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Abstract: The form and distribution of organic carbon in soil affect its stability and storage, and
nitrogen (N) fertilization can affect the transformation and accumulation of soil organic carbon (SOC),
whereas how the N fertilizer rate affects SOC storage by regulating its fractions in a potato continuous
cropping system is unknown. A 6-year field experiment was conducted to study the effect of different
N fertilizer rates (NE (Nutrient Expert) –N, NE–1/2N, NE, and NE+1/2N) on the changes in SOC and
its fractions in a potato continuous cropping system in North China. Soil NO3

−-N gradually increased
with increasing N fertilizer rates, whereas the N fertilizer rate had less effect on NH4

+-N. Compared
with the NE−N treatment, the increasing N fertilization increased the SOC and its components,
whereas these C fractions did not continue to increase or began to decrease after N fertilization
exceeded the rate applied in the NE treatment. While the increase in mineral-associated organic C
(MAOC; 16.1–17.2% and 26.1–52.7% in the 0–20 cm and 20–40 cm layers, respectively) was greater
than that of particulate organic C (POC; 3.7–7.4% and 11.5–16.4% in the 0–20 cm and 20–40 cm layers,
respectively), the increase in bacterial necromass C (BNC; 9.2–21.8% and 28.9–40.4% in the 0–20 cm
and 20–40 cm layers, respectively) was greater than that of fungal necromass C (FNC; 6.2–10.1% and
7.1–24.9% in the 0–20 cm and 20–40 cm layers, respectively). Furthermore, the increase in FNC was
greater than that of BNC in the 20–40 cm layer of the same treatment. SOC was significantly and
positively correlated with MAOC and FNC, and the correlation between SOC and both MNC and
FNC was more significant in the 20–40 cm layer than in the 0–20 cm layer. Overall, in the potato
continuous cropping system in North China, N fertilization improved SOC storage by increasing
MNC to form MAOC, and optimizing N fertilization based on the NE system could better balance
the increase and mineralization loss of SOC to achieve high SOC sequestration.

Keywords: nutrient expert; soil organic carbon fraction; microbial residue carbon; soil enzyme
activity; optimizing fertilization

1. Introduction

Soil organic matter is a key attribute of soil quality. Increasing soil organic carbon
(SOC) sequestration can reduce carbon dioxide emissions and mitigate climate change,
while improving soil quality and crop productivity [1]. Crop residues (straw and stubble)
are important organic C sources in farmland. After returning crop residues to the field, the
labile fractions are rapidly decomposed by soil microorganisms and assimilated into their
own organic bodies, while the recalcitrant fractions combine with soil sand particles to
form particulate organic carbon (POC) and remain in the soil. The residue after microbial
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death is one of the main components of SOC, accounting for more than 50% of total SOC
sequestration [2]. Microorganisms selectively utilize plant residues; bacteria preferentially
decompose and assimilate labile fractions, such as proteins and cellulose, while fungi pri-
marily assimilate recalcitrant components, such as lignin [3]. These lead to differences in the
stability of necromass C from different microbial sources. For example, fungal necromass
C (FNC) is generally more stable than bacterial necromass C (BNC) [4]. Microbial necro-
mass can bind to clay minerals or enter micropores, thereby forming mineral-associated
organic carbon (MAOC) or stable microaggregates and improving their stability in soil [5].
However, the physically protected necromass with high N and phosphorus contents is an
optimal substrate and is easily utilized by microorganisms to meet their C and nutrient
demands [6].

Soil physicochemical properties (pH, texture, etc.) and field management measures
(fertilization, cultivation, etc.) can significantly affect the transformation and accumulation
of SOC [7]. The increase in SOC in clay soil is more significant than that in sandy soil
after straw return and the accumulation of organic C in humid areas is greater than that in
arid areas [1,8]. The N fertilization can increase soil fertility, crop yield, and plant biomass
C, as well as change the soil C/N ratio to affect soil microbial community composition
and organic C conversion [1,9–11]. Long-term fertilization can increase SOC by increasing
the plant source C input [12], while overapplication of N fertilizers can lead to a large
accumulation of soil mineral N, decrease the soil C/N ratio, accelerate SOC decomposition
to meet microbial growth needs, and promote mineralization loss of SOC [1]. Therefore,
optimizing N fertilization is crucial for maintaining high crop yields and improving SOC
sequestration, but the effect of N fertilization on SOC accumulation varies in different crop
systems and environmental conditions.

