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Abstract: Large areas of tidal flats were previously developed into aquaculture ponds and were
recently encouraged to be converted into paddy fields to fulfill food and economic needs in China.
However, the influences of short-term rice cultivation at the reclaimed aquaculture ponds on soil
chemical properties and bacterial communities are poorly understood. To address this issue, we
collected mineral soil samples at 0–20 and 20–40 cm depths from non-cultivated soils and paddy
fields after being reclaimed from aquaculture ponds in Nantong, China, and identified soil bacterial
communities using high-throughput sequencing. The results suggested that rice cultivation signifi-
cantly increased the accumulation of total soil carbon (TC) and dissolved organic carbon (WSOC). The
pH, ammonium (NH4

+), nitrate (NO3
−) and available phosphorus (AP) varied with the reclamation

duration but did not show a unanimous tendency. Proteobacteria, Acidobacteria, Bacteroidetes, Chloroflexi
and Planctomycetes dominated the bacterial community in both non-cultivated and cultivated soils
after reclamation regardless of cultivation ages and soil depth. The variations in the diversity and
composition of the soil microbial community were mainly associated with electrical conductivity (EC),
WSOC, TC, NH4

+ and NO3
− in non-cultivated and cultivated lands. Here, we found that short-term

rice cultivation at the reclaimed aquaculture ponds strongly influenced soil bacterial communities
and chemical properties, especially in the 0–20 cm depth, in the coastal regions.

Keywords: tidal flats; aquaculture ponds; reclamation; rice cultivation; soil chemical properties;
bacterial community

1. Introduction

Nowadays, the conflict of the expansion of construction land and the protection of
cultivated land has attracted more and more attention in urbanizing China. It is difficult to
maintain the “red line” of 120 million hectares of cultivated land proposed by the state [1].
The Chinese coastal zone, 95% of which is intertidal belt affected by soluble salt, occupies
an area of 2.17× 106 hm2 [2,3]. As one of the most important land reserve resources, coastal
mudflat area development will contribute to compensate for the losses of arable land [4].
More than 2.2 × 104 km2 of coastal mudflats have been reclaimed mainly for agricultural
and aquaculture purposes since the 1950s [5].

The coastal aquaculture ponds have increased continuously from 2612 km2 in 1984
to 13,075 km2 in 2016 in China, which have been the fastest developing and expanding
land-use type in the coastal mudflat regions [6]. The reclamation of coastal mudflat areas for
aquaculture ponds has brought a lot of economic benefits. However, it also leads to many
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negative effects on the coastal ecosystem, including reducing biodiversity in tidal flats and
destructions of the coastal habitats of migratory birds [7,8]. For the sustainable development
of the coastal ecosystem, in recent years, many of the previously used aquaculture ponds
have been converted to other land use types. In coastal reclaimed soils, the salt content
is relatively high and unfavorable for the growth and development of plants. However,
the coastal reclamation area of Jiangsu has the advantages of a mild climate, abundant
rainfall, sufficient light and heat of the sun and a long frost-free period, which provide
the possibility for rice cultivation. During the whole rice-growing period, the rainfall
and continuous irrigation has beneficial effects on leaching the soluble salts to deeper soil
layer. Thus, in the regions with relatively abundant freshwater resources, rice planting is of
great significance for the improvement and remediation of saline-alkali soil. Soil bacteria
play a vital role in many soil processes and plant growth; previous studies have shown
that soil microbial communities can be affected by cultivation and cultivation duration
(e.g., decades) after reclamation [9,10]. However, the influence of short-term rice cultivation
at the reclaimed aquaculture ponds on soil chemical properties and bacterial communities
in the coastal areas of China has not been well studied.

Nantong, one of three main coastal cities in Jiangsu province, situated at the northern
plain of the Yangtze River next to the East China Sea, has abundant mudflats soil resources
and a long history of mudflats reclamation. Understanding how soil bacterial communities
respond to land-use changes is of great importance to the soil’s healthy and sustainable
agricultural development. Thus, we conducted a study to compare soil chemical prop-
erties and bacterial community differences between cultivated and non-cultivated lands’
reclaimed aquaculture ponds. We hypothesized that the cultivation of rice and its dura-
tion would affect the chemical properties of the reclaimed soils and bacterial community
composition. In this study, the objectives were to examine (1) the soil bacterial community
composition and diversity in between paddy soils after one or two years of rice cultivation
and in non-cultivated soils reclaimed from aquaculture ponds and (2) the key soil chemical
variables that caused the differences in soil bacterial communities between cultivated and
non-cultivated soils.

