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Abstract: Soil organic carbon (SOC) pools have the potential to attain sustainable agriculture goals
under climate change. External organic and inorganic nutrient inputs considerably affect SOC miner-
alization and SOC pools. Therefore, a laboratory-based, three-factor soil incubation experiment was
conducted to investigate the impact of different exogenous nutrient additions on the mineralization
and stability of SOC. The study investigated the effects of three fertilizer types (inorganic, organic,
and a combination of inorganic and organic) and three rates of fertilizer addition (low, medium,
and high) while considering two temperature levels (15 ◦C and 25 ◦C). At 25 ◦C, the application of
fertilizer at a high rate significantly increased the SOC mineralization (2.84–19.97%) compared to
fertilizer applied at a low rate, while, at 15 ◦C, different fertilizer types had no significant impact.
Overall, fertilization resulted in an increase in the total potential mineralizable carbon (7.87–84.50%),
while the rate of decomposition was decreased. The priming effect of inorganic fertilizer decreased
over time, with the main effect observed during the initial 14 days. The addition of organic fertilizer
resulted in a lesser increment in the soil activity index while simultaneously yielding a higher Q10

compared to inorganic fertilizer. Overall, the mixed application of organic and inorganic fertilizers
was suggested to improve SOC stabilization and promote sustainable agricultural development.

Keywords: addition of external nutrient; fertilizer; soil organic carbon mineralization; soil organic
carbon stability

1. Introduction

Soil organic matter (SOM) refers to the organic substances present in the soil; it
originates from the decomposition of plant and animal residues, as well as microbial
biomass. SOM plays essential roles in plant growth, nutrient cycling, water retention, and
climate regulation [1,2]. Soil organic carbon (SOC) is critical in maintaining soil fertility,
increasing ecosystem productivity, and promoting sustainable agricultural development [3].

SOC mineralization is the process by which organic carbon present in the soil, includ-
ing plant residues, animal feces, and other organic matter, is decomposed by microorgan-
isms under specific conditions. This decomposition results in the conversion of organic
carbon into inorganic carbon compounds, such as carbon dioxide and inorganic carbon [4,5].
Moreover, this process also releases some mineral nutrients, which are directly related to
soil fertility and crop growth [2,6]. As the largest carbon pool in terrestrial ecosystems,
small changes in soil carbon storage under different nutrient supplies can trigger significant
fluctuations in atmospheric greenhouse gas concentrations [7]. Therefore, it is imperative
to understand the mechanisms of SOC mineralization under nutrient addition in different
temperature regimes [8].

SOC stability in agricultural lands is the prime focus to prevent SOC decomposition
and mitigate carbon dioxide, which could play an important role in climate change mit-
igation [9]. The stability of SOC is influenced by various factors, including the chemical
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composition of organic compounds, physical protection by soil aggregates, interactions
with minerals, and environmental conditions such as temperature and moisture [1,10,11].
Furthermore, external nutrient addition can affect the SOC mineralization rate, storage,
and stability of SOC [12,13]. Fertilization is a crucial aspect of modern agriculture, with the
primary objective of maintaining or enhancing soil fertility and providing the necessary
nutrients to achieve optimal crop growth and yield [14]. However, research has demon-
strated that applying nitrogen fertilizers can enhance the mineralization process of SOC [15].
Nonetheless, some research has revealed that external nitrogen input can have inhibitory
effects or no considerable impact on SOC mineralization [16,17]. Appropriate utilization
of nitrogen fertilizer can maintain soil fertility. In contrast, excessive fertilizer use can
accelerate SOC decomposition by changing the soil C/N ratio and disrupting agricultural
sustainable development [18]. Recently, organic fertilizers (for example, manure) have been
suggested to increase SOC content, especially due to their long-term nutrient supply [19],
feasible application methods, and affordable expenses. However, excessive use of organic
fertilizers can also contribute to soil acidification. Using a mix of organic and inorganic
fertilizers has not been reported extensively, and this aspect needs further research for
better utilization of agricultural resources and to promote agricultural sustainability. The
priming effect is a transitory alteration in soil organic matter turnover resulting from soil
practices [20]. Using external fertilizers can lead to a priming effect on the mineralization
of SOC by exerting an impact on soil microbial communities and external factors, including
chemical structure alterations. For instance, adding nitrogen and other nutrients could
change the soil’s microbial diversity and the SOC mineralization process [21,22].

