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Abstract: The characteristics and responses of soil bacterial communities and potato productivity
to different fertilization treatments in farmlands in the agropastoral zone of Inner Mongolia were
investigated. Moreover, the diversity and structure of soil bacterial communities and potato produc-
tivity under different fertilization treatments (no fertilization, CK; phosphorus-deficient treatment,
NK; conventional fertilization, NPK; and organic-inorganic combination, NPKM) were assessed
using [llumina high-throughput sequencing. The results revealed that soil pH, organic matter (SOM),
total nitrogen (TN), and total phosphorus (TP) content, and potato productivity were significantly
increased under fertilizer treatments (NK, NPK, and NPKM) compared with those under CK, with
NPKM treatment having the best enhancement effect. The application of organic fertilizers signifi-
cantly increased the Shannon, evenness, Chaol, and Ace indices of soil bacterial communities and
reshaped the bacterial community structure. Random forest model analysis revealed that soil pH
and TP significantly affected soil bacterial diversity, whereas soil pH, SOM, TP, and TN significantly
affected soil bacterial community structure. Correlation and structural equation modeling analyses
revealed that soil TP and SOM indirectly affected potato productivity by changing soil bacterial di-
versity and community composition. The results of this study provide a scientific basis for improving
the quality and productivity of farmland soil to guide the rational fertilization of farmlands in the
agropastoral zone of northern China.

Keywords: chestnut soil; long-term fertilization; combined application; soil enzyme activity; crop
productivity

1. Introduction

An ecologically fragile area and a major agricultural production area in China, the
agricultural and livestock intertwined zone in Inner Mongolia has rich ecological and
production values [1]. However, severe wind erosion, declining land quality, and over-
loaded production in this region have rapidly reduced the levels of soil organic matter and
nutrients, such as nitrogen, phosphorus, and potassium, thereby limiting the potential for
agricultural production in the northern agropastoral belt [2]. In most parts of the country,
chemical fertilizers have been used to increase crop yield; however, long-term, excessive,
and irrational application of chemical fertilizers has intensified soil organic matter loss
and reduced soil biodiversity, arable land production capacity, and food quality [3]. Tang
et al. [4], using random-effect model regression analysis, found that the increased appli-
cation of chemical fertilizers increased difficulties in food production. Organic fertilizers
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can effectively improve soil aggregate structure, increase the content of organic matter,
stimulate the biological function of soil, and improve the productivity of arable land [5].

Soil microbial communities can participate in soil nutrient cycling and material trans-
formation by releasing various active metabolites [6]. The structure, composition, and
diversity of soil microbial communities are considered to be the most sensitive indicators of
soil fertility changes and health [7]. Wu et al. [8] and Liu et al. [9] found that the application
of organic fertilizers can significantly increase the content of nitrogen, phosphorus, and
potassium in the soil, directly transforming the structure of the soil bacterial community.
The bacterial diversity index also showed a positive feedback effect. However, a previous
study reported that different soil types have different responses to the microbial community
structure and diversity index after the application of organic fertilizer [10]. Therefore, the
effects of different organic fertilizer treatments on soil bacterial diversity and community
structure remain controversial. Consequently, it is important to study the changes in
soil bacterial diversity and community structure under different fertilizer treatments to
maintain the multifunctionality of farmland ecosystems and stabilize grain yield in the
agropastoral zone.

