
Archaea microbiota dynamics and interactions in deep-sea wood fall in the 
South China sea: insight into the driving patterns of diversity center, 
community assembly, and biogeochemical processes

Biao Chen a, Xinrui Zhang a, Kefu Yu a,b,* , Zeming Bao a, Xinyue Liang a, Xuanlin Li a,  
Lin Liang a, Qicheng Wu a, He Li a, Lijia Xu c

a Guangxi Laboratory on the Study of Coral Reefs in the South China Sea; Coral Reef Research Center of China; School of Marine Sciences, Guangxi University, Nanning, 
China
b Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China
c South China Institute of Environmental Sciences, Ministry of Ecology and Environment, Guangzhou, China

A R T I C L E  I N F O

Keywords:
Deep-sea
Wood fall
Archaea microbiota
Community dynamic
Community assembly
Ecological function
South China sea

A B S T R A C T

Microbiota are pivotal to the ecological and biogeochemical processes of deep-sea wood-fall ecosystems. How
ever, the dynamics and interactions of archaea within these ecosystems remain poorly understood. This study 
determined the age and source of a deep-sea wood fall in the South China Sea (SCS) and investigated the di
versity, community assembly, and ecological functions of archaeal microbiota via 16S rRNA gene amplicon 
sequencing. The results showed that the deep-sea wood fall was identified as Homalium hainanense Gagnep., with 
associations to wooden vessels from the 1979-1981 period onwards. The center of taxonomic and functional 
diversity of the archaeal microbiota is located in the transition region (TR) of the deep-sea wood fall. Compared 
to the sediment contact surface (SDCS) and seawater contact surface (SWCS), the archaeal ecological interaction 
network (AEIN) in TR exhibits higher net immigration rates, as well as resilience and energy-information effi
ciency. Archaeal community assembly in deep-sea wood fall is dominated by stochastic processes, which account 
for over 90% of assembly processes across all contact surfaces. The ecological functions of the archaeal com
munity in TR are co-dominated by methane metabolism (65.7%) and nitrogen metabolism (34.3%), whereas 
those in SDCS and SWCS show pronounced enrichment in methane metabolism (97.6%) and nitrogen meta
bolism (100%), respectively. The archaeal diversity and interaction hub may serve as an indicator of the fastest- 
degrading zone in deep-sea wood fall. The TR may also provide diverse ecological niches that maintain this 
inherently unstable archaeal community. In addition, the prevalence of stochastic processes likely plays a crucial 
role in maintaining archaeal diversity. Furthermore, the archaeal community is critical to carbon, hydrogen, and 
nitrogen cycles within the deep-sea wood fall: methane metabolism is active in the archaeal community during 
the early and middle stages of wood-fall degradation, whereas nitrogen metabolism dominates the community's 
biogeochemical activities in the late stage. These findings provide new insights into the age and source of deep- 
sea wood falls in the SCS, and highlight the diversity, ecological functions, and biogeochemical processes of 
archaeal microbiota in deep-sea wood-fall ecosystems.

1. Introduction

The deep sea, which constitutes three-quarters of the total ocean 
area, is characterized by extreme conditions—including high pressure, 
low temperatures, low dissolved oxygen, and oligotrophy—that pose 

significant challenges to life. Contrary to its historical characterization 
as a “biological desert,” the deep seafloor harbors hotspots of high 
biodiversity, including substantial microbial diversity, exemplified by 
deep-sea chemosynthetic ecosystems such as hydrothermal vents 
(Martin et al., 2008), cold seeps (Martin et al., 2008), whale falls (Li 
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et al., 2022), and wood falls (Bienhold et al., 2013). Unlike 
shallow-water ecosystems that rely on photoautotrophic nutrition, these 
chemosynthetic systems sustain a “dark food chain” that transports 
materials and energy throughout the deep sea (Stewart et al., 2005). 
Nearly all organic matter derived from land and surface ocean is 
degraded during its descent, leading to limited nutrient and energy 
availability in the deep sea (Stewart et al., 2005). Thus, large organic 
falls represent one of the key sources of nutrients and energy in this 
environment. When an organic fall settles on the oligotrophic seafloor, it 
can rapidly develop into a biodiversity hotspot, supporting a 
high-productivity ecosystem through the collaborative activities of 
benthic fauna and microorganisms recruited from the surrounding 
environment (Pop Ristova et al., 2017). Among these, wood falls 
represent a unique deep-sea ecosystems, characterized by their high 
lignocellulose content, broad geographical distribution, and function as 
wildlife corridors—providing habitats and nutritional resources for 
deep-sea organisms with limited dispersal capacity (Cunha et al., 2013). 
Most of the deep-sea floors is covered by soft sediments, with hard 
substrates being extremely scarce (Wolff, 1979). Thus, wood falls serve 
as critical habitats for benthic animals seeking hard substrates (Amon 
et al., 2017). Furthermore, wood-boring bivalves, through their 
wood-degrading activities, create cavities and grooves on wood sur
faces, thereby increasing habitat complexity (Judge and Barry, 2016; 
Voight, 2015). These structures provide essential three-dimensional 
space and critical shelter for benthic colonizers such as tube worms, 
sponges, and hydroids (Harbour et al., 2021a,b).

Deep-sea wood falls (Distel et al., 2000; Kiel et al., 2009) provide 
unique habitats for specialized faunal-microbial symbioses (Dubilier 
et al., 2008). They also serve as “stepping stones” for specialist organ
isms among deep-sea chemotrophic ecosystems, as many endemic 
benthic organisms from these chemosynthetic habitats form inter
connected populations linked via larval migration and dispersal (Pereira 
et al., 2020). For instance, Tandberg et al. (2013) documented the 
presence of Pseudosetia griegi and Skenea profunda—species typically 
associated with hydrothermal vents and cold seeps—in natural wood 
falls at 2830 m depth in the Norwegian Sea. Promoting biological evo
lution represents one of the most pivotal ecological functions of deep-sea 
wood falls. As a vital, rare, and hard-to-access resource in the deep sea, 
wood falls create selective pressures that drive the evolution of deep-sea 
species and enhance the efficiency of wood resource utilization. For 
example, Distel et al. (2002) identified a novel symbiotic bacterium, 
Teredinibacter turnerae, in the gill tissue of shipworms, which is char
acterized by its unique dual capacity to digest cellulose and fix nitrogen. 
This bacterium forms a specialized symbiosis with shipworms: it secretes 
cellulases to degrade wood debris and fixes atmospheric nitrogen to 
meet the host's nutritional needs during colonization of wood falls 
(Waterbury et al., 1983). Collectively, deep-sea wood fall ecosystems 
make substantial contributions to biodiversity, species evolution, and 
biogeochemical cycling in the global deep ocean (Distel et al., 2000; 
Kalenitchenko et al., 2015; Pereira et al., 2022).