2. Materials and Methods
2.1. Study Site Information and Sample Collection

The reclamation sites of coastal aquaculture ponds (121◦18′ E, 32◦32′ N) are shown in
Figure 1, which is located in Rudong County of Nantong in Jiangsu Province, China. The
experimental sites belong to the northern subtropical oceanic monsoon climate zone. The
annual average temperature and precipitation are 14.8 ◦C and 1074.6 mm, respectively. The
primary soil type of Rudong was classified as Mollic Fluvisols [11]. Soils in this reclamation
area are characterized by high content of sand due to the deposition of modern marine and
fluvial sediments.

The experimental plots were reclaimed from mariculture ponds of tidal flats. The
feed of aquaculture ponds was supplied with frozen and crushed fish and shrimps. The
paddy fields were continuously flooded with fresh water to a depth of about 0.08 m and
then drained for two weeks before harvest. According to the local fertilization and pest
management practice, the compound fertilizer was applied as basal fertilizer (N 15%,
P2O5 15%, K2O 15%) for 750 kg·ha−1

, and the nitrogen fertilizer was top-dressed with
180 and 225 kg·ha−1 of urea at tiller and heading stages, respectively. Soil samples from the
areas of non-cultivated (Time 0) and after 1 (Time 1) and 2 (Time 2) years of rice cultivation
at 0–20 and 20–40 cm depths were collected in November 2019 after rice was harvested.
Three randomized sampling plots (30 × 20 m) were established in each sampling site. Soil
samples were collected using a 6-cm-diameter hollow auger. Samples taken from five
points in each plot were mixed in a single sample. The soil samples were placed in sterile
zip-lock plastic bags and rapidly transferred to an insulated cooler with ice packs. After
transfer to the laboratory, the fresh soil samples were passed through a 2.0-mm mesh screen
to remove fine roots and litter. About 30 g of each sample was preserved at −80 ◦C prior to
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DNA extraction. The remaining soil samples were air dried in the shade and ground to
pass through a 0.85- and 0.149-mm sieve before further analysis.
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2.2. Analysis of Soil Chemical Properties

Soil properties were determined, including pH, electrical conductivity (EC), water-
soluble organic carbon (WSOC), Olsen P (available phosphorus, AP), total carbon (TC),
total nitrogen (TN), ammonium (NH4

+-N) and nitrate (NO3
−-N). The soil pH was mea-

sured in a 1:2.5 (w/v) soil/water extracts using a pH meter (F2-Standard, Mettler Toledo,
Shanghai, China). EC was measured in a 1:5 (w/v) soil/water suspension using a portable
conductivity meter (F3-Standard, Mettler Toledo, Shanghai, China). WSOC was obtained
by extracting 10.0 g air-dried soil with an addition of 20 mL ddH2O. After shaking on a re-
ciprocal shaker at 180 rpm for 1 h and centrifuging at 4000 rpm for 10 min, the supernatant
was then filtered through a 0.45-µm filter membrane. The concentration of WSOC was
determined by a TOC analyzer (Analytik Jena AG multi N/C3100, Jena, Germany) [12]. The
Olsen P was extracted from 2.5 g of soil in 40-mL 0.5 M NaHCO3 at 180 rpm for 30 min, and
the concentration of P in the filtrates was determined using molybdenum blue colorimetry
with a UV spectrophotometer at 660 nm [13]. TC and TN were measured via combustion
method using an elemental analyzer (Elementar Vario EL CUBE, Langenselbold, Germany).
NH4

+-N and NO3
−-N were extracted by shaking 5 g of fresh soil in 20 mL 1 M KCl solu-

tion for 1 h and then analyzed by a continuous flow autoanalyzer (Skalar San++, Breda,
Holland) [14].

2.3. DNA Extraction and PCR Amplification

A 0.5 g soil sample was used for soil DNA extraction following the manufacturer’s
protocol using the FastDNA SPIN Kit (MP Biomedicals, Santa Ana, CA, USA). The qual-
ity of soil DNA was determined by electrophoresis on 1% agarose gels. The concen-
tration of extracted DNA was quantified using a NanoDrop-2000 spectrophotometer at
OD260 nm/OD280 nm (NanoDrop Technologies, Wilmington, NC, USA). The V3 and
V4 hypervariable regions of 16S rRNA genes were amplified by using the primers 515F
(5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) for se-
quencing [15]. The PCR amplification of 16S rRNA gene was performed in a 50 µL volume
containing 25 µL 2 × GoTaq® Green Master Mix (Promega), 1.5 µL of each primer (10 µM),
10 µL of the 10-fold dilution DNA template, and the final volume was adjusted to 50 µL
with ddH2O. The PCR amplifications were performed in triplicate per sample and mixed
together to form a composite sample. Purified PCR products were pooled equimolarly
using the MiSeq Reagent Kit V3 and sequenced by Majorbio Company (Shanghai, China)
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on the Illumina MiSeq paired end 300 platform. All sequence data can be obtained through
the accession number of PRJNA785020 in the NCBI SRA database.

