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Abstract
Sediment environments harbor a repertoire of microorganisms that contribute to animal health and the microecosystem in
aquaculture ecosystems, but their community diversity and the potential factors that control it remain unclear. Here, we applied
16S rRNA gene amplicon sequencing to investigate bacterial diversity and assembly mechanisms in the sediments of shrimp
cultural ponds at the mesoscale. Our results showed that sediment bacterial communities contained 10,333 operational taxonomic
units (OTUs) but had only 34 core OTUs and that the relative abundances of these core OTUs were significantly correlated with
the physicochemical properties of the sediments. Proteobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Acidobacteria,
Firmicutes, Actinobacteria, Ignavibacteriae, Spirochaetae and Planctomycetes were the ten most abundant bacterial phyla.
Notably, some opportunistic pathogens (e.g. Vibrio and Photobacterium) and potential functional microbes (e.g. Nitrospira,
Nitrosomonas,Desulfobulbus andDesulfuromusa) were widely distributed in shrimp cultural pond sediments. More importantly,
we found that there was a significant negative but weak distance-decay relationship among bacterial communities in shrimp
culture pond sediments at the mesoscale, and that the spatial turnover of these bacterial communities appeared to be largely driven
by stochastic processes. Additionally, environmental factors, such as pH and total nitrogen, also played important roles in
influencing the sediment bacterial structure. Our findings enhance our understanding of microbial ecology in aquatic ecosystems
and facilitate sediment microbiota management in aquaculture.

Key points
• Core bacterial taxa in cultural pond sediments contributed to the shrimp health and element cycling.
• There was a significant negative distance-decay relationship among bacterial communities in shrimp culture pond sediments at
the mesoscale, and its spatial turnover appeared to be largely driven by stochastic processes.

• Environmental factors (e.g. pH and total nitrogen) played important roles in influencing bacterial structure in shrimp cultural
pond sediments.
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Introduction

Natural environments teem with microorganisms that play
crucial roles in ecosystem functions, such as biogeochemical
cycling and maintaining macroorganismal health (Newton
et al. 2011; Bárcena et al. 2019; Trivedi et al. 2020).
Revealing the mechanisms that generate and maintain micro-
bial diversity in the environment is critical to determine the
links between community stability and ecosystem functions.
Generally, there are two types of ecological processes (deter-
ministic and stochastic processes) that determine microbial
assemblages, but the relative contributions of these two
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processes have been debated (Zhou and Ning 2017). Some
studies of microbial communities have explored diverse
aquatic ecosystems in recent years and have shown that their
microbial assemblies are often regulated by different ecolog-
ical processes. One of the studies addressing this issue showed
that stochastic processes dominated the microbial community
variations in water environment in a lotic river (Chen et al.
2019). Additionally, strong stochastic assembly of microbial
communities has been observed in other aquatic ecosystems,
such as lakes (Zhao et al. 2017), reservoir (Liu et al. 2015) and
wastewater (Ofiteru et al. 2010). In contrast, another study
demonstrated that deterministic processes (e.g. environmental
selection) played a key role in shaping the water microbial
community in subtropical bays (Mo et al. 2018). Similarly,
deterministic processes play a critical role in shaping the mi-
crobial variation in water and sediment environments in lakes
(Wang et al. 2013; Yan et al. 2017). These studies have deep-
ened our understanding of microbial diversity and assembly
mechanisms in aquatic ecosystems.