Chemosynthetic microorganisms are foundational components of 
deep-sea chemosynthetic ecosystems. To survive under extreme envi
ronmental conditions, these microorganisms have evolved unique 
metabolic pathways and exceptional redox capabilities, thereby playing 
a pivotal role in global marine biogeochemical cycles (Jørgensen and 
Boetius, 2007). Accordingly, deep-sea wood-fall ecosystems not only 
serve as biodiversity hotspots in the oligotrophic abyss but also function 
as natural laboratories for investigating microbial adaptation to extreme 
environments and their contributions to elemental cycling. Studies have 
demonstrated that bacteria drive biogeochemical cycling in wood-fall 
ecosystems through diverse metabolic pathways involving sulfur, ni
trogen, and methane, while fungi facilitate lignocellulose degradation 
by secreting a suite of lignocellulolytic enzymes (Bao et al., 2025). By 
contrast, despite the well-documented importance of archaeal commu
nities in mediating critical steps of methane and nitrogen cycles in other 
chemosynthetic habitats (e.g., hydrothermal vents and cold seeps), their 

biogeochemical functions in wood-fall ecosystems remain largely 
undercharacterized (Fagervold et al., 2012; Moseley et al., 2022). Evi
dence indicates that organic inputs—including wood falls—can generate 
localized microbial diversity hotspots. For example, elevated archaeal 
α-diversity has been observed on pine and oak wood fragments near a 
shipwreck in the northern Gulf of Mexico (Moseley et al., 2022). How
ever, the underlying mechanisms driving these diversity patterns, 
particularly for archaea, remain elusive. Furthermore, deciphering the 
community assembly mechanisms of archaea in wood falls is crucial for 
understanding the maintenance and enhancement of ecosystem func
tions and services (Jaillard et al., 2014; Wagg et al., 2014). Both 
deterministic processes (homogeneous selection and heterogeneous se
lection) and stochastic processes (homogenizing dispersal, dispersal 
limitation, and drift) are known to shape microbial communities in 
deep-sea wood fall ecosystems (Bao et al., 2025). While preliminary 
descriptions of archaeal community composition in these ecosystems 
exist (Fagervold et al., 2012; Kalenitchenko et al., 2015; Palacios et al., 
2009), the mechanisms governing archaeal community assembly remain 
poorly understood. Specifically, the relative contributions of determin
istic versus stochastic processes to shaping wood-fall archaeal commu
nities are unclear. Collectively, the dispersal patterns and driving factors 
of microorganisms in deep-sea wood fall ecosystems remain largely 
unresolved, impeding our understanding of the formation and distri
bution of microbial α-diversity hotspots. Moreover, the archaeal com
munity structure, ecological interaction networks, and functional 
potential across distinct wood interfaces—such as the seawater contact 
surface and sediment contact surface—are virtually uncharacterized. 
This spatial heterogeneity is ecologically significant, as distinct physi
cochemical gradients within each niche likely support specialized 
archaeal assemblages with unique functional roles. Therefore, a sys
tematic investigation of archaeal communities across different wood 
interfaces—aimed at identifying diversity hotspots, elucidating com
munity assembly mechanisms, and uncovering their driving biogeo
chemical processes—is essential for comprehensively understanding 
their ecological roles in wood-fall ecosystems.

This study was conducted on a deep-sea wood fall collected by the 
human-occupied vehicle (HOV) “Shenhai Yongshi” (Dive SY420, 
December 2021) at the Zhongnan Seamount in the South China Sea 
(SCS; Fig. 1). We employed AMS 14C dating, micromorphological anal
ysis, and biogeographic information integration to identify the species 
and origin of the wood fall. Additionally, using 16S rRNA gene amplicon 
sequencing, we analyzed the diversity, community composition, com
munity structure, and potential biogeochemical functions of the 
archaeal community associated with the deep-sea wood fall. Simulta
neously, we integrated molecular ecological network analysis to explore 
the co-occurrence patterns and topological features within the archaeal 
microbiota. Our results are expected to provide novel insights into the 
dynamics and interactions of archaeal microbiota in deep-sea wood fall, 
thereby contributing to a more comprehensive understanding of the 
driving mechanisms underlying community assembly and the biogeo
chemical processes mediated by prokaryotes in deep-sea wood-fall 
ecosystems.

2. Materials and methods

2.1. Sample collection, wood identification and AMS 14C dating

In December 2021, the research vessel (R/V) “Tansuo 2” conducted 
“Cruise TS2-10-2” in the intermediate regions of the SCS, during which 
the Zhongnan Seamount was investigated. On December 23, 2021, 
during Dive SY420 operated by the HOV “Shenhai Yongshi” (Deep-Sea 
Warrior), a large natural wood fall (length: 125 cm, width: 38 cm, 
height: 14 cm; 115◦30′6.96″ E, 14◦01′9.95″ N) was discovered at a depth 
of 2321.6 m on the northern slope of the Zhongnan Seamount in the SCS 
(Fig. 1a and b). An entire deep-sea wood fall was collected, and 3-6 cm3 

wood fragments from the transition region (TR), sediment contact 
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surface (SDCS), and seawater contact surface (SWCS) were transferred 
to 50 mL cryotubes and stored in liquid nitrogen for subsequent DNA 
extraction. The details of sample collection, grouping, and preservation 
followed the procedures described in previous study (Bao et al., 2025). 
While the present study focuses on the archaeal community, the bacte
rial and fungal data obtained from the same wood chip samples were 
analyzed separately in that earlier work (Bao et al., 2025). For wood 
species identification, 2-3 cm2 fragments of the deep-sea wood fall were 
collected using a woodworking chisel. These fragments were softened by 
immersion in an ethyl alcohol:glycerin solution (1:1, v/v). The wood 
micromorphology was observed via light microscopy following the 
method described by Gregory and Jensen (2006): after softening, thin 
transverse, radial, and tangential sections (15-25 μm) were cut from 
each contact surface specimen using a LEICA CM3050S freezing 
microtome (Gregory and Jensen, 2006). Sections were stained with 1% 
(w/v) safranin in ethanol to enhance wood micromorphological features 
(Bao et al., 2025; Matthiesen et al., 2014). For AMS 14C dating, 200 mg 
of the wood fall's marginal core was collected using a CO300 triple 
growth cone (Haglof, Sweden). Radiocarbon analysis was conducted at 
the Beta Analytic Testing Laboratory (Miami, USA). After bulk com
bustion, the acid-base-acid method was applied to clean the wood 
samples (Olsson, 1980). Wood 14C ages were calibrated to calendar ages 
using the high-probability density (HPD) range method and the IntCal13 
and NHZ3 datasets (Bronk Ramsey, 2009; Hua et al., 2013; Reimer et al., 
2013).

2.2. DNA extraction, PCR amplification and next-generation sequencing

Total microbial DNA was extracted from wood fragments of the TR, 
SDCS, and SWCS using the FastDNA Spin Kit for Soil (MP Biomedicals, 
France). The concentration and purity of the extracted microbial DNA 

