
Citation: Sun, C.; Tan, S.; Qiu, Z.;

Sun, S.; Jiang, P.; Chen, L. Effects of

Different Exogenous Organic

Substrates on Soil Carbon and

Nitrogen Mineralization and Their

Priming Effects. Agronomy 2023, 13,

3017. https://doi.org/10.3390/

agronomy13123017

Academic Editor: José De la Rosa

Received: 21 November 2023

Revised: 2 December 2023

Accepted: 5 December 2023

Published: 8 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Effects of Different Exogenous Organic Substrates on Soil
Carbon and Nitrogen Mineralization and Their Priming Effects
Chaoran Sun 1, Shaohui Tan 1, Zhihua Qiu 2, Songlin Sun 1, Ping Jiang 1 and Limei Chen 1,*

1 School of Mechanical and Electrical Engineering, Hunan Agricultural University, Changsha 410128, China;
scr@hunau.edu.cn (C.S.); tsh@stu.hunau.edu.cn (S.T.); hnndssl@163.com (S.S.); 1233032@hunau.edu.cn (P.J.)

2 Truking Technology Limited, Ningxiang 410600, China; liujianfei@stu.hunau.edu.cn
* Correspondence: lmchen0828@163.com

Abstract: The input of exogenous organic matter could affect the transformation of soil carbon (C)
and nitrogen (N), and their C- and N-priming effects (CPE and NPE) play a key role in the balance
of soil C and N. However, little is known about how the interaction effect between straw and straw
biochar regulates CPE and NPE. Therefore, we conducted a 90-day incubation experiment, which
included five treatments: no straw and straw biochar (CK), 1.5% straw (S), 0.53% straw biochar (B),
1.5% straw + 0.53% straw biochar (SB), and 1.5% straw + 1.06% straw biochar (SB1). Our findings
revealed that cumulative soil CO2 emissions were increased by 95.52–216.53% through the short-term
input of exogenous organic matter input; however, this trend gradually weakened with decreasing
dissolved organic C (DOC) content. The cumulative NPE generated by the addition of exogenous
organic matter was much smaller than the cumulative CPE. Under the B and S treatments, the
cumulative CPE and NPE were negative throughout the entire incubation period. The SB treatment
remarkably boosted the microbial biomass nitrogen (MBN) content; however, the SB1 treatment was
more effective in inhibiting soil C and N mineralization processes than SB treatment. Moreover, the
cumulative CPE and NPE were mainly regulated by N. We conclude that the combination of straw
and straw biochar preferentially stimulated soil C mineralization, but that this effect decreased with
time, which may be due to the consumption of labile DOC caused by the initial positive CPE, while
soil N mineralization had a lag effect.

Keywords: straw; straw biochar; C mineralization; N mineralization; priming effect

1. Introduction

As the largest traditional agricultural country in the world, China produces over
1 billion tons of straw annually [1], most of which is not effectively utilized, resulting
in various environmental problems and social impacts. On 8 March 2021, the National
Development and Reform Commission reported the “Guiding Opinions on the Compre-
hensive Utilization of Bulk Solid Waste during the 14th Five Year Plan”, proposing to
“vigorously promote the comprehensive utilization of straw and promote the improvement
of quality and efficiency in the straw comprehensive utilization industry” [2]. Crop straw
is a renewable biomass resource that plays an important role in perfecting circumstantial
levels and boosting the synthetic green route to economic and social advancement by
improving the integrated application efficiency of straw resources. Returning straw to the
field is beneficial for the resource utilization of crop waste, improving soil structure, and
increasing soil organic carbon (SOC) content [3–5]. Crop straw is rich in nutrients such
as C, N, phosphorus, and potassium. Therefore, returning straw to the field is of great
significance in sustainable agriculture.

