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Abstract: Red claw crayfish Cherax quadricarinatus has emerged as a highly significant and suitable
species to be raised in integrated rice–aquatic animal farming systems. To optimize an integrated
aquaculture and agriculture (IAA) system and ensure sustainable utilization and development of land
resources, an IAA system combining rice cultivation with red claw crayfish culture was implemented
to assess the impacts of rice–red claw crayfish co-culturing on the dynamics and assembly of bacterial
communities in paddy soils. We established two experimental groups, each with eight replicates.
We utilized 16S rRNA Illumina high-throughput sequencing to access the bacterial community
composition and assembly in paddy soils. Red claw crayfish C. quadricarinatus cultivation did not
significantly affect the alpha diversity of the bacterial community in the paddy field, but it obviously
increased the relative abundances of the phyla Acidobacteriota and Pseudomonadota involved
in organic matter degradation and nitrogen, phosphorus, and carbon cycling. Red claw crayfish
cultivation could lead to more complex bacterial communities, increased bacterial resistance to
disturbances, the promotion of niche differentiation, and increased competition intensity between
bacterial communities during the mid-cultivation period. Nitrogen emerged as a critical factor
influencing the bacterial community composition in paddy soil during the culture period, and the
red claw crayfish cultivation affected the bacterial community by altering the ammonia concentration
in the paddy soil. As the culture progressed, the assembly of the bacterial community in the paddy
soil was predominantly driven by stochastic processes, and red claw crayfish cultivation accelerated
the evolution of the bacterial community assembly towards a stochastic process. Our study offers
valuable insights into the dynamic changes occurring in the composition and assembly of bacterial
communities in paddy soils in response to red claw crayfish cultivation.

Keywords: paddy field; red claw crayfish; Cherax quadricarinatus; benthic bacterial community;
integrated rice–crayfish farming system

1. Introduction

An integrated aquaculture and agriculture (IAA) system is an effective agricultural
model that follows the principles of environmentally responsible development to achieve
environmental sustainability and higher food productivity [1,2]. By integrating agriculture
and aquaculture, ecosystems comprising economic aquatic animals, rice, vegetables, etc.,
have more complex food webs and become more stable than single rice cultivation or aqua-
culture ecosystems [3]. The components of the integrated rice–aquatic animal ecosystem
can effectively take advantage of and promote each other, thereby improving the overall
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resource utilization efficiency and productivity rates of the fields [4,5]. Asia, particularly
China, has a rich historical tradition of integrated rice–fish farming, dating back to as early
as 220 AD [6]. By 2022, integrated rice–aquatic animal (including fish, crab, crayfish, etc.)
farming in China had extended over 2.86 million ha, equivalent to 9.72% of China’s total
rice cultivation area [7,8]. Meanwhile, integrated rice–aquatic animal farming provided
3.87 million tons of various aquatic products in 2022, accounting for 11.77% of China’s total
freshwater aquaculture production [7].

Aquaculture and agricultural productivity are generally indirectly affected by bacterial
communities both in water bodies and sediments, as bacteria are critical for nutrient migra-
tion and transformation and for maintaining water quality and soil fertility [9–11]. Bacterial
communities are also important and non-negligible indicators in both aquaculture and
agricultural environments as they reflect the ecological status of an ecosystem [12,13]. The
farming production operations and management, such as feed input and normal life activi-
ties of cultured animals in aquaculture ecosystems, can introduce multiple environmental
changes that impact bacterial communities [14–18]. To explore how the ecosystems respond
and adapt to environmental changes, such as those resulting from different agriculture
or aquaculture models, it is essential to unravel the spatiotemporal variation in bacterial
community composition and the underlying generation mechanisms [19–21]. Moreover,
the turnover and dynamics of bacterial community composition are primarily influenced by
the assembly processes of the bacterial community, which are simultaneously controlled by
deterministic and stochastic processes and are considered crucial in coupling with environ-
mental changes [22]. It is vital for grasping microbial ecology to delve into the fundamental
mechanisms shaping bacterial community assembly [23]. Previous studies have highlighted
the effects of integrated rice–aquatic animal farming on the physicochemical properties of
water bodies and soil, nutritional and material exchange, migration and transformation of
biogenic elements, and greenhouse gas emissions [10,24–30]. However, the dynamics of
bacterial communities impacted by integrated rice–fish farming, especially the bacterial
communities’ assembly mechanism and their relationships with environmental factors in
integrated rice–fish farming ecosystems, remain unclear.