2.4. Bioinformatics Analysis for Raw Sequences

The QIIME2 software was applied to process raw sequences [16]. The high-quality
reads were generated after merging two pair ends of raw sequences, filtering low-quality
reads and removing chimeras. An amplicon sequence variants (ASVs) table was created
by grouping all unique sequences. The Silva 132 database (https://www.arb-silva.de/,
accessed on: 12 December 2019) was used to annotate taxonomic information.

2.5. Prediction of Bacterial Community Function

The PICRUSt2 (https://github.com/picrust/picrust2, accessed date: 23 January 2022)
was used to predict the functional composition of the soil metagenome [17]. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway subsystem hierarchy level three
was employed based on identified KEGG orthology pathways. Differences in bacterial
community biological function between Time 1 (Time 2) and Time 0 were analyzed using
t-test with Bonferroni multiple test correction and visualized using heatmap in STAMP
software (v2.1.3) [18].

2.6. Statistical Analysis

All data analysis was conducted using R software [19]. The alpha diversity indices
(Chao1, Shannon and Pielou’s evenness) were calculated using the R package ‘Vegan’
(v 2.5.7) in R [20]. The effects of rice cultivation on soil chemical properties, bacterial
alpha diversity indices and the relative abundance of the dominant phyla and class were
tested by one-way analysis of variance, using the R package ‘car’. Post hoc comparisons
of means were tested using Tukey’s HSD method. To evaluate variations in the bacterial
community composition, non-metric multidimensional scaling (NMDS) based on the Bray–
Curtis dissimilarity of the filtered ASVs (ASVs that do not appear more than 5 times in
more than half of the samples were removed) [21] was performed using the R package
‘phyloseq’ [22]. Differences among bacterial communities based on the filtered ASVs
from non-cultivated and cultivated soils at 0–20 and 20–40 cm depths were tested using
permutational multivariate analysis of variance (PERMANOVA; adonis function in the
R package ‘vegan’). Relationships with soil chemical properties of diversity indexes and
relative abundance of dominant phyla were tested using Pearson correlation analysis.

3. Results
3.1. Soil Chemical Properties

Soil pH, EC, TC, WSOC, NH4
+, NO3

− and AP were significantly different at both 0–20
and 20–40 cm depths among the non-cultivated and cultivated plots (Table 1). Soil pH was
higher in Time 0 and Time 1 than that of Time 2 at 0–20 cm depth, and the soil pH of Time 0
was lowest at 20–40 cm depth compared to Time 1 and Time 2. Soil EC was significantly
lower and TC and WSOC were significantly higher in Time 1 and Time 2 than in Time 0
at both 0–20 and 20–40 cm depths (Table 1). Soil NH4

+ and NO3
− concentrations were

higher in Time 0 than in Time 1 and Time 2 at both 0–20 and 20–40 cm depths. Soil TN was
not significantly different among the non-cultivated and cultivated plots at both 0–20 and
20–40 cm depths.

https://www.arb-silva.de/
https://github.com/picrust/picrust2
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Table 1. Chemical properties of the soil of non-cultivated and cultivated plots at 0–20 and 20–40 depth
(cm). Values are means± SE. Different lowercase and uppercase letters indicate significant differences
among different reclamation times at 0–20 and 20–40 cm depth, respectively (p < 0.05).