Improvement in soil microbial diversity helps increase the multifunctionality of agri-
cultural soil ecosystems and their stability, thereby playing a key role in promoting soil
biological functions and crop growth [11]. Organic fertilizer treatment helps in the prolif-
eration of beneficial microorganisms in the soil, thereby optimizing the structure of the
soil bacterial community [12]. Han et al. [13] found that organic fertilizer significantly
increased the abundance of functional microorganisms related to nitrogen metabolism,
thereby enhancing crop yield through accelerating soil nitrogen transformation. Although
organic fertilizer has an important effect on improving soil microbial function and crop
productivity, the mechanism of microbial community effect on potato productivity under
organic fertilizer treatment has not been systematically revealed. In this study, we used
Ilumina high-throughput sequencing to investigate soil fertility, soil bacterial diversity, and
soil community structure under different organic fertilizer treatments and their potential
effects on potato productivity. We aimed to provide a theoretical basis for the establishment
of reasonable fertilizer cultivation measures for farmlands in the agricultural and pastoral
areas of the northern foothills of the Yinshan Mountains, rapid improvement in arable land
quality in the region, and safeguarding of food security.

2. Materials and Methods
2.1. Overview of the Study Area

The experiment was conducted at the Wuchuan dry farming Experimental Station of
the Inner Mongolia Academy of Agricultural and Animal Husbandry Sciences (41°08/23"
Nphia 111°17’44” E). This region has a mid-temperate continental monsoon climate. The
annual average temperature is 2.4 °C, the coldest month is January, with an average
temperature of —14.8 °C, and the hottest month is July, with an average temperature of
18.8 °C. The frost-free period is approximately 110 days, and the annual accumulated
temperature with an average monthly temperature of >5 °C is 1800 °C over the years.
The average precipitation over the years is approximately 350 mm, concentrated mainly
between July and September. It sits at an elevation of 1570 m and has a cold and arid
climate, a typical semiarid ecotone between agriculture and animal husbandry. Figure 1
shows the changes in precipitation over the years. During the growth periods of 2007
and 2022, there was less precipitation and a dry climate, whereas the other years had
normal precipitation. The experiment was conducted in 2004 using a potato—rape—naked
oats three-year rotation system, one crop per year, and potato crops in 2022. Potato crop
productivity is expressed using potato yield data.
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Figure 1. Precipitation during the potato growing season. Note: The fertile period is defined as May
through September each year.

The soil type is calcium chestnut. At the beginning of the experiment, the soil in
the plow layer contained 12.5 g/kg organic matter, 75 mg/kg hydrolyzable nitrogen,
7.5 mg/kg available phosphorus (AP), and 70.4 mg/kg available potassium.

2.2. Experimental Design

The experiment was divided into four treatments: no fertilization (CK); nitrogen
and potassium fertilizer (NK); nitrogen, phosphorus, and potassium fertilizer (NPK); and
nitrogen, phosphorus, and potassium fertilizer combined with sheep manure (NPKM).
Table 1 shows the fertilization results of the different treatments. Each treatment was
repeated thrice and arranged at random, with a plot area of 50 NPK. The organic fertilizer
used was sheep manure, and the average nutrient content of N, P,Os, and K,O was
0.57%, 0.24%, and 1.05%, respectively. The fertilizer was evenly spread on the surface
after the annual crop harvest and manually turned into the soil. Urea (N, 46.0%) was
used for nitrogen fertilizer, heavy superphosphate (P,Os, 18-46%) for phosphate fertilizer,
potassium chloride (K;O, 60%) for potash fertilizer, with deep application of chemical
fertilizer on the side of the ditch during sowing, and all fertilizers were applied as base
fertilizer at once. Field trials are usually sown in early May and harvested in mid-September.

Table 1. Annual application rates of chemical nutrients and organic manure in different treatments
(kg/hm?)

Treatment N P,0O5 K,O M
CK 0 0 0 0
NK 150 0 75 0

NPK 150 45 75 0
NPKM 150 45 75 15,000

2.3. Sample Collection

Fresh soil samples were collected after the potato harvest in 2022, impurities were
removed from the soil samples, and soil samples at a depth of 0-20 cm in different treat-
ments were collected using the multipoint sampling method. To reduce the error between
treatments, six independent samples were collected from each experimental plot, totaling
24 soil samples. They were placed in an icebox and brought back to the laboratory. Some
soil samples were sifted using a 1 mm sieve and stored in a refrigerator at —80 °C for the
analysis of soil bacterial community structure and diversity. Some samples were stored at
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2 °C-8 °C for the determination of soil ammonium nitrogen and nitrate nitrogen. Other
samples were naturally air-dried to determine the physical and chemical properties of
the soil.

