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a b s t r a c t

Microplastics are a pervasive environmental pollutant, altering microbial communities and disrupting 
global biogeochemical cycles. Mangrove forests, critical blue carbon habitats, are significant  sinks for 
microplastic accumulation, yet they also cycle large amounts of methane, a potent greenhouse gas. The 
effect of plastic pollution on methane dynamics in these vital habitats remains, however, poorly un
derstood. Here we show that microplastic pollution in mangrove soils is linked to an increased potential 
for methane production by favouring methanogenic archaea. Through a nationwide survey of Chinese 
mangroves, we found that microplastic concentrations were higher (6516 ± 1725 particles kg− 1) in 
surface soils (0–20 cm) and exhibited stronger association with methane-cycling microbes (four linkage 
pathways), compared to concentrations (2246 ± 497 particles kg− 1) and two linkage pathways in deeper 
soils (20–40 cm). Microplastics in topsoil were correlated with more complex microbial networks, 
consisting of 150 nodes and 237 links, relative to 113 nodes and 196 links in deeper soils. Furthermore, 
we directly linked elevated microplastic pollution in surface soils to secondary industry output, which 
positively correlated with the methanogens-to-methanotrophs gene ratio, establishing a clear anthro
pogenic driver for this shift. These findings  reveal a critical, previously unrecognized mechanism by 
which industrial plastic pollution may compromise the net carbon sequestration capacity of mangrove 
ecosystems. Mitigating microplastic discharge is therefore not only a waste management issue but is 
also essential for preserving the climate-regulating function of these crucial habitats amid global 
conservation efforts.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, 
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microplastics (MPs), defined  as solid plastic particles 
measuring 5 mm or less, are emerging pollutants widely distrib
uted across ecosystems, posing significant  threats to the global 
biosphere [1]. Of particular concern are their substantial impacts 
on biogeochemical cycling, particularly carbon cycling, through 
their disruptive effects on microbial diversity and community 

structure—key drivers of these essential ecological processes [2,3]. 
These disruptions may lead to cascading environmental conse
quences [4]. The complex interactions between MPs and soil mi
crobial communities, which fundamentally regulate 
biogeochemical processes, have become a critical research focus 
for addressing the escalating global environmental challenge [5].

MPs influence  soil microorganisms through three primary 
mechanisms: (1) providing microbially available organic carbon 
[6] and forming colonizable ecocoronas, which may either stim
ulate [7] or inhibit [8] microbial activity; (2) inducing direct 
toxicity through their intrinsic properties, chemical additives, or 
adsorbed contaminants, thereby disrupting microbial and faunal 
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activity [9]; and (3) modifying soil physicochemical properties, 
including pH [10], aggregate stability, bulk density, and moisture 
retention capacity [11]. The diverse characteristics of MPs—such as 
polymer type, size, shape [12], and concentration [9]—have vari
able impacts on microbial community structures and functions 
[11]. Consequently, the interactions between MPs and microor
ganisms are highly complex and depend on the context, influenced 
by anthropogenic and natural factors [13,14].

Mangroves are critical blue carbon ecosystems, accounting for 
10–15% of coastal carbon sequestration globally [15]. These eco
systems serve as substantial sources of methane (CH4)—a green
house gas with 34 times the global warming potential of carbon 
dioxide (CO2) over a century [16]—the production and consump
tion of which are mediated by methanogenic and methanotrophic 
microbial communities [17,18]. Current estimates suggest 
mangrove emissions of 0.34 Tg CH4 yr− 1—approximately 20% of 
their net primary production [19]—which can potentially offset 
their blue carbon storage capacity [20]. Simultaneously, man
groves function as significant global sinks for MPs [21], with their 
dense root systems and complex aboveground structures effi
ciently trapping fine  particulate matter [22]. The interplay be
tween MPs and CH4-cycling microorganisms, particularly the ratio 
of methanogenic (mcrA) to methanotrophic (pmoA) functional 
genes [17,18], serves as a critical indicator of CH4 emission po
tential. This microbial balance is modulated by anthropogenic in
fluences  [23] and environmental conditions that govern MP 
accumulation in mangrove soils [24]. Despite the ecological sig
nificance  of these interactions, research addressing the complex 
relationships between MPs and CH4-cycling microbial commu
nities in mangrove ecosystems remains notably limited [13].

