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Abstract

Deciphering biogeographic patterns of microorganisms is important for evaluating the maintenance of microbial diversity with
respect to the ecosystem functions they drives. However, ecological processes shaping distribution patterns of micro-
organisms across large spatial�scale watersheds remain largely unknown. Using Illumina sequencing and multiple statistical
methods, we characterized distribution patterns and maintenance diversity of microorganisms (i.e., archaea, bacteria, and
fungi) in soils and sediments along the Yangtze River. Distinct microbial distribution patterns were found between soils and
sediments, and microbial community similarity signi�cantly decreased with increasing geographical distance. Physicochemical
properties showed a larger effect on microbial community composition than geospatial and climatic factors. Archaea and fungi
displayed stronger species replacements and weaker environmental constraints in soils than that in sediments, but opposite for
bacteria. Archaea, bacteria, and fungi in soils showed broader environmental breadths and stronger phylogenetic signals
compared to those in sediments, suggesting stronger environmental adaptation. Stochasticity dominated community as-
semblies of archaea and fungi in soils and sediments, whereas determinism dominated bacterial community assembly. Our
results have therefore highlighted distinct microbial distribution patterns and diversity maintenance mechanisms between soils
and sediments, and emphasized important roles of species replacement, environmental adaptability, and ecological assembly
processes on microbial landscape. Our �ndings are helpful in predicting loss of microbial diversity in the Yangtze River Basin,
and might assist the establishment of environmental policies for protecting fragile watersheds.
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Impact statement
Understanding biogeographic patterns and diversity maintenance mechanisms of microorganisms is important to evaluate and
predict diversity�driven ecosystem functions. Our DNA�based datasets and statistical analyses have revealed distribution
patterns and diversity maintenance of microorganisms (i.e., archaea, bacteria, and fungi) in soils and sediments along the
Yangtze River. Ecological indicators including species replacement, environmental breadths, phylogenetic signals, and
community assembly processes revealed mechanisms underlying the different microbial landscapes between soils and
sediments. Our �ndings extend knowledge of the generation and maintenance of microbial diversity in watershed ecosystems,
and are helpful in predicting microbial diversity loss and guiding ecological protection strategies for vulnerable watersheds.

INTRODUCTION
Watershed ecosystems function in maintaining biodiversity,
supplying aquatic products, and facilitating economic

development1. However, watershed ecosystems are in-
creasingly threatened by disasters under the scenario of
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global climate change (e.g., �ooding and extreme temper-
atures) and potentially harmful anthropogenic activities (e.g.,
excessive agricultural fertilization and wastewater dis-
charge)2–4, which can result in soil erosion, channel siltation,
and water pollution. Evaluating the health and potential of
watershed ecosystems by assessing water quality and land
use type (e.g., farmland and woodland) is especially chal-
lenging when watershed ecosystems are under increasing
pressure from human society and development5,6. Micro-
organisms mediate key element transformation (e.g., carbon
decomposition, nitrogen �xation, and phosphorus minerali-
zation)7,8, and are important components of all food webs9.
Microbial diversity is therefore regarded as a bioindicator for
ecosystem functions10,11, and provides a means of ap-
praising the ecological health of a watershed ecosystem2,12.
Therefore, it is important to elucidate distribution patterns
and diversity maintenance mechanisms of microorganisms in
watershed ecosystems.