Soil Layers/
Reclaimed Times

0–20 cm 20–40 cm

Time 0 Time 1 Time 2 Time 0 Time 1 Time 2

pH 8.54 ± 0.01 a 8.56 ± 0.04 a 8.39 ± 0.02 b 8.68 ± 0.02 B 8.96 ± 0.04 A 8.91 ± 0.01 A

EC (ds m−1) 6.42 ± 0.27 a 1.30 ± 0.03 b 1.13 ± 0.08 b 3.57 ± 0.03 A 1.57 ± 0.04 B 1.47 ± 0.02 B

TC (g kg−1) 2.87 ± 0.15 b 3.62 ± 0.05 a 3.56 ± 0.19 a 2.48 ± 0.08 C 2.79 ± 0.03 B 3.15 ± 0.02 A

TN (g kg−1) 0.60 ± 0.02 a 0.63 ± 0.01 a 0.57 ± 0.02 a 0.60 ± 0.00 A 0.60 ± 0.03 A 0.59 ± 0.01 A

WSOC (mg kg−1) 46.74 ± 1.23 b 66.65 ± 0.51 a 71.12 ± 4.19 a 24.97 ± 0.07 B 29.87 ± 1.88 A 32.87 ± 0.46 A

NH4
+ (mg kg−1) 22.52 ± 1.39 a 15.28 ± 0.81 b 10.27 ± 0.30 c 29.82 ± 0.89 A 17.31 ± 2.02 B 12.44 ± 0.86 C

NO3
– (mg kg−1) 3.06 ± 0.07 a 2.58 ± 0.02 b 2.15 ± 0.02 c 2.83 ± 0.03 A 2.58 ± 0.05 B 2.38 ± 0.02 C

AP (mg kg−1) 10.34 ± 0.76 a 9.17 ± 0.16 a 7.18 ± 0.33 b 6.52 ± 0.23 B 8.41 ± 0.28 A 8.67 ± 0.26 A

3.2. Diversity and Structure of Bacterial Communities

At 0–20 cm depth, the Chao1 diversity and Pielou’s evenness index of bacterial com-
munities were highest at Time 1 and Time 0, respectively, and there was no difference in the
Shannon diversity of bacterial communities between non-cultivated and cultivated soils re-
claimed from aquaculture ponds of tidal flats. However, bacterial alpha diversities (Chao1,
Shannon and Pielou’s evenness) were not significantly different in the non-cultivated and
cultivated soils at 20–40 cm depth (Figure 2).

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 14 
 

Table 1. Chemical properties of the soil of non-cultivated and cultivated plots at 0–20 and 20–40 
depth (cm). Values are means ± SE. Different lowercase and uppercase letters indicate significant 
differences among different reclamation times at 0–20 and 20–40 cm depth, respectively (p < 0.05). 

Soil Layers/ 
Reclaimed Times 

0–20 cm 20–40 cm 
Time 0 Time 1 Time 2 Time 0 Time 1 Time 2 

pH 8.54 ± 0.01 a 8.56 ± 0.04 a 8.39 ± 0.02 b 8.68 ± 0.02 B 8.96 ± 0.04 A 8.91 ± 0.01 A 
EC (ds m−1) 6.42 ± 0.27 a 1.30 ± 0.03 b 1.13 ± 0.08 b 3.57 ± 0.03 A 1.57 ± 0.04 B 1.47 ± 0.02 B 
TC (g kg−1) 2.87 ± 0.15 b 3.62 ± 0.05 a 3.56 ± 0.19 a 2.48 ± 0.08 C 2.79 ± 0.03 B 3.15 ± 0.02 A 
TN (g kg−1) 0.60 ± 0.02 a 0.63 ± 0.01 a 0.57 ± 0.02 a 0.60 ± 0.00 A 0.60 ± 0.03 A 0.59 ± 0.01 A 

WSOC (mg kg−1) 46.74 ± 1.23 b 66.65 ± 0.51 a 71.12 ± 4.19 a 24.97 ± 0.07 B 29.87 ± 1.88 A 32.87 ± 0.46 A 
NH4+ (mg kg−1) 22.52 ± 1.39 a 15.28 ± 0.81 b 10.27 ± 0.30 c 29.82 ± 0.89 A 17.31 ± 2.02 B 12.44 ± 0.86 C 
NO3– (mg kg−1) 3.06 ± 0.07 a 2.58 ± 0.02 b 2.15 ± 0.02 c 2.83 ± 0.03 A 2.58 ± 0.05 B 2.38 ± 0.02 C 
AP (mg kg−1) 10.34 ± 0.76 a 9.17 ± 0.16 a 7.18 ± 0.33 b 6.52 ± 0.23 B 8.41 ± 0.28 A 8.67 ± 0.26 A 

3.2. Diversity and Structure of Bacterial Communities 
At 0–20 cm depth, the Chao1 diversity and Pielou’s evenness index of bacterial com-

munities were highest at Time 1 and Time 0, respectively, and there was no difference in 
the Shannon diversity of bacterial communities between non-cultivated and cultivated 
soils reclaimed from aquaculture ponds of tidal flats. However, bacterial alpha diversities 
(Chao1, Shannon and Pielou’s evenness) were not significantly different in the non-culti-
vated and cultivated soils at 20–40 cm depth (Figure 2). 