Most researchers carbonized straw into biochar and added it to soil to improve the
soil, achieving significant results [6–8]. Crop straw is the most discarded biomass and
is also a commonly used raw material for producing biochar. The application of straw
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biochar has a higher potential for SOC sequestration than straw returned to the field,
and the long-term returning of straw to the field is beneficial for soil nitrogen utilization
efficiency [9]. Hu et al. (2021) have shown that, compared to returning straw to the field,
the application of straw biochar obviously improved the SOC, total N, microbial biomass
carbon (MBC), and MBN in the soil surface, while both straw and straw biochar reduced
the leaching of nitrate N [10]. In addition, Zhang et al. (2020) conducted a 6-year study
on rice-wheat rotation and found that the application of biochar increased the biomass
of crop roots, straw, and grains by 3–19%, 10–19%, and 10–16%, respectively, relative to
the application of N fertilizer alone [11]. This increased the N and phosphorus utilization
efficiency of grains by 20–53% and 38–230%, respectively, and increased the SOC, total N
(TN), and phosphorus contents. In particular, the application of biochar has great potential
in SOC sequestration and emission reductions. Biochar could effectively reduce the rate
of soil CO2 emissions. Wang et al. (2020) showed that, compared to the control, crop
biochar decreased total soil CO2 emissions by 33.41%, and the total CO2 emissions of
wheat straw biochar treatment were 90.25% lower than those of wheat straw treatment [12].
Zhang et al. (2017) indicated that the application of straw remarkably boosted the SOC
storage ratio and CO2 emissions but had no noticeable impact on soil N2O and CH4
emissions [13]. However, straw biochar amendments sensibly reduced N2O emissions and
notably increased SOC sequestration butdid not affect soil CO2 emissions. In summary,
straw biochar can improve soil productivity while reducing greenhouse gas intensity in
wheat and corn planting systems. Of course, some studies may also draw the opposite
conclusion, that the application of biochar does not reduce greenhouse gas emissions, for
example, in rice fields that have been submerged for a long time [14]. Therefore, C and
N cycling not only affect crop growth, but are also closely related to some environmental
issues, such as soil degradation, nutrient leaching, and greenhouse gas emissions [15]. In
addition, the availability of C and N is considered the main factor limiting plant or crop
growth, and the application of an exogenous organic substrate could affect the effectiveness
of the soil’s own C and N [6,16]. Therefore, it is necessary to understand the impact of the
addition of external organic matter on the transformation of soil C and N, especially the
mineralization of C and N.

Returning straw to the field is worth advocating for in the current context of C neutral-
ity. The input of straw can provide a portion of nutrients (such as C, N, phosphorus, and
potassium), but the crop straw’ ability to provide these is limited. The content of available
C and N in soil is mainly controlled by the balance of the mineralization fixation process,
and the mineralization process of SOC and N is mainly mediated by soil enzyme activities
and the microbial community [17]. Although straw input only occupies a tiny portion
of SOC and total N, it is important in the mineralization of exogenous C and N and the
transformation of organic substances. The research has shown that adding biomass organic
matter with a high C/N rate produces a negative PE, while low-biomass organic materials
have the opposite effect [16,18]. Organic materials can affect the conversion process of soil
C and N. Currently, most research has focused on the PE of different organic materials
on soil C and N [19]. However, there are few reports on the PE of crop stover on soil C
and N excitation. Therefore, it is necessary to explore the impact of crop straw input on
the dynamic mineralization of soil C and N, and the relationship between soil C and N
mineralization and various influencing factors.

Therefore, the goals of the current work were to: (1) evaluate the effect of combining
straw and straw biochar on soil C and N mineralization, (2) explore the influencing factors
of C and N mineralization, and (3) clarify the effect of different exogenous organic substrates
on CPE and NPE.

2. Materials and Methods
2.1. Soil Sampling, Straw, and Straw Biochar

The soils were obtained from a field that underwent years of continuous tobacco
rice rotation. The acquisition location was located in Ningxiang city (28◦19 N, 112◦29′ E),
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Hunan Province, with an average annual temperature of 17.6 ◦C and an average annual
precipitation of 1358.3 mm [20]. After the rice harvest, soil samples (0–20 cm) from five
replicates within the emblematic fields formed a sample. Crop residues and crop roots were
removed, air-dried naturally, and crushed to 2 mm for later use. The soil is sandy loam
classified as Fluvisols according to FAO classification. The properties of SOC, TN, NH4–N,
and NO3–N were 20.37 g·kg–1, 1.1 g·kg–1, 1.26 mg·kg–1, and 29.91 mg·kg–1, respectively.

Rice straw (Oryza sativa L.) and tobacco straw (Nicotiana tabacum L.) were also gathered
from the same region. The collected straw was washed and air-dried, and then the air-dried
rice straw and tobacco straw were cut into 1–2 mm pieces. They were dried at 60 ◦C for
48 h, crushed through a 1 mm sieve and placed in a self-sealing bag for later use. Biochar
was made from tobacco straw in a tube furnace at 500 ◦C for 2 h. The contents of C and N
in rice straw are 60.32% and 2.64% (C/N = 22.85), respectively, while the C and N contents
in tobacco straw charcoal are 62.49% and 1.80% (C/N = 34.72), respectively (using an
elemental analyzer (Elementar variole III, Frankfurt an der Oder, Germany) to determine).