Global mangrove coverage has declined by over one-third in 
the past six decades [25], posing substantial challenges to climate 
change mitigation efforts [26]. To preserve their critical carbon 
sequestration capacity, international mangrove restoration initia
tives aim to achieve a 20% increase in global coverage by 2030 [27]. 
Notable Indonesian efforts include a national target to restore 
600,000 ha of mangroves by 2024 [28], and China has a national 
plan to rehabilitate 18,800 ha by 2025 [29]. However, these 
restoration activities may inadvertently alter MP accumulation 
patterns and their interactions with CH4-cycling microbial com
munities, potentially influencing  CH4 emissions. Understanding 
these complex relationships is crucial for optimizing ecosystem 
management during restoration projects and for offering oppor
tunities to mitigate CH4 emissions while enhancing carbon 
sequestration potential.

In this study, we examined the complex interactions between 
MPs and CH4-cycling microorganisms across China's mangrove 
ecosystems (19.84◦–28.35◦ N) (Supplementary Fig. S1), encom
passing diverse climatic conditions and anthropogenic pressures. 
Focusing on soil systems as primary MP reservoirs [22], we 
addressed three key aspects: (1) spatial distribution and compo
sition of MPs in topsoil (0–20 cm) and subsoil (20–40 cm) layers, 
(2) structure and abundance of methanogenic and methano
trophic microorganism communities, including functional (mcrA 
and pmoA) genes, and (3) interactions between MPs and microbial 
communities under varying anthropogenic (industrial output 
across economic sectors) and environmental (climatic and 
edaphic) conditions. By integrating these components, we aimed 
to clarify how MP pollution influences  CH4-cycling microbial 
communities in mangroves, considering the synergistic effects of 
climate, soil properties, and human activities while addressing the 
growing threat of MP contamination in global mangrove areas.

2. Materials and methods

2.1. Study areas and sample collection

Mangroves predominantly colonize the intertidal zones of 
China's southeast coast, spanning 18.2–29.5◦ N and covering 
approximately 14,700 km of coastline [30]. This region is charac
terized by a tropical and subtropical monsoon climate with hot, 
rainy summers and warm, humid winters. The mean annual 
temperature (MAT) ranges from 21 to 25 ◦C, with the coldest 
monthly average varying between 7.4 and 21.0 ◦C. Annual pre
cipitation averages 1200–2200 mm, resulting in high humidity. 
The coastline features a mix of muddy, sandy, and rocky shores 
with diverse tidal patterns. The total mangrove area is approxi
mately 28,010 ha [30], varying from concentrated patches of 
mangroves at lower latitudes to scattered distributions at higher 
latitudes [31].

Sample collection was conducted in July 2023 at 14 represen
tative mangrove sites along a latitudinal gradient covering the 
coastline bordering the Hainan (HN), Guangdong (GD), Guangxi 
(GX), Fujian (FJ), and Zhejiang (ZJ) provinces (Supplementary 
Fig. S1). At each site, we established a 20 m × 20 m transect, 
within which we placed three 2 m × 2 m quadrats diagonally at 
intervals of 8 m. Before sampling, we measured environmental 
variables, including soil conductivity, electrical conductivity, and 
temperature, at each site using a ProCheck multi-parameter meter 
(METER Group, Inc., Pullman, WA, USA), and recorded the 
geographic coordinates using global positioning system (GPS).