Researchers have extensively examined the environmental factors that influence the
direction and magnitude of the priming effect and have observed that it is strongly related to
several incubation conditions, including the soil’s organic carbon content, texture, amount
of exogenous organic carbon addition, and soil edaphic factors [23]. Noticeably, some
studies on the priming effect have only used a single incubation temperature [24–26]. In
this aspect, further investigations are necessary to understand the magnitude of the priming
effect under varying incubation temperatures.

The North China Plain, one of the main grain-producing regions in China, meets
30% of the nation’s total grain production [27]. Since the 1980s, excessive utilization of
external fertilizers in the North China Plain has resulted in substantial SOC depletion [28].
Thus, increasing the storage and stability of SOC in the North China Plain under the
optimum use of fertilizers is necessary for agricultural sustainability. Nevertheless, it
is challenging to quantitatively monitor the dynamic mineralization of organic carbon
under field conditions, and too many uncontrollable factors exist in field experiments to
appropriately regulate the addition of external nutrients. However, organic and inorganic
nutrient addition under laboratory conditions can reflect the true mechanisms for SOC
mineralization and stabilization.

Regarding the influence of exogenous nutrient addition on the mineralization and
stability of SOC, we hypothesize that the addition of inorganic and organic fertilizers to
the soil would differently affect SOC mineralization by changing the nutrient supply and
microbial communities. The specific objectives of this study are to: (a) assess the impact of
different types and amounts of fertilizers on SOC mineralization; (b) compare the priming
effect of inorganic fertilizers on SOC mineralization at two different temperatures; and
(c) evaluate the temperature sensitivity of SOC mineralization under different nutrient
additions.

2. Materials and Methods
2.1. Experimental Design and Management

This study evaluated SOC’s mineralization capacity and stability with laboratory incu-
bation experiments under different types and application rates of exogenous fertilizers. The
exogenous fertilizers used were categorized into three types, including inorganic fertilizer
(I), organic fertilizer (O), and a mixed application of organic and inorganic fertilizers (X)
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with equal nitrogen addition levels, and the application rates were classified into three
levels: low (L), medium (M), and high (H).

The experiment utilized urea as an inorganic fertilizer, while chicken manure sieved
through a 2 mm sieve was used as the organic fertilizer. Table 1 presents the properties of
the organic fertilizer. The application rates were determined following the “equal” nitrogen
principle. The application rates were categorized as low, medium, and high based on 0.01%,
0.02%, and 0.03% nitrogen addition rates, respectively, to the dry soil mass. Table 2 shows
the specific quantities of fertilizer added to each treatment. Moreover, a control treatment
was established by culturing 30 g of dry soil (S) without adding external materials. Finally,
an empty incubation bottle treatment (C.K.) was created by excluding soil samples or
exogenous fertilizers to remove the effect of carbon dioxide in the air.

Table 1. Basic properties of soil and organic fertilizer.

Parameter Value

Total nitrogen in organic fertilizer (g/kg) 7.38
Organic carbon in organic fertilizer (g/kg) 69.48

Total nitrogen in the soil (g/kg) 0.9993
Soil organic carbon (g/kg) 9.112

Soil carbon to nitrogen ratio 9.118

Table 2. Details of fertilizer treatments.

Application Rate Fertilizer Type Urea (g) Chicken Manure (g)

L
I 0.0065
O 0.4063
X 0.0032 0.2032

M
I 0.1299
O 0.8127
X 0.0065 0.4063

H
I 0.0195
O 1.2190
X 0.0097 0.6095

L, Low-rate fertilizer-added soil sample; M, Medium-rate fertilizer-added soil sample; H, High-rate fertilizer-
added soil sample; I, inorganic fertilizer-added soil sample; O, organic fertilizer-added soil sample; X, mixed
fertilization-added soil samples.