The Nutrient Expert (NE) is a recommended fertilization system built using com-
puter technology based on the relationship between crop yield responses and agronomic
efficiencies. It can recommend fertilization based on farmland fertility and yield levels. Fer-
tilization based on the NE system can optimize nutrient usage, improve nutrient utilization
efficiency, and maintain or increase crop yields compared with conventional fertilization
practices [13,14].

Potatoes are an important food crop in China and are suitable for growing in sandy
or loamy soils with rich organic matter. However, frequent soil disturbance during potato
production can easily lead to a rapid loss of SOC [15]. The potato yield in the Inner Mongolia
Autonomous Region accounts for about 10% of the total potato yield in China and the
northern foothills of Yinshan Mountain are the main potato production areas in Inner
Mongolia [16]. In this area, the annual rainfall is relatively low and the soil is sandy
chestnut soil with low clay and organic matter content, which is not conducive to SOC
accumulation; therefore, enhancing SOC storage and soil quality by fertilizer management
is necessary to ensure high potato yields. Yu [17] found that the continuous application of
N fertilizers for five years significantly increased SOC accumulation compared with non-N
treatment in potato planting. However, the effect and mechanism of different N fertilizer
rates after straw return on SOC accumulation are not clear in the sandy soil area of Inner
Mongolia. We hypothesized that the optimized N fertilization based on the NE system
can improve SOC sequestration, while achieving high potato tuber yields. Therefore, a
6-year field fertilization experiment was conducted in a potato cropping system in North
China. Our objectives were to investigate how different N fertilizer rates affect SOC storage
by regulating SOC fractions and soil enzyme activities in a potato continuous cropping
system, providing a theoretical basis for optimizing N fertilizer management for potato
production in sandy soil areas in North China.

2. Materials and Methods
2.1. Experimental Site Description

The field experiment was established in May 2017 at the Field Dry Farming Test
Station (41◦14′ N, 111◦30′ E), Inner Mongolia Autonomous Region, North China. This
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area has a typical semi-arid continental monsoon climate in the middle temperate zone
with an average annual temperature of 3.0 °C and total rainfall of 280 mm, and the annual
evaporation is about 1850 mm. The local soil is classified as Aridisol (FAO classification)
and contains 74.2% sand, 17.3% silt, and 8.8% clay. The chemical properties of the initial soil
(0–20 cm) in 2017 were as follows: pH, 7.91 (water:soil = 2.5:1); organic matter, 19.0 g kg−1;
total N, 1.04 g kg−1; C/N ratio, 10.6; NH4

+-N, 0.5 mg kg−1; NO3
−-N, 15.1 mg kg−1;

available phosphorus (P), 29.8 mg kg−1; and available potassium (K), 150 mg kg−1.

2.2. Experimental Design

The experiment was conducted on a potato continuous cropping system using four
treatments with different N fertilizer rates: NE (recommended fertilization based on the NE
system of potato farming [18,19]), NE−N (no N fertilization), NE−1/2N, and NE+1/2N
with combined P and K fertilization. All treatments were arranged in a randomized block
design with three replicates and the plot size was 30 m2 (7.5 m × 4 m). The annual rates of
N, P, and K fertilizers were recommended using the NE system. The annual N fertilizer
rates for different treatments are shown in Table 1. The rates of the P fertilizer used were
150, 180, 91, 84, 89, 85, and 86 kg P2O5 ha−1 and the rates of the K fertilizer used were 234,
270, 238, 134, 135, 140, and 135 kg K2O ha−1 from 2017 to 2023, respectively. The ratio of
basal N to topdressing N was 3:7. The base N fertilizer was sprinkled before sowing and
after turning over the soil. The topdressing N was applied through drip irrigation and
amounts of 20.0%, 25.0%, and 25.0% of N fertilizer were applied with irrigation water at
the seeding stage, flowering stage, and starch accumulation stage, respectively. The N,
P, and K fertilizers were urea (N, 46%), monoammonium phosphate (P2O5, 61%, N12%)
(2017) or calcium superphosphate (P2O5, 14%) (since 2018), and potassium chloride (K2O,
60%), respectively.