were determined using a NanoDrop 2000 ultraviolet spectrophotometer 
(Thermo Fisher Scientific, MA, USA). Only high-quality DNA 
samples—meeting the criteria of 1.8 < A260/A280 < 2.0 and A260/ 
A230 > 2.0—were selected as templates for PCR amplification. The V4- 
V5 hypervariable region of the archaeal 16S rRNA gene was amplified 
using primers 524F10extF (5′-TGYCAGCCGCCGCGGTAA-3′) and 
Arch958RmodR (5′-YCCGGCGTTGAVTCCAATT-3′) (Liu et al., 2016). 
This primer set provides broad phylogenetic coverage of major archaeal 
lineages, including Euryarchaeota, Thaumarchaeota, and Bathy
archaeota, while correcting the amplification bias against Thaumarch
aeota typically associated with conventional archaeal primers. The 
amplicon length (~450 bp) is optimal for paired-end sequencing on the 
Illumina platform. Moreover, this primer combination has been suc
cessfully validated in complex environments such as mangrove sedi
ments (Pires et al., 2012), ensuring robust and comparable community 
analysis in this study. PCR was performed with ~10 ng of DNA, 1.6 μL 
(5 μm) primer, 0.4 μL TransStart Fastplu DNA Polymerase, 0.2 μL BSA, 
4 μL 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, and ddH2O to a total 
volume of 20 μL. GeneAmp® 9700 thermocycle controller was used to 
carry out PCR amplification with the following programme: 3 min at 
95 ◦C, followed by 29 cycles of 95 ◦C for 30 s, 53 ◦C for 30 s, 72 ◦C for 
45 s, and final extension at 72 ◦C for 10 min. Purifying of PCR products 
was conducted using Qiagen Agarose Gel DNA Purification kit (Qiagen, 
Hilden, Germany). The amplicon sequencing of archaeal 16S rRNA 
V4-V5 region was performed on an Illumina Miseq platform using the 
2×300 bp mode according to standard protocols at Majorbio (Shanhai, 
China). The raw 16S reads were deposited into the NCBI Sequence Read 
Archive database (Accession Number: PRJNA1221359).

Fig. 1. Sampling location and contact surfaces of the deep-sea wood fall in the Zhongnan Seamount, South China Sea (SCS). (a) Sampling location of the deep-sea 
wood fall on the northern slope of the Zhongnan Seamount, SCS. (b) In-situ image of the deep-sea wood fall captured by the human-occupied vehicle HOV “Shenhai 
yongshi”; (c) Marginal core and contact surfaces of the deep-sea wood fall. These images were revised from Bao et al. (2025).
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2.3. Data processing and bioinformatic analysis

Archaeal sequence data processing was performed using the Quan
titative Insights Into Microbial Ecology 2 (QIIME 2) framework (version 
2018.8) (Bolyen et al., 2019). Briefly, Samples were stratified by 
sequencing lane for error rate learning and amplicon sequence variant 
(ASV) inference with DADA2 (Callahan et al., 2016). Forward and 
reverse ASVs were subsequently merged, and chimeric sequences were 
filtered out via the package's native chimera-detection functions. ASVs 
accounting for fewer than six total inserts were flagged as spurious and 
excluded from the dataset. Taxonomic classification of archaeal 16S 
rRNA gene ASVs was conducted within the QIIME 2 platform using a 
naive Bayes classifier. This classifier aligned ASVs against the Silva v138 
16S rRNA gene database (archaea-specific subset), with a bootstrap 
confidence threshold of 0.7 set for taxonomic assignment (Bokulich 
et al., 2018). All samples were normalized to the lowest number of se
quences (3,019). Additionally, sequences derived from mitochondria, 
chloroplasts, and non-archaeal sources, were removed from the dataset 
to ensure data purity. Downstream analyses—including the calculation 
of ecological indices, construction of microbial ecological interaction 
networks, and analysis of topological features—were performed using 
high-confidence archaeal ASVs.

2.4. Ecological indices analyses and potential function prediction

The Observed ASVs and Shannon diversity index were used to assess 
the α-diversity of archaeal communities across different contact surfaces 
of the deep-sea wood fall. These indices were calculated using the high- 
confidence ASV dataset with the Vegan package in R (Oksanen et al., 
2015). Significant differences in archaeal α-diversity among contact 
surfaces were analyzed via the Kruskal-Wallis test using GraphPad Prism 
8 (version 8.3.0); the Tukey-Kramer test was employed for post-hoc 
multiple comparisons following significant Kruskal-Wallis results. 
Archaeal community composition at the phylum and family levels across 
contact surfaces was visualized using the ggplot2 package in R. 
Permutational multivariate analysis of variance (PERMANOVA) was 
used to determine the significance of differences in archaeal community 
structure among the transition region (TR), sediment contact surface 
(SDCS), and seawater contact surface (SWCS). This analysis was based 
on 9999 permutations of the Bray-Curtis dissimilarity matrix. Principal 
Coordinates Analysis (PCoA) was performed to visualize PERMANOVA 
results, using the Bray-Curtis distance metric with the Vegan package in 
R (Oksanen et al., 2015). To characterize archaeal community assembly 
processes, the β-nearest taxon index (βNTI) and Bray-Curtis-based 
Raup-Crick matrix (RCbray) were calculated. A value of |βNTI| < 2 
indicated that community assembly was primarily driven by stochastic 
processes. For pairwise community comparisons that did not deviate 
from the null model, RCbray values were used to quantify the contri
bution of homogenizing dispersal (RCbray < − 0.95) and dispersal lim
itation (RCbray > 0.95). When |RCbray| < 0.95, community assembly 
was attributed to undominated processes—reflecting weak dispersal, 
weak selection, diversification, and drift. In contrast, |βNTI| > 2 indi
cated deterministic processes: βNTI > 2 represented heterogeneous se
lection, while βNTI < − 2 represented homogeneous selection (Allen 
et al., 2020; Zhou and Ning, 2017). SourceTracker (version 0.9.8)—a 
Bayesian microbial source-tracking tool—was used to estimate the 
sources of archaeal communities across wood fall contact surfaces 
(Knights et al., 2011). We performed three independent SourceTracker 
analyses. In each analysis, samples from one contact surface were iter
atively designated as the “sink” (target community), while samples from 
the remaining two contact surfaces were designated as candidate 
“sources” (potential contributing communities). Microbial taxa not 
originating from any of the designated potential sources were classified 
as “unknown.” This analysis was used to evaluate microbial trans
mission and contribution patterns of archaeal communities among 
contact surfaces. The average variation degree (AVD) was used to assess 

archaeal community stability, calculated based on the degree of devia
tion from the mean of normally distributed ASV relative abundances 
across contact surfaces. Higher AVD values indicated lower community 
stability. AVD was calculated following the method described by Xun 
et al. (2021), and statistical results were visualized using the ggplot2 
package in R. Additionally, Functional Annotation of Prokaryotic Taxa 
(FAPROTAX) was employed to predict the potential ecological functions 
of archaeal communities across wood fall contact surfaces (Louca et al., 
2016).

2.5. Molecular ecological network inference and topological features 
analysis

To explore potential interactive relationships and modular structures 
within the archaeal microbiota of deep-sea wood fall, an archaeal 
ecological interaction network (AEIN) was constructed across different 
contact surfaces using the CoNet plugin in Cytoscape 3.9.1 (Faust and 
Raes, 2012; Shannon et al., 2003). Briefly, the ecological interaction 
network was inferred with archaeal ASVs as nodes, following two 
screening criteria: archaeal ASVs were required to be present in at least 
two samples and have more than 25 reads. Pairwise correlations of 
archaeal ASVs across the deep-sea wood fall and its distinct contact 
surfaces were estimated using five metrics: two dissimilarity measures 
(Bray-Curtis and Kullback-Leibler dissimilarities), two correlation 
measures (Pearson and Spearman correlations), and one similarity 
measure (mutual information). Initially, 1000 positive and 1000 nega
tive links were retrieved as initial thresholds for these five metrics. To 
mitigate combinatorial bias, 1000 normalized permutations and 1000 
bootstrap scores were generated. Brown's method was employed to 
merge and calculate measure-specific p-values (Brown, 1975). The 
Benjamini-Hochberg procedure was used to correct for multiple com
parisons, with edges retained only if their merged p-values were below 
0.05 (Benjamini and Hochberg, 1995). Subsequently, visualization of 
the AEIN was performed using Gephi 0.9.7 and Cytoscape 3.9.1.