2.2. Incubation Experiment

The incubation experiment was conducted in a laboratory with three factors taken
into consideration, including straw addition alone (S), straw biochar addition alone (B),
straw and straw biochar addition (SB), and sampling time (ST). The straw management
was taken as the main factor. This study set up five treatments: CK, (no straw and straw
biochar), S, (1.5% straw, C/N = 22.85), B, (0.53% straw biochar C/N = 34.72), SB (1.5%
straw + 0.53% straw biochar, C/N = 25.15), and SB1 (1.5% straw + 1.06% straw biochar,
C/N = 26.71). The incubation method was as follows: 200 g of soil was weighted, and
deionized water was added to a cultivation bottle to 70% of the field capacity. The samples
were incubated for one week at 25 ◦C to activate soil microbial activity. After preincubation,
the straw and straw biochar were mixed evenly with the soil according to the experimental
design and then incubated in a 25 ◦C constant-temperature incubator for 90 days. During
the incubation period, the moisture was maintained at 70% of the field capacity using the
weighing method. The mineralization of soil C was measured at 2, 5, 9, 13, 17, 25, 44, 57,
72, and 90 days. The mineralization of soil N was measured at 1, 5, 13, 25, 57, 72, and
90 days, and then destructive sampling was performed to determine the soil NH4

+–N
and NO3

––N contents. SOC, DOC, MBC, MBN, and soil enzyme activities (β-glucosidase
enzyme, cellulase enzyme, and urease enzyme) determined at 25, 57, and 90 days. The
entire experiment consisted of 50 bottles of soil samples, with 10 replicates per treatment,
of which 3 were used to track changes in CO2 content, and the remaining 7 were used for
destructive sampling each time.

2.3. Sample Analysis

A total of 0.5 mol·L−1 NaOH (20 mL) was used to absorb CO2 released from soil respi-
ration, and the CO2 absorbed by the alkaline solution was titrated with HCl (1 mol·L−1).
The SOC was determined using the K2Cr2O7-H2SO4 oxidation method. The chloroform
fumigation method was used to measure the soil MBC and MBN, with the SOC of the
nonfumigated soil extract being the soil DOC content and the soil MBC and MBN being the
difference between fumigated and nonfumigated soil, divided by 0.45 and 0.54, respectively.
The samples were extracted with 2 mol·L−1 KCl and centrifuged and filtered before being
measured using a flow analyzer to obtain the contents of soil NH4

+—N and NO3
−–N. The

soil enzymes β-glucosidase, cellulase, and urease were determined by an enzyme-linked
immunosorbent assay (ELISA) at wavelengths of 540 nm, 630 nm, and 405 nm, respectively.

The soil CO2 emissions are calculated using Formula (1):

CO2 (mg·g−1) = 1/2 (V0 − V) × n × 44/m (1)

where V0 is the bulk of HCl used for bare test titration, mL; V is the bulk of HCl used for
each treatment consumption, mL; n is the amount of substance in HCl solution, mol·L−1;
44 is the molar mass of CO2, g·mol−1; and m is the quality of soil samples, g.
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The CO2 emissions rate is calculated using Formula (2):

CO2 (mg·kg−1·d−1) = amount of organic carbon mineralization/∆T (2)

where ∆T is the cultivation time, d.
The cumulative CO2 emissions from soil are the total CO2 emissions from cultivation

to the day of measurement. CPE is the difference between the mineralization amount of
native SOC after adding exogenous organic matter and the mineralization amount of SOC
with the control.

The inorganic N content (mg·kg−1) in soil is the sum of the NH4
+-N content and

NO3
−-N content in the soil. The net N mineralization (mg·kg−1) in soil is the divergence

between the soil inorganic N content after incubation and the soil inorganic N content
before incubation. NPE is the distinction in net N mineralization between soil and control
soil after the addition of exogenous organic matter.

2.4. Statistical Analysis

Microsoft Excel 2017 was used to organize the data, and SPSS 21.0 was used for
analysis of variance and multiple comparisons (Tukey test, p ≤ 0.05). Multivariate analysis
of variance was exploited to explore the effects of straw, straw biochar, sampling time
(25 days, 57 days, and 90 days), and their interactions with soil C mineralization, N
mineralization, cumulative CPE and NPE, as well as with soil properties such as TOC,
DOC, MBC, MBN, and enzyme activities. The software Origin 2021 was used for mapping
and conducting univariate regression methods to explore the direct relationship between
cumulative CPE and NPE and soil properties, and a correlation coefficient (R2) was selected
to evaluate goodness of fit. The relative effects of soil properties on CPE and NPE were
quantitatively visualized by performing Aggregation Boosted Tree Analysis (ABT) in
Python. Path analysis was constructed using the plspm package in R and was used to
discuss the major influences of soil parameters on the cumulative CPE and NPE. We counted
the standardized total influences (direct plus indirect effects from the path analysis) of
different indices on the cumulative CPE and NPE.