The red claw crayfish, Cherax quadricarinatus, is originally native to regions encom-
passing northern Australia and Papua New Guinea. It is widely introduced and popularly
cultivated around the world because of its remarkable attributes such as large size, rapid
growth rate, strong disease resistance, high economic value, and suitability for aquacul-
ture [31–33]. Since C. quadricarinatus was first introduced to China in 1992, it has gradually
become a very important and suitable variety to be raised in an integrated rice–aquatic
animal farming system [34–37]. Crayfish are typical benthic organisms that can transform
the function and structure of aquatic habitats due to their feeding habits [38–43]. Benthic
fauna plays a crucial role not only in the biogeochemical cycle at the sediment–water inter-
face of aquatic ecosystems but also in influencing the composition, diversity, metabolism,
and function of benthic bacterial communities [44–51]. However, there is a lack of studies
describing the impacts of red claw crayfish C. quadricarinatus cultivation on the farmland
ecosystem, especially in relation to the variations and assembly mechanisms of benthic
bacterial communities in paddy fields.

Hence, in this study, we performed 16S rRNA gene sequencing to access the microbial
community in paddy fields with and without red claw crayfish C. quadricarinatus cultivation
during the whole experimental progression. Variations in the composition and stability of
the benthic bacterial community after red claw crayfish cultivation were analyzed. Concern-
ing environmental factors, the effects of red claw crayfish cultivation on the environmental
adaptation of benthic bacterial communities were investigated. Moreover, we identified
the ecological process driving the assembly of bacterial communities and determined its
variation associated with red claw crayfish cultivation. The objective of our study was
to examine the impacts of red claw crayfish C. quadricarinatus cultivation on the dynamic
variations and assembly mechanisms of bacterial communities in paddy fields, thus hoping
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to provide valuable and theoretical support for optimizing the IAA system and ensuring
the sustainable utilization and development of land resources.

2. Materials and Methods
2.1. Field Experiment

The experiment was carried out at the Jingjiang scientific research experimental base
at the Freshwater Fisheries Research Center (120◦19′53.6628′′ E, 32◦5′55.4604′′ N; Taizhou,
China). Sixteen paddy fields, each with an area of approximately 667 m2, were selected
for this study. Rice seedlings (Nangeng 5055) were transplanted into all paddy fields in
mid-June and were harvested in early November. Intact and healthy red claw crayfish
C. quadricarinatus with an average wet body weight of 8~9 g were stocked in eight paddy
fields at the density of 2000 individuals·mu−1, according to Yang et al. [36]. The remaining
eight paddy fields were set up as a control group with no red claw crayfish stocks, and the
red claw crayfish cultivation and control groups were presented as QE and QC, respectively.
The experiment began on 25 August and ended on 25 October. During the experimental
field period, management was performed according to conventional local agricultural
practices and previous studies [36,52]. Red claw crayfish were fed commercial pellet diets
(Zhejiang Haida Feed Co., Ltd., Shaoxing, China) once daily at 5:00 p.m., and the feeding
amount was equivalent to 2% of their body weight.

2.2. Sample Collection

During the experimental period, five sampling points were selected from each paddy
field using the five-point sampling method. Paddy soil samples with a depth of 0–5 cm
were collected at three culture stages (stage I on 25 August, stage II on 25 September,
and stage III on 25 October, respectively) using a Kajak Sediment Corer (KC Denmark
A/S, Silkeborg, Denmark). All five soil samples from the same paddy field were mixed
thoroughly, promptly transferred into sterilized containers, and transported to the labo-
ratory in a portable icebox. The soil samples, which were intended for the assessment of
bacterial communities, were promptly frozen at −80 ◦C to preserve their integrity until
DNA extraction could be performed. Another set of soil samples used to analyze paddy
soil properties was subjected to a drying process in a lyophilizer (CHRIST LYO Alpha 1–4
LD plus) at −50 ◦C for 72 h, followed by grinding and homogenization in a mortar.