Table 1. The nitrogen fertilizer rate in different treatments (kg N ha−1).

Treatment 2017 2018 2019 2020 2021 2022 2023

NE−N 0 0 0 0 0 0 0
NE−1/2N 90 120 105 89 89 90 90

NE 180 240 209 178 178 180 180
NE+1/2N 270 360 314 267 267 270 270

NE means N, P, K fertilizers are applied basen on Nutrient Expert (NE) recommendated; NE−N, means the
appliation of P and K fertilizers as that in the NE treatment, but no N fertilizer was applied; NE−1/2N, means
the application of 1/2 N used in NE, and the rate of P and K fertilizers were same as that in the NE treatment;
NE+1/2N, means the application of 3/2 N used in NE, and the rate of P and K fertilizers were same as that in the
NE treatment.

The cultivar of potato was Huasong 7, which was planted on high ridges with drip
irrigation. Potatoes were generally planted from late Spring to early May, with a space of
100 cm between the rows, in a single ridge and single row, with a plant space of 20 cm, and
with 37 plants per row; and was harvested from mid-September to early October. Potatoes
were irrigated 5–6 times throughout the whole growth period, with a total irrigation volume
of 1500 m3 ha−1. Diseases and pests were controlled during potato growth. At maturity,
potato tubers were harvested and potato residues were left on the surface and incorporated
into the soil the following year.

2.3. Soil Sampling

In mid-September 2023, five soil cores were collected with an auger (2 cm in diameter)
in each plot at a depth of 40 cm with 20 cm increments. Soil samples of the same soil depth
per plot were mixed as composite samples and then sieved to pass through a 2 mm sieve.
Fresh soil samples were immediately analyzed for NH4

+-N, NO3
−-N, and soil enzyme

activity; other samples were air-dried for the analysis of SOC fractions and microbial
necromass C (MNC).
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2.4. Soil Mineral Nitrogen, Organic Carbon, and Enzyme Activity Analysis

Soil NH4
+-N and NO3

−-N were extracted with 1 M KCl and measured using a flow in-
jection analyzer (SEAL Auto Analyzer 3, SEAL Analytical GbmH, Norderstedt, Germany).

The POC and MAOC were separated according to the method of Sokol et al. [20].
Briefly, 20 g of air-dried soil was shaken with 60 mL of sodium hexametaphosphate
(5% mass/volume) for 18 h and then thoroughly rinsed through a 53 µm sieve to sep-
arate the POC fraction (>53 µm) and MAOC fraction (<53 µm). The collected components
were dried at 65 °C and weighed; the organic C in the air-dried soil, POC, and MAOC was
analyzed using an elemental analyzer (Vario MACRO cube, Elementar Analysensystem
GmbH, Langenselbold, Germany) after a round in a ball mill.