2.2. Soil Sampling

In May 2022, soil sampling was conducted at the Wuqiao experimental station of
China Agricultural University in Hebei Province. The station is situated in the North China
Plain (37◦36′ N, 116◦21′ E), with an annual precipitation of 531.1 mm and a temperate
monsoon climate, where the temperature was 12.6 ◦C. Soil samples were collected from
the 0–20 cm soil layer, air-dried, and the impurities were removed before being ground
and sieved through a 2 mm screen. The soil’s physical and chemical properties have been
presented by Pu et al. [29]. The soil samples were analyzed for SOC content using the
K2Cr2O7-H2SO4 oxidation method [30] and placed in airtight incubation bottles with 30 g
of soil per bottle for storage and later use.

2.3. Laboratory Incubation

As described in Section 2.1, exogenous fertilizers were incorporated with 30 g soil
in each sealed bottle, and this process was replicated three times. Before the incubation
experiment, 10 mL of water was added to each incubation bottle, and then the bottles were
completely sealed. A 10 mL beaker filled with a 1 M NaOH solution was added to each
incubation bottle. The environmental humidity in the incubation chamber was set to a
relative humidity of 15%. The specimens were pre-incubated separately in incubators at
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15 ◦C and 25 ◦C. After a week of pre-incubating, the samples were incubated at a constant
temperature for 140 days. The NaOH absorbed the carbon dioxide released from the soil
samples in the beaker; on days 3, 7, 14, 28, 56, 84, 112, and 140 of the experiment, the beakers
were removed, and the CO2 released from the soil was quantified using hydrochloric acid
back-titration. The results were expressed in the quantity of carbon dioxide released per
kilogram of SOC (mg CO2-C/kg).

2.4. Data Calculation and Statistical Analysis
2.4.1. Data Calculation

The mineralization of the organic carbon in the soil per unit weight at each stage can
be calculated using the following formula:

Cn= CHCl × (Vck −Vn) ×MC/(2 × m), (1)

where Cn represents the mineralization of organic carbon in the soil per unit weight at
each stage (mg C/kg); CHCl is the concentration of hydrochloric acid during the titration
(mol/L); Vck is the volume of hydrochloric acid consumed during the titration of the blank
sample (mL); Vn is the volume of hydrochloric acid consumed during the titration of the
sample (mL); MC is the molar mass of the carbon element (12 g/mol); and m is the weight
of the soil sample (30 g).

The cumulative mineralization of SOC on the nth day is given by:

CN = ∑t
n=1 Cn, (2)

The mineralization rate of SOC during the incubation period is given by:

R = CN/t, (3)

where R represents the mineralization rate of SOC (mg C/kg × d); CN is the amount
of mineralization of SOC during the incubation period; and t is the number of days
of incubation.

The relative priming effect (PE) of SOC mineralization under the inorganic fertilizer
addition can be expressed as [22]:

PE =(CN(E)− CN(S))/CN(S), (4)

In this equation, CN(E) represents the cumulative mineralization of SOC on the “nth”
day under the inorganic fertilizer addition; CN(S) represents the cumulative mineralization
of SOC on the “nth” day under the incubation of pure soil (S); and P.E. represents the
relative activation effect under the inorganic fertilizer addition.

The temperature sensitivity coefficient, Q10, of SOC mineralization can be calculated
using the following formula:

R = a × e b × T Q10= e 10 × b, (5)

Here, R represents the mineralization rate of SOC; T represents the incubation temper-
ature; a represents the net mineralization rate of the soil when the temperature is 0 ◦C; and
b represents the temperature reaction coefficient.

For different samples, Q10 can be obtained using the following formula [31]:

Q10 = (R2/R1)
10/(T2−T1), (6)

Here, R2 and R1 represent the mineralization rate of samples at different temperatures
under the same fertilizer addition, and T2 and T1 represent the different temperatures
under the same fertilizer addition.
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The SOC mineralization incubation experiment data were analyzed using a first-order
kinetics double carbon pool model [32]. It has several advantages, including a simplified
description, low data requirements, high applicability, good predictive capability, and
strong interpretability. These characteristics have led to the widespread use of this model
in studying the dynamic changes of soil organic carbon and evaluating the effectiveness of
land management measures. This model is based on the assumption that carbon mineral-
ization originates from the potential mineralization ability. C1 and C2 can be interpreted
as the components of potential carbon mineralization that decompose at constant rates
(K1, K2), and their mathematical expression is [33]:

Ct= C1 × (1− e K1 × t )+C2 × (1− e K2 × t ) (7)

Here, Ct represents the cumulative organic carbon mineralization per kilogram of
sample soil within time “t” (mg C/kg); C1 represents the potential mineralizable carbon in
the slow carbon pool per kilogram of sample soil (mg C/kg); C2 represents the potential
mineralizable carbon in the active carbon pool per kilogram of sample soil (mg C/kg); K1
and K2 are the decomposition rates of organic carbon in the slow and active carbon pools,
respectively, in days (d−1).

To further illustrate the effect of fertilizer addition on SOC, the ratio of the fitted
carbon pools to the total organic carbon content of the samples was calculated using the
following equation:

Cm = (C1+C2)/COC × 100% (8)

Here, Cm represents the SOC activity index, which is an indicator that measures the
mineralizability or activity of organic carbon in the soil. It represents the potential amount
of organic carbon in the soil that can be decomposed and released as carbon dioxide by
microorganisms [34]; C1 and C2 represent the potential mineralizable carbon in the slow
and active carbon pools, respectively; and COC represents the total organic carbon content
of the sample in milligrams of carbon per kilogram (mg C/kg).

2.4.2. Statistical Analysis

Using Excel 2019 and SPSS 20.0 to sort, calculate, and process our data, we used a
general linear model to investigate the effects of different treatments, including the type
and amount of fertilizer added, on the cumulative mineralization of SOC at two different
temperatures using two-factor variance analysis. The results were compared at p < 0.05
using Tukey’s test for multiple comparisons of mean values between the treatments. Both
Origin Pro 2023 and GraphPad Prism 9 were used for graphing.

3. Results
3.1. Mineralization of SOC under Different Treatments

The results of the two-factor variance analysis indicate that the variety of fertilizer
added, the application rate of fertilizer, and their interaction significantly influenced the
cumulative mineralization of SOC at 25 ◦C (p < 0.05). At 15 ◦C, there was no significant
influence by the fertilizer type. The M.O. showed the highest value of mineralization at
15 ◦C, whereas the H.O. showed the highest value of mineralization at 25 ◦C.

At 25 ◦C, compared to group S, the fertilizers M.O., H.O. and H.X. exhibited significant
increases of 8.72% to 25.41% (145.67–424.67 mg C/kg) cumulative mineralization of SOC
(p < 0.05). When applying the same type of fertilizer, except for fertilizer O, the application
rate had no significant effect on the cumulative mineralization of SOC. With fertilizer O, the
low-rate addition had a 13.44% (271.41 mg C/kg) and 16.65% (348.94 mg C/kg) decrease in
mineralization compared to the medium and high rates.

The cumulative mineralization of SOC in the L.I., M.O., M.X., H.I., H.O. and H.X.
was higher than group S by 20.25% (166.38 mg C/kg), 25.22% (207.27 mg C/kg), 15.65%
(128.63 mg C/kg), 16.59% (136.37 mg C/kg), 22.17% (182.18 mg C/kg), and 16.99%
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(139.67 mg C/kg), respectively. The L.O. had lower mineralization by 22.28% (29.29 mg C/kg)
and 20.34% (204.2 mg C/kg) compared to the M.O. and H.O. (Table 3).

Table 3. Two-factor variance analysis of SOC mineralization.

Application Rate Fertilizer Type 15 ◦C 25 ◦C

S 821.78 cd 1671.46 c

L
I 988.16 ab 1702.39 c
O 799.76 d 1747.19 bc
X 884.10 bcd 1716.41 bc

M
I 931.89 abc 1711.61 bc
O 1029.05 a 2018.60 a
X 950.41 ab 1751.28 bc

H
I 958.15 ab 1750.74 bc
O 1003.96 a 2096.13 a
X 961.45 ab 1817.13 b

Source of variation Pr > F
Fertilizer type 0.354 <0.001

Application rate <0.001 <0.001
Fertilizer type ×
Application rate <0.001 <0.001

L, Low-rate fertilizer-added soil sample; M, Medium-rate fertilizer-added soil sample; H, High-rate fertilizer-
added soil sample; I, inorganic fertilizer-added soil sample; O, organic fertilizer-added soil sample; X, mixed
fertilization-added soil samples; S, Pure soil sample culture. Means followed by different lowercase letters in the
same column for factors or their interaction indicate significant differences at p < 0.05.