To minimize plastic contamination during soil sampling, we 
used stainless steel cutting rings (7 cm in diameter and 5 cm in 
height), employing separate rings to collect stratified samples 
from the topsoil (0–20 cm) and subsoil (20–40 cm) layers. We 
mixed the samples collected from each quadrat according to their 
respective depths and immediately placed them into aluminum 
foil containers cleaned with ultrapure water. From these collec
tions, we obtained three sets of samples for specific analyses: one 
for MP determination, another for assessing soil physicochemical 
properties, and a third for analyzing CH4-cycling microorganisms.

2.2. MP analysis

In this study, we categorized MPs into two primary groups 
based on their physical properties (e.g., shape, color, and size) and 
chemical composition, with a focus on polymer types. We classi
fied shapes into fibers, fragments, foams, and pellets, and divided 
colors into black, white, blue, green, and other categories. Size 
classifications included microscopic MPs (<1 mm) and visible MPs 
(1–5 mm). The identified  polymer types were polyethylene (PE), 
polyester (PET), polystyrene (PS), and polypropylene (PP). Notably, 
we labeled fibers  anthropogenic when dyes prevented polymer 
identification.

Similarly, to minimize plastic contamination, personnel wear
ing cotton lab coats performed all handling of samples on 
aluminum foil-covered surfaces using only glassware meticulously 
cleaned with three rinses of ultrapure water. MPs were primarily 
identified through a combination of density separation using zinc 
chloride, oxidation digestion, and visual inspection. The process 
began by wet-sieving the samples on a 200-mesh screen to ensure 
size limits, followed by flotation in a 100 mL solution of ZnCl2. 
Samples were then digested with 30% H2O2 at 60 ◦C for 12 h to 
remove organic matter and biological contaminants. After diges
tion, samples were filtered through a Whatman® 0.45-μm glass 
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microfiber  filter  (Gf/f-grade, 47 mm in diameter, Cytiva, Marl
borough, MA, USA) and stored in a clean glass Petri dish. MPs were 
visually inspected under a dissecting microscope (40 × , Wild M3Z, 
Wild Heerbrugg AG, Heerbrugg, Switzerland) to identify shapes 
and colors, including red, orange, and yellow. For ambiguous 
classifications, we employed fourier transform infrared spectros
copy (FTIR) analysis using a Thermo Fisher Scientific™ Nicolet™ 
iN10 instrument (Thermo Fisher Scientific,  Wisconsin, USA), 
comparing the obtained spectra against a standard polymer library 
using OMNIC software, classifying samples with over 70% match as 
microplastics.

2.3. Deoxyribonucleic acid extraction and sequencing

Microbial deoxyribonucleic acid (DNA) was extracted from 
approximately 0.25 g (wet weight) of each soil samples using an E. 
Z.N.A.® Soil DNA Kit (Omega Bio-tek Inc., Norcross, GA, USA). DNA 
quality was evaluated using a NanoDrop™ 2000 spectrophotom
eter (Thermo Fisher Scientific, USA), and quantity was confirmed 
using 1.0% agarose gel electrophoresis.

For the methanogenic archaea community, the mcrA genes 
were amplified  using primers mcrA-f (5′-GGTGGTGTMGGATTCA
CACARTAYGCWACAGC-3′) and mcrA-R (5′-TTCATTGCR
TAGTTWGGRTAGTT-3′). The methanotrophic bacterial 
communities were examined by amplifying pmoA genes using 
primers A189F (5′-GGNGACTGGGACTTCTGG-3′) and MB661R (5′- 
CCGGMGCAACGTCYTTACC-3′). To facilitate sample identification, 
the primers were tagged with PacBio barcode sequences. The 
amplification reactions (20-μL volume) included 10 μL of 2 × Taq 
Plus Master Mix, 0.8 μL of forward primer (5 μM), 0.8 μL of reverse 
primer (5 μM), and 7.4 μL of DNase-free water. Polymerase chain 
reaction (PCR) was conducted following initial denaturation at 
95 ◦C for 5 min, followed by 30 cycles of 95 ◦C for 30 s, 58 ◦C for 
30 s, and 72 ◦C for 1 min (extension) on a T100™ thermal cycler 
(BIO-RAD, CA, USA). After electrophoresis, PCR products were 
purified  using AMPure® PB beads (Pacific  Biosciences, CA, USA) 
and quantified with Qubit 4.0 Fluorometer (Thermo Fisher Scien
tific, MA, USA) (Supplementary Table S1).