Soil amino sugars (e.g., glucosamine, galactosamine, mannosamine, and muramic
acid) were determined according to the method of Zhang and Amelung [21]. About 0.5 g
of freeze-dried soil was hydrolyzed with 10 mL of 6 M HCl at 105 °C for 8 h. After cooling,
100 µg myoinositol was added as a recovery standard. The hydrolysates were then filtered,
evaporated to dryness at 52 ◦C under reduced pressure, and redissolved in 5 mL of MilliQ
water with the pH adjusted to 6.6–6.8 using 0.4 M potassium hydroxide. The supernatant
was freeze-dried after centrifugation. Amino sugars were redissolved in methanol and
separated from salts by centrifugation. After the addition of a quantitative standard
(methyl-glucamine), amino sugars were transformed into aldononitrile derivatives by
heating in 0.3 mL of a derivatization reagent containing 32 mg mL−1 of hydroxylamine
hydrochloride and 40 mg ml−1 of 4-(dimethylamino) pyridine in a pyridine and methanol
mixture (4:1, v/v) at 75 ◦C for 30 min. The derivatives were further acetylated with 1 mL of
acetic anhydride at 75–80 ◦C for 20 min and mixed with 1.5 mL of dichloromethane after
cooling. Excessive derivatization reagents were removed by extracting with 1 M HCl and
MilliQ water, while the dichloromethane phase containing amino sugar derivatives was
dried under N2 before quantification.

The amino sugar derivatives were separated using a gas chromatograph (GC-2014C,
Shimadzu, Kyoto, Japan) equipped with a DB-5 column (60 m × 0.25 mm × 0.25 µm).
Fungal and bacterial necromass C were calculated based on Equations (1) and (2), according
to Liang et al. [2]

Fungal necromass C = (glucosamine/179.2 − 2 × muramic acid/251.2) × 179.2 × 9 (1)

Bacterial necromass C = muramic acid × 45 (2)

where 179.2 and 251.2 in Equation (1) are the molecular weights of glucosamine and
muramic acid, respectively; 9 and 45 are the conversion values from fungal glucosamine to
FNC and from muramic acid to BNC, respectively [22]. The MNC was estimated as the
sum of FNC and BNC.

The activities of β-glucosidase (BG) and leucine-aminopeptidases (LAPs) were mea-
sured as described by Saiya-Cork et al. [23]. Briefly, each equivalent of 1.0 g dry mass
of fresh soil was homogenized in 100 mL of 50 mM acetate buffer (pH 8.5). The buffer,
sample suspension, 10 µM references, and 200 µM substrates (4-methyl-umbelliferone or
7-amino-4-methylocumarin) were dispensed into the wells of a black, 96-well microplate.
The microplates were covered and incubated at 25 ◦C for 4 h in the dark, after which the
fluorescence was quantified using a microplate fluorometer (Scientific Fluoroskan Ascent
FL, Thermo, MA, USA) with 365 nm excitation and 450 nm emission filters. The enzyme
activity was expressed in nmol h−1 g−1.

2.5. Statistical Analysis

A one-way analysis of variance (ANOVA) was performed on each variable of soil
mineral N, SOC fractions, and MNC fractions using the SPSS software (The SPSS 24.0
for windows (SPSS Inc., Chicago, IL, USA)) to assess their differences among different
treatments, followed by Duncan’s multiple range test using the least significant difference
(LSD) (α = 0.05) to evaluate the significance of their differences. A correlation analysis
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was conducted to evaluate the relationship between SOC and its fractions and other soil
variables using the “corrplot” package in R.

3. Results
3.1. Soil Mineral N in Different Fertilization Treatments

Compared with the NE−N treatment, soil NO3
−-N in the 0–20 cm and 20–40 cm

layers significantly increased with increasing N fertilization rates (Figure 1). Soil NH4
+-N

in the 0–20 cm layer did not significantly change across all treatments, whereas NE and
NE+1/2N increased NH4

+-N of the 20–40 cm soil layer by 21.4 and 25.9%, respectively,
compared with NE−N.

Figure 1. Soil NO3
−-N and NH4

+-N in different treatments. Different letters at the top of the columns
indicate significant differences among fertilization treatments (p < 0.05).

3.2. Soil Organic Carbon Fractions in Different Treatments

Compared with the NE–N treatment, the application of the N fertilizer increased
SOC, POC, and MAOC in the 0–20 cm soil layer by 10.0–11.0%, 3.7–7.3%, and 16.1–17.2%,
respectively, but there were no differences in these SOC fractions among the three
N fertilization treatments; in the 20–40 cm layer, N fertilization increased SOC, POC,
and MAOC by 3.5–13.9%, 11.5–14.4%, and 26.1–52.7%, respectively, but the SOC and
MAOC of NE+1/2N were significantly reduced compared with those of NE (Figure 2a–c).
Compared with NE−N, N fertilization decreased the POC/MAOC ratio, with the NE
treatment showing the largest decrease (24.3% and 10.2% in the 0–20 and 20–40 cm
layers) (Figure 2d).