After filtering out low-occurrence and poorly represented ASVs (which did not ap-
pear more than 5 times in more than half of the samples), a final stress value of 0.036 was 
generated from the NMDS ordination (Figure 3, stress value < 0.05 indicates good fit). The 
samples of cultivated and non-cultivated soils were clearly separated along NMDS axis 1 
(Figure 3). Soil bacterial community structures differed significantly between Time 0 and 
Time 1 (R2 = 0.50, p = 0.009, PERMANOVA) and between Time 0 and Time 2 (R2 = 0.40, p 
= 0.012, PERMANOVA) but did not differ significantly between Time 1 and Time 2 (R2 = 
0.16, p = 0.339, PERMANOVA). Soil bacterial community structures also differed signifi-
cantly between 0–20 and 20–40 cm depths (R2 = 0.19, p = 0.012, PERMANOVA). 

 
Figure 2. Effect of the duration of cultivation on soil bacterial alpha diversity (A) Chao1, (B) Shan-
non, and (C) Pielou’s evenness) at 0–20 and 20–40 cm depths. Different lowercase (0–20 cm) and 
uppercase (20–40 cm) letters indicate significant differences among plots. 

Figure 2. Effect of the duration of cultivation on soil bacterial alpha diversity (A) Chao1, (B) Shannon,
and (C) Pielou’s evenness) at 0–20 and 20–40 cm depths. Different lowercase (0–20 cm) and uppercase
(20–40 cm) letters indicate significant differences among plots.

After filtering out low-occurrence and poorly represented ASVs (which did not appear
more than 5 times in more than half of the samples), a final stress value of 0.036 was
generated from the NMDS ordination (Figure 3, stress value < 0.05 indicates good fit). The
samples of cultivated and non-cultivated soils were clearly separated along NMDS axis 1
(Figure 3). Soil bacterial community structures differed significantly between Time 0 and
Time 1 (R2 = 0.50, p = 0.009, PERMANOVA) and between Time 0 and Time 2 (R2 = 0.40,
p = 0.012, PERMANOVA) but did not differ significantly between Time 1 and Time 2
(R2 = 0.16, p = 0.339, PERMANOVA). Soil bacterial community structures also differed
significantly between 0–20 and 20–40 cm depths (R2 = 0.19, p = 0.012, PERMANOVA).
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3.3. Composition of Bacterial Communities

At the phylum rank, the bacterial communities’ composition was similar at both
depths in the non-cultivated and cultivated soils, with Proteobacteria, Acidobacteria, Gemma-
timonadetes and Bacteroidetes being the predominant phyla (Figure 4). On the other hand,
their relative abundance was affected by the duration of cultivation at each depth (Table S1).
At the 0–20 cm depth, the relative abundance of Proteobacteria, Chloroflexi, Firmicutes in
reclaimed soils was higher than in Time 0, whereas the relative abundance of Acidobacteria,
Planctomycetes and WS3 in reclaimed soils was lower than in Time 0; the relative abundance
of Nitrospirae was not significantly different in different plots. At the 20–40 cm depth,
the relative abundance of Acidobacteria in Time 0 was higher than in reclaimed soils. The
relative abundance of Gemmatimonadetes was the lowest, whereas the relative abundance of
Bacteroidetes was the highest in Time 1 as compared to Time 0 and Time 2. However, the
relative abundance of Proteobacteria, Chloroflexi, Planctomycetes, Nitrospirae, Actinobacteria,
Firmicutes and WS3 was not significantly different in the non-cultivated and cultivated soils
(Table S1).

Gammaproteobacteria, Deltaproteobacteria, Alphaproteobacteria, Betaproteobacteria and Anaero-
lineae were the predominant classes in all studied soils (Figure 5). The relative abundance
of 13 and 7 classes of the top 20 dominant classes was significantly different among soils
with different cultivation durations at the 0–20 and 20–40 cm depth, respectively (Table S2).

3.4. Correlation between Bacterial Communities and Chemical Properties

Relationship of diversity indexes and dominant bacterial phyla with chemical proper-
ties is shown in Table 2. The Chao1 value was positively correlated with pH and negatively
correlated with EC and NH4

+. The Shannon and Pielou’s evenness values were positively
correlated with EC, NH4

+ and NO3
− and negatively correlated with WSOC and TC. The

relative abundance of the dominant bacterial phyla was positively or negatively correlated
with one or several of the soil chemical properties as well (Table 2).