2.3. Paddy Soil Properties Determination

The content of total nitrogen (TN) in the soil sample was determined using the Kjeldahl
method and UV spectrophotometry. The total phosphorus (TP) content in the soil sample
was assessed following the prescribed Chinese national standard [53]. Before determining
the ammonia, nitrite, and nitrate contents in soil samples, the soil samples were extracted
with KCl solution (2M), and the supernatant was collected after equilibration and filtration,
according to Norman and Bremner [54]. The ammonia, nitrite, and nitrate contents of the
supernatant were determined as described by Lei et al. [55].

2.4. Bacterial DNA Extraction and 16S rRNA Sequencing

The extraction and the concentration determination of bacterial DNA in paddy soil
samples were carried out using E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA,
USA) and NanoDrop 2000 Spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), respectively. Primers 341F-806R (341F: ACTCCTACGGGAGGCAGCAG; 806R:
GGACTACHVGGGTWTCTAAT) were employed to amplify the V3-V4 regions of the
16S rRNA genes for each extracted bacterial DNA in 15 µL reaction volumes through
polymerase chain reaction (PCR) [56]. The components of the 15 µL reaction volume
and the procedure for PCR were according to our previous study [57]. To analyze the
PCR products of each sample, electrophoresis was performed using a 1.5% agarose gel.
Sequencing libraries were constructed by purifying, quantifying, and mixing the obtained
PCR products in equal amounts. An Agilent Bioanalyzer 2100 system and a Qubit @2.0
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Fluorometer (Thermo Scientific, Waltham, MA, USA) were responsible for library quality
determination. The libraries were sequenced using the Illumina NovaSeq 6000 platform
(San Diego, CA, USA) at BIOZERON Biotech. Co., Ltd. (Shanghai, China) using the 250 bp
paired-end strategy.

2.5. Sequence Data Processing

Reads were subjected to quality control measures to ensure reliable data for analysis.
Specifically, reads with an average Phred score (Q score) below 20, the presence of am-
biguous bases or homopolymer runs with over eight primer mismatches, and sequence
lengths below 250 bp were eliminated [58]. Afterward, paired-end reads that exhibited a
minimum overlap of 10 bp without any mismatches were further processed into tags using
the FLASH [59]. These tags were then dereplicated, subjected to the Divisive Amplicon
Denoising Algorithm 2 (DADA 2) algorithm using Quantitative Insights into Microbial
Ecology 2 (OIIME 2) to identify indel mutations and substitutions, and assigned to am-
plicon sequence variants (ASVs) [60,61]. The 16S ASV was chosen and taxonomically
classified using the SILVA 138 database [62]. The abundance tables of bacterial ASVs were
normalized by standardizing the number of tags to match the sample with the lowest tag
count (78,286 tags).

2.6. Statistical Analysis

To evaluate the alpha diversity of bacterial communities in the paddy field, indices
including Chao, Shannon, Pielou_J, and Pd_faith were calculated. Principal coordinate
analyses (PCoA) with PERMANOVA tests were conducted using the Bray–Curtis distances
to determine the effect of C. quadricarinatus and culture stage on the bacterial community
in the paddy field. The differences in alpha diversity, Bray–Curtis distances, bacterial
functional groups, and environmental factors among the different groups were confirmed
using Tukey’s honest significant difference (HSD) test. For each specific culture stage,
the Wilcoxon rank-sum test was used to verify the dissimilarity in the composition of the
bacterial community between the QE and QC groups. Network analysis was conducted
to investigate the co-occurrence patterns within soil bacterial communities and to iden-
tify potential biological interactions [63]. Statistically robust correlations were calculated
to identify the co-occurrence events and species with a relative abundance <0.1% and
detection rate < 40% were removed before analysis. The correlations with |correlation
coefficient| > 0.8 and p < 0.05 were considered significant. The neutral community model
(NCM) was used in the present study, and the relative contributions of neutral processes
were determined in shaping the structure of bacterial communities in paddy soils [64].
To assess the contribution of environmental indices to variations in the bacterial commu-
nities within paddy soils, redundancy analysis (RDA) was employed. The relationship
between bacterial communities and environmental factors was evaluated by calculating
Spearman’s correlation coefficients. An aggregated boosted tree (ABT) was used to as-
sess the importance of environmental variables for changes in bacterial communities in
paddy soils.

All analyses and related figures were completed using the multcomp, vegan, ape,
ggalluvial, pheatmap, linkET, Gephi, ggplot2, and minpack.lm packages in R v. 4.0.3 (R
Core Team, Vienna, Austria).