Figure 2. Cont.
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Figure 2. Total soil organic carbon (SOC) (a), particulate organic carbon (POC) (b), mineral-associated
organic carbon (MAOC) (c), and the POC/MAOC ratio (d) in different treatments. Different letters at
the top of the columns indicate significant differences among fertilization treatments (p < 0.05).

3.3. Soil Microbial Necromass Carbon in Different Treatments

In the 0–20 cm soil layer, the NE−1/2N, NE, and NE+1/2N treatments increased MNC
by 7.0%, 10.2%, and 12.9%; increased BNC by 9.2%, 13.1%, and 21.8%; and increased FNC
by 6.2, 9.5%, and 10.1%, respectively, compared with the NE−N treatment. There were no
differences in MNC and FNC among the three N fertilization treatments (Figure 3a–c). In the
20–40 cm layer, the NE−1/2N, NE, and NE+1/2N treatments increased MNC by 23.3%, 31.4%,
and 13.1%; increased BNC by 28.9%, 40.4%, and 22.1%; and increased FNC by 18.0%, 24.9%,
and 7.1%, respectively. However, NE+1/2N decreased MNC, BNC, and FNC by 13.9, 13.0%,
and 14.2%, respectively, relative to the NE treatment. The FNC/BNC ratio of the 0–20 cm layer
did not change across all treatments but showed a gradually decreasing trend with increasing N
fertilization, and the ratio in the 20–40 cm layer was slightly higher than that in the 0–20 cm layer
(Figure 3d). There was no difference in the MNC/SOC ratio of topsoil among all treatments;
however, NE−1/2N, NE, and NE+1/2N increased the ratio in the 20–40 cm layer by 8.0%,
12.9%, and 8.6% relative to the NE−N treatment, respectively (Figure 3e).

Figure 3. Cont.
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Figure 3. Soil microbial necromass carbon (MNC) (a), bacterial necromass carbon (BNC) (b), fungal
necromass carbon (FNC) (c), the FNC/BNC ratio (d), and the MNC/SOC ratio (e) in different treat-
ments. Different letters at the top of the columns indicate significant differences among fertilization
treatments (p < 0.05).

3.4. The Activity of Soil Enzymes in Different Treatments

Compared with NE−N, the BG activity in the 0–20 cm soil gradually increased with
increasing N fertilization rates, while a decrease occurred in the 20–40 cm layer after
peaking in the NE treatment (Figure 4a). Compared with NE−N, the LAP activity in
the 0–20 cm and 20–40 cm soil layers gradually decreased with increasing N application
(Figure 4b). The change in the ratio of BG/LAP activity was similar to that observed for the
BG activity across all treatments (Figure 4c).

Figure 4. The activity of β-glucosidase (BG) (a) and Leucine-aminopeptidases (LAP) (b) and the ratio
of BG/LAP activity (c) in different treatments. Different letters at the top of the columns indicate
significant differences among fertilization treatments (p < 0.05).
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3.5. Correlations between Total Soil Organic Carbon and Other Variables across Different Treatments

The correlation analysis showed that in the 0–20 cm layer, SOC was significantly
and positively correlated with MAOC and the BG activity (p < 0.001) and MAOC was
significantly and positively correlated with the BG activity, NBC, MNC, TN, and NO3

−-N
(p < 0.001) (Figure 5a). In the 20–40 cm layer, SOC was positively correlated with MAOC,
BNC, FNC, MNC, and the activity of BG (p < 0.001) and MAOC was significantly and
positively correlated with the BG activity and MNC (p < 0.001).