2.4. Determination Items and Methods
2.4.1. Determination of the Physical and Chemical Properties of Soil

Soil total nitrogen, organic matter, total phosphorus (TP), AP, alkali hydrolyzable
nitrogen, and available potassium were determined using the Kjeldahl method, potassium
dichromate capacity—external heating method, H,SO4-HCl1 O4 digestion—-molybdenum-—
antimony resistance colorimetric method, Olsen method, alkali hydrolysis diffusion method,
and NH4OAc extraction—flame photometric method [14]. Soil pH was determined using
a PHSJ-4F pH meter (Shanghai instrument Electric Scientific instrument Co., Ltd., Shang-
hai, China) (soil-water ratio of 1:5). Soil ammonium nitrogen and nitrate nitrogen were
extracted with 1 mol-L~! KCl, and determined using a continuous flow injection analyzer
(AMS Alliance Futura).

2.4.2. DNA Extraction and PCR Amplification of the Soil Samples
(1) DNA extraction

DNA was extracted using a TGuide 596 Magnetic Soil/Stool DNA Kit (Tiangen
Biotech (Beijing, China) Co., Ltd.) according to manufacturer instructions. The DNA
concentration of the samples was measured using the Qubit dsDNA HS Assay Kit and
Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).

(2) Amplicon sequencing

The 338F (5'-ACTCCTACGGGAGGCAGCA-3') and 806R (5'-GGACTACHVGGGTWT
CTAAT-3’) universal primer set was used to amplify the V3-V4 region of the 16S rRNA
gene from the genomic DNA extracted from each sample. Both the forward and reverse
16S primers were tailed with sample-specific Illumina index sequences to allow for deep
sequencing. PCR was performed in a total reaction volume of 10 pL consisting of DNA
template (5-50 ng), 0.3 pL *Vn F (10 pM), 0.3 uL *Vn R (10 pM), 5 uL. KOD FX Neo Bulffer,
2 uLL ANTP (2 mM each), 0.2 uL. KOD FX Neo, and ddH;0O. Vn F and Vn R were selected
according to the amplification area. Thermal cycling started with initial denaturation at
95 °C for 5 min, followed by 25 cycles of denaturation at 95 °C for 30 s, annealing at
50 °C for 30 s, and extension at 72 °C for 40 s, and a final extension step at 72 °C for
7 min. PCR amplicons were purified with Agencourt AMPure XP Beads (Beckman Coulter,
Indianapolis, IN, USA) and quantified using the Qubit dsSDNA HS Assay Kit and Qubit 4.0
Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). After quantifying
each sample, the amplicons were pooled together in equal amounts. The library was
sequenced using Illumina novaseq 6000 (Illumina, Santiago, CA, USA).

(3) Bioinformatic Analysis

Bioinformatics was performed using BMK Cloud (Biomarker Technologies Co., Ltd.,
Beijing, China). Raw data were primarily filtered using Trimmomatic [1] (version 0.33)
based on the quality of each nucleotide. Primer sequences were identified and removed
using Cutadapt [2] (version 1.9.1). PE reads obtained from previous steps were assembled
using USEARCH [5] (version 10). Chimeras were removed using UCHIME [4] (version
8.1). The high-quality reads generated from the above steps were used in subsequent
analysis. Sequences with similarity values >97% were clustered into the same operational
taxonomic unit (OTU) using USEARCH [1] (v10.0), and the OTUs with relative abundance
<0.005% were filtered out. OTUs were annotated taxonomically using the naive Bayes
classifier in QIIME2 [3] and the SILVA database [4] (release 132) with a confidence threshold
of 70%. Alpha diversity was calculated and displayed using QIIME2 and R software,
respectively. Beta diversity was determined to evaluate the degree of similarity among
microbial communities from different samples using QIIME. Principal coordinate analysis
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(PCoA), heat maps, UPGMA, and nonmetric multidimensional scaling were used to analyze
the beta diversity. Furthermore, we employed linear discriminant analysis (LDA) effect
size (LEfSe [5]) to assess the taxonomic differences among groups. A logarithmic LDA
score of 4.0 was set as the threshold for discriminating between groups. The levels of
dissimilarity among the microbiomes of different factors were assessed by performing
redundancy analysis (RDA) in R using the package “vegan”.