3. Results
3.1. Alpha and Beta Diversities of Bacterial Communities in Paddy Soil

In total, our study generated 934,656 bacterial sequences from 48 different samples,
which were then analyzed and classified into 78,286 unique ASVs. Figure S1 illustrates
the results of the four alpha diversity indices (Chao, Shannon, Pielou_J, and Pd_faith)
for the bacterial communities within the paddy soils. The results revealed no significant
variations in any of the alpha diversity indices across the different groups (p > 0.05). These
findings suggested that the bacterial community diversity remained stable throughout the
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experimental period, indicating that red claw crayfish cultivation had no discernible impact
on the bacterial community diversity.

The dissimilarities in bacterial communities within the paddy soil between the QE
and QC groups during different culture stages were assessed through the conducted
PCoA analysis based on the Bray–Curtis distance, as depicted in Figure 1a. The bacterial
community within the paddy soil was clustered mainly according to the culture stage rather
than red claw crayfish cultivation, and the bacterial communities at the same sampling time
were relatively close and similar. Two-way PERMANOVA revealed that red claw crayfish
cultivation had no obvious impacts on the bacterial community within the paddy soil
(p > 0.05, Table S1), but the culture stage significantly affected the bacterial community
(p < 0.05, Table S1). For further analysis of beta diversity, the Bray–Curtis distances of the
QE and QC groups at different culture stages are shown in Figure 1b. Overall, the Bray–
Curtis distances in both the QC and QE groups decreased significantly as the experiment
progressed (p < 0.05). In culture stages I and II, the Bray–Curtis distances in the QC group
were clearly greater than those in the QE group (p < 0.05). However, at the end of the
experiment, the Bray–Curtis distance exhibited no remarkable differences between the QC
and QE groups (p > 0.05).
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Figure 1. Differences in beta diversities of bacterial communities in paddy soil with and without
red claw crayfish Cherax quadricarinatus cultivation during the experimental period. (a) Princi-
pal coordinate analysis (PCoA) of bacterial communities in paddy soil among different groups.
(b) Differences in the Bray–Curtis distances of bacterial communities in paddy soil among different
groups. Significant differences between groups in the same sub-figure are indicated by different
lowercase letters above each box (Tukey’s HSD test, p < 0.05). QE and QC indicate the red claw
crayfish cultivation group and the control group, respectively. I, II, and III represent three culture
stages that are 25 August, 25 September, and 25 October, respectively.

3.2. Compositions of Bacterial Communities in Paddy Soil

All 78,286 ASVs obtained from the paddy soil samples were assigned to 52 phyla
and 1052 genera in the present study. Figures 2a and S2a presented the relative abun-
dances of the dominant phyla and genera, respectively. Pseudomonadota (64.15%) was the
dominant phylum, followed by Actinomycetota (7.19%), Acidobacteriota (6.30%), Chlo-
roflexota (6.10%), Bacteroidota (3.57%), Firmicutes (3.53%), Verrucomicrobiota (1.49%),
Nitrososphaerota (1.16%), Nitrospirota (1.15%), and Cyanobacteria (1.09%). The domi-
nant genus was Cronobacter (19.33%), followed by Escherichia (4.92%), Luteitalea (4.34%),
Salmonella (3.74%), Defluviicoccus (3.59%), Ralstonia (2.78%), Steroidobacter (1.71%), Bellilinea
(1.42%), Duodenibacillus (1.32%), and Desulfomonile (1.25%).
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Figure 2. Composition and difference of the bacterial community at phylum level within paddy
soils. (a) Relative abundances of the dominant phyla (most abundant top 10) in paddy soil during
the experimental period. (b) Significantly different phyla in paddy soil between the QC and QE
groups at culture stage II. (c) Significantly different phyla in paddy soil between the QC and QE
groups at culture stage III. QE and QC indicate the red claw crayfish cultivation group and the control
group, respectively. I, II, and III represent three culture stages that are 25 August, 25 September, and
25 October, respectively.