3. Results
3.1. Mineralization of Soil Organic C

The CO2 emissions rate and cumulative CO2 emissions were influenced by straw, straw
biochar, sampling time, and their interactions (Figure 1a–f and Table 1). Throughout the
90-day cultivation period, the soil CO2 emissions rate under different treatments showed a
trend of initially sharply increasing, gradually decreasing, and finally stabilizing (Figure 1a),
and showed a clear phased pattern. The soil’s cumulative CO2 emissions under different
treatments increased with increasing incubation time, and the cumulative CO2 emissions
under straw, straw biochar, and their combination treatments were significantly larger
than those under CK (Figure 1b). Compared to CK, exogenous organic matter significantly
increased the cumulative CO2 emissions by 95.52–216.53% within 0–25 days. Likewise,
the cumulative CO2 emissions at the early stage (0–25 days) of the incubation period were
relatively high, while in the middle stage (25–57 days) and later stage (57–90 days), they
were relatively low (Figure 1c).

The magnitude of the CPE and cumulative CPE varied with straw, straw biochar,
sampling time, and their interactions (Figure 1d–f and Table 1). The variation patterns of the
CPE and soil CO2 emissions rate were similar, and the CPE first increased, then decreased
and gradually stabilized under the different treatments (Figure 1d). With increasing time,
the cumulative CPE under treatment B gradually decreased, and this trend gradually
decreased compared to CK after 25 days (Figure 1c). The cumulative CPE gradually
increased and gradually stabilized with the prolongation of cultivation time in the SB and
SB1 treatments (Figure 1e). The cumulative CPE within 0–25 days was significantly higher
than that between 25–57 days and 57–90 days (Figure 1f). During the entire incubation
period, the addition of straw biochar induced a negative CPE, while the SB and SB1
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amendments induced a positive CPE (Figure 1f), indicating that the individual application
of straw biochar significantly inhibited the mineralization of local organic C.

Figure 1. Soil organic C mineralization (a–c) and cumulative CPE (d–f) in soil. Values are
means ± standard errors. Different lowercase letters indicate significant differences between different
treatments in the same period. Different uppercase letters indicate significant differences among
different incubation periods; p < 0.05. CK, (no straw and straw biochar), S, (1.5% straw), B, (0.53%
straw biochar), SB (1.5% straw + 0.53% straw biochar), and SB1 (1.5% straw + 1.06% straw biochar).

Table 1. Multivariate ANOVA for the effects of straw (S), straw biochar (B), and sampling time (ST)
on soil C and N mineralization, soil properties, and soil enzyme activities.

p (Values)

S B ST S × B S × ST B × ST S × B × ST

Cumulative CO2 emission <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Cumulative CPE <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

NH4
+–N <0.001 ns <0.001 <0.001 ns ns <0.001

NO3
−–N <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Net N mineralization <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Cumulative NPE <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

TOC <0.05 <0.001 <0.001 ns ns <0.01 ns
DOC <0.01 <0.01 <0.001 <0.001 <0.05 ns <0.001
MBC <0.001 <0.001 ns ns ns ns ns
MBN <0.001 <0.001 <0.001 <0.05 ns ns ns

β-glucosidase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Cellulase <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 <0.01

Urease ns <0.001 <0.001 <0.001 ns <0.001 ns

Notes: ns represents no significant difference at p < 0.05. TOC, total organic carbon; DOC, dissolved organic
carbon; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. The same as below.
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3.2. Mineralization of Soil N

Except for no significant differences in soil NH4
+–N content caused by straw biochar,

the interaction between sampling time and straw and straw biochar„ straw, biochar, sam-
pling time and their interactions had a noticeable impact on soil NH4

+–N, NO3
−–N, and

net N mineralization (Table 1). The changes in soil NH4
+–N, NO3

−–N, and net N mineral-
ization, along with the incubation time, are shown in Figure 2a–c. Under each treatment,
the soil NH4

+-N content substantially increased before 13 days (Figure 2a), but significantly
decreased and remained stable after 13 days of incubation. The soil NH4

+–N content of
each treatment was larger than that of CK and showed an increasing trend after 72 days
(except for the CK treatment). In contrast, soil NO3

−–N showed the opposite trend. The
soil NO3

−–N content was relatively high in CK, and the content of NO3
−–N increased

with time in treatments B and SB, while that in SB1 decreased after the 57th day, and that
in the S treatment gradually stabilized after the 5th day (Figure 2b). The net N mineral-
ization rate of the CK and B treatments reached its peak on the 25th day and continued
to decrease thereafter (Figure 2c). During the entire cultivation period, the S treatment
showed a negative net N mineralization value and maintained this balance on the 5th day;
the SB and SB1 treatments consistently maintained relatively high soil net N mineralization
levels (Figure 2c).