3.2. Differences in SOC Mineralization Processes of Various Additions

The R2 values for all the groups exceeded 0.99, indicating high-quality fitting results
and dependable outcomes.

All the fertilizer treatments increased the C1 in the slow carbon pool. The C1 decreased
with an increase in the fertilizer application rate. Moreover, the C1 rate was generally
inscribed as I > X > O when the addition rate remained constant. The C1 in fertilizer I
was revealed to be highly responsive to the rate of fertilizer addition, while, in fertilizer
X, it was found to be the least responsive. In the L.I. and M.I., the C1 increased by 82.68%
(2707.86 mg C/kg) and 32.07% (1050.43 mg C/kg), respectively. In fertilizers O and X, only
the L.O. and L.X. exhibited a significant increase of 40.81% (1336.40 mg C/kg) and 36.22%
(1186.11 mg C/kg) compared to group S (p < 0.05) (Table 4).

In the active carbon pool, all the treatments resulted in significant increases in the C2
concentration compared to group S, ranging from 61.95% (61.425 mg C/kg) to 296.36%
(293.86 mg C/kg) in the L.O. Under the same type of fertilizer, the C2 increased with a
higher rate of fertilizer addition. Meanwhile, under the same addition rate, the C2 generally
showed that X ≈ I > O. The sensitivity of various fertilizer types to addition rates was
similar, with the value of fertilizer I registering a slightly higher sensitivity than the other
two groups.

In the slow carbon pool, except for the H.O., all the treatments showed significantly
lower K1 values than fertilizer S of 10.99% (0.0005) to 56.70% (0.00258) (p < 0.05). Addi-
tionally, the results showed that higher nitrogen rates led to increased K1 values. For the
same application rates, the K1 values followed the order of O > X > I, where the difference
was 8.61% (0.00023) and 26.22% (0.0007) (relative to fertilizer X as the baseline) at the
low nitrogen rate, 31.92% (0.00098) and 12.38% (0.00038) at the medium rate, and 43.78%
(0.00162) and 21.35% (0.00079) at the high rate, respectively. Fertilizer O was the most
responsive to addition rates among the treatments, while I and X were less sensitive. In
contrast, no specific pattern could be observed for K2 in the active carbon pool of fertilizers
O and X. Instead, it was mainly manifested by a positive correlation between the K2 and
nitrogen rates in fertilizer I, which seemed a negative correlation trend in fertilizer O, and
with fertilizer X balancing the characteristics of the other two. Overall, I > X ≈ O.
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Table 4. Results of fitting double carbon pools for primary kinetics of soil incubation samples at 25 ◦C.

Treatment
Parameter

C1 K1 C2 K2

S 3274.970 c 0.00455 ab 99.158 f 0.279 a
L.I. 5982.829 a 0.00197 f 242.356 d 0.178 bc
M.I. 4325.401 b 0.00269 ef 314.331 b 0.306 a
H.I. 3927.134 bc 0.00291 de 393.022 a 0.314 a
L.O. 4611.372 b 0.00290 de 160.583 e 0.278 ab
M.O. 3959.449 bc 0.00405 bc 264.871 cd 0.159 c
H.O. 3362.171 c 0.00532 a 277.555 bcd 0.187 b
L.X. 4461.079 b 0.00267 ef 277.465 bcd 0.153 c
M.X. 3971.622 bc 0.00307 de 303.285 bc 0.257 ab
H.X. 3417.817 c 0.00370 cd 396.629 a 0.193 b