To characterize the topological features of AEIN in deep-sea wood 
fall and distinct contact surfaces, the number of nodes, number of edges, 
network diameter, average degree, clustering coefficient, average path 
length, complexity, betweenness centrality and modularity have been 
calculated using igraph package in R. In general, the network diameter 
defined as indicator of scale of AEIN (Yuan et al., 2021). The average 
number of interactions per node has been indicated by average degree, 
which suggest the intensity of archaeal interaction (Jiao et al., 2020; Ma 
et al., 2016). The clustering coefficient was defined as a measure of 
degree to which nodes in a network tend to cluster together, which 
closely associate stability and robustness of AEIN structure (Jiao et al., 
2020; Yuan et al., 2021). The average path length was used to test the 
shortest network distance between archaeal taxa, which can be 
employed to assess the efficiency of information and energy trans
mission within the AEIN (Deng et al., 2012; Zhang et al., 2020). The 
number of nodes and edges was used to calculated to linkage density 
(links per node) of AEIN, which have been suggest to reflect the 
complexity of AEIN. In addition, the betweenness centrality has been 
suggested to indicated the resilience and connectivity of microbial 
community (Estrada-Peña et al., 2018; Lima et al., 2020), which cal
culates the shortest path through a AEIN and keeps record of how many 
times a node in a network is traversed (Freeman, 1977). The modularity 
was used to determine the niche differentiation and specialization of 
archaeal community among contact surfaces in deep-sea wood fall (Liu 
et al., 2022).

3. Results

3.1. Geochronological and morphological features of wood fall

After calibration against the IntCal13 and NHZ3 databases, the 14C 
age of the marginal portion of the deep-sea wood fall core was 
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determined to range from − 30 to − 32 cal BP (Table 1). This indicates 
that the tree from which the wood sample originated ceased growing 
between 1979 and 1981. Thus, it can be inferred that the deep-sea wood 
fall formed after the 1970s (Fig. 1c). For wood identification, the sample 
displays indistinct growth rings and is diffuse-porous. In cross section, 
the vessels are circular to elliptical, occurring as single pores or occa
sionally in short radial multiples of 2-3 (Fig. 2a). Axial parenchyma in 
cross section is scattered or forms marginal vasicentric to vasicentric 
bands (Fig. 2b). The wood fibers are thin-walled with bordered pits and 
include fiber-tracheids. The rays are both uniseriate and multiseriate, 
classified as heterogeneous Type II (Fig. 2c). Comprehensive analysis of 
the morphological characteristics of the wood sections confirmed that 
the studied deep-sea wood fall is Homalium hainanense Gagnep. Notably, 
according to records from the Global Biodiversity Information Facility 
(GBIF), H. hainanense Gagnep. is distributed exclusively in China and 
Vietnam (Fig. 2d), with the highest number of recorded habitats (n = 11) 
in Hainan Province, northern SCS.

3.2. The diversity of archaea community

After quality control and filtering of the reads, 835,814 sequences 
were aligned against archaeal reference databases and clustered into 
ASVs following dataset subsampling. A total of 6 phyla, 5 classes, 5 
orders, 5 families, and 50 ASVs were identified from the deep-sea wood 
fall. Observed ASVs analysis revealed a significant difference in archaeal 
community richness among the contact surfaces of the deep-sea wood 
fall (Kruskal-Wallis test, p = 0.012 < 0.05; Fig. 3a), with the richness in 
the TR being significantly higher than that in the SWCS. Additionally, 
archaeal communities exhibited significant differences in Shannon di
versity index among the wood fall's contact surfaces (Kruskal-Wallis test, 
p = 0.014 < 0.05; Fig. 3b). The diversity of archaeal community in TR 
was also significantly higher than that in SWCS, which was consistent 
with the results of the richness analysis. These results suggest that the 
center of archaeal community diversity is located in the TR of the deep- 
sea wood fall.

3.3. The community composition and potential source of archaea

At the phylum level, six archaeal phyla were identified in the deep- 
sea wood fall community: Euryarchaeota (73.75%), Nitrososphaerota 
(19.58%), Crenarchaeota (1.88%), Candidatus Thermoplasmatota 
(1.46%), Pacearchaeota (0.14%), and Thermoproteota (0.21%) 
(Fig. 4a). Euryarchaeota was ubiquitous and dominant across all contact 
surfaces, with a relative abundance ranging from 40.83% to 90.42%. In 
contrast, Nitrososphaerota exhibited high relative abundance in the 
SDCS (55.00%) and SWCS (22.50%) but was rare in the TR (0.42%). 
Crenarchaeota was present across all wood fall contact surfaces (TR: 
1.67%; SDCS: 0.83%; SWCS: 3.33%) but with a relative abundance of 
less than 5%. Candidatus Thermoplasmatota, Pacearchaeota, and 
Thermoproteota had restricted distributions within the wood fall 
(Fig. 4a): Candidatus Thermoplasmatota was detected in TR (2.08%) 
and SDCS (1.67%) but not in SWCS; Pacearchaeota was exclusive to TR 
(0.42%); and Thermoproteota was only found in SWCS (0.83%). At the 
family level, five annotated families were identified, with 

Halobacteriaceae (24.31%) and Methanobacteriaceae (39.03%) domi
nating the archaeal community. Notably, Methanomassiliicoccaceae 
was limited to TR (2.08%) and SDCS (1.67%), while Meth
anosarcinaceae occurred solely in SDCS (2.5%; Fig. 4b), suggesting a 
distinct distribution pattern of these methanogenic archaea within the 
wood fall. Nitrososphaeraceae was detected across all contact surfaces, 
with a relative abundance ranging from 0.42% to 1.67%. Additionally, 
five archaeal taxa could only be annotated at the phylum level, with 
their relative abundances ranging from 0.14% to 25.00% (Fig. 4b).

The PCoA and PERMANOVA analysis results showed that there were 
significant differences of archaea community structure among contact 
surfaces in deep-sea wood fall (PERMANOVA, f = 2.006, R2 = 0.2358, 
p = 0.023 < 0.05; Fig. 4c). SourceTracker was employed to trace the 
sources of archaeal microbiota across distinct contact surfaces. The re
sults showed that the majority of archaeal sources remained unknown 
for all contact surfaces (TR: 87.8 ± 4.3%; SDCS: 89.1 ± 18.7%; SWCS: 
90.8 ± 11.3%; Fig. 4d). Notably, the TR archaeal community contrib
uted 3.4 ± 2.7% to the other contact surfaces (SDCS: 4.0 ± 1.6%; SWCS: 
2.8 ± 3.4%; Fig. 4d). Conversely, TR served as a sink for archaeal 
microbiota from SDCS and SWCS, with source contributions of 
7.2 ± 8.2% and 5.0 ± 9.2%, respectively—indicating that sink contri
bution exceeded source contribution for the TR archaeal community. 
Additionally, SDCS contributed 6.4 ± 12.8% of archaeal microbiota to 
SWCS, while SDCS also received 6.9 ± 0.7% of its archaeal community 
from SWCS (Fig. 4d).