Aquaculture is the third largest source of animal proteins
worldwide, accounting for 17% of global protein consump-
tion (FAO 2018), but the frequent occurrence of diseases in
aquaculture settings restricts its development. Importantly, the
microorganisms in water and sediment environments in aqua-
culture ecosystems are critical to cultured animal health, water
quality and element cycling (Moriarty 1997; Zhou et al.
2009). Previous studies have found that several microorgan-
isms can accelerate the decomposition of residual feed and
faeces to improve water quality (Tan et al. 2016); others can
convert toxic substances into low-toxicity or nontoxic forms
to protect the cultured species (Su et al. 2016). Moreover, the
characteristics of the microbial communities in farming envi-
ronments are closely related to the occurrence of aquatic ani-
mal diseases (Li et al. 2017; Xiong et al. 2017). Given the
importance of environmental microorganisms, revealing their
microbial diversity and control factors can facilitate microbi-
ota management to promote productivity and sustainability in
aquaculture. A few studies have focused on microbial diver-
sity in aquaculture ecosystems and have found that environ-
mental factors and geographical distance both contribute to
microbial assemblages in water and sediment environments
(Li et al. 2017; Hou et al. 2017; Huang et al. 2018). Such
information has provided the basis for our understanding of
the microbial diversity in aquaculture ecosystems and the pos-
sible factors controlling it.

Sediment microorganisms are an important component of
aquaculture ecosystems; they exhibit very high microbial di-
versity, which is often higher than that in water and in animal
intestines (Al-Harbi and Uddin 2005; Del’Duca et al. 2015;
Dabadé et al. 2016; Zhang et al. 2020). Among the microor-
ganisms in aquaculture sediments, some are opportunistic
pathogens (e.g. Vibrio) and functional microbes (e.g.
Nitrospira and Desulfobulbus) (Hou et al. 2018; Fan et al.

2019) that are related to the health of the cultured animals
and to element cycling. In particular, the microbial taxa in
cultured animal intestines and in sediment environments in
aquaculture ecosystems are mostly the same (Huang et al.
2018; Hou et al. 2018), and this close relationship is critical
for host health (Schryver and Vadstein 2014). Taken together,
these studies suggest that sediment microorganisms make im-
portant contributions to microecosystem and cultured animal
health in aquaculture ecosystems, but their community diver-
sity and assembly mechanism remain elusive.

In this study, we analysed the 16S rRNA gene sequences of
180 samples taken from 60 culture ponds across six regional
sites in China and aimed to reveal the bacterial diversity and
assembly mechanisms of the sediment environment in shrimp
cultural ponds at the mesoscale (tens to thousands of
kilometres). To expound on these questions, we explored (i)
the sediment bacterial features and their biogeographic pat-
terns; (ii) the relative importance of deterministic versus sto-
chastic factors in regulating sediment bacterial assembly; and
(iii) the effects of environmental drivers on the sediment bac-
terial community. Our findings can provide a reference for the
study of microbial ecology in aquatic ecosystems and support
the management of sediment microbiota in aquaculture.

Materials and methods

Sample collection and physicochemical analysis

A total of 180 sediment samples were collected from 60
Litopenaeus vannamei cultural ponds (three parallel samples
from each pond) in Qingzhou (QZ, n = 9 ponds * 3 samples),
Zhuhai (ZH, n = 9*3), Zhangpu (ZP, n = 9*3), Maoming
(MM, n = 15*3), Qionghai (QH, n = 8*3) and Tianjin (TJ, n
= 10*3) cities in China (19.20°–39.29°N, 108.56°–117.93°
E). The site locations were recorded by GPS (global position-
ing system; GarminVista HCx, Lenexa, USA). The geograph-
ical distances between sample sites ranged from 0.31 to
2063.35 km. All the sampled ponds had similar sizes (~
3300 m2), water depths (~ 12 m), cultural period (about 60
days) and stocking densities (~ 200,000 shrimp larvae/pond)
(Supplemental Table S1). For all ponds, no probiotics, disin-
fectants or other products were added within five days before
sampling. During sampling, 5.0 g sediment was placed into a
15-mL sterile centrifugal tube for each sample. All samples
were stored at – 80 °C until DNA extraction. The sediment pH
was measured on-site using a pH meter (ZD-05, Beijing
Century Euron Co, Ltd, Beijing, China). The concentrations
of total nitrogen (TN) and total phosphorus (TP) of samples
were measured using an auto-discrete analyser (Model
CleverChem 380, DeChem-Tech.GmbH, Hamburg,
Germany). The concentrations of total carbon (TC) and total
organic carbon (TOC) of samples were measured using a total
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organic carbon analyser (Aurora 1030W, OI Analytical,
College Station, TX, USA). The sediment physicochemical
properties are described in Supplemental Table S2.