Figure 2. Soil NH4
+–N content (a), NO3

−–N content (b), net N mineralization rate (c), NPE (d),
and cumulative NPE (e,f). Values are means ± standard errors. Different lowercase letters indicate
significant differences between different treatments in the same period. Different uppercase letters
indicate significant differences among different incubation periods; p < 0.05. CK, (no straw and straw
biochar), S, (1.5% straw), B, (0.53% straw biochar), SB (1.5% straw + 0.53% straw biochar), and SB1
(1.5% straw + 1.06% straw biochar).

Straw, straw biochar, sampling time, and their interactions had an emphatic impact
on the cumulative NPE (Table 1). Except for treatment B, the addition of exogenous
organic matter caused a precipitous decrease in NPE before 25 days and then piecemeal
improvement. Compared with other treatments, the NPE was the lowest before the 72nd
day under the S treatment (Figure 2d). The cumulative NPE gradually decreased with
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increasing incubation time, while the SB and SB1 treatments gradually increased after the
57th day (Figure 2e). Except for the SB1 treatment and cumulative NPE in the SB treatment
within 57–90 days, the other treatments resulted in negative cumulative NPE during the
experiment (Figure 2f).

3.3. Dynamic Changes in Soil SOC, DOC, MBC, and MBN

The addition of exogenous organic matter improved the SOC, MBC, and MBN contents
throughout the entire incubation cycle (Figure 3a,c,d) but decreased the content of DOC in
soils with the extension of incubation time (Figure 3b). It was also found that sampling time
had a very significant influence on DOC content after conducting multiple-factor analysis
of variance (Table 1).

Figure 3. SOC (a), DOC (b), MBC (c), and MBN (d) contents in soils after 25, 57, and 90 days of
incubation. Values are means ± standard errors. Different lowercase letters indicate significant
differences between different treatments in the same period. Different uppercase letters indicate
significant differences among different incubation periods; p < 0.05. SOC, soil organic carbon; DOC,
dissolved organic carbon; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. CK,
(no straw and straw biochar), S, (1.5% straw), B, (0.53% straw biochar), SB (1.5% straw + 0.53% straw
biochar), and SB1 (1.5% straw + 1.06% straw biochar).

The SOC content was influenced by straw, straw biochar, sampling time, and the
interaction of straw biochar with sampling time (Table 1). The SB1 treatment maintained a
relatively high SOC content within 90 days, while the SOC content decreased with time
under the S and SB treatments. The SOC content did not seem to show significant changes
throughout the entire culture period under the B treatment (Figure 3a), indicating that
biochar has a C fixation effect. Except for the interaction between straw biochar and
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sampling time, other factors were important influencing dominants on DOC (Table 1). The
soil DOC content showed a gradually decreasing trend over time under different treatments
(Figure 3b), indicating that organic matter mineralization occurred during the incubation
process. The DOC content under the B and SB1 treatments was higher than that under the
S and SB treatments during the same period, explaining how biochar could prevent the
loss of internal DOC content.

The application of straw and straw biochar had a dominant impact on the soil MBC
content (Table 1). Regardless of the period, the MBC content in the soil under the SB1 treat-
ment was the highest, followed by that under the S treatment, and there was no significant
change in the soil MBC content under each treatment during the 90-day incubation period
(Figure 3c). The straw, straw biochar, sampling time, and the interaction between straw
and straw biochar resulted in significant differences in soil MBN (Table 1). Compared with
CK, the input of exogenous organic matter remarkably boosted the MBN content in the
soil. The soil MBN content under the SB and SB1 treatments was higher than that of the
other treatments, and the MBN content in each treatment showed a decreasing trend over
time (Figure 3d).

3.4. Activities of Extracellular Enzymes in Soil

Soil β-glucosidase and soil cellulase enzyme activities were remarkably influenced
by biomass tapes, sampling time, and their interrelationships, and the enzyme activity of
urease was impacted by straw biochar, sampling time, the combined effect of straw and
biochar, and the interaction between straw biochar and sampling time (Table 1). There
was no measurable difference in β-glucosidase enzyme activity among the three stages
(Figure 4a; p > 0.05), and the input of exogenous organic matter obviously increased
soil cellulase and urease activities at 57 and 90 days (Figure 4b,c). Compared to the
control treatment, the enzyme activities of β-glucosidase and cellulase were increased by
38.60–89.90% and 12.70–28.00%, 54.91–119.73% and 11.46–44.03%, and 48.97–117.06% and
3.18–43.05% in the S, SB, and SB1 treatments, respectively, at the three incubation periods
(Figure 4a,b). Higher β-glucosidase enzyme and cellulase enzyme activities were observed
in the SB treatment during the total incubation period (Figure 4a,b). However, treatment B
reduced soil β-glucosidase enzyme activity and cellulase activity during the total treatment
period (except for cellulase activity in the middle stage of incubation; Figure 4a,b).