Differences in the bacterial phyla between the QC and QE groups are shown in
Figure 2b,c. There were no significantly different phyla in the paddy soils between the QC
and QE groups at culture stage I (p > 0.05). As culturing progressed, the QC group exhibited
a significantly decreased relative abundance of Acidobacteriota and a clearly increased
relative abundance of Spirochaetota in the paddy soil compared with the QE group at
culture stage II (p < 0.05). At culture stage III, the relative abundances of Cyanobacteria,
Firmicutes, and Euryarchaeota in the paddy soil of the QC group were significantly higher
relative to the QE group, whereas the relative abundance of Pseudomonadota in the paddy
soil of the QC group was notably lower than QE group (p < 0.05). The differences in
the composition of bacterial communities at the genus level between the QC and QE
groups are shown in Figure S2b–d. At culture stage I, the QC group showed significantly
higher relative abundances of the genera Bradyrhizobium, Phenylobacterium, Clostridium,
and Paraclostridium compared with the QE group (p < 0.05). In addition, the QC group
had notably lower relative abundances of Hypericibacter, Chryseolinea, Sideroxydants, and
Desulfonatronum compared with the QE group (p < 0.05). As the culture progressed, an
increasing number of genera exhibited significantly different relative abundances between
the QC and QE groups. At culture stages II and III, there were 17 and 24 different genera in
the QC and QE groups, respectively (p < 0.05). Most differentially expressed genera were
significantly enriched in the QE group (p < 0.05).

3.3. Co-Occurrence Patterns in the Soil Bacterial Communities

The co-occurrence networks and topological parameters for the soil bacterial com-
munities in our study are illustrated in Figure 3 and Table S2, respectively. In culture
stage I, the co-occurrence network for the QC group displayed 145 nodes and 488 edges,
while the co-occurrence network for the QE group included 151 nodes and 293 edges. As
the culture progressed, the co-occurrence network for the QC group displayed 170 nodes
and 432 edges at culture stage II, whereas the co-occurrence network for the QE group
displayed 188 nodes and 499 edges. In the final stage, the co-occurrence network for the
QC group exhibited 192 nodes and 577 edges, whereas the co-occurrence network for
the QE group included 190 nodes and 607 edges. Additionally, the positive edge ratio
of the co-occurrence network for the QC group was 55.53% at culture stage I, increased
continuously to reach a maximum (65.51%) at culture stage II, and decreased to 58.06% at
culture stage III. However, the positive edge ratio of the co-occurrence network for the QE
group increased continuously during the culture process, from 53.92% at stage I to 59.14%
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at stage III. The changing trends in the negative edge ratio for the QC and QE groups
during the culture period were exactly opposite those of the positive edge ratio.
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Figure 3. Co-occurrence networks of bacterial communities in the paddy field for QC and QE groups
during the culture period. In the respective networks, modules are visually distinguished by being
labeled in different colors. QE and QC indicate the red claw crayfish cultivation group and the control
group, respectively. I, II, and III represent three culture stages, which are 25 August, 25 September,
and 25 October, respectively.

3.4. Assembly Processes in the Soil Bacterial Communities

NCM was used to quantify the assembly processes in driving soil bacterial commu-
nities (Figure 4). There were 46.0–64.8% of the variations in bacterial community during
the culture period can be explained by NCM. The R2 of NCM increased as the culture
progressed in both the QC and QE groups. The R2 values of the NCM for the QC and
QE groups were 0.460 and 0.493 at culture stage I, 0.544 and 0.588 at culture stage II, and
0.645 and 0.648 at culture stage III, respectively. The m-values also increased as the culture
progressed in both the QC and QE groups. The m-value of NCM for the QC group was
0.017 at culture stage I and then increased continuously to 0.031 at culture stage III. The
m-value for the QE group was 0.02 at culture stage I and then increased continuously to
0.033 at culture stage III. In contrast to the QC group, the R2, and m-values for NCM in the
QE group at the same stage were slightly higher.
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Figure 4. Fit of the neutral community model (NCM) for bacterial communities in the QC and QE
groups. The best fit to the NCM was represented by solid lines, while the dashed lines indicated the
95% confidence intervals around the model prediction. The parameter “m” denoted immigration,
and the value of “R2” represented the goodness of fit to the model. QE and QC indicate the red claw
crayfish cultivation group and the control group, respectively. I, II, and III represent three culture
stages, which are 25 August, 25 September, and 25 October, respectively.