Figure 5. Correlation between soil organic carbon (SOC) and other variables in the 0–20 cm (a) and
20–40 cm layers (b) across all treatments. POC, particulate organic carbon; MAOC, mineral-associated
organic carbon; BNC, bacterial necromass carbon; FNC, fungal necromass carbon; MNC, microbial
necromass carbon; TN, total nitrogen; BG, β-glucosidase; LAPs, leucine-aminopeptidases. Significant
differences were evaluated at *** p < 0.001, ** p < 0.01, and * p < 0.05.

4. Discussion
4.1. Effects of Different Rates of Nitrogen Fertilization on Crop Carbon Input

The application of the N fertilizer increased soil N supply and promoted aboveground
potato plant biomass accumulation and tuber yield, which increased with increasing N rates
(Figure 6). High plant biomass also improved the production of root exudates and returning
these straw residues to the field and stubble retention increased organic C input [24].

Figure 6. The mean tuber yield (a) and aboveground dry straw biomass (b) of potato in different
treatments (2017–2022). The mean annual content of N, P, K, and organic C and the C/N ratio were
18.8 (14.8–22.5), 1.7 (1.2–2.4), 28.4 (17.1–40.3), 434.5 (398.3–461.4) g kg−1, and 23.1 (17.8–31.2) in potato
straw (2017–2022). Different letters at the top of the columns indicate significant differences among
fertilization treatments (p < 0.05).
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4.2. Effect of Different Rates of Nitrogen Fertilization on Microbial Residue Carbon Components

The MNC, FNC, and BNC all increased with increasing N application rates (except
for in the 20–40 cm layer of NE+1/2N). The increased input of mineral N and organic C
promoted microbial growth and enhanced the retention of microbial residue C. Compared
with the no N treatment, the increase in BNC was greater than that in FNC with the higher
rate of N fertilization, indicating that bacteria were more sensitive to N fertilization than
fungi. Breulmann et al. [9] pointed out that soil microbial communities evolved from fungal
dominance to bacterial dominance when soil fertility increased. Soil FNC presented higher
content than BNC in the same treatment. The FNC/BNC ratio showed a decreasing trend
with increasing N application rates and the decrease was more significant in the 20–40 cm
soil layer. These results indicated that fungi contributed more to the MNC accumulation
than bacteria, especially in low N soils and subsoils, and the increase in the contribution of
BNC to MNC was greater than that of FNC with increasing N fertilization. The correlation
analysis also showed that the correlation between FNC and MNC was greater than that
between FNC and BNC. Yang et al. and Buckeridge [5,25] also pointed out that FNC was
more stable and contributed more to total SOC sequestration than BNC. Xu et al. [26]
reported that straw incorporation contributed to FNC accumulation in low fertility soils,
while it contributed to increased BNC in high fertility soils.

4.3. Effect of Different Rates of Nitrogen Fertilization on Soil Particle Carbon Components

The application of the N fertilizer increased MAOC, POC, and total SOC compared
with the no N treatment (except for that in the 20–40 cm layer in the NE+1/2N treat-
ment). The increase in POC was smaller than that of MAOC with N fertilization and the
POC/MAOC ratio showed a decreasing trend with increasing N application rates. In
farmland soil, increased organic C and N supply can promote microbial growth. However,
soil is generally C-limited for microbial growth and the high N input further increases the
microbial C limitation. Therefore, soil microorganisms need to decompose SOC to meet
their growth demands for C [27]. POC is formed by the combination of semi-decomposed
straw residues and sand particles; it lacks the physical protection of clay and aggregates, is
easily decomposed by external microorganisms, and has a fast turnover rate [28]. Therefore,
it is preferentially decomposed and utilized by microorganisms under conditions of C
limitation. On the other hand, MAOC is formed by combining microbial residues with clay
particles or entering soil particle micropores and is more stable than POC and not easily
decomposed [29]. Thus, MAOC constitutes the main body of SOC, which was evidenced
by the high correlation between MAOC and SOC in this study. Soil hydrolases are pioneers
during the microbial decomposition of organic residues. Under conditions of C limitation,
microorganisms may increase the secretion of C-cycling enzymes to improve their activities
and decompose SOC, such as BG, while reducing the secretion of N-cycling enzymes [30].
This was consistent with our findings in this study; the activity of BG, which dominates the
decomposition of cellulose, gradually increased with increasing N application rates, while
the activity of LAPs, which dominate the decomposition of N fractions, such as proteins
and chitin, gradually decreased with the increasing N rates. The increase in the ratio of
BG/LAP activity proved that the higher N fertilization rates promoted soil C limitation
because this ratio can reflect the resource (C) limitation of the soil for microbial growth [30].
These results demonstrated that the high N inputs accelerated soil C limitation for mi-
crobes, which, in turn, enhanced the activity of C-cycling enzymes to decompose SOC,
especially for the labile POC fraction. The changes in soil MAOC and MNC/SOC ratio
were similar among different treatments because N fertilization increased MNC, which
facilitated MAOC formation by combining with soil clay particles, and further enhanced
SOC storage.