3.5. The Relationship between the Mineralization Rate of Soil Organic C and N and Various
Influencing Factors

The relative influence of the soil properties on the cumulative CPE and cumulative
NPE over the entire period was estimated by the ABT models (Figure 5a). The main
influencing factors of cumulative CPE and cumulative NPE are different. Urease activity
and MBN were the main influencing factors determining the cumulative CPE during
the entire stage (accounting for over 20% of the variation). In addition, the content of
SOC was also an important influencing factor on cumulative CPE (p < 0.05). The content
of NO3

−–N and the activity of cellulase, and β-glucosidase enzymes played prominent
roles in regulating the cumulative NPE, which revealed 20.5%, 19.9, and 17.7% of the
changes, respectively. In addition, the MBN (accounting for 13.5% of the alteration) and
DOC (12.8%) contents were the principal factors affecting the cumulative NPE. Pearson
correlation analysis was conducted to elucidate various responses of cumulative CPE and
cumulative NPE to soil characteristics (Table 2). The results showed that MBN and SOC
had a positive impact on the cumulative CPE (p < 0.01 and p < 0.05), while urease activity
had a negative impact (p < 0.01). NO3

−–N, MBN, β-glucosidase activity, and cellulase
activity promoted cumulative NPE, while DOC had a negative effect. We also found a linear
negative correlation between cumulative CPE and urease activity and a linear positive
correlation with MBN content (Figure 5b,c); NO3

−–N, cellulase, and β-glucosidase activity
were all linearly positively correlated with cumulative NPE (Figure 5d–f).
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Figure 4. Soil β-glucosidase (a), cellulase (b), and urease (c) enzyme activities after 25, 57, and
90 days of incubation in soils. Values are means ± standard errors. Different lowercase letters
indicate significant differences between different treatments in the same period. Different uppercase
letters indicate significant differences among different incubation periods; p < 0.05. CK, (no straw
and straw biochar), S, (1.5% straw), B, (0.53% straw biochar), SB (1.5% straw + 0.53% straw biochar),
and SB1 (1.5% straw + 1.06% straw biochar).

Figure 6 shows the relationship between cumulative CPE, cumulative NPE and major
factors, determined by path analysis. SOC had a significant impact on cumulative CPE
by affecting MBC content (Figure 6a), while SOC also indirectly affected urease activity
and NH4

+–N by affecting DOC content, and thus had a strong impact on cumulative
CPE. The regulation of MBN content by cellulase activity and NO3

−–N content had a
noticeable impact on the cumulative CPE, and urease activity also directly affected the
cumulative CPE. Overall, the soil MBN and urease activity exhibited a strong relationship
with cumulative CPE. The content of NO3

−–N had an emphatic impact on cumulative NPE
by indirectly affecting MBN and directly affecting cumulative NPE. The activities of soil
cellulase and glucosidase had a particularly worthwhile influence on the cumulative NPE,
and the activity of β-glucosidase also had a noticeable negative effect on the cumulative
NPE by affecting the DOC content in addition to its direct regulatory effect. In summary,
NO3

−–N, cellulase activity, and β-glucosidase activity were the primary influencing factors
for the cumulative NPE (Figure 6b).
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Figure 5. Relative influence of soil properties on the cumulative CPE and NPE during the entire
incubation period, as estimated by the ABT models (a). Relationships between cumulative CPE and
urease activity (b) and MBN (c). Relationships between cumulative NPE and NO3

−-N (d), cellulase
activity (e), and β-glucosidase activity (f).

Figure 6. Path analysis diagram of direct and indirect effects of soil properties on the cumulative
CPE (a) and cumulative NPE (b) during the entire incubation period. The width of the arrows
indicates the strength of the standardized path coefficient. The solid lines indicate positive path
coefficients, dashed lines indicate negative path coefficients, and R2 values represent the proportion
of the variance explained for each endogenous variable. The asterisks indicate the significance level:
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 2. Pearson correlations between cumulative CPE and cumulative NPE and soil properties.