3.5. Effect of Environmental Factors on the Soil Bacterial Communities

Variations in ammonia, nitrate, nitrite, TN, and TP contents in paddy soil for the QC
and QE groups during the culture period are shown in Figure 5. There were no signifi-
cant differences in the nitrate, nitrite, TN, or TP concentrations between the QC and QE
groups during the entire culture period (p > 0.05). However, significantly lower ammo-
nia concentration was observed in the QC group than in the QE group at culture stage II
(p < 0.05), whereas no significant differences were found in ammonia concentration between
the QC and QE groups at both culture stages I and III (p > 0.05). In terms of temporal
variation, both the QC and QE groups showed significantly decreasing trends in ammonia
and TN concentrations in the paddy soils over time (p < 0.05). Nitrite concentrations in the
paddy soil at culture stage III were significantly higher than those at culture stages I and II
(p < 0.05). No significant temporal changes in the nitrate and TP concentrations of the
paddy soils were observed throughout the culture period (p > 0.05).

According to the results of RDA, the determined environmental factors in the present
study accounted for 64.81% of the variance in the bacterial communities within the paddy
soils (Figure 6a). The bacterial communities displayed significant correlations with most
environmental variables except for TP (Table S3). The bacterial communities in paddy soils
exhibited distinct variations at different culture stages and were remarkably separated by
environmental variables in the RDA. TN and ammonia concentrations showed positive
correlations with bacterial communities at culture stage I and negatively correlated with
bacterial communities at culture stage III. However, nitrate and nitrite concentrations
were positively correlated with bacterial communities at culture stage III and negatively
correlated with bacterial communities at culture stage I. The most important environmental
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factor for changes in bacterial communities, based on ABT, was TN, with a relative influence
value of 28.11. The relative influences of TP, nitrate, ammonia, and nitrite were 19.76, 18.79,
16.90, and 16.44, respectively.
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Figure 5. Differences in environmental factors within sediment between QC and QE groups, including
ammonia (a), nitrate (b), nitrite (c), total nitrogen (d), and total phosphorus (e). Significant differences
between groups in the same sub-figure are indicated by different lowercase letters above each box
(Tukey’s HSD test, p < 0.05). QE and QC indicate the red claw crayfish cultivation group and
the control group, respectively. I, II, and III represent three culture stages, which are 25 August,
25 September, and 25 October, respectively.
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Figure 6. Effects of environmental factors on the bacterial communities in paddy soil. (a) Redundancy
analysis (RDA) for accessing the relationships between the bacterial communities and environmental
variables. (b) Aggregated boosted tree (ABT) for accessing the importance of environmental variables
for changes in bacterial communities. QE and QC indicate the red claw crayfish cultivation group
and the control group, respectively. I, II, and III represent three culture stages, which are 25 August,
25 September, and 25 October, respectively.
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4. Discussion
4.1. Bacterial Community and Its Composition in Paddy Field Influenced by Red Claw Crayfish

Previous studies on integrated rice–aquatic animal farming systems have shown that
aquaculture activities can have an obvious impact on bacterial communities in paddy
fields [10,65,66]. Zhao et al. [66] found significant differences in the paddy field bacterial
community composition between integrated rice–fish farming systems and rice mono-
culture fields. Similar to the findings of Arunrat et al. [65], although red claw crayfish
cultivation had no significant impacts on the diversity of the bacterial community in the
paddy field, it clearly influenced the relative abundances of many bacterial phyla and
genera, especially at culture stages II and III. At culture stages II and III, red claw crayfish
cultivation significantly increased the relative abundances of the phyla Acidobacteriota
and Pseudomonadota in paddy soil. Acidobacteriota (previously named Actinobacteria)
are highly abundant bacteria in soils, playing an important ecological role in metabolizing
complex organic matter, enhancing substance recycling, promoting soil agglomerate for-
mation, removing xenobiotics compounds, and maintaining ecosystem stability [67–69].
Pseudomonadota (synonym Proteobacteria) have been reported as the largest phylum in
both soils and sediments and can be involved in various biogeochemical processes [69,70].
Proteobacterial microorganisms also play an important ecological role, contributing to ni-
trogen, phosphorus, and carbon cycling and degrading a variety of environmental organic
pollutants [70,71]. Hence, the significantly increased Acidobacteriota and Pseudomonadota
might indicate that red claw crayfish cultivation significantly promotes the microbial capac-
ity to break down organic matter and accelerate nitrogen, phosphorus, and carbon cycling
mediated by bacteria.