3.5. Bacterial Functional Genes

We predicted the functional gene composition according to the sequencing data using
PICRUSt2. The functional groups (top 20 abundant KEGG pathways) heatmap showed
that the functional composition between Time 0 and Time 1 samples was more similar
than that between Time 0 and Time 2 (Figure 6). Compared with Time 0, Time 1 had a
decreased abundance of steroid biosynthesis groups and an increased abundance of DNA
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replication groups (Figure S1); Time 2 had a decreased abundance of nitrogen metabolism,
dioxin degradation, base excision repair, methane metabolism, glycolysis/gluconeogenesis,
two-component system, DNA replication, peroxisome and ribosome biogenesis in eu-
karyotes groups and an increased abundance of valine/leucine/isoleucine biosynthesis,
meiosis yeast, thiamine metabolism, nicotinate and nicotinamide metabolism, taurine and
hypotaurine metabolism, C5-branched dibasic acid metabolism, pantothenate and CoA
biosynthesis and fatty acid biosynthesis groups (Figure S2).
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Table 2. Pearson correlation coefficients for the relationship of bacterial diversity indexes and relative
abundance of major phyla with soil chemical properties.

pH EC WSOC AP TC TN NH4
+ NO3−

Diversity indexes

Chao1 0.39 ** −0.45 ** −0.03 0.11 0.18 0.15 −0.29 * −0.22

Shannon 0.19 0.33 * −0.29 * 0.19 −0.33 * 0.13 0.34 * 0.43 **

Pielou’s evenness −0.05 0.75 ** −0.35 ** 0.16 −0.54 ** 0.02 0.62 ** 0.68 **

Major phyla

Proteobacteria −0.48 ** −0.29 * 0.60 ** −0.04 0.58 ** −0.16 −0.55 ** −0.57 **

Acidobacteria 0.24 0.49 ** −0.72 ** −0.28 * −0.79 ** 0.12 0.78 ** 0.60 **

Gemmatimonadetes 0.11 0.78 ** −0.56 ** 0.01 −0.70 ** 0.14 0.73 ** 0.75 **

Bacteroidetes −0.40 ** 0.00 0.65 ** 0.55 ** 0.52 ** 0.14 −0.23 0.04

Chloroflexi 0.23 −0.80 ** 0.16 −0.24 0.37 ** −0.05 −0.44 ** −0.56 **

Planctomycetes 0.02 0.77 ** −0.40 ** 0.20 −0.52 ** −0.13 0.51 ** 0.62 **

Nitrospirae 0.66 ** −0.42 ** −0.46 ** −0.22 −0.11 0.03 −0.32 * −0.27 *

Actinobacteria −0.66 ** 0.31 * 0.42 ** 0.06 0.26 −0.29 * −0.12 0.02

Firmicutes −0.14 −0.67 ** 0.58 ** 0.02 0.61 ** −0.12 −0.51 ** −0.57 **

WS3 0.20 0.71 ** −0.50 ** 0.23 −0.55 ** 0.10 0.51 ** 0.66 **

* p < 0.05, ** p < 0.01.
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4. Discussion

The reclamation of tidal mudflats and salt marshes and their conversion to agricultural
lands have significant effects on the ecosystem of the coastal areas, especially on soil
physicochemical properties [23]. As the most salt-sensitive species among cereals [24,25],
rice has been successfully grown in salt-affected soils because the irrigation and rainwater
in paddy fields can wash down salts and effectively alleviate the detrimental effects of
salinity on rice growth [26,27]. Our results showed that rice cultivation at the reclaimed
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aquacultural ponds significantly influenced soil chemical properties and the bacterial
community composition that support our hypotheses.

4.1. Effect of Rice Cultivation in Reclaimed Lands on Soil Chemical Properties

Rice cultivation significantly decreased the soil EC at both 0–20 cm and 20–40 cm
soil depths due to the flooding growth conditions of rice, indicating that rice planting at
the reclaimed aquaculture ponds resulted in a significant decrease in soil salinity through
washing the soluble salts to a deeper soil layer, which is consistent with some of the
previous findings [28–30]. The decreased pH in Time 2 plots at topsoil (0–20 cm) mainly
attributed to the secretion of protons of rice roots, accompanying the release of organic acid
anions, thus resulting in the acidification of the rhizosphere soil [29]. However, the pH
of the subsoil (20–40 cm) was obviously higher than that of the topsoil in the cultivated
lands (Table 1). A recent study also showed that the pH of topsoil was lower than those in
the subsoil at different cultivation ages after 16–60 years of reclamation [30]. The reason
is mainly due to the higher leaching of carbonates and salts in the rice-based cropping
systems [31–33].