NH4
+–N NO3−–N TOC DOC MBC MBN β-

Glucosidase Cellulase Urease

Cumulative CPE 0.26 0.30 0.34 * 0.09 0.32 0.67 ** 0.15 −0.20 −0.76 **
Cumulative NPE −0.09 0.53 ** 0.11 −0.33 * 0.16 0.35 * 0.46 ** 0.52 ** 0.05

Notes: ** and * stand for significant differences at p < 0.01 and p < 0.05, respectively.

4. Discussion
4.1. Effects of Exogenous Organic Matter Input on Soil C

The application of fertilizers, organic fertilizers, and straw residues in agricultural
management could all affect soil C mineralization. However, there is still controversy
over whether straw, straw biochar, and their combined addition are beneficial for the
decomposition of SOC and C mineralization. In this study, the CO2 emission rates of all
treatments showed a sharp increase followed by a slow decrease, and the results of most
studies were similar to our results [12,21]. Biochar contains a certain amount of carbonate,
which is quickly converted into CO2 when it enters the soil. This also explains why the
CO2 emissions generated by biochar amendment were higher than those of amended
straw on the first day, as shown in Figure 1a. After this, the CO2 emissions of treatment
B rapidly decreased throughout the entire incubation period and were lower than those
of treatment S, while the DOC content under treatment B was significantly higher than
that of treatment S (Figure 3b), indicating that biochar has potential for C fixation, and
porous biochar could adsorb DOC to avoid microbial degradation [22]. In addition, the
mixed application of straw and straw biochar (SB and SB1) resulted in significantly higher
cumulative CO2 emissions throughout the entire incubation period compared to the other
treatments (Figure 1b). This may be because straw and straw biochar contain more unstable
C components (volatile matter, DOC, etc.) that were more prone to mineralization [23]. This
also explained why the DOC content under the SB and SB1 treatments in Figure 3b was
significantly lower than that under the S and B treatments. In addition, compared with CK,
we also discovered that exogenous organic matter markedly improved the mineralization
of soil C within 0–25 days but was remarkably reduced within 25–57 days (Figure 1c).
Moreover, after the end of incubation, the cumulative CO2 emissions of treatment B were
lower than those of the treatment CK, indicating that the addition of biochar reduced the
mineralization of native SOC.

The mineralization of native soil C by straw biochar showed a negative CPE on the
5th day of incubation (Figure 1d), and the cumulative CPE under treatment B also decreased
with time (Figure 1e), indicating that straw biochar could inhibit the mineralization of
soil C and reduce CO2 emissions. At the early stage of incubation, the content of DOC
was higher under treatment B (Figure 3b), but its β-glucosidase enzyme activity was
lower, indicating that the soil biological activity was also relatively low in the early stage,
and easily decomposed DOC could be retained. Although biochar could adsorb DOC
and lead to a decrease in DOC content, the easily degradable components in straw could
promote microbial growth [24], and microorganisms could produce higher levels of MBC by
regulating their community structure. This may be the reason why the cumulative CPE was
lower in the S treatment than in the SB and SB1 treatments, and the MBC content was lower
than that in the SB1 treatment but higher than that in the SB treatment. The MBC content
under treated SB1 was prominently larger than that under other treatments throughout
the entire incubation period, which could be explained by the special biochar structure,
which provided space for microbial development and reproduction [25]. Furthermore, the
addition of straw alone also significantly boosted MBC content, and the combination of
straw and straw biochar provided a better habitat for microorganisms [3,26], resulting in
a higher MBC content under the SB1 treatment. In addition, the cumulative CPE under
treatment B was lower than that under treatment S, and the cumulative CPE with SB1
treatment was also lower than that with SB treatment, especially at the early and middle
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stages of incubation. This indicated that the presence of straw biochar in the soils had a
certain inhibitory influence on soil C mineralization, and the straw biochar amendment
substantially promoted the SOC content (Figure 3a). This result illustrated that, even in
the presence of straw, the stability and C fixation effect of straw biochar were obvious.
In addition, under the treatment with straw addition (S, SB, and SB1), the β-glucosidase
enzyme activity and cellulase activity were relatively high, and this trend became more
pronounced with the extension of cultivation time. The input of straw could provide
a C source for microorganisms and stimulate their growth, resulting in an increase in
the production of extracellular enzymes, thereby promoting the mineralization of soil
C [27]. However, under the treatment adding biochar alone, soil urease activity was
higher, and the increase in urease activity significantly inhibited CO2 emissions, resulting
in a negative cumulative CPE (Figure 1). Table 2 and Figure 5b also show a remarkable
negative connection between soil urease activity and cumulative CPE. This viewpoint is
demonstrated in Figure 6a, which illustrates that urease activity has a negative impact on
cumulative CPE.