Purified  amplicons were pooled in equimolar amounts and 
paired-end sequenced using an Illumina NextSeq 2000 sequencing 
system (Illumina, CA, USA), following the established protocols of 
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). 
Following sequencing, the raw FASTQ files  were demultiplexed 
using an in-house Perl script and quality-filtered with fastp 
version 0.19.6. Merging was performed with Flash version 1.2.7 
according to the following criteria: (1) reads truncated at any 
position where the average quality score fell below 20 over a 50 bp 
sliding window; no truncated reads shorter than 50 bp or any 
containing ambiguous characters; (2) assembly of only over
lapping sequences exceeding 10 bp in length based on their 
overlap, with a maximum matching ratio of 0.2 for the overlapped 
region; no reads that failed to assemble; (3) samples distinguished 
by barcode and prime sequences, with adjustments made for 
sequence direction, allowing for exact barcode matches and up to 
two nucleotide mismatches in primer matching.

The optimized sequences were clustered into operational 
taxonomic units (OTUs) using UPARSE 7.1 with a 97% sequence 
similarity threshold. The most abundant sequence for each OTU 
was designated as the representative sequence. To mitigate the 
effects of sequencing depth on alpha and beta diversity metrics, 
the counts of mcrA and pmoA gene sequences for each sample were 
rarefied to 20,000, ensuring an averagely good coverage of 99.09%. 
The taxonomy of each OTU representative sequence was analyzed 
using RDP Classifier version 2.2 against the 16S rRNA gene data
base (Silva v. 138), with a confidence threshold of 0.7.

2.4. Dataset of human impacts and environmental variables

The 14 sampling sites were grouped by county, encompassing 
Wenchang City in HN, Leizhou City District in GD, and Mazhang 
District in GD, among others (Supplementary Table S2). Industry 
output values for the primary (agriculture-dominated), secondary 
(industry-dominated), and tertiary (services-dominated) sectors 
were obtained from annual yearbooks (2018–2022) [32–36]. Five- 
year averages were calculated and employed as quantitative pa
rameters to assess the type and intensity of human disturbances at 
the sites. We designated temperature and precipitation as key 
indicators of climatic influence. Specifically, MAT and mean annual 
precipitation (MAP) were sourced from the World Climate website 
(www.worldclimate.com) using the geographic coordinates (lati
tude and longitude) of the sampling locations. The dataset pro
vided a spatial resolution of 1 km and an absolute resolution of 
0.86 [37], providing precise characterization of the climatic con
ditions at the sampling sites.

We characterized the physicochemical properties of the soil 
samples to identify the key soil factors that influenced  MP dy
namics. Specifically, pH was measured using a pH meter (Sev
enCompact210, Mettler-Toledo, Columbus, OH, USA) with a soil- 
to-water ratio of 1:2:5 (w/v). The moisture content (%) was 
determined by oven drying at 105 ◦C for 24 h using a volumetric 
ring. Particle size distribution (%) was analyzed with a Mastersizer 
2000 laser particle size analyzer (Malvern Scientific Instruments, 
Malvern, UK). Soil organic carbon (SOC) (g kg− 1) was quantified 
through H2SO4–K2Cr2O7 oxidation, followed by titration with 
FeSO4. Total nitrogen (TN, g kg− 1) and total phosphorus (TP, g kg− 1) 
were analyzed according to the methods described by Bao [38]. 
Each sample was analyzed in triplicate, and average values were 
calculated.

Overall, our classification  framework facilitated the categori
zation of the driving factors of human impact, climate, and soil 
parameters, thereby facilitating a comprehensive analysis of the 
mechanisms governing MP distribution within Chinese mangrove 
soils.