Rice cultivation after reclamation has significantly increased the contents of TC and
WSOC (Table 1), irrespective of soil depth, indicating that rice cultivation at the reclaimed
aquaculture ponds increases organic matter accumulation in the soil. The conversion of
reclaimed aquaculture ponds into agricultural lands significantly increases the stocks of soil
total, labile, recalcitrant organic C and N and concentrations of WSOC [34]. Furthermore,
soil TC increased significantly with the duration of reclamation, especially in 20–40 cm soil
depth, which is consistent with the finding of Zhang et al. [35] that TC in paddy land was
higher than that in the upland with the same cultivation duration. Soil C is susceptible to
land-use conversions, especially in coastal reclaimed croplands; some field management
practices, such as the application of fertilizer and organic manure and irrigation, may
contribute to the increase in TC [23,36]. In the present study, no difference was found in
the content of TN among all soil samples. This result indicated that, during short-term
cultivation after reclamation, the nitrogen addition in the reclaimed croplands probably
reached a balance with the uptake and utilization of nitrogen by rice plants, and no surplus
of nitrogen remained in the soil. Nitrogen, as an essential macro-element, is usually taken
up by roots in two main forms, NH4

+-N and NO3
−-N [37]. Soil NH4

+-N and NO3
−-N

decreased with the duration of cultivation in both 0–20 cm and 20–40 cm soil depths,
and the concentration of NH4

+-N was always higher than that of NO3
−-N. The process

of nitrification can be significantly inhibited by soil salinity [38,39], which probably led
to a higher concentration of NH4

+-N in the reclaimed land. Furthermore, it is widely
believed that rice plants prefer NH4

+-N over NO3
−-N as the predominant N source in

flooded, anaerobic paddy soils [40,41]. Generally, the Olsen P with less than 10 mg·kg−1 is
considered to be difficult to maintain the normal growth of crops [42]. In our results, except
for the topsoil in the non-cultivated soils, the Olsen P was less than 10 mg kg−1, which
should be inadequate for rice growth in the reclaimed soils. As a result, these soils need to
depend on a higher input for P fertilizers to sustain rice production.

4.2. Effect of Rice Cultivation and Its Duration in Reclaimed Lands on Soil Bacterial Community
and Bacterial Functional Groups

The composition and diversity of bacteria in an ecosystem reflect how they respond
to changing environmental conditions [43]. Therefore, analyzing soil microbial diversity
will provide a basis for the long-term sustainability of the reclaimed croplands that were
converted from the reclaimed aquaculture ponds. In this study, the diversity of soil bacte-
rial communities was affected by rice planting after reclamation (Figure 2). The bacterial
diversity and evenness, as represented by Shannon index and Pielou’s evenness, were
decreased by rice cultivation after reclamation in the 0–20 cm soil layer (Figure 3), although
the differences in Shannon indices among non-cultivated and cultivated soils were not
significant. The decreasing in bacterial diversity and evenness could be caused by rice



Sustainability 2022, 14, 1613 10 of 13

cultivation after reclamation which can lead to the replacement of some vulnerable micro-
bial populations by some dominant soil microbial populations adapted to the anaerobic
flooded environment of rice growth, thus resulting in the reduced bacterial diversity [29].
According to the results of NMDS, rice cultivation after reclamation significantly influenced
the soil bacterial community composition, and the bacterial composition (at the class rank)
was clearly different between the paddy soils and non-cultivated soils. However, there was
no significant difference between the composition of bacterial communities in the soil of
one year and two years of rice planting after the reclamation, indicating that a short-term
rice cultivation did not change soil bacterial community composition.

Regarding bacterial composition, Proteobacteria, Acidobacteria, Bacteroidetes, Chloroflexi
and Planctomycetes were the dominant bacterial phyla in the reclaimed soils, in accordance
with other reports in mudflats and paddy soils [29,44,45]. The phylum Proteobacteria, which
includes many bacteria that are responsible for nitrogen fixation and are involved in the soil
nitrogen cycle, often accounts for the largest proportion in soil [29]. Moreover, Proteobacteria
are the most common bacterial phylum in saline soils and possess high salt tolerance [46].
The present study showed an overwhelming dominance of Proteobacteria in paddy fields,
and the relative abundance of Proteobacteria gradually increased with rice cultivation
duration, probably due to some Proteobacteria preferring to decompose lignocellulose and
the cellulose of crop residues [47,48]. Furthermore, the relative abundance of Chloroflexi and
Nitrospirae also showed a rapid increase in rice-cultivated soils after reclamation. A possible
reason would be that Proteobacteria, Chloroflexi and Nitrospirae are more feasibly adapted
to agricultural ecosystems that make them more competitive relative to other bacteria
phyla. In addition, there was no significant difference in the diversity indexes and relative
abundance of most bacterial phyla in the 20–40 cm soil layer between the cultivated and
non-cultivated soils. These results indicated that rice planting mainly affected the bacterial
community composition in the topsoil after the relatively short-term cultivation time.