4.2. Bacterial Community Assembly in Paddy Field Influenced by Red Claw Crayfish

According to the results of the NCM for bacterial communities in paddy fields, both
stochastic and deterministic processes made nearly equivalent contributions to the assembly
of paddy soil bacterial communities in both the QC and QE groups at culture stage I. As
the experiment progressed, stochastic processes emerged as the prevailing process in
the assembly of bacterial communities across all groups. During culture stage III, the
dominance of the stochastic process over the deterministic process was found in the
bacterial communities’ assembly. These findings align with previous studies conducted in
various aquatic or aquaculture ecosystems, such as ponds, lakes, and recirculating systems,
demonstrating the predominance of stochastic processes in controlling bacterial community
assembly [21,72–75]. However, it is worth noting that aquaculture activities in these
natural or artificial ecosystems have a very limited impact on the assembly of bacterial
communities [73,75]. Zeng et al. [75] found that seasonality played a decisive role in
determining bacterial community assembly compared with the slight effects of aquaculture
activities. Similarly, Hou et al. [73] discovered a slight effect derived from mandarin fish
culture on the bacterioplankton community assembly in crustacean aquaculture ponds.
Moreover, the R2 and m-values of the NCM for the QE group in the present study were
slightly higher than those for the QC group at each culture stage, which suggests that
red claw crayfish cultivation could enhance the mobility of the bacterial community and
accelerate the evolution of bacterial community assembly towards a stochastic process.

4.3. Bacterial Community Co-Occurrence Pattern in Paddy Field Influenced by Red Claw Crayfish

Bacteria play a crucial role in paddy soils, contributing to the maintenance of terres-
trial ecosystems and fundamental ecological processes, most of which thrive in numerous
communities rather than in isolation [76–79]. Close interactions among bacteria can pro-
vide additional advantages to the entire bacterial community, ultimately influencing and
shaping its overall structure and function [76,77,79]. Co-occurrence networks of bacteria
have been extensively utilized to comprehensively investigate and assess the complex
structures and interlinked patterns of bacterial communities [77]. Many studies have found
significant variations in bacterial co-occurrence networks in aquaculture ecosystems as
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farming progresses [21,73,80,81]. In the present study, the edge number in the paddy soil
bacterial co-occurrence network for the QE group was much lower than that for the QC
group at culture stage I. Edges in the bacterial co-occurrence network indicate interactive
relationships between bacterial communities [82]. The much lower edge number for the
QE group revealed that red claw crayfish cultivation initially resulted in looser interactions
between bacterial communities and decreased bacterial resistance to disturbances [82,83].
However, the negative effects of red claw crayfish cultivation were gradually eliminated as
the culture progressed, and the QE group showed more complex bacterial communities
and increased resistance to disturbance at culture stage II, as suggested by the higher
node and edge numbers [82,83]. Meanwhile, in culture stage II, the negative edge ratio
of the co-occurrence network for the QE group was 43.29%, which was much higher than
that for the QC group (34.49%). Negative edges within bacterial co-occurrence networks
indicate negative interactions between bacterial communities, encompassing phenomena
such as competition, parasitism, and predation, which may arise from various co-exclusion
mechanisms, including direct competition, toxin production, environmental modifications,
and differential niche adaptation [76,84]. Generally, higher proportions of negative edges
in bacterial co-occurrence networks suggest higher intensities of competition or niche
differentiation in the soil, and low proportions of negative edges indicate the prevalence of
collaboration or niche sharing in contrast [77]. Thus, red claw crayfish cultivation promoted
bacterial niche differentiation and increased competition intensity in paddy soil at culture
stage II, which was different from the snail Bellamya purificata cultivation reported by Zhou
et al. [85]. In Zhou et al. [85] and our study, both snail and red claw crayfish cultivations
involved exogenous feed inputs, and the primary reasons for the different results between
these two cultivations lay in biomass, disturbance behavior or intensity, and culture envi-
ronment. In addition to the great variations in culture environment, the red claw crayfish
C. quadricarinatus is a macrobenthic species that possesses an extremely high bioturbation
capacity, unlike snail B. purificata. Previous studies have shown that crayfish, due to their
voracious feeding habits and dietary adaptability, are capable of swiftly depleting all acces-
sible food sources, resulting in dramatic effects on the entire aquatic ecosystem [41,86–89].
For our study, the enhanced niche differentiation and increased competition intensity in
the paddy soil bacterial community at culture stage II may have resulted from the rapid
growth and dramatic consumption of red claw crayfish.