3.4. The archaea community assembly and stability

The assembly of archaeal communities in the deep-sea wood fall was 
primarily controlled by stochastic processes, with the percentages of 
pairs in the TR, SDCS, and SWCS being 93.8%, 91.7%, and 96.7%, 
respectively (Fig. 5a and b). Across distinct contact surfaces, the as
sembly of archaeal communities was mainly driven by drift (TR: 86.5%; 
SDCS: 83.3%; SWCS: 86.7%) and homogenizing dispersal (TR: 5.2%; 
SDCS: 8.3%; SWCS: 10.0%; Fig. 5c). However, archaeal community 
turnover was also shaped by heterogeneous selection—a deterministic 
process—accounting for 3.1%, 8.3%, and 3.3% of assembly in TR, SDCS, 
and SWCS, respectively (Fig. 5c). Notably, the archaeal community in 
TR exhibited the most diverse assembly processes: its turnover was 
influenced not only by heterogeneous selection (3.1%) and homoge
neous selection (3.1%) but also regulated by dispersal limitation (2.1%; 
Fig. 5c). To assess the stability of archaeal communities within the wood 
fall, the AVD among contact surfaces was calculated. The results 
revealed significant differences in the AVD values of archaeal commu
nities across the wood fall's contact surfaces (Kruskal-Wallis test, 
p = 0.004 < 0.05; Fig. 5d), with the degree of variation in TR and SDCS 
being significantly higher than that in SWCS. This suggests that the 
archaeal community in SWCS possesses stronger stability than those in 
TR and SDCS.

3.5. The ecological interaction network and potential function of archaea 
community

CoNet analysis revealed diverse potential interactive relationships 
and modular structures within the archaeal microbiota of the deep-sea 
wood fall (Fig. 6a). The topological features of the AEIN exhibited 
substantial variations across different contact surfaces of the deep-sea 
wood fall (Fig. 6b). The number of nodes and links in the AEIN ranged 
from 4 to 32 and 2 to 48, respectively. Specifically, the AEIN in the TR 
had more nodes (32), edges (48), and a larger diameter (4) compared to 
the SDCS (nodes: 13, edges: 16, diameter: 1) and SWCS (nodes: 4, edges: 
2, diameter: 1). This indicates that the AEIN in TR was larger in scale 
than those in the other two contact surfaces. Additionally, the average 
degree of the AEIN ranged from 1.00 to 3.00, confirming that the 
interaction strength of the archaeal microbiota was higher in TR (3.00) 
than in SDCS (2.46) and SWCS (1.00). Notably, the variation pattern of 

Table 1 
Radiocarbon ages of marginal core of deep-sea wood fall in the Zhongnan 
seamount of the South China Sea.

Sample Type Dating method 14C calibrated age 
(cal⋅BP)

Calibration of 
14C age to 
calendar years

marginal core 
of deep-sea 
wood fall

Accelerator Mass 
Spectrometry (cAMS) 
radiocarbon-14 dating 
method

− 30 ~ − 32 cal 
BPa

1979-1981 cal 
AD

a 14C age relative to 1950, with an uncertainty of 1σ.
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the clustering coefficient differed from that of other topological indices: 
the archaeal microbiota in SDCS exhibited the highest clustering coef
ficient (0.988; Fig. 6b), and the average fraction of clustered pairs was 
higher in TR (0.924) and SDCS than in SWCS (0.000). These results 
suggest that the structural robustness of the AEIN was stronger in SDCS 
and TR than in SWCS. The average path length of the AEIN was lower in 
SDCS (1.000) and SWCS (1.000) than in TR (1.930; Fig. 6b), indicating 
higher energy and information transfer efficiency of the AEIN in TR 
compared to SDCS and SWCS. Furthermore, the AEIN in TR exhibited 
higher complexity (1.500) and betweenness centrality (2.906) than 
those in SDCS (complexity: 1.231, betweenness centrality: 0) and SWCS 
(complexity: 0.5, betweenness centrality: 0). The modularity values of 
the AEIN were 0.737 (TR), 0.680 (SDCS), and 0.500 (SWCS), respec
tively (Fig. 6b). Collectively, these findings demonstrate that the AEIN in 
TR had stronger stability, higher complexity, and greater resilience than 
those in SDCS and SWCS within the deep-sea wood fall. Moreover, the 
clustering coefficient, average path length, betweenness centrality, and 
modularity of the total AEIN in TR were all higher than those of the 
entire deep-sea wood fall microecosystem.

FAPROTAX was employed to predict the ecological functions of 

archaeal communities across different contact surfaces of the deep-sea 
wood fall. Sequences of the archaeal microbiota were assigned to 
three primary functional categories: methane metabolism, nitrogen 
metabolism, and chemoheterotrophy, with the contributions of these 
potential functions varying significantly among contact surfaces (Fig. 7). 
The ecological functions of the archaeal community in the transition 
region (TR) were co-dominated by methane metabolism (65.7%) and 
nitrogen metabolism (34.3%). Specifically, functional processes 
including methanogenesis (21.9%), hydrogenotrophic methanogenesis 
(21.9%), and dark hydrogen oxidation (21.9%) were identified in this 
region. Additionally, the archaeal microbiota in TR fulfilled an impor
tant ecological role in anaerobic ammonia oxidation (17.2%) and 
nitrification (17.1%; Fig. 7a). In contrast, sequences of the archaeal 
community in the sediment contact surface (SDCS) were predominantly 
predicted to be involved in methane metabolism (97.6%), with a minor 
contribution from chemoheterotrophy (2.4%). Four functional traits 
were identified in SDCS: methanogenesis (33.3%), hydrogenotrophic 
methanogenesis (31.0%), methanogenesis by disproportionation of 
methyl groups (2.3%), and dark hydrogen oxidation (31.0%), whereas 
chemoheterotrophy accounted for only 2.4% of the community's 

Fig. 2. Micromorphology of the deep-sea wood fall and biogeographic distribution of Homalium hainanense Gagnep. (a) Transverse section of the wood sample; (b) 
Radial section of the wood sample; (c) Tangential section of the wood sample; (d) Biogeographic distribution of H. hainanense Gagnep. based on data from the Global 
Biodiversity Information Facility (GBIF; https://www.gbif.org/).

Fig. 3. α-Diversity of archaeal communities among contact surfaces of the deep-sea wood fall. (a-b) Significant differences in the Observed ASVs and Shannon 
diversity index of archaeal communities among wood fall contact surfaces.
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functional potential (Fig. 7b). Notably, almost all sequences of the 
archaeal community in the seawater contact surface (SWCS) were 
assigned to anaerobic ammonia oxidation (50.0%) and nitrification 
(50.0%), indicating that SWCS serves as the functional core zone for 
nitrogen metabolism (100.0%) of the archaeal microbiota within the 
deep-sea wood fall (Fig. 7c).