2.5. Statistical Analysis

The data were processed using Microsoft Excel 2021, and the differences in soil physical
and chemical properties, bacterial community composition, and diversity index were tested
using one-way ANOVA and Dunn-Sidak test. Pearson correlation analysis was performed
using SPSS 26.0. After 999 random Monte Carlo replacements, beta diversity of the soil
bacterial community was analyzed using the ANOSIM test, and RDA was conducted using
Canoco 5.0. At a 95% confidence level, AMOS V22.0 was used to construct a structural
equation model (SEM) to analyze the hypothetical causal relationship, significance, and
effect between soil physical and chemical properties and bacterial community structure
and diversity under the influence of different long-term fertilization methods. The libraries
of the R environment in the random forest package were used for random forest analysis.
Origin 2021 was used to draw.

3. Results and Analyses
3.1. Soil Properties and Potato Productivity under Different Fertilizer Treatments

As shown in Table 2, different organic fertilizer treatments significantly affected the
physicochemical properties of the soil and potato productivity. Soil pH increased to 8.34
and 8.41 in the conventional (NPK) and organic-inorganic treatments (NPKM), respectively,
compared with that in the CK treatment. The content of soil nutrients, including SOM, TN,
and TP, increased significantly (p < 0.05) in different fertilizer treatments (NK, NPK, and
NPKM), and the trend followed the order of NPKM > NPK > NK > CK. The SOM content
in the NK, NPK, and NPKM treatments increased by 2.96, 3.17, and 4.39 times, the AN
content increased by 0.47, 0.67, and 1.18 times, and the AP content increased by 0.04, 1.50,
and 2.64 times, respectively, compared with those in the CK treatment. In addition, with the
increase in organic fertilizer application, potato productivity significantly increased, and
potato productivity under NPK and NPKM treatments increased by 0.89 and 1.26 times,
respectively, compared with that in the CK treatment.

Table 2. Soil chemical properties and potato productivity under different organic fertilization

treatments.
SOM TN TP TK AN AP AK Potato
Treatment H Productivit
P g/kg g/kg g/kg g/kg mg/kg mg/kg mg/kg ¢ /hmzv y
CK 83+0.1a 6.0+ 0.6¢ 0.79 £ 0.04 c 0.13+0.04c 178 £ 1.6b 57.10 +2.08 d 72+1.0c 65.1+70c¢ 8.0+0.8d
NK 79+04b 238+ 18b 0.59 £+ 0.08 d 0.08 £ 0.03 ¢ 228+26a 84.09 £4.74 ¢ 75+£07c¢ 108.1 £139b 11.8+11c
NPK 78+ 04b 251+11b 1.31 £ 0.06 b 0.45 +0.07 b 23.8+20a 9547 £ 6.32b 179+ 19b 1325+ 74b 151+14b

NPKM 76+04b 324+£10a 151+ 0.07a 0.59 £0.02a 241+16a 1246 +35a 261 £27a 209.7 £20.3a 181+20a

Notes: Soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK). available nitrogen
(AN), available phosphorus (AP), available potassium (AK). Data are means =+ standard deviation. Different lowercase
letters in the same column indicate significant differences among different treatments (p < 0.05).