C1, Potential mineralizable carbon in the slow carbon pool per kilogram of sample soil (mg C/kg); C2, Potential
mineralizable carbon in the active carbon pool per kilogram of sample soil (mg C/kg); K1, Decomposition rates
of organic carbon in the slow carbon pool; K2, Decomposition rates of organic carbon in the active carbon pool.
L.I., Low-rate inorganic fertilizer-added soil sample; L.O., Low-rate organic fertilizer-added soil sample; L.X.,
Low-rate mixed fertilization-added soil sample; M.I., Medium-rate inorganic fertilizer-added soil sample; M.O.,
Medium-rate organic fertilizer-added soil sample; M.X., Medium-rate mixed fertilization-added soil sample; H.I.,
High-rate inorganic fertilizer-added soil sample; H.O., High-rate organic fertilizer-added soil sample; H.X., High-
rate mixed fertilization-added soil sample; S, Pure soil sample culture. Means followed by different lowercase
letters in the same column for factors or their interaction indicate significant differences at p < 0.05.

The fertilizer type, application rate, and their interaction showed significant effects
on the Cm (p < 0.05). Except for the M.O., M.X., H.O. and H.X., the addition of fertilizers
significantly enhanced the index of active organic carbon by 28.03% (10.38%) to 84.49%
(31.29%) compared to group S (p < 0.05). The inorganic fertilizer had the strongest effect,
and the organic fertilizer exerted the weakest. Additionally, the Cm decreased as the
application rate of fertilizer increased (Table 5).

Table 5. SOC activity index of soil incubation samples at 25 ◦C.

Application Rate Fertilizer Type Cm

S 37.03% de

L
I 68.32% a
O 47.47% bc
X 49.45% bc

M
I 50.92% b
O 38.42% de
X 42.52% cd

H
I 47.41% bc
O 30.49% e
X 36.25% de

Source of variation Pr > F
Fertilizer type <0.001

Application rate <0.001
Fertilizer type ×
Application rate 0.036

L, Low-rate fertilizer-added soil sample; M, Medium-rate fertilizer-added soil sample; H, High-rate fertilizer-
added soil sample; I, inorganic fertilizer-added soil sample; O, organic fertilizer-added soil sample; X, mixed
fertilization-added soil samples; S, Pure soil sample culture; Cm represents the SOC activity index. Means followed
by different lowercase letters in the same column for factors or their interaction indicate significant differences
at p < 0.05.

3.3. Priming Effect on SOC of Inorganic Nitrogen Addition

The results indicate that the priming effects of SOC gradually decreased over time
in all three treatments. At 25 ◦C, the inorganic nitrogen fertilizer’s relative priming effect
values ranged from 1.25 to 4.31 and significantly increased with increasing application
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rates. On the other hand, there were no significant differences in the relative priming effect
values of the inorganic nitrogen fertilizer among the different application rates at 15 ◦C,
with values ranging from 6.45 to 7.65.

3.4. Effects on Temperature Sensitivity of SOC Mineralization of Various Additions

The two-factor variance analysis indicated that the variety of fertilizers significantly
affected the temperature sensitivity of the SOC mineralization (p < 0.05). Except for the L.O.
and H.O., the Q10 values of all the treatments were lower than those of S. Only a significant
decrease of 15.69% (0.32) was observed in the L.I. compared to S (p < 0.05). Fertilizer O
had the highest Q10 value, while fertilizer I had the lowest. The Q10 values of fertilizer X
increased by 0.19% (0.01) at the medium rate to 12.68% (0.13) at the low rate compared to
fertilizer I (Table 6).

Table 6. Two-factor variance analysis of SOC mineralization.

Application Rate Fertilizer Type Q10

S 2.04 ab

L
I 1.72 c
O 2.20 a
X 1.94 abc

M
I 1.84 bc
O 1.96 abc
X 1.85 bc

H
I 1.83 bc
O 2.09 ab
X 1.96 abc

Source of variation Pr > F
Fertilizer type <0.001

Application rate 0.363
Fertilizer type × Application rate 0.118

L, Low-rate fertilizer-added soil sample; M, Medium-rate fertilizer-added soil sample; H, High-rate fertilizer-
added soil sample; I, inorganic fertilizer-added soil sample; O, organic fertilizer-added soil sample; X, mixed
fertilization-added soil samples; S, Pure soil sample culture; Q10, the temperature sensitivity coefficient of SOC
mineralization. Means followed by different lowercase letters in the same column for factors or their interaction
indicate significant differences at p < 0.05.