4. Discussion

4.1. The wooden vessels is considered to be a potential cause of deep-sea 
wood fall

The results of morphological analysis revealed that the deep-sea 
wood fall was identified as H. hainanense Gagnep. (Fig. 2a). The natu
ral distribution of H. hainanense Gagnep. has been reported to include 
China (with its primary range in Hainan Province) and Vietnam 
(Fig. 2d). Notably, H. hainanense Gagnep. serves as a core material in 
wooden vessel construction in the SCS (Chen et al., 1992; Yao, 1988), 
owing to its high density (0.675-0.819 g/cm3), flexural strength (1142 
kgf/cm2), hardness (transverse section: 1.033 kgf/cm2; radial section: 
840 kgf/cm2; tangential section: 930 kgf/cm2), and corrosion resistance 
(Chen et al., 1992; Yao, 1988). Consequently, H. hainanense Gagnep. was 
commonly used in constructing keels, bottom planks, rudder boards, and 
hulls of wooden fishing vessels in Hainan Province, China (Chen et al., 

1992). Prior to 1986, China's Hainan Province could only produce 
wooden fishing vessels, primarily including wooden sailing fishing 
boats, motor-sailing fishing boats, and wooden fishing trawlers (Li, 
2009). Notably, 14C dating of the marginal core indicates that the tree 
from which the wood fall originated ceased growing between 1979 and 
1981. This suggests the deep-sea wood fall formed after the 1970s 
(Fig. 1c). The discovery site of the wood fall-the Zhongnan 
Seamount-overlaps with the traditional fishing grounds of Hainan fish
ermen, specifically the “Xisha-Zhongsha Fishing Ground” and “Nansha 
Fishing Ground” (Li, 2009). These findings suggest a close link between 
the occurrence of deep-sea wood fall and wooden vessels from the 
post-1970s period.

4.2. High archaeal diversity and ecological interaction centrality suggest 
accelerated TR degradation in deep-sea wood fall

In this study, the archaeal community in the TR of the deep-sea wood 
fall exhibited higher α-diversity (based on the Observed ASVs and 
Shannon diversity index) than those in other contact surfaces. Addi
tionally, AEIN analyses revealed that the topological features of the 
AEIN in TR were generally higher than those in the SDCS and SWCS. 
This indicates that the AEIN of the TR archaeal community has a larger 
scale, greater stability and resilience, and higher energy and information 
transfer efficiency. These results indicated that the archaeal community 

Fig. 4. Composition and structure of archaeal communities among contact surfaces of the deep-sea wood fall. (a-b) Relative abundance of archaea at the phylum and 
family levels. (c) Principal Coordinates Analysis (PCoA) of Bray-Curtis distances for archaeal ASV compositions across the three contact surfaces. (d) Source reso
lution of archaeal communities among the three contact surfaces.
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forms a diversity and ecological interaction center in the TR of the deep- 
sea wood fall, and TR has more rapidly degradation rate. Previously 
studies found that archaea widely distributed in the sediments in deep 
sea, but it was only identified in the visibly decayed deep sea wood fall 
and surrounding sediments (Fagervold et al., 2012; Kalenitchenko et al., 
2015; Palacios et al., 2009). For example, an archaeal community 
analysis of ten types of sunken wood submerged for over a year in the 
Pacific Ocean and the Mediterranean Sea revealed that archaeal pop
ulations were only detected in wood samples showing substantial signs 
of decay, and that community compositions from samples with longer 
immersion times were highly similar despite their different oceanic or
igins (Palacios et al., 2009). It is noteworthy that the alpha diversity of 
microbial communities in short-term deep-sea wood falls was lower than 
that in wood falls subjected to long-term immersion (Fagervold et al., 

2012). Thus, the diversity and interaction network hub of the archaeal 
community overlaps with the zone of maximum decomposition in deep 
sea wood fall. In addition, Bao et al. (2025) found that the total carbon 
and total nitrogen contents in TR were significantly lower than those in 
SDCS and SWCS, and that the hemicellulose and lignin contents were at 
low levels (Bao et al., 2025). A decrease in lipid concentration was also 
identified in the 360-day time-series wood-fall experiment using oak and 
pine wood (Kalenitchenko et al., 2015). These studies indicated that the 
TR zone is characterized by greater nutrient consumption and more 
rapid degradation. Consequently, the biodiversity and interaction hub of 
the archaeal community has the potential to serve as an indicator of the 
fastest-degrading zone in deep-sea wood fall, and the TR zone may 
represent the most rapidly decomposing interface among all micro
habitats within this wood fall. Notably, source tracking analysis showed 

Fig. 5. Assembly processes and stability of archaeal communities among distinct contact surfaces of the deep-sea wood fall. (a) Relationship between the β-nearest 
taxon index (βNTI) and Bray-Curtis-based Raup-Crick matrix (RCbray) for the wood fall archaeal community; (b) Relative influence of archaeal community assembly 
processes, characterized by the percentage of contact surfaces governed by deterministic vs. stochastic processes; (c) Contributions of drift, dispersal limitation, 
homogenizing dispersal, heterogeneous selection, and homogeneous selection to archaeal community assembly across contact surfaces; (d) Average variation degree 
(AVD) of archaeal communities among wood fall contact surfaces. TR: transition region; SDCS: sediment contact surface; SWCS: seawater contact surface.
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that the sink contribution of the TR archaeal community to SDCS and 
SWCS was 6.1 ± 8.7%—higher than its source contribution 
(3.4 ± 2.7%). Although the sources for a lot of archaeal taxa in TR 
remained unknown, this results also indicated that the archaeal com
munity of TR has more taxa from the other contact surface, which has 
higher immigration rate of archaea than that of SDCS and SWCS. 
Therefore, the formation of diversity and ecological interaction center 
may closely associate with dispersal process.

Nevertheless, analysis of the average variance of pairwise distances 
(AVD) revealed that the TR archaeal community exhibited greater 
variation than that in SWCS (Fig. 5d), indicating that although the 
archaeal diversity and interaction hub was located in TR, its community 
structure remained relatively unstable (Xun et al., 2021). In contrast, 
ecological network analysis showed that the TR archaeal community 
possessed the highest modularity (Fig. 6), suggesting that TR provides 
the most diverse niches for these inherently unstable archaeal commu
nities in deep-sea wood fall (Liu et al., 2022; Zhou et al., 2010). This 

niche diversity may play an important role in maintaining the archaeal 
diversity hub.

Collectively, the archaeal diversity and interaction hub has the po
tential to indicate the zone of fastest degradation in wood fall, and this 
zone is most likely the TR. The dispersal process may also be associated 
with the formation of this archaeal diversity and interaction center. 
Although the archaeal community structure within TR is not stable, this 
zone may provide diverse ecological niches that help sustain archaeal 
microbiota in deep-sea wood fall.