DNA extraction, PCR amplification, and sequencing

Sediment genomic DNA was extracted by the PowerSoil
DNA Isolation Kit (Mobio, Carlsbad, San Diego, CA,
USA). The 338F and 806R universal primer pair was used
to amplify the V3-V4 regions of 16S rRNA gene PCR prod-
ucts from the sediment samples, which were equally com-
bined and then sequenced using the Illumina MiSeq platform
(Illumina, San Diego, USA) by Majorbio Bio-Pharm
Technology Co Ltd. (Shanghai, China). Paired-end sequences
were merged with FLASH (Magoč and Salzberg 2011), and
merged sequences were processed with Quantitative Insights
Into the Microbial Ecology pipeline (QIIME version 1.9.0)
(Caporaso et al. 2010). In brief, sequences with ambiguous
bases or truncated at any site of more than three consecutive
bases receiving a Phred quality score Q < 20 were deleted.
Chimeric sequences were discarded using the UCHIME algo-
rithm (Edgar et al. 2011). Bacterial phylotypes were identified
using UCLUST (Edgar 2010) and classified into operational
taxonomic units (OTUs) at a 97% cut-off. The most abundant
sequence from each OTU was selected as a representative and
then taxonomically assigned against the Silva SSU database
128 using the RDP Classif ier algori thm (http : / /
rdpcmemsuedu/). This process allowed each identified OTU
to have a close relative. The core OTUs in the shrimp cultural
pond sediments were present at all regional sites, and in ≥ 80%
of all samples with average relative abundances ≥ 0.2% (Wu
et al. 2019).

Estimating stochasticity of sediment bacterial
assembly

To determine which ecological processes shape sediment bac-
terial assembly, community assembly stochasticity was
assessed using a null-model-based index. The stochasticity
ratio has been described previously (Zhou et al. 2014). Since
null-model algorithms usually require a high number of repli-
cates, more than 8 pond samples were taken from each region-
al site. We calculated the stochasticity ratio using the follow-
ing metrics: when using the Bray-Curtis (abundance-
weighted and unweighted) model, the stochasticity ratio was
calculated based on typical null-model algorithms for bacterial
taxonomic metrics; when using weighted and unweighted
UniFrac, the stochasticity ratio was calculated based on the
typical null-model algorithms for phylogenetic metrics
(Kembel 2009; Chase et al. 2011; Stegen et al. 2013). The
samples within each site were considered to share the same
regional species pool in the null-model algorithms.

Statistical analysis

Non-metric multidimensional scaling (NMDS) and analysis
of similarity (ANOSIM) were performed to evaluate the over-
all differences in sediment bacterial communities using the
Bray-Curtis distance. Spearman’s correlation analyses were
employed to test the correlations between the relative abun-
dances of core OTUs and sediment properties. BioEnv and
canonical correspondence analyses were used to identify the
sediment properties and geographic distances that were the
most important to bacterial structure, which were used to con-
struct an environmental factor matrix for variation partitioning
analysis (VPA) in R 3.3.2 with the vegan package (R Core
Team 2015). The same subset of sediment properties was
incorporated into a structural equation model (SEM) to eval-
uate their effect on the bacterial diversity and structure of
shrimp cultural pond sediments (Bagozzi and Yi 2012).
Meanwhile, distance decay curves were generated using the
geographic distance and bacterial similarity among all sedi-
ment samples based on the beta nearest taxon index (Bray and
Curtis 1957).