Compared with the NE treatment, soil NO3
−-N increased, whereas the SOC and MNC

components did not change in the 0–20 cm layer and significantly decreased in the 20–40 cm
soil layer of the NE+1/2N treatment. The potato straw biomass did not significantly
increase after the N fertilization exceeded the rate of the NE treatment; however, the high
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soil N supply resulted in a more severe microbial C limitation, thereby promoting microbial
mineralization and the reuse of labile C fractions, such as POC, which could be proved by
the increased BG activity observed with high N fertilization. These results suggested that
the recommended N fertilization based on the NE system could promote crop growth and
yield by optimizing the N fertilizer supply, while promoting the sequestration of organic
C from both crops and microbial sources, and higher N fertilizer inputs also promoted
microbial decomposition of SOC under conditions of C limitation. However, SOC and its
fractions presented an increased change, although BG activity gradually increased with
increasing N fertilization rates, indicating that the accumulation of SOC from crop C and
microbial C far exceeded SOC losses by microbial decomposition. SOC and its fractions
were generally lower in the 0–20 cm layer compared with the 20–40 cm layer because crop
residues and fertilizer nutrients were generally incorporated into the 0–20 cm layer, the
potato roots were also mainly distributed in the 0–20 cm layer, and the distribution of
organic C and fertilizer N were less in the 20–40 cm layer, which led to lower microbial
abundance and residue accumulation; similar results were reported by Chen. [31]. In
contrast, the contribution of FNC to MNC and SOC was greater in the 20–40 cm layer than
in the 0–20 cm layer, according to the correlation analysis.

Compared with the NE treatment, soil mineral N in the 20–40 cm layer was higher
in NE+1/2N, and the amount of crop straw return was similar in these two treatments;
however, BG activity and SOC and its fractions in NE+1/2N were significantly lower com-
pared with those in the NE treatment. The reason for this needs to be investigated further.
Soil microorganisms are crucial decomposers of soil organic matter and their abundance
and community compositions are affected by changes in soil physicochemical properties
resulting from fertilization and straw incorporation, thereby affecting the transformation
and storage of SOC [3,32]. Therefore, the relationship between soil microbial community
compositions, their functions, and changes in organic C components needs to be further
studied to reveal the mechanism of N fertilization regulating SOC sequestration.

5. Conclusions

In continuous potato cropping systems in North China, the application of N fertil-
izer combined with straw return increased SOC and soil fertility, but the high rate of N
inputs also accelerated soil microbial C limitation and increased the activity of C-degrading
enzymes. For microbial necromass C, BNC increased at a higher rate than FNC with
increasing N application, but FNC contributed more to MNC accumulation than BNC, es-
pecially in the deeper soil layers. The MNC combined with soil clay to form MAOC, which
increased its C stability and then improved the total SOC accumulation. Overall, this study
demonstrated that optimized N fertilization based on the NE system could better balance
the increase and mineralization loss of SOC and achieve high SOC sequestration while
attaining high tuber yield, whereas overapplication of the N fertilizer did not consistently
increase SOC storage.
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