4. Discussion
4.1. SOC Mineralization Response to Different Fertilizer Additions

Our study results showed that nitrogen fertilizer application affects SOC mineral-
ization rates, similar to Hu’s and Yan’s results [35,36]. However, several studies have
determined that nitrogen fertilizer input may also reduce SOC mineralization and increase
the accumulation of the SOC pool [37,38]. This could be because nitrogen fertilizer often
increases the input of exogenous carbon, such as from crop residues and root exudates. Ad-
ditionally, differences in soil properties in different regions can also contribute to variations
in the results. It has been found that fertilization significantly increases macroaggregate
formation, ranging from 0.25 mm to 1 mm, by improving soil microbial diversity [38–40],
indicating that it could be a critical factor to improve the SOC pool and minimize SOC
mineralization. In addition, some studies suggest that fertilization affects the quantity,
microbial community composition, and enzyme activity of soil microorganisms, ultimately
leading to the accelerated breakdown of SOC because of a C/N ratio disturbance [41]. Our
experimental results also support these conclusions.

The differences in SOC mineralization are attributed to variations in each carbon pool
and relative decomposition rates. Several studies have indicated that, due to fertilization,
there has been a general rise in the total potential mineralizable carbon of the soil, which
is similar to our results [42]. We also found a decline in the constant rate of SOC decom-
position with the organic fertilizer. This might be due to additional organic input to SOC,
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which could accelerate soil aggregation by inducing soil microbial activities and, thereby,
decreasing SOC mineralization [43].

Our study revealed that fertilizer X typically produces higher mineralization rates
of 0.82% to 3.79% than fertilizer I (25 ◦C). These results are comparable to Chaudhary’s
study [44]. However, when applying a mixture of fertilizers, the cumulative mineralization
rates are decreased by 1.79% to 15.26% compared to only organic fertilizer. This may be
attributed to the optimum microbial community when compared to the organic fertilizer.
In addition, the meta-analysis conducted by Zhang et al. confirms that carbon input
positively influences the mineralization of SOC due to higher microbial growth and other
soil biological properties [23]. Compared to the mixed fertilizer with the same nitrogen
content, the exogenous carbon content of the organic fertilizer was two times higher. This
may contribute to the differences in SOC mineralization between the different fertilizers at
the same application rate.

Our results illustrated that the mineralization rate of each inorganic fertilizer treatment
was lower than that of group S when excluding the mineralization data of the first seven
days of pre-incubation. Moreover, considering the priming effect of group I at 25 ◦C and
15 ◦C, the effect of inorganic fertilizer on the mineralization of SOC is transient and rapid,
and primarily concentrated within the first 14 days. From the previous academic research,
the evidence suggests that the introduction of inorganic fertilizers may affect soil pH [45],
thereby inhibiting microbial activities in the later stages of incubation, resulting in lower
mineralization rates compared to S in later stages (Figure 1). Therefore, long-duration and
single-use of inorganic fertilizers are not recommended.

Additionally, except for the H.O. and H.X., each treatment had a higher organic
carbon activity index than group S. This suggests that organic fertilizer usually promotes
SOC protection by inhibiting the supply of the active carbon pool, suppressing the SOC
decomposition rate and improving the SOC stability. Instead, fertilizer I had a significant
increase on the Cm, thus having detrimental effects on SOC maintenance. The research
conducted by Katyal et al. demonstrates that reducing SOC mineralization and increasing
SOC sequestration is crucial for sustainable agricultural productivity [46]. Meanwhile,
several research studies indicate that the long-term application of inorganic fertilizers can
enhance SOC loss, decrease soil fertility, and reduce crop yields by inducing soil acidity [47].
From our research, we found that the detrimental effects of inorganic fertilizers on soil
fertility are also manifested in the rapid loss of SOC (Figure 2). Conclusively, inorganic
fertilization can significantly enhance SOC mineralization in the short run, but inorganic
fertilization alone is not constructive to preserving and sustaining soil fertility.