Results

Bacterial diversity and core OTUs of shrimp cultural
pond sediments

Sequencing of 16S rRNA gene amplicons generated
8,730,698 quality sequences from all sediment samples, and
there was an average of 48,503 ± 5894 sequences per sample
(Supplemental Table S3). After subsampling to 20,002 se-
quences per sample, 3,600,360 sequences (10,333 bacterial
OTUs with an average of 2141 ± 311 OTUs) were retained
(Supplemental Table S3). Then, the α-diversity indices at the
OTU level were calculated using rarefaction curves at OTU
level at a sequencing depth of 20,002 with 1000 iterations,
where the Shannon and Chao1 indices had stabilized
(Supplemental Figure S1). Then, the α-diversity indices were
calculated based on the OTUs of each library. Good’s cover-
age index was 0.96 ± 0.01 for each sample, indicating that
each library of 16S rRNA sequences represented majority of
the bacterial communities in all sediment samples. The
Shannon and Chao1 indices were 6.37 ± 0.28 and 2,914 ±
472, respectively (Supplemental Table S3).

Despite the high diversity, only approximately 0.03% of
the OTUs (34 out of 10,333 OTUs) constituted core OTUs
that accounted for 13.45% of all the bacterial sequences in the
sediment (Fig. 1a). These core OTUs were classified as
Bacteroidetes (11 OTUs, relative abundance of 4.52%),
Proteobacteria (8 OTUs, 3.59%), Acidobacteria (3 OTUs,
0.91%), Cyanobacteria (3 OTUs, 1.21%), Ignavibacteriae
(3 OTUs , 1 .14%) , Chlorob i (2 OTUs , 0 .64%) ,
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Planctomycetes (1 OTU, 0.54%),Chloroflexi (1 OTU, 022%),
Tenericutes (1 OTU, 0.45%) and WS6 (1 OTU, 0.24%) (Fig.
1b and Supplemental Table S4). Some potential functional
m i c r o b e s , s u c h a s Rob i g i n i t a l e a OTU20074 ,
Desulfomicrobium OTU6931 and Hydrogenophaga
OTU4062, were core OTUs in the sediments (Supplemental
Table S4). Spearman’s correlation analyses further revealed
that the relative abundances of core OTUs were significantly
(P < 0.05 in all cases) correlated with at least one of the
sediment physicochemical properties (Fig. 1c and
Supplemental Table S4). For example, the relative abundance
of Robiginitalea OTU20074 was significantly positively cor-
related with the ratio of carbon to nitrogen (C/N) (r = 0.40, P <
0.01) and carbon to phosphorus (C/P) (r = 0.44, P < 0.01), but
negatively associated with TN (r = − 0.40, P < 0.01), TP (r = −
0.16, P < 0.05) and the ratio of nitrogen to phosphorus (N/P) (r
= − 0.16, P < 0.05).

Taxonomic composition of bacterial communities in
shrimp cultural pond sediments

All sediment sequences were affiliated with at least 61 or 1189
bacteria divisions at the phylum or genus level (Supplemental
Table S3). Proteobacteria (relative abundance was 31.43%),
Bacteroidetes (25.38%), Chloroflexi (8.32%), Cyanobacteria

(3.03%), Acidobacteria (2.95%), Actinobacteria (2.88%),
Firmicutes (2.72%), Ignavibacteriae (2.53%), Spirochaetae
(2.49%) and Planctomycetes (2.49%) were the ten most abun-
dant phyla in the shrimp cultural pond sediments (Fig. 2),
while Spirochaeta (1.40%), Robiginitalea (1.05%),
Acholeplasma (0.94%), Ignavibacterium (0.91%),
Candidatus Thiobios (0.75%), Nitrospira (0.72%),
Ilumatobacter (0.72%), Algoriphagus (0.68%), Caldithrix
(0.67%) and Desulfobulbus (0.64%) were the ten most abun-
dant genera (Supplemental Table S5). Notably, some oppor-
tunistic pathogens, such as Vibrio and Photobacterium, and
potentially functional microbes, such as Nitrospira,
Nitrosomonas, Desulfobulbus and Desulfuromusa, were de-
tected in most sediment samples (Supplemental Table S5).