2.5. Data analysis

We employed Wilcoxon rank-sum tests to compare differences 
in the abundance of MPs, mcrA, and pmoA genes, and the mcrA/ 
pmoA ratio between the topsoil and subsoil layers due to non
normal distributions and heteroscedasticity that violated the as
sumptions of paired Student's t-tests. Nonmetric 
multidimensional scaling (NMDS) was utilized to compare the 
compositions of MPs and microbial communities at both depths. 
Significance was assessed using permutational multivariate anal
ysis of variance (Adonis) and analysis of similarity (ANOSIM), with 
p < 0.05 indicating statistical significance. All statistical analyses 
were performed using R software (v. 4.3.3).

Co-occurrence network analyses based on Spearman's rank 
correlations were employed to examine the relationships between 
methanogens and methanotrophs. Co-occurrence patterns were 
identified through strong correlations (Spearman's ρ > |0.8|) that 
were statistically significant (p < 0.01) [39], with p-values adjusted 
for multiple comparisons using the false discovery rate (FDR) [40]. 
Network visualizations were generated with Gephi (https://gephi. 
org/) using the Fruchterman–Reingold layout. Topological prop
erties (e.g., degree and modularity) were calculated for both 
observed networks using the igraph package (v. 2.0.3) in R (v. 
4.3.3). High-degree nodes were identified as key species, catego
rized based on their topological roles into module hubs (Zi > 2.5), 
network hubs (Zi > 2.5 and Pi > 0.62), connectors (Zi < 2.5 and 
Pi > 0.62), and peripherals (Zi < 2.5 and Pi < 0.62) [41]. This 
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analysis highlighted differences in interaction patterns between 
methanogenic archaea and methanotrophic bacterial commu
nities at different depths. The influence  of MP factors on CH4- 
cycling microbial community assemblies across soil layers was 
further evaluated using the Mantel test with 999 permutations.

Additionally, we employed structural equation modeling (SEM) 
to investigate the effects of human impacts, climate, and soil 
conditions on the interactions between MPs and CH4-cycling mi
croorganisms. Some environmental variables were excluded due 
to high correlations with other variables (Pearson's r > 0.8). For the 
SEM of MPs and CH4-cycling microorganisms in the topsoil, we 
included anthropogenic fiber, PET, soil temperature, nitrogen: 
phosphorus (N:P) ratio, clay content, and industrial values from 
the primary and secondary sectors. For the subsoil analysis, we 
selected variables that included black MPs, soil organic carbon 
(SOC) content, clay content, and primary sector outputs. The SEM 
was conducted using the lavaan (v. 0.6–18) package in R, and the 
model fit was evaluated using the chi-squared test (χ2), p-value, 
and root mean square error of approximation (RMSEA).

3. Results

3.1. Abundance and composition of MPs

The abundance of MPs varied significantly, with concentrations 
ranging from 811 to 21,921 particles kg− 1 in the topsoil and from 
186 to 7456 particles kg− 1 in the subsoil. The average concentration 
of MPs in the topsoil was 6516 ± 1725 particles kg− 1, significantly 
exceeding the subsoil average of 2246 ± 497 particles kg− 1 (Fig. 1a).

Overall, soil depth significantly  influenced  the shapes, sizes, 
and polymer compositions of the MPs (Fig. 1b and c; 
Supplementary Fig. S2). Specifically, color composition varied 
with depth, encompassing white, blue, black, green, transparent, 
and other hues, with white being the most prevalent at both 
depths (Fig. 1b) and significant  variations observed at different 
depths (Fig. 1c). The size distribution predominantly comprised 
MPs of less than 1 mm across the two groups (Fig. 1b), with their 
concentrations also significantly  affected by depth (Fig. 1c). In 

contrast, the shape and polymer compositions at both depths were 
primarily dominated by fragments and PE (Fig. 1b), with depth 
having no significant  influence  on these traits (Fig. 1c; 
Supplementary Fig. S2).