4.2. Effects of Exogenous Organic Matter Input on Soil N

The mineralization of soil N was also impacted through the input of exogenous
organic matter [28,29]. In this work, with increasing time, NH4

+–N showed a decreasing
and stabilizing trend, while NO3

−–N increased and gradually stabilized (except for the S
treatment), resulting in a trend of first increasing and then decreasing net N mineralization.
The variation pattern of soil net N mineralization and NO3

−–N was similar, indicating a
close correlation between net N mineralization and NO3

−–N content. The accumulation
of NH4

+–N in soil could trigger nitrification, while the accumulation of NO3
−–N leads to

denitrification [17,30]. Additionally, the soil NO3
−–N was significantly larger than that of

NH4
+–N, indicating that the preferential decomposition of DOC consumed a large amount

of O2 throughout the entire cultivation process, resulting in a local anaerobic environment
and denitrification reaction, and soil N was immobilized [31]. This phenomenon was
confirmed by Figure 2f, where the cumulative NPE was negative during both the early and
middle stages of cultivation, mainly influenced by DOC content (accounting for 12.8% of the
change is shown in Figure 5a). In addition, we found that the cumulative CPE was basically
positive from 0–25 days to 25–57 days of incubation, while the cumulative NPE was
negative. The cumulative CPE and cumulative NPE were exactly the opposite, indicating
that C mineralization was more severe than N mineralization after external organic matter
input, leading to a decrease in microbial activity due to the low C availability [32], thereby
inhibiting N mineralization. The positive cumulative NPE in the later stage of the SB and
SB1 treatments may be regulated by more factors. Similarly, a recent study has shown that
factors such as soil MBN, DOC, TOC, and soil texture have a stronger impact on NPE [33].

In addition, the addition of exogenous organic matter increased MBN. It is worth
noting that, compared to adding straw or biochar alone, the addition of straw and biochar
together obviously increased the MBN content, leading to an increase in cumulative NPE in
the later stage. In addition, the urease activity related to the N cycle seems to not be affected
by the combination of straw and straw biochar, but rather by the amount of straw biochar
(Figure 4c). The C/N ratio following the addition of an exogenous organic substrate was
believed to affect soil N mineralization or fixation [31]. Some scholars believe that a high
C/N ratio promotes microbial growth in the short-term, resulting in C mineralization,
while N produced due to N content limitations is rapidly immobilized [34]. In this study,
the effect was more pronounced after adding straw biochar, especially in the first 5 days
of cultivation. Furthermore, the C/N ratio of straw was 22.85, and the C/N ratio of straw
biochar was 34.72. This further proves that the S treatment could inhibit N mineralization
and boost N fixation, while the B treatment could inhibit the production of C mineralization
and facilitate C fixation. After straw was converted into straw biochar, due to its aromatic
ring structure, which is not easily decomposed, and high C/N ratio [35,36], both of their
combinations could achieve a better effect, increasing and fixing C.
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The addition of exogenous organic matter could cause the mineralization of soil C
and N, leading to positive or negative priming effects, while soil C and N mineralization
were influenced by different soil properties. In this work, urease activity, MBN, and TOC
were the main influencing factors on cumulative CPE, while NO3

−–N, cellulase activity,
β-glucosidase enzyme activity, and MBN were important influencing factors on cumulative
NPE. In summary, the three soil enzyme activities and MBN content have a greater impact
on the cumulative CPE and NPE (Figures 5 and 6), and the regulation of soil N is more
important than that of soil C. Therefore, the CPE and NPE in soil are mainly driven by N
constraints rather than C constraints.

5. Conclusions

Our research showed that the input of exogenous organic matter led to a strong
mineralization effect of soil C at the early stage of incubation, while in the later stage, it
enhanced the mineralization effect of soil N. The cumulative CPE was opposite to the
cumulative NPE, which may be influenced by the content of DOC. The combination of
straw and straw biochar preferentially induced soil C mineralization, while the induction of
soil N was relatively delayed, which may be regulated by the N of exogenous organic matter.
The SB1 treatment could significantly increase the soil TOC and MBC contents, while the
soil MBN content was relatively higher under the SB treatment. With increasing incubation
time, except for treatment B, the activities of soil β-glucosidase, cellulase, and urease
enzymes were obviously increased compared to those of treatment CK. The complexity of
the soil led to an increase in factors affecting the cumulative CPE and cumulative NPE. The
addition of straw biochar was more conducive to C fixation, while the separate application
of straw was beneficial to N fixation. With the combination of straw and straw biochar,
SB1 was shown to have a better inhibitory effect on soil C and N mineralization than SB.
Therefore, while ensuring the sufficient availability of C sources in straw, future research
can consider appropriately increasing the proportion of biochar to achieve better C and N
fixation effects.
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