Geographic patterns of the sediment bacterial
community

The NMDS analysis showed that there were differences in
sediment bacterial community structure among regional sites
in different (Fig. 3a). This result was further corroborated by
the ANOSIM, which revealed that the bacterial community
structure significantly (r = 0.8115, P < 0.001) differed be-
tween any two of the compared regional sites (Fig. 3a). To
further explore the geographic distribution of the sediment

Fig. 1 The abundance and composition of core bacterial OTUs in shrimp
cultural pond sediments. a Percentage and relative abundance of core
versus other OTUs. b Taxonomic composition of core OTUs at the
phylum level. c Correlations between the relative abundances of core
OTUs and sediment properties. The colour gradient on the right
represents the Spearman’s rank correlation coefficients, with more

positive values (dark blue) indicating stronger positive correlations and
more negative values (dark red) indicating stronger negative correlations.
The sizes of the coloured boxes indicate the correlation strengths. The
asterisks denote the significance levels of the Spearman’s rank correlation
coefficients. ** P < 0.01, * P < 0.05
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bacterial community, we generated the distance decay curves
using the geographic distance and bacterial similarity and
found that the sediment bacterial community decreased in
slightly similarity but significantly (P < 0.001) with increasing
geographic distance (Fig. 3b). These results suggest that there
was an obvious but weak distance-decay pattern in the bacte-
rial community in shrimp cultural pond sediments at the
mesoscale.

Ecological processes contribute to sediment bacterial
assembly

We used a null model-based approach to calculate the stochas-
tic ratios of sediment bacterial assembly with taxonomic and
phylogenetic metrics. The average stochastic ratios based on
these metrics were all higher than 80% (Fig. 4a), suggesting
that stochastic factors can play more important roles than de-
terministic factors in influencing the bacterial assembly in

shrimp cultural pond sediments at the mesoscale. To discern
the relative importance of the various factors contributing to
sediment community variation, we performed VPA based on
phylogenetic diversity metrics. Eight sediment physicochem-
ical properties that provided the highest Pearson correlation
with sediment communities were selected by the BioEnv pro-
cedure. The VPA results showed that the sediment properties
explained 16.73% (P < 0.001), and geographic distance alone
explained 6.27% (P < 0.001) bacterial variations with 4.30%
interaction effect detected, respectively, leaving 72.70% of the
variation unexplained (Fig. 4b). These results support those
inferred from the stochastic ratio analysis.

Environmental drivers of sediment bacterial
community

Because the sediment physicochemical properties were deter-
mined to be important, we performed a more in-depth analysis

Fig. 2 The ten most abundant
bacterial phyla in shrimp cultural
pond sediments. QZ, ZH, ZP,
MM, QH and TJ represent
Qingzhou, Zhuhai, Zhangpu,
Maoming, Qionghai and Tianjin,
respectively

Fig. 3 The geographic patterns of the bacterial community in shrimp cultural pond sediments. a NMDS and ANOSIM analyses illustrating sediment
bacterial β-diversity based on Bray-Curtis distances. b Distance-decay curves of similarity among sediment bacterial communities
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using an SEM and revealed the effects of environmental
drivers on the sediment bacterial community (Fig. 5). This
model was assessed using the Goodness-of-Fit (GoF) statistic,
and the GoF value was 0.158. The results showed that sedi-
ment properties significantly affected the bacterial diversity (r
= 0.17, P < 0.01) and structure (r = − 0.73, P < 0.01). Among
specific sediment physicochemical variables, pH (r = 0.33, P
< 00.1), TN (r = − 0.33, P < 0.05) and C/P (r = − 0.24, P <
0.05) significantly affected the sediment bacterial diversity,
while TN (r = 0.48, P < 0.01) and N/P (r = 0.18, P < 0.05)
significantly affected the bacterial structure. Thus, sediment
properties were important factors in shaping the bacterial as-
sembly in shrimp cultural pond sediments.