3.2. Characteristics of Soil Bacterial Community under Different Fertilizer Treatments

The alpha diversity of soil bacterial communities increased significantly under differ-
ent organic fertilizer treatments (Table 3). The Sobs, Shannon, Ace, and Chaol indices of soil
bacteria were significantly higher in the NK, NPK, and NPKM treatments from those in the
CK treatment (p < 0.05), and the trend of the changes followed the order of NPKM > NPK >
NK > CK. A random forest model was used to assess the effect of environmental factors on
soil bacterial diversity (increased mean square value, Figure 2), and the results showed that
SOM (7.31-8.17%) and soil TN (8.59-8.67%) were the main variables determining the soil
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bacterial Sobs index (p < 0.05). Soil TP (7.32-12.49%) and AK (9.95-13.21%) were the main
variables that determined the Shannon and Chaol indices of soil bacteria (p < 0.05). Soil TP
(11.05%) and AP (11.21%) were the main variables that determined the Ace index of soil
bacteria (p < 0.05).

Table 3. Soil bacterial diversity under different organic fertilizer treatments.

Treatment Sobs Shannon Ace Chaol
CK 2475 +74b 64+01b 3352 £120b 3304 £ 84b
NK 2476 + 74 b 64+01b 3337 £ 50b 3351 +45b

NPK 2621 4 88 ab 6.5+ 0.1 ab 3565 + 84 a 3545+ 75a
NPKM 2696 + 80 a 6.6 £0.1a 3526 4+ 86 a 3524 + 62 a

Notes: Data are means =+ standard deviation. Different lowercase letters in the same column indicate significant
differences among different treatments (p < 0.05).

High-throughput sequencing results showed that Actinobacteriota, Proteobacteria,
Chloroflexi, and Acidobacteriota were the dominant soil bacterial phyla, with relative
abundance of 36.85%, 17.48%, 16.64%, and 12.61%, respectively (Figure 3a). The relative
abundance of Acidobacteria significantly decreased (p < 0.05), whereas that of Actinobac-
teriota and Chloroflexi significantly increased (p < 0.05) under fertilizer treatments. The
greatest increase of 7.89% was observed for Actinobacteriota in the NPK treatment com-
pared with that in the CK treatment and for Chloroflexi in the NPKM treatment (7.89%).
Chloroflexi had the highest increase of 13.36% in the treatment. JG30-KF-CM45, Gemmati-
monadaceae, Vicinamibacteraceaei, Rubrobacteriaceae, norank_o_ Vicinamibacterales, and
Micrococcaceae were the dominant soil bacterial families, and their relative abundance was
6.70%, 4.54%, 4.03%, 3.62%, 3.61%, and 3.35%, respectively (Figure 3b). The relative abun-
dance of Vicinamibacteraceae and norank_o_Vicinamibacterales decreased significantly
(p < 0.05) under different fertilizer treatments, whereas that of Micrococcaceae increased
significantly (p < 0.05) and was highest in the NPKM treatment. Principal coordinate
analysis (PCoA) revealed (Figure 4) that soil bacterial community composition differed
significantly among the four organic fertilizer treatments (r*> = 0.52, p < 0.001), with the
PCoA1l and PCoA2 axes explaining 47.22% and 28.44% of the variation in soil bacterial
communities, respectively. The random forest model was used to assess the mean squared
difference values of the increased contribution of environmental factors to the effect of
bacterial community composition (Figure 5). The results showed that soil AN (9.61%) and
TN (8.69%) were the main variables determining soil bacterial composition (p < 0.05).
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Figure 2. Factors influencing soil bacterial diversity determined using random forest modeling
analysis. Notes: * Significant correlation at the p < 0.05 level; ** significant correlation at the p < 0.01
level; *** significant correlation at the p < 0.001 level.
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Figure 5. Random forest modeling analysis of the soil bacterial community. Notes: * Significant
correlation at the p < 0.05 level; *** significant correlation at the p < 0.001 level.