4.3. The community assembly processes closely associated with archaeal 
diversity maintenance and microhabitats complexity of deep-sea wood fall

Microbial community assembly is mainly described as being driven 
by two types of processes under different environmental conditions: 
stochastic processes (homogenizing dispersal, dispersal limitation, and 
drift) and deterministic processes (homogeneous selection and 

Fig. 6. Ecological interaction networks and topological properties of archaeal communities in the deep-sea wood fall. (a) Visualization of constructed archaeal co- 
occurrence networks for the entire wood fall and individual contact surfaces; all modules are represented by distinct colors. (b) Topological features of archaeal 
ecological interaction network (AEIN) for the entire wood fall and individual contact surfaces. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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heterogeneous selection) (Nemergut et al., 2013; Wen et al., 2022; Zhou 
and Ning, 2017). In deep-sea wood falls, archaeal community assembly 
is primarily controlled by stochastic processes, which may be closely 
associated with abundant nutrient supply and high productivity. 
Notably, wood falls—rich in organic matter—are among the key nutri
tional and energy sources for the oligotrophic deep ocean (Bienhold 
et al., 2013). They can significantly enhance productivity by attracting 
chemoautotrophic microorganisms and benthic animals, thereby 
creating biodiversity hotspots in low-temperature, high-pressure 
deep-sea environments (Bertolaso et al., 2015; Pereira et al., 2022; Pop 
Ristova et al., 2017). Previous studies have shown that stochastic pro
cesses exert a greater influence on community assembly in more pro
ductive environments, particularly when other environmental factors do 
not impose dominant selection pressures (Chase, 2010). For instance, in 
the oligotrophic South Pacific, the contribution of stochastic processes 
was significantly higher in the deep chlorophyll maximum (DCM) layer 
than in surface waters (Allen et al., 2020). Furthermore, compared to 
deterministic processes, stochastic community assembly may play a 
more critical role in generating and underlying high biodiversity in 
productive habitats. Shifts in community assembly processes are one of 
the reasons for the formation of diverse ecological regimes across the 
planet (Chase, 2010). Thus, stochastic community assembly is likely 
crucial for maintaining archaeal diversity in deep-sea wood fall 
ecosystems.

In summary, archaeal community assembly in deep-sea wood fall is 
primarily driven by stochastic processes, which may play important 
roles in sustaining archaeal diversity within this microecosystem. The 
complex microhabitats of deep-sea wood fall further promote the 
diversification of archaeal community assembly processes.

4.4. Archaea microbiota play a driving role in the nitrogen and methane 
metabolism patterns in deep-sea wood fall

Analysis of the archaeal community revealed that methanogenic 
archaea exhibited high relative abundance in the deep-sea wood fall, 
with dominance by the families Methanobacteriaceae, Meth
anomassiliicoccaceae, and Methanosarcinaceae (Fig. 4). However, 
functional prediction results indicated that archaeal microbiota-driven 
methanogenesis occurred in the TR and SDCS, where these archaeal 
taxa were enriched with methylotrophic methanogens (Fig. 7a and b) 
(Fagervold et al., 2012). In contrast, the archaeal community in the 
seawater contact surface (SWCS) lacked potential methanogenic genes 
(Fig. 7c). These results suggest that archaeal community-driven 

methanogenesis and dark hydrogen oxidation played critical roles in 
the carbon-hydrogen cycle of the deep-sea wood fall. 
Archaeal-associated methane metabolism likely occurred during the 
early to middle stages of wood degradation, coinciding with 
archaeal-driven nitrogen metabolism. Morphological observations of 
the wood fall showed that the SWCS had degraded into a wooden core, 
whereas the TR and SDCS retained sapwood and intact wooden struc
tures, respectively (Fig. 1c and d). Thus, the TR and SDCS represented 
the early to middle stages of wood degradation, while the SWCS was in 
the late stage. Non-uniform degradation levels across sections or in
terfaces of deep-sea wood falls (e.g., Douglas fir) have been previously 
reported (Pop Ristova et al., 2017), attributed to distinct aerobic (e.g., 
SWCS) or anaerobic (e.g., SDCS) environmental conditions at different 
wood interfaces. Furthermore, archaeal methanogenesis may be 
spatially and temporally separated from sulfate reducers (Reeburgh and 
Heggie, 1977)—a pattern likely linked to competition for common 
substrates within the wood fall (Abram and Nedwell, 1978; Winfrey and 
Zeikus, 1977). This inference is supported by the functional potential of 
archaeal communities in the SWCS and SDCS observed in this study. 
Fagervold et al. (2012) found that sulfate-reducing bacteria exhibited 
stronger H2-oxidizing capacity than methanogens, as sulfate concen
trations in wood falls exceeded those of formic acid or acetic acid 
(Fagervold et al., 2012; Yanagawa et al., 2012). During the sulfophilic 
stage, hydrogen sulfide accumulates at the top surface or SWCS of wood 
falls. Consequently, in the late stages of wood degradation, methano
genic archaea face more intense substrate competition from 
sulfate-reducing bacteria—this may explain why archaeal methane 
metabolism was only detected in the TR and SDCS. Consistent with this, 
no methanogenic potential was identified in the late degradation stages 
(121, 240, and 307 days) of experimental pine and oak wood falls; only 
16S rRNA gene sequences of ammonia-oxidizing Thaumarchaeota were 
detected (Kalenitchenko et al., 2015). While sulfate reducers, metha
nogens, and sulfide oxidizers co-occur in deep-sea wood falls of the 
Pacific and Mediterranean (Fagervold et al., 2012), this may be associ
ated with the simple structure and small size (0.0003-0.5906 m2) of 
these wood falls, which likely fail to provide sufficient substrates and 
diverse habitats for microorganisms.

Notably, the functional core zone of archaeal nitrogen metabolism 
was localized in the SWCS (the top of the deep-sea wood fall). Archaeal 
anaerobic ammonia oxidation (TR: 17.2%; SWCS: 50.0%) and nitrifi
cation (TR: 17.1%; SWCS: 50.0%) were active in both the SWCS and TR 
(Fig. 7c), indicating that archaea serve as primary contributors to the 
microbial-driven nitrogen cycle in deep-sea wood fall ecosystems. 

Fig. 7. Potential ecological functions of archaeal communities in the deep-sea wood fall. Ecological functions of archaeal microbiota predicted by FAPROTAX for (a) 
the transition region (TR), (b) sediment contact surface (SDCS), and (c) seawater contact surface (SWCS) of the wood fall, based on 16S rRNA gene data.
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Previous studies have reported that wood contains 0.08%-0.2% nitrogen 
(Filipiak, 2018; Meerts, 2002)—far lower than its carbon and sulfide 
content. As a result, most deep-sea benthic or opportunistic fauna cannot 
acquire nitrogen directly from wood falls (Harbour et al., 2021a); 
instead, endosymbiotic microorganisms provide nitrogenase to these 
fauna, supplementing their nitrogen-deficient diets. For example, Ter
edinibacter turnerae establishes symbioses with marine wood-boring bi
valves of the family Teredinidae and plays a key role in urea transport 
and metabolism in the host (Yang et al., 2009). It was worth noting that 
microorganism-fauna symbiosis-associated nitrogen cycling appears to 
be most active during the initial stages of wood degradation, as fauna are 
scarce in the senescent stage of wood fall ecosystems (Pop Ristova et al., 
2017). In contrast, abundant archaea are typically detected in highly 
degraded wood falls (Palacios et al., 2009). Kalenitchenko et al. (2015)
found that sequences of marine group I Thaumarchaeota (genus Nitro
spumilus) were abundant at the top of the SWCS in experimental wood 
falls after 78 days. Nitrospumilus is widely distributed in seawater and 
capable of oxidizing ammonia to nitrite (Ahlgren et al., 2019; Walker 
et al., 2010). In this study, archaeal nitrogen metabolism was only 
detected at the top of the deep-sea wood fall, where the wood bark was 
completely degraded in the TR and SWCS (Fig. 1c). Thus, we hypothe
size that archaea play a key role in nitrogen cycling during the late 
stages of wood degradation, potentially providing electron acceptors (e. 
g., nitrate or nitrite) to sulfate-reducing bacteria and promoting sulfide 
reoxidation. In deep-sea wood falls, monosaccharides produced by the 
anaerobic degradation of organic matter (e.g., cellulose and lignin) are 
fermented into small carbon molecules by marine fungi (Pointing et al., 
1998; Raghukumar et al., 1994). These small carbon molecules are then 
reduced by sulfate-reducing bacteria, ultimately producing sulfides. 
Intermediate products of archaeal-driven nitrogen cycling (e.g., nitrate 
or nitrite) may serve as electron acceptors for sulfide reoxidation 
(Kalenitchenko et al., 2015; Muller et al., 2010).