Discussion

Sediment microorganisms contribute to animal health and
microecosystem in aquaculture systems, and their community
diversity and assembly mechanisms are fundamental but rare-
ly investigated topics. In this study, we aimed mainly to in-
vestigate the bacterial diversity in shrimp cultural pond sedi-
ments and to explore the relative contributions of ecological
processes on its community assembly. Extensive studies have
focused on sediment microorganisms in aquaculture ecosys-
tems and found that they can vary widely at the OTU or genus
level but tend to be dominated by Proteobacteria,
Bacteroidetes and Chloroflexi (Al-Harbi and Uddin 2005;
Del’Duca et al. 2015; Hou et al. 2018; Zhao et al. 2020a).

Fig. 4 Ecological processes contributing to the bacterial assembly of
shrimp cultural pond sediments. a Ecological stochasticity of sediment
bacterial assembly estimated by the stochasticity ratio, which was
calculated for each pair of samples based on taxonomic diversity (Bray-

Curtis, BC) and phylogenetic diversity (Phyl, UniFrac) weighted by
abundance (Wt) or not (Uw) Boxes and whiskers indicate quartiles. b
VPA of the effects of geographic distance and environmental factors on
sediment bacterial structure. *** P < 0.01

Fig. 5 SEM showing the
environmental drivers of the
bacterial community in shrimp
culture pond sediments. Directed
graph of SEM, and GoF statistic
value was 0.158. Each box
represents an observed variable or
latent variable. Path coefficients
are reflected in the width of the
arrow, with blue solid and red
dashed arrows indicating
significantly positive and
negative effects. ** P < 0.01, * P
< 0.05
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These studies revealed a common conclusion about sediment
bacterial compositions in aquaculture, but the core taxa of
aquaculture systems remain unknown. Our study found that
despite its high diversity, sediment communities in shrimp
cultural ponds had only small core OTUs. These sediment
core taxa might serve as a ‘most wanted’ list for future exper-
imental efforts to understand their genetic, biochemical, phys-
iological and ecological traits. For example, Robiginitalea
OTU20074 and Desulfomicrobium OTU6931 are known to
enhance sulfur cycling, and Robiginitalea is thought to have
the ability to produce hydrogen sulfide (Liesack and Finster
1994; Zhang et al. 2018). A Hydrogenophaga OTU
(OTU4062) was also identified as core taxa, reflecting its im-
portance for denitrification (Liu et al. 2019). In fact, hydrogen
sulfide, ammonia nitrogen and nitrite nitrogen are the
commonest toxicants and are harmful to shrimp health and
growth (Lin and Chen 2001; Suo et al. 2017). Thus, these core
taxa in culture pond sediments might play vital roles in water
quality and shrimp health.

Additionally, our results showed that some opportunistic
pathogens, such as Vibrio species, which become enriched in
shrimp or fish intestines and are generally associated with host
disease outbreaks (Li et al. 2017; Huang et al. 2020), were also
present in sediment. Indeed, the activities of benthonic ani-
mals (e.g. shrimp, shellfish, crab) are closely related to sedi-
ments; specifically, L. vannamei has the characteristics of
feeding from sediment and ingesting particulate matter into
their intestine. Presumably, opportunistic pathogens in sedi-
ment environments may enter benthic animal intestines
through the feeding behaviors of these animals thus increasing
the risk of host disease.

We further found that there was significant negative but
weak distance-decay relationship (DDR) among bacterial
communities in shrimp cultural pond sediments at the meso-
scale. The DDR is a fundamental pattern in ecology (Morlon
et al. 2011), and over the past few decades, microbial biogeo-
graphic patterns have been reported in a variety of environ-
ments (Fierer et al. 2009; Griffiths et al. 2011; Delgado-
Baquerizo et al. 2018). Consistent with those in other
human-managed ecosystems, such as agricultural soil (e.g.
wheat soil and alkaline agricultural soil at the mesoscale;
Zhao et al. 2020b) and engineering systems (e.g. activated
sludge at the regional, continental and global scales) (Wu
et al. 2019), the spatial turnover rates of bacterial communities
also presented obvious but weak DDRs. Thus, ‘scale-depen-
dency’ is an important consideration, different approaches for
microbial community management in human-managed sys-
tems should be applied at different scales. Moreover, we
found that the bacterial spatial turnover rates in human-
managed systems were lower than those observed in some
natural environments, especially in nonflowing ecosystems
(e.g. soil and sediment) (Fierer and Jackson 2006; Martiny
et al. 2011).

