

Soil mineral-organic complexes are connected in various ways, but mainly through
multivalent cationic bond bridges (Ca?t, Mg2+, Fe3*, and Al1%) linking the organic matter to
the soil minerals [136] or through functional groups (e.g., -COOH and -OH) on the surface
of the organic matter in the form of hydrogen bonds to the soil minerals. Soil minerals
that play a significant role in stabilizing organic carbon are clay minerals and Fe-Al oxides,
the content of which determines the potential of the soil for organic carbon sorption. The
main factor affecting soil minerals’ surface charge and sorption sites is pH [17]. Nitrogen
addition can affect the persistent sequestration of MAOC by lowering the soil PH and
changing the mineral-organic complex interaction.

3.2.1. Soil Minerals

Fe-Al oxides have a variable charge, and clay minerals have a permanent negative
charge [137]. Kaiser et al. [138] found a positive correlation between soil organic carbon con-
tent and iron oxide content. Fe-Al oxides and their hydrates are positively charged under
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acidic conditions [137]. They can promote the chemical bonding of mineral-organic com-
plexes through several effects: first, Fe-Al oxides and their hydrates immobilize negatively
charged organic matter in soils through positive and negative charge adsorption [139];
second, Fe-Al oxides and their hydrates act as a bond bridge for clay mineral-organic
matter binding to form a clay mineral-Fe-Al oxides—organic matter tri-complex [57]; third,
the positively charged Fe-Al oxides also neutralize the negative charge on the surface of
clay minerals and promote the adsorption of organic matter [140]. Therefore, the decrease
in pH caused by nitrogen addition can promote organic carbon adsorption by soil minerals.

However, oxalic acid in root secretions under N addition increases microbial access to
MAOQC by releasing organic compounds from protective association with minerals [126].
Furthermore, most of the H* also reacts with soil clay minerals, releasing aluminum from
the soil aluminosilicate mineral structure and producing exchangeable Al**, leading to a
decrease in soil buffering capacity [141], which is detrimental to the long-term fixation of
soil organic carbon.

3.2.2. Bond Bridge

MAOQOC content depends on the balance between the adsorption and desorption of
charged compounds. Bond bridges formed by Ca?* and Mg?* are the primary stabilization
mechanism of organic carbon bound to minerals in neutral and alkaline soils [142]. H*
competes for adsorption sites with exchangeable salt-based cations such as Na*, K*, Ca?t,
and Mg?* during soil acidification [20], leading to extensive leaching of salt-based ions,
which affects the metal bond bridges of mineral-organic complexes and reduces the chemi-
cal stability of organic matter. Ye et al. [17] found that the Fe-bound organic carbon content
increased and the total mineral-organic bound carbon content decreased with decreasing
pH in alkaline soils. They suggest that acidification partially shifts the mineral-organic
complexes from calcium ion bond bridges to iron ion bond bridges.

Microorganisms generally have the ability to superoxide (O?~). Long-term use of organic
nitrogen fertilizer significantly increased soil bacterial diversity, generated easily mobile Fe
oxides [143,144], stimulated Fenton/Fenton-like reactions catalyzed by Fe minerals in the
soil, and promoted the formation of hydroxyl radicals (HO-) (Equations (4) and (5)) [145].
Hydroxyl radicals (HO-) increase the appearance of intermolecular covalent bonds and
mineral-organic complexes in SOC (Figure 6) [146], which is essential for long-term organic
carbon sequestration in Fe-rich soils (e.g., red dirt and red brick soil).

= Fe(III) + H,0, —= Fe(II) + HT +HO,- (4)
= Fe(I1)+H,0, —= Fe(I111)+OH™ +HO- (5)
> priming

anures) — “_>.."—>“‘ [N " —>. (Y

L%

I a free radical mechanism Y

Y

S

(i) formation of intermolecular .l°

covalent bonds
o
(ii) formation of organo-
mineral associations

)' biopolymers . enzymes ®~g H,0, @ HO' ¢ o,

A . S
|| microbes @® minerals © mobilized iron

Figure 6. Schematic diagram of microbial—mediated free radical catalysis reaction and its impact on
soil carbon stability and storage. Reprinted with permission from Ref. [146]. Copyright 2019 Wiley.
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4. Conclusions

This review discusses the transformation direction of particulate organic carbon (POC)
and mineral-associated organic carbon (MAOC) with different sources and assignment
mechanisms under nitrogen input to facilitate a more comprehensive understanding of soil
organic carbon sequestration and transformation mechanisms.

Moderate N input promotes POC input by increasing net primary productivity. How-
evert, soil SOC sequestration may depend on the quality rather than the quantity of POC
input. Increased intake of recalcitrant organic matter under N addition generates microbial
resistance, which contributes to POC formation but is detrimental to long-term organic
carbon sequestration. POC is mainly found in soil aggregates, and reasonable N input
helps stabilize soil structure by promoting organic cement production and entanglement of
plant roots, and the decomposition of POC is reduced.

N input can affect MAOC sequestration by altering the chemical bonding of microbial
CUE and mineral-organic complexes. N inputs drive changes in microbial CUE through
changes in soil microbial activity and community structure, substrate quality and bioavail-
ability, and ecological stoichiometry. However, there is uncertainty about the direction
of change. High inorganic N input decreases pH, which makes Fe-Al oxides positively
charged and promotes the formation of MAOC. In neutral and alkaline soils, H+ competes
with exchangeable salt-based cations for adsorption sites, affecting cationic bond bridges
and reducing organic carbon stability.

Briefly, the effects of nitrogen on the transformation of POC and MAOC are influenced
by the interaction of soil physicochemical properties, the level and type of N input, microor-
ganisms, etc. These cross-influences lead to contradictory directions in the transformation
of SOC under N input, as it currently appears. These conflicting responses will further
increase the uncertainty in predicting the change in POC and MAOC under N addition.
Despite the significant limitations of the current study, given the strong coupling of carbon
and nitrogen in soils, these results can provide a theoretical basis for maximizing the soil
carbon pool to some extent. We believe that future work should further explore the share
of positive and negative feedback mechanisms generated by these influencing factors on
the POC and MAOC fugacity processes to reach the maximum soil sequestration capacity.
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