3.2. CH4-cycling microbes and their functional genes

In total, we obtained 1,076,099 and 1,186,228 high-quality mcrA 
and pmoA sequences, respectively. The mcrA sequences were 
classified  into 5035 OTUs across 31 genera, while the pmoA se
quences were categorized into 3944 OTUs across 25 genera 
(Supplementary Table S3). Notably, the alpha (α) diversity of CH4- 
cycling microbial communities showed no significant differences 
between the topsoil and subsoil samples (Supplementary Fig. S3).

The abundance of the mcrA gene in the topsoil was 2.6 × 106 

copies g− 1, with an mcrA:pmoA ratio of 2:1, both lower than in the 
subsoil, which had 2.7 × 106 copies g− 1 and a ratio of 3:1. 
Conversely, the abundance of the pmoA gene in the topsoil was 
2.7 × 106 copies g− 1, exceeding the 2.6 × 106 copies g− 1 found in 
the subsoil; however, these differences were not statistically sig
nificant (Fig. 2a).

Methanolobus, Methanosarcina, and Methanobacterium were the 
dominant genera in the methanogenic communities at both 
depths, with greater abundance in the topsoil than in the subsoil. 
Conversely, Methylocystis and Methylocaldum, the dominant 
genera in the methanotrophic communities, were less abundant in 
the topsoil than in the subsoil (Fig. 2b). Soil depth significantly 
influenced the structure of the methanogenic communities but did 
not significantly  affect the methanotrophic communities or the 
overall CH4-cycling microbiota, as revealed by NMDS based on 
Bray–Curtis dissimilarity analysis (Fig. 2c; Supplementary Fig. S4).

The co-occurrence networks of CH4-cycling microorganisms 
showed that the topsoil networks had higher numbers of nodes 
and links and greater modularity (Fig. 3a) than those in the subsoil 
(Fig. 3b). Furthermore, the topsoil exhibited a higher clustering 
coefficient  and shorter path length, with connectors present at 
both depths—more prevalent in the topsoil—while a module hub 
was uniquely identified in the subsoil (Supplementary Table S4).

Fig. 1. Characteristics of microplastics (MPs) in soils across China's mangroves. a, Box plots showing the contrasting concentration of MPs (particles kg− 1) between topsoil and 
subsoil. Data points beyond the whisker endpoints are identified as outliers and indicated by triangles. Circle: the concentration of MPs (particles kg− 1). b, Physical characteristics 
(color, shape, polymer, and size) and chemical composition of MPs (particles kg− 1) in topsoil and subsoil. c, Comparative analysis of the physical and chemical compositions of MPs 
at topsoil (0–20 cm) versus subsoil (20–40 cm). *p < 0.05. The MP polymers include: ethylene-vinyl acetate (EVA), polyethylene (PE), polyester (PET), polypropylene (PP), 
polystyrene (PS), anthropogenic fiber (Anthropogenic), polyethylene–polypropylene (PE–PP), polystyrene–polypropylene (PS–PP).
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Fig. 2. Community composition and diversity of CH4-cycling microorganisms in soils at varying depths across China's mangroves. a, Abundance of mcrA and pmoA, as well as the 
ratio of mcrA/pmoA in both topsoil (0–20 cm) and subsoil (20–40 cm) layers. b, Composition of methanogenic and methanotrophic communities at the genus level. c, Non-metric 
multidimensional scaling (NMDS) analysis based on Bray–Curtis distance.