Previous studies have reported that there was not a robust correlation between com-
munity composition and ecological function due to functional redundancy [49,50]. We
observed more significant differences between Time 2 and Time 0 soil samples than between
Time 1 and Time 0 soil samples in bacterial functional groups, which indicated that the
ecology function of soil bacterial communities might have delayed changes after the
bacterial community’s composition changes.

4.3. Effects of Soil Chemical Properties on Soil Bacterial Community

The relationships between the relative abundance of the dominant bacterial phyla and
soil chemical properties suggest that changes in soil chemical properties strongly affect the
bacterial composition and structure of the reclaimed coastal soils (Table 2). As salinity is
one of the stressful environmental factors for soil microorganisms, it has been reported that
EC is one of the major factors that affect soil bacterial communities in many ecosystems [51].
Rice cultivation led to a noticeable decline in soil EC, especially in the topsoil, which
might benefit some bacteria growth, such as Gemmatimonadetes, Planctomycetes and WS3 in
our study. Lauber et al. [52] found soil pH has largely driven the changes in the relative
abundances of Acidobacteria, Actinobacteria and Bacteroidetes across large spatial scales. In
this study, we found the relative abundances of Actinobacteria, Proteobacteria and Nitrospirae
were correlated to pH in the coastal area. Furthermore, some copiotrophic groups, such
as proteobacteria and Bacteroidetes, can fast grow in a high nutrient availability soil envi-
ronment, and are thus positively correlated with WSOC and TC; this finding agrees with
Huang et al. [53]. The relative abundance of Acidobacteria and Gemmatimonadetes was signif-
icantly lower in paddy soils than that of non-cultivated soils. Acidobacteria is recognized as
representatives of oligotrophic taxa, which inhabit nutrient-poor environments [54,55]. In
this study, the abundance of Acidobacteria was significantly and negatively correlated with
the WSOC and TC in the reclaimed soils which agrees with this statement. Gemmatimon-
adetes has been confirmed to prefer drier soils and neutral pH, and its relative abundance
is inversely associated with soil moisture [56]. Therefore, lower relative abundance of



Sustainability 2022, 14, 1613 11 of 13

Gemmatimonadetes was found in the cultivated soils, probably due to the regular irrigation
increased soil water content. Wang, Wang and Yu et al. [57] revealed that the relative
abundance of Proteobacteria increased and the relative abundance of Acidobacteria decreased
with the increase in NH4

+-N and NO3
−-N concentrations following nitrogen addition in

acid soils. However, we observed an opposite effect, probably due to the soil we studied
being alkaline (pH > 8) which affects the effect of NH4

+-N and NO3
−-N concentrations on

the relative abundance of Proteobacteria and Acidobacteria.

5. Conclusions

Our study demonstrated that rice cultivation significantly changes soil chemical
properties, bacterial diversity and composition after being reclaimed from aquaculture
ponds. Compared with non-cultivated soils after reclamation, rice cultivation improved
the properties of saline soil, resulting in the decreased soil pH and salinity in the topsoil
and the increased accumulation of TC and WSOC. Proteobacteria, Acidobacteria, Bacteroidetes,
Chloroflexi and Planctomycetes were the dominated bacterial phyla in the reclaimed lands,
irrespective of reclamation ages and soil depth. The diversity and composition changes
of soil bacterial communities were mainly associated with the variations in EC, WSOC,
TC, NH4

+ and NO3
− in the reclaimed lands. These results help to understand the roles of

rice cultivation in shifting soil chemical properties and their subsequent impacts on soil
bacterial community in the reclaimed lands from aquaculture ponds which, in turn, will
help improve the utilization of coastal saline soils for rice production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su14031613/s1, Table S1: The relative abundance of the dominant phyla in soils across different
soil layers and reclaimed times, Table S2: The relative abundance of the dominant class (top 20) in
soils across different soil layers and reclaimed times.
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