Generally, the spatial turnover of the microbial community
is driven both by deterministic and stochastic processes
(Hanson et al. 2012), but there is an ongoing debate regarding
the relative contributions of these two processes. Thus, our
study raises an important question: what is the relative impor-
tance of deterministic versus stochastic processes in regulating
the bacterial assembly in shrimp cultural pond sediments at
the mesoscale? To address this concern, we calculated the
stochastic ratios of sediment bacterial assembly and found that

Fig. 6 Schematic presentation of the bacterial diversity and assembly mechanisms in shrimp cultural pond sediments

5019Appl Microbiol Biotechnol (2021) 105:5013–5022



its spatial turnover appeared to be largely driven by stochastic
processes. Consistent with that in other human-managed eco-
systems, the bacterial spatial turnover of activated sludge in
wastewater treatment plants was also largely driven by sto-
chastic processes (Wu et al. 2019). Like in natural ecosystems,
such as river-bay systems and cool temperate forests,
stochasticity factors play a relatively important role in control-
ling bacterial variation in sediments (Lu et al. 2021) and soils
(Bahram et al. 2016). In contrast, deterministic processes were
the primary factors controlling the bacterial community as-
semblages of wheat field soil (Shi et al. 2018), as well as of
natural deserts and soils (Caruso et al. 2011; Schmidt et al.
2014). Thus, the microbial community assemblies of different
environments are often regulated by different ecological
processes.

We also found that sediment properties and geographic
distance are both important factors in shaping sediment bac-
terial assembly in shrimp cultural ponds. Our VPA results
showed that sediment bacterial variables explained only
27.3% by sediment properties and geographic distance, leav-
ing 72.7% of the variation unexplained. Similarly, the bacte-
rial variables of lake sediment (Xiong et al. 2012), wheat field
soil (Shi et al. 2018) and forest soil (Zhou et al. 2008) ex-
plained only 22.5%, 44.8% and 41.1% by environmental fac-
tors and spatial parameters, respectively. Similar trends were
observed in the above studies and in our study, with environ-
mental variables explaining < 50% of the bacterial variation;
the reasons for the unexplained variation also include stochas-
tic processes (e.g. dispersal, ecological drift) (Zhou et al.
2014). Thus, the VPA results also showed that bacterial as-
sembly in shrimp cultural pond sediments appears highly like-
ly to be driven by stochastic processes. Moreover, sediment
properties played important roles in influencing the sediment
bacterial structure and core taxa. These findings could be im-
portant for developing operating strategies to maintain the
sediment microbial diversity that promotes stable system per-
formance. Perhaps one could alternate the sediment properties
(e.g. pH, TN, C/P, N/P, which are associated with feed inputs
and other operations in shrimp culture) to manipulate the sed-
iment microbiota and select for microorganisms that have the
desired functions in shrimp cultural ponds.

In conclusion, we systematically investigated the bacterial
diversity and assembly mechanism of shrimp cultural pond
sediments within an ecological framework (Fig. 6). Our find-
ings highlight how little we know about the microbial ecology
of the sediment environment in aquaculture ecosystems,
which are some of the most common human-managed sys-
tems. Despite its high bacterial diversity, the important sedi-
ment core community consists of only a small number of taxa
whose relative abundances were strongly linked to sediment
physicochemical properties. Importantly, some opportunistic
pathogens and potential functional microbes were widely dis-
tributed in the sediment. Furthermore, there was a significant

negative but weak DDR among the sediment bacterial com-
munities, and their spatial turnover appeared to be largely
driven by stochastic processes, although sediment physico-
chemical properties also played important roles. These results
greatly enhance our mechanistic understanding of aquatic mi-
crobial ecology and facilitate sediment microbiota manage-
ment for healthy aquaculture.
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