Fig. 3. a–b, Co-occurrence networks of CH4-cycling microorganisms in topsoil (a) and subsoil (b) across China's mangroves, derived from Spearman analysis of operational 
taxonomic unit (OTU) profiles. The threshold values for categorizing OTUs based on Zi and Pi were set at 2.5 and 0.62, respectively. Each node in the network represents an OTU, 
with node size reflecting its degree of connectivity. Pink-colored lines indicate positive interactions, while blue lines denote negative interactions. The network is color-coded at 
the phylum level, with Euryarchaeota representing methanogens and Proteobacteria representing methanotrophs. c, Zi–Pi plots of methanogenic and methanotrophic com
munities, emphasizing their topological roles within the networks.
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3.3. Interactions between MPs and CH4-cycling microbes

The relationship between MPs and CH4-cycling community 
structure was more pronounced in the topsoil than in the subsoil 
(Fig. 4). Specifically, the methanogenic communities in the topsoil 
displayed significant  positive correlations with various MP char
acteristics, including color (white), shape (fragments), chemical 
composition (EVA), and size (microscopic MPs). In contrast, the 
methanotrophic communities showed no significant correlations 
with any of the MP characteristics. In the subsoil, both methano
genic and methanotrophic communities exhibited significant 
positive correlations exclusively with the chemical compositions 
of MPs, particularly PP, and polystyrene–polypropylene (PS–PP). 
Notably, four strong pathways linked methanogenic activity to 
MPs in the topsoil, while only one weak association was observed 
in the subsoil (Fig. 4).

MPs were associated with the functional characteristics of CH4- 
cycling microbial communities, exhibiting stronger and more 
complex correlations with methanogenic archaea than with 
methanotrophic bacteria, with both relationships depending on 
depth (Fig. 5). For methanogenic archaea, MP properties, such as 
black, green, white, fragmented, and PE, exhibited significant 
correlations with the methanogenesis-using formate in the 
topsoil, whereas no significant relationships were observed in the 
subsoil (Fig. 5a). In contrast, only the EVA of MPs showed signifi
cant correlations with methylotrophy, methanotrophy, and the 
hydrocarbon degradation of methanotrophic bacteria in the sub
soil (Fig. 5b).

3.4. Anthropogenic and environmental drivers of the mcrA:pmoA 
ratio

SEM revealed that human impacts, particularly in the primary 
and secondary sectors, significantly  influenced  the presence of 
MPs in the topsoil. Specifically, the primary sector had a negative 

effect (path coefficient = − 0.57), while the secondary sector had a 
positive impact (path coefficient = 0.88) (Fig. 6a). In contrast, the 
primary sector remained the main driver of MPs in the subsoil, 
albeit with a lower level of significance (path coefficient = 0.32) 
(Fig. 6b). Climate factors, particularly MAT, positively impacted the 
chemical composition of MPs (PET) in the topsoil (Fig. 6a) while 
enhancing the physical composition of MPs (black) in the subsoil 
(Fig. 6b). Soil characteristics, especially clay content, negatively 
affected the MPs in both layers (Fig. 6a and b).

The impact of MPs on the mcrA:pmoA ratio exhibited distinct 
patterns across soil layers. In the topsoil, the chemical composition 
of anthropogenic MPs was positively correlated with the mcrA: 
pmoA ratio (Fig. 6a). Conversely, in the subsoil, the ratio was 
adversely affected by the physical characteristics of the micro
scopic MPs (Fig. 6b). Climate factors, particularly MAP, significantly 
negatively influenced  the mcrA:pmoA ratio in the topsoil (path 
coefficient = − 0.82) (Fig. 6a) but had no significant effect in the 
subsoil (Fig. 6b). Additionally, soil conditions directly affected the 
mcrA:pmoA ratio: In the topsoil, both temperature and the N:P 
ratio exerted negative effects (Fig. 6a), while clay content 
adversely affected the ratio in the subsoil (Fig. 6b). Overall, among 
the factors influencing  the mcrA:pmoA ratio, anthropogenic MPs 
exhibited the most significant positive impact in the topsoil, with 
Soil temperature (ST)emerging as the primary negative factor 
(Fig. 6c). In the subsoil, MAT had the most notable positive influ
ence, while microscopic MPs had the greatest negative effect 
(Fig. 6d).