Collectively, archaeal communities play a crucial role in both the 
carbon-hydrogen and nitrogen cycles of deep-sea wood fall. Archaeal 
methane and nitrogen metabolism are closely linked to degradation 
levels across distinct wood interfaces. The weaker substrate competi
tiveness of methanogenic archaea compared to sulfate-reducing bacteria 
likely explains why archaeal methane metabolism was only detected in 
the TR and SDCS (regions with slow degradation rates). In contrast, 
archaeal nitrogen metabolism may provide essential electron acceptors 
for sulfate-reducing bacterial sulfide reoxidation, supporting the 
persistence of archaeal nitrogen metabolism in the SWCS (a region with 
fast degradation rates).

5. Conclusion

Morphological characterization identified the deep-sea wood fall in 
this study as Homalium hainanense Gagnep.—a key material historically 
utilized in traditional wooden shipbuilding during the 1970s-1980s. 
Based on 14C dating, the formation timeframe of the H. hainanense 
wood fall deposit coincides with this period, indicating that the source of 
this deep-sea wood fall is likely closely associated with post-1970s 
wooden vessels. Furthermore, the archaeal community's diversity and 
interaction hub are localized in the TR, which exhibits higher α-di
versity, functional diversity, and net immigration rate, as well as resil
ience, and energy-information transfer efficiency of the AEIN compared 
to the SDCS and SWCS. The diversity and ecological interaction network 
center of archaeal community potentially indicate the zone of fastest 
degradation in deep-sea wood fall, and the dispersal process may 
contribute to the formation of this hub. TR also may provide a diverse 
ecological niches for maintenance of unstable archaeal community in 
deep-sea wood fall. Archaeal community assembly in deep-sea wood fall 
is dominated by stochastic processes, accounting for over 90% of as
sembly dynamics across all contact surfaces; these processes likely play a 
pivotal role in sustaining archaeal diversity. Notably, the TR archaeal 
community exhibits diverse assembly patterns, suggesting that 

microhabitat complexity promotes heterogeneous archaeal community 
assembly trajectories in deep-sea wood fall. Moreover, the ecological 
functions of the TR archaeal community are co-dominated by methane 
metabolism (65.7%) and nitrogen metabolism (34.3%). In contrast, 
SDCS and SWCS are enriched in methane metabolism (97.6%) and ni
trogen metabolism (100%), respectively. Consequently, the relative 
abundances of methane and nitrogen metabolic functional profiles in the 
archaeal community are closely correlated with the degradation stage of 
deep-sea wood fall: methane metabolism is active in the archaeal com
munity during the early and middle stages of wood-fall degradation, 
whereas nitrogen metabolism dominates the community's biogeo
chemical activities in the late stage. This pattern can be attributed to 
niche differentiation and changes in the intensity of substrate competi
tion within the archaeal community across different stages of wood-fall 
degradation. This study highlights the community dynamics, in
teractions, and functional traits of archaeal microbiota across distinct 
contact surfaces in deep-sea wood fall in the SCS. These findings provide 
new insights into the diversity, ecological functions, and biogeochemical 
processes of prokaryotic wood fall ecosystems in the deep sea.
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S., Smalla, K., Gomes, N.C.M., 2012. Denaturing gradient gel electrophoresis and 

B. Chen et al.                                                                                                                                                                                                                                    Deep-Sea Research Part II 230 (2026) 105718 

12 

https://doi.org/10.1111/mec.15651
https://doi.org/10.1111/mec.15651
https://doi.org/10.1007/s12526-016-0572-4
https://doi.org/10.1128/aem.02165-24
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref7
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref7
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref7
https://doi.org/10.1371/journal.pone.0053590
https://doi.org/10.1371/journal.pone.0053590
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1017/S0033822200033865
https://doi.org/10.2307/2529826
https://coi.org/10.1038/nmeth.3869
https://doi.org/10.1126/science.1187820
https://doi.org/10.1126/science.1187820
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref16
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref16
https://doi.org/10.1371/journal.pone.0076688
https://doi.org/10.1371/journal.pone.0076688
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1038/35001667
https://doi.org/10.1038/35001667
https://doi.org/10.1099/00207713-52-6-2261
https://doi.org/10.1038/nrmicro1992
https://doi.org/10.1038/nrmicro1992
https://doi.org/10.3389/fcimb.2018.00236
https://doi.org/10.1111/j.1574-6941.2012.01432
https://doi.org/10.1111/j.1574-6941.2012.01432
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1007/978-3-319-75937-1_13
https://doi.org/10.2307/3033543
https://doi.org/10.1179/jwa.2006.6.1.65
http://www.tandfonline.com/doi/full/10.1179/jwa.2006.6.1.65
https://doi.org/10.1016/j.dsr.2021.103553
https://www.jstor.org/stable/26988395
https://doi.org/10.2458/azu_js_rc.v55i2.16177
https://doi.org/10.2458/azu_js_rc.v55i2.16177
https://doi.org/10.1111/1365-2435.12267
https://doi.org/10.1016/j.scitotenv.2020.140010
https://doi.org/10.1016/j.scitotenv.2020.140010
https://doi.org/10.1038/nrmicro1745
https://doi.org/10.1002/ecy.1546
https://doi.org/10.1038/ismej.2015.61
https://doi.org/10.1038/ismej.2015.61
https://doi.org/10.1111/j.1502-3931.2008.00105.x
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.3389/fevo.2022.885572
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref38
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref38
https://doi.org/10.1128/mbio.02691-19
https://doi.org/10.1016/j.biortech.2016.05.048
https://doi.org/10.1016/j.biortech.2016.05.048
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1111/arcm.12023
https://doi.org/10.1111/arcm.12023
https://doi.org/10.1051/forest:2002059
https://doi.org/10.3389/fmars.2022.873445
https://doi.org/10.1111/j.1462-2920.2010.02309.x
https://doi.org/10.1111/j.1462-2920.2010.02309.x
https://doi.org/10.1128/MMBR.00051-12
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref50
http://refhub.elsevier.com/S0967-0645(26)00130-X/sref50
https://doi.org/10.1017/S0033822200009838
https://doi.org/10.1017/S0033822200009838
https://doi.org/10.1007/s00248-009-9538-4
https://doi.org/10.1007/s00248-009-9538-4
https://doi.org/10.1371/journal.pone.0271635
https://doi.org/10.1016/j.dsr.2020.103343


barcoded pyrosequencing reveal unprecedented archaeal diversity in mangrove 
sediment and rhizosphere samples. Appl. Environ. Microbiol. 78, 5520–5528. 
https://doi.org/10.1128/AEM.00386-12.

Pointing, S.B., Vrijmoed, L., Jones, E., 1998. A qualitative assessment of lignocellulose 
degrading enzyme activity in marine fungi. Bot. Mar. 41 (3), 293–298. https://doi. 
org/10.1515/botm.1998.41.1-6.293.
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