4.4. Correlations of Environmental Factors with Soil Bacterial Community in Integrated
Rice–Crayfish Farming System

Frequent reports have highlighted that variations in environmental conditions can
directly influence the composition and distribution of bacterial communities across diverse
environments [90–93]. According to the results of the RDA and ABT analyses, the nitrogen
concentrations had a significant effect on the bacterial community in the paddy soil, espe-
cially the TN concentration. As in previous studies, TN was found to be a limiting factor
for bacterial growth, with bacterial abundance and activity-dependent on its concentra-
tion [94]. In addition, red claw crayfish cultivation significantly decreased the ammonia
concentration in paddy soil at culture stage II of the present study. The activities of benthic
fauna can effectively alter the sediment structure and properties, accelerate biogeochemical
processes, and accelerate material cycles, thus affecting the bacterial processes of bacterial
communities [47,95,96]. Thus, even though the overall impact of red claw crayfish culti-
vation on environmental factors in paddy soil was limited, red claw crayfish cultivation
could still influence the bacterial community by altering the ammonia concentration in the
paddy soil during the culture period.

5. Conclusions

Red claw crayfish C. quadricarinatus cultivation, while not significantly affecting the
bacterial community diversity in paddy fields, significantly increased the relative abun-
dances of the phyla Acidobacteriota and Pseudomonadota involved in organic matter
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degradation and nitrogen, phosphorus, and carbon cycling. Red claw crayfish cultivation
initially resulted in looser interactions between bacterial communities and decreased bac-
terial resistance to disturbance. However, the negative effect was gradually eliminated
as the culture progressed and instead turned into a positive facilitative effect, with more
complex bacterial communities observed at culture stage II. Red claw crayfish cultivation
also promoted niche differentiation and increased the intensity of competition between
bacterial communities at culture stage II. During the culture period, nitrogen emerged as a
pivotal factor affecting the bacterial community in the paddy field, and red claw crayfish
cultivation affected the bacterial community by altering the ammonia concentration in the
paddy soil. As the culture progressed, the bacterial community assembly in the paddy
soil was predominantly driven by stochastic processes, and red claw crayfish cultivation
accelerated the evolution of the bacterial community assembly towards a stochastic process.
The results of this study contribute to a deeper comprehension of the effects derived from
the red claw crayfish cultivation on the bacterial communities in paddy fields from the
perspective of composition and assembly.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments10100178/s1, Figure S1: Differences in alpha di-
versity indices of bacterial communities in paddy soil with and without red claw crayfish Cherax
quadricarinatus cultivation during the experimental period. Different lowercase letters above each box
in the same sub-figure represent significant differences between groups (Tukey’s HSD test, p < 0.05).
QE and QC indicate the red claw crayfish cultivation group and the control group, respectively. I, II,
and III represent three culture stages, which are 25 August, 25 September, and 25 October, respec-
tively. Figure S2: Compositions of bacterial communities at genus level in the paddy soil. (a) Relative
abundances of the dominant genera (most abundant top 30) in paddy soil during the experimental
period. (b) Significantly different genera in paddy soil between QC and QE groups at the culture stage
I. (c) Significantly different genera in paddy soil between QC and QE groups at the culture stage II.
(c) Significantly different genera in paddy soil between QC and QE groups at the culture stage III. QE
and QC indicate the red claw crayfish cultivation group and the control group, respectively. I, II, and
III represent three culture stages, which are 25 August, 25 September, and 25 October, respectively.
Table S1: Two-way PERMANOVA of culture stages and red claw crayfish Cherax quadricarinatus
cultivation for the bacterial community in a paddy field based on the Bray–Curtis distance. Table S2:
Topological parameters of co-occurrence networks constructed by bacteria in paddy soil. QE and
QC indicate the red claw crayfish cultivation group and the control group, respectively. I, II, and III
represent three culture stages, which are 25 August, 25 September, and 25 October, respectively. Table
S3: Significance tests of environmental factors in Redundancy analysis (RDA).
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