4. Discussion

4.1. Divergent abundance and composition of MPs across soil 
depths

We observed an average MP abundance of 4381 particles kg− 1 in 
mangrove soils (0–40 cm) across China, which markedly exceeded 

Fig. 4. Relationship between microplastics (MPs) and CH4-cycling microorganisms in China's mangrove soils. The correlations are based on Bray–Curtis distances of the CH4- 
cycling microbial community with MPs in the topsoil (a) and subsoil (b). The width of the lines corresponds to Mantel's r value, while the color indicates statistical significance. 
Solid lines denote positive correlations, while dashed lines represent negative correlations. Pairwise correlations among these variables are illustrated, with color gradients 
reflecting Pearson's correlation coefficients. EVA: ethylene-vinyl acetate; PE: polyethylene; PE–PP: polyethylene–polypropylene; PET: polyester; PP: polypropylene; Anthropo
genic: anthropogenic fiber; PS: polystyrene; PS–PP: polystyrene–polypropylene.
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the levels reported at non-mangrove sites (saltmarshes, seagrasses, 
and tidal flats)  across the same distribution range (Table 1). This 
highlights mangroves’ enhanced capacity to trap MPs, driven by 
their function as critical ecological buffers at the land–sea interface, 
where high primary productivity and complex hydrodynamic re
gimes facilitate fine particle accumulation [21].

Our study revealed a significant decrease in MP abundance with 
increasing depth in mangrove soils (Fig. 1b), accompanied by sub
stantial alternations in color and size (Fig. 1c). The elevated MP 
concentration in topsoil is largely driven by the physical attenuation 
of hydrodynamic forces imposed by dense aboveground vegetation 
and intricate root networks, which reduce water flow velocity and 
promote the deposition of fine particles sourced from terrestrial and 
marine environments [42]. Conversely, the decline of MPs in deeper 
layers reflects filtration losses during vertical transport from topsoil, 
driven by a complex interplay of physical, chemical, and biological 
processes. Specifically, biodegradation due to microbial activity 
[43], absorption and transformation by root systems [44], removal 
through tidal flushing  [45], and ingestion by marine organisms 
[46,47] facilitate the redistribution of MPs. These processes not only 
alter the physical characteristics of MPs—such as their size, shape, 
and color—but also affect their chemical bonds [43]. Consequently, 
MP abundance decreases with depth, accompanied by significant 
transformations in MPs’ physicochemical properties. The observed 
higher MP abundance in surface soils compared to subsurface soils 

aligns with previous findings  from both non-mangrove habitats 
[48,49] and localized mangrove sites [22,50].

4.2. CH4-cycling microbes and their associations with MPs across 
soil depths

We observed that the relative abundance of mcrA genes 
increased with soil depth, while pmoA gene abundance exhibited 
an inverse trend, consistent with previous localized studies [51]. 
This pattern can primarily be attributed to the reduced oxygen (O2) 
availability in the subsoil [52,53]. Moreover, the composition of 
the methanogenic communities was clearly dependent on soil 
depth, whereas the composition of the methanotrophic commu
nities remained relatively stable. This suggests that methanogenic 
communities are more sensitive to MP changes with increasing 
soil depth. Given that CH4 emissions largely depend on the balance 
between methanogens and methanotrophs [16,54], the observed 
58.3% increase in the mcrA:pmoA ratio in subsoil compared to 
topsoil suggests a heightened potential for CH4 production.

Our results recorded variations in dominant genera across soil 
depths (Fig. 2b), indicating that different species within these 
communities respond uniquely to environmental changes ac
cording to soil layer conditions, such as increased pH and salinity, 
which affect both methanogenic and methanotrophic populations 
[55,56]. Moreover, the finding  that soil depth significantly 
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Fig. 6. Structural equation models (SEMs) illustrating the hypothesized direct and indirect relationships between human activities, climate, soil conditions, microplastics (MPs), 
and the mcrA/pmoA ratio. a–b, The relationships in the topsoil (a) and subsoil (b). Predictors are represented as independent observable variables grouped within a single box for 
clarity rather than as latent variables