3.3. Relationships among Soil Chemical Properties, Bacterial Communities, and
Potato Productivity

Correlation analysis (Figure 6) revealed that soil SOM, TN, pH, and TP were signifi-
cantly or highly significantly positively correlated with bacterial community composition
(r=0.58-0.73, p < 0.01). In addition, soil bacterial diversity was positively correlated with
SOM (r = 0.48) and TN (r = 0.36) at the p < 0.05 level; with TP, TK, AN, AP, and AK at the
p <0.01 level; and with AP at the p < 0.001 level. Potato productivity correlated positively
and highly significantly (p < 0.001) with SOM, TN, AN, AP, and AK and positively signifi-
cantly (p < 0.05) with TK and TP. Random forest analysis of the significance of potential fac-
tors affecting potato productivity (increased mean square value, Figure 7) showed a highly
significant effect (p < 0.001) of SOM (9.14%), soil AN (9.46%), AP (10.15%), and AK (10.17%)
on potato productivity. The bacterial diversity Chaol index significantly affected potato
productivity (p < 0.05). Soil physicochemical properties (AP and AN), bacterial community
composition and diversity indices, and potato productivity were screened to construct an
SEM using correlation and random forest analyses (Figure 7). The results showed that
AN (path coefficient of 0.74, p < 0.001) had a direct positive effect on potato productivity,
whereas it indirectly affected potato productivity by influencing soil bacterial diversity.
Moreover, AN (path coefficient of 0.71, p < 0.001) had a significant positive effect on soil
bacterial community structure. Furthermore, bacterial diversity (path coefficient of 0.32,
p < 0.05) showed significant positive effects on potato productivity. Therefore, soil proper-
ties (AN and AP) can directly and indirectly affect potato productivity by changing soil
bacterial diversity and community composition.
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4. Discussion

Organic fertilization can effectively improve soil fertility while stabilizing and increas-
ing the productivity of cultivated land [15]. Different fertilization methods can change the
soil’s nutrient content and pH value. For example, excessive use of chemical fertilizers leads
to the accumulation of soil nitrogen, which aggravates the risk of soil acidification, a process
that destroys the acid-base balance of the soil, inhibits the activity of soil microorganisms,
and reduces the effectiveness of soil nutrients. This study found that 18 years of fertilizer
use had decreased the soil pH significantly, corresponding to a decrease of 0.035 pH units
per year compared to the start of the experiment in 2004. This decrease in pH value is
beneficial, as it improves both the availability of soil nutrients and crop productivity in the
region. Eighteen years of continuous fertilization has increased the content of SOM, TN,
and available nutrients in the farmland soil of the region; moreover, it has improved the
soil’s ability to supply nutrients to crops, resulting in high and stable yields. Among all
fertilization methods, the combination of chemical and organic fertilizers has resulted in
the most improved soil, leading to increased crop productivity. The organic fertilizer used
in this study was sheep manure. Sheep manure is a relatively abundant organic fertilizer
resource in northern China [16] and is rich in organic matter and nutrients, such as nitrogen,
phosphorus, and potassium. Furthermore, it can effectively increase soil fertility, improve
soil water-holding capacity [17], accelerate organic matter transformation, and promote
crop yield increase [18]. In addition, the acidic substances produced by the decomposition
of sheep manure play a role in balancing the soil pH [19], preventing soil from becoming
too acidic or too alkaline, and promoting crop yield increase [20]. Bohoussou et al. found
that the combined application of chemical fertilizers and organic fertilizers can increase
the content of SOM and TN in the soil, but it needs to be optimized according to soil
type and regional climate conditions [21]. The fertilization treatments in this study had
a positive effect on soil fertility, and the combined application of chemical fertilizers and
organic fertilizers had the best improvement effect, which may be due to the long-term
fertilizer effect of organic fertilizers, which makes the soil nutrient supply sufficient for
crop growth and yield stability [22]. Mubeen et al. pointed out that organic fertilizers can
effectively increase the AP content in soil and significantly improve crop productivity [23],
which is consistent with the results of this study. Furthermore, in calcareous soils of the
north, where the AP content is low, the combined application of chemical and organic
fertilizers can promote crop productivity by increasing the AP content. The content of
available nitrogen (AN) in the soil also has a significant impact on crop productivity [24],
but the mineralization rate of nitrogen in organic fertilizers is relatively slow. Long-term
and continuous application of organic fertilizers can significantly increase the nitrogen
level in the soil to support crop growth and development and increase crop yield [25].