Deciphering biogeographic distribution is one of the funda-
mental themes in community ecology13. The biogeographic
distribution of microorganisms is constrained by geospatial
variations and local environmental heterogeneity14–16, which
makes the relationships between microbial diversity and envi-
ronmental variables extremely complex. Clarifying the relation-
ship of microbial diversity with the environment is fundamentally
important to provide predictive understanding of microbial
diversity�driven ecosystem processes and functions. Some
ecological theories that attempt to predict diversity�environment
linkage mainly consider nutrient availability and environmental
stress factors17,18. The maintenance mechanisms of microbial
diversity can be clari�ed by environmental adaptability and
ecological assembly processes15,18,19. Environmental adapt-
ability re�ects the resistance of species in response to envi-
ronmental change by evaluating their environmental breadth
and phylogenetic signal11,20,21. For instance, a prior study re-
ports that bacterial community displays stronger environmental
adaptability in the nutrient�rich conditions of a eutrophic lake
ecosystem, showing broader environmental breadths and
stronger phylogenetic signals22. Ecological community as-
sembly, which determines microbial community composition
and coexistence as well as the community function they pro-
vide, involves stochastic and deterministic processes23. De-
terministic processes (i.e., sorting), which comprise ecological
selection imposed by biotic effects and environmental �ltering,
affect species�environment �tness and therefore shape the
relative abundance and community composition of various
species24. Stochastic processes arising from random events
lead to many species occurring in identical or highly coincident
niches24. Therefore, deciphering microbial community in re-
sponse to abiotic factors is essential for a better understanding
of microbial diversity maintenance in different habitats. How-
ever, microbial environmental adaptations and ecological as-
sembly processes have not been simultaneously studied in soils
and sediments in watershed ecosystems.

Soils and sediments are regarded as nutrient sinks and
microbial habitats in watershed ecosystems, providing nu-
trition for primary producers, underpinning food webs, and

maintaining ecological functions25–28. Grass�covered soil and
adjacent near�shore sediment are two notably different en-
vironments and undergo differing environmental and eco-
logical events, including soil erosion, water discharge, and
sediment scouring and exposure. This stimulated our interest
in investigating differences in abiotic (i.e., physicochemical
properties) and biotic (e.g., microbial distribution patterns)
properties between soils and sediments in a watershed
ecosystem. For this reason, we chose the Yangtze River
Basin as our research site and collected grass�covered soil
and adjacent near�shore sediment samples (Table S1 and
Figure S1). In this research, we aimed to (i) investigate dis-
tribution patterns of the microorganisms (i.e., archaea, bac-
teria, and fungi) and disentangle the maintenance
mechanisms of microbial diversity, and (ii) evaluate differ-
ences in biotic properties between soils and sediments of the
Yangtze River. Given that nutrient elements (e.g., carbon,
nitrogen, phosphorus, and sulfur) are more abundant in soils
than in sediments (Figure S2), we hypothesized that sto-
chastic processes would predominantly affect community
assemblies of microorganisms in soils rather than in sedi-
ments. Illumina MiSeq sequencing and measurements
physicochemical properties of soil and sediment were carried
out to collect the necessary data to validate our hypothesis
via multiple statistical analyses. We found clear divergences
in microbial distribution patterns, environmental adaptation,
and ecological assembly processes between soils and
sediments.

RESULTS
General distribution patterns of microorganisms
in soils and sediments
A total of 13,352 archaeal amplicon sequence variants (ASVs)
were found in soils and sediments, and they shared 7292
ASVs (Figure S3). Similarly, bacterial and fungal communities
had 19,929 and 13,557 ASVs, respectively, and they sepa-
rately shared 14,710 and 4318 ASVs between soils and
sediments (Figure S3). Archaeal ASVs were mainly identi�ed
as Thaumarchaeota (57.89% for soils; 44.89% for sediments),
Euryarchaeota (27.33% for soils; 34.54% for sediments), and
Crenarchaeota (14.02% for soils; 17.89% for sediments)
(Figure 1A). Bacterial ASVs were mainly identi�ed as Actino-
bacteria (31.67% for soils; 24.42% for sediments), Proteo-
bacteria (28.39% for soils; 30.82% for sediments), and
Chloro�exi (18.05% for soils; 15.90% for sediments)
(Figure 1A). Fungal ASVs were mainly identi�ed as Ascomy-
cota (63.19% for soils; 59.18% for sediments), Basidiomycota
(6.49% for soils; 5.17% for sediments), and Mortierellomycota
(4.83% for soils; 8.95% for sediments) (Figure 1A). Nonmetric
multidimensional scaling (NMDS) plots showed distinct dif-
ferences in the community composition of archaea, bacteria,
and fungi (Figure 1B), and pairwise analyses of similarity
(ANOSIM) results con�rmed signi�cant differences (for
archaea, R = 0.097, p < 0.001; for bacteria, R = 0.133,
p < 0.001; for fungi, R = 0.065, p < 0.001). Signi�cant distance�
decay relationships (DDRs) were found for community
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