4.2. Sources of Differences in Priming Effect

The study conducted by Muskus has shown that the increase in pH and temperature
can stimulate soil microbial activity [48]. At 15 ◦C, the results reveal that there was no
significant difference in the cumulative priming effect between each inorganic fertilizer
group. Conversely, at 25 ◦C, we found H.I. > M.I. > L.I (Figure 2). Interpreting this
experiment’s finding, we can infer that at low temperatures, the reduction in soil pH
attributed to the addition of inorganic fertilizer is particularly sensitive to the soil microbial
community, which offsets the positive exogenous nitrogen impact on its activity to some
extent. There is no obvious dissimilarity in the mineralization accumulation among the
three different application rates in the mixed fertilizer group at 15 ◦C; however, at 25 ◦C,
the pattern is more pronounced in the organic fertilizer group. Moreover, the findings
showed that the Q10 value pattern is O > X > I, indicating that the organic fertilizer has a
pronounced impact on the microbial community under different temperature regimes.
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Figure 1. Cumulative mineralization of SOC among treatments at 25 ◦C (A–C) and 15 ◦C (D–F); L.I.,
Low-rate inorganic fertilizer-added soil sample; L.O., Low-rate organic fertilizer-added soil sample;
L.X., Low-rate mixed fertilization-added soil sample; M.I., Medium-rate inorganic fertilizer-added
soil sample; M.O., Medium-rate organic fertilizer-added soil sample; M.X., Medium-rate mixed
fertilization-added soil sample; H.I., High-rate inorganic fertilizer-added soil sample; H.O., High-rate
organic fertilizer-added soil sample; H.X., High-rate mixed fertilization-added soil sample; S, Pure
soil sample culture. Means followed by different lowercase letters in the same figure for factors or
their interaction indicate significant differences at p < 0.05.

4.3. Limitations and Perspectives

Previous research has indicated that plant physiological activity is associated with
nutrient supply [49]. Plant residues, including their roots, also significantly return nutrients
and carbon to the soil [50]. Moreover, the soil near plant roots is characterized by greater
microbial activity and more unstable carbon input relative to the bulk soil conditions [51].
Hence, variations may exist between our experimental findings and field experiments.
Nonetheless, organic fertilizers contain complex microbial compositions, which could alter
SOC processing mechanisms under field conditions. Considering the above limitations,
field experiments using stable isotopes are needed to completely understand the effect of
organic fertilizers on SOC mineralization.
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5. Conclusions

In this study, laboratory mineralization experiments were conducted to measure the
mineralization of SOC under various temperatures, fertilizer types, and application rates.
The results indicated that the fertilizer type and application rate significantly impacted SOC
mineralization. Fertilization was found to increase the mineralization of SOC, with higher
effects observed in fertilizers O (organic) and X (mix) compared to fertilizer I. At 25 ◦C, the
rates and types of fertilizer significantly impacted SOC mineralization. The high rate of
fertilizer increased mineralization by 2.84% to 19.97% compared to the low rate, and, among
the same fertilizer rates, fertilizer O showed a 2.63% to 19.73% increase in mineralization
compared to the inorganic fertilizer, while fertilizer X fell in-between. In contrast, at 15 ◦C,
the different fertilizer types showed no significant effects on SOC mineralization, but the
higher nitrogen levels in fertilizers X and O resulted in higher mineralization. Conversely,
at 25 ◦C, the priming effects of the inorganic fertilizer significantly increased (by 244.8%)
with the high-rate (compared to the low-rate) fertilizers, while no significant difference
was observed at 15 ◦C. With fertilization, the total amount of potentially mineralizable
carbon in the soil increased, while the rate of organic carbon decomposition decreased.
Fertilizer addition significantly affected the Cm (carbon mineralizability), with the inorganic
fertilizer showing the highest increase and the organic fertilizer having the lowest. Different
nitrogen rates have no significant impact on Q10. However, under different fertilizer types,
the addition of organic fertilizer can increase the Q10 value of the soil.

Our study suggests that the detrimental effects of inorganic fertilizer on soil fertility
are mainly manifested in a significant increase in the soil activity index and a rapid increase
in SOC mineralization. Therefore, long-term application of inorganic fertilizer is not a good
agricultural practice. The most appropriate treatment for SOC stabilization is to utilize a
mixture of organic and inorganic fertilizers. This approach could promote mineralization
in the short term and could improve SOC stability in the long run.
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