The long-term and large-scale use of traditional chemical fertilizers can negatively
impact soil bacterial diversity [26]. Although chemical fertilizers rapidly provide nutrients
for crop growth, which is beneficial in the short term [27], these fertilizers disrupt the
ecological balance of the soil in the long run, leading to a decrease in bacterial diversity.
In contrast, organic fertilizers, which are rich in organic matter and nutrients, provide a
suitable living environment for soil microorganisms, thereby promoting the increase in
bacterial diversity [28,29]. In contrast to the results of previous studies, we found that
both conventional chemical fertilization and the combination of chemical and organic
fertilization can significantly increase the Sobs, Ace, and Chao indices of soil bacteria.
However, under phosphorus deficiency (NK), soil bacterial alpha diversity was lower and
not significantly different from that of the CK treatment. This may be due to the low soil
phosphorus level, which tends to suppress soil bacterial diversity. Furthermore, low levels
of soil fertility and phosphorus fertilizer input tend to intensify competition among soil
bacteria, leading to the enrichment of some dominant bacterial populations in the soil,
e.g., bacteria adapted to low-phosphorus environments [30]. These dominant populations
can further reduce both the levels of the less competitive populations and the overall
diversity of the soil bacterial community. Our results are partially consistent with those of
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previous reports that show that the addition of organic fertilizers significantly increases
the TP content in the soil and the relative abundance of Chloroflexi. This group of bacteria
participates in the decomposition of insoluble phosphorus in the soil, thereby improving its
phosphorus supply capacity [31]. However, our results differed because they also showed
that the soil phosphorus pool increased after 18 years of continuous application of organic
fertilizers and its turnover was promoted, which stimulated the growth and reproduction
of phosphorus-solubilizing bacteria. These bacteria convert insoluble organic phosphorus
in the soil into soluble phosphate that can be absorbed by crops, thereby indirectly affecting
potato productivity. In addition, we found that different fertilization treatments reshaped
the soil bacterial community structure, and the combined application of chemical and
organic fertilizers significantly increased the relative abundance of Actinobacteriota and
Chloroflexi. These changes may be due to the significant increase in AP content in the soil
and the change in C/P ratio after the addition of sheep manure, both of which promoted
the changes in soil bacterial diversity [32]. The level of nitrogen in the dryland farmland
of northern China is low, and the problem of nitrogen loss is serious [33]. The level of soil
nitrogen is an important factor driving the changes in the composition of soil microbial
communities in the farmlands of northern China [34]. These findings were consistent with
our conclusion. However, our analysis also found that the AN content in the soil directly
affects the soil bacterial community structure and crop productivity, although there is no
direct relationship between the soil bacterial community structure and crop productivity.

5. Conclusions

Eighteen years’ continuous fertilization significantly increased the content of SOM,
AN, and AP in the soil of the agricultural-pastoral interlaced belt in northern China.
Among all fertilization treatments, the combination of chemical fertilizers with organic
fertilizers (NPKM) demonstrated the best effect on improving soil fertility and potato
productivity. The addition of organic fertilizers significantly affected the diversity and
community structure of soil bacteria. AP and AN are the determining variables for soil
bacterial diversity and community structure. Soil AP can significantly positively affect
potato productivity by changing soil bacterial diversity. The findings of this study provide
a scientific basis for improving soil fertility, establishing long-term management measures
for organic fertilization, and achieving an increase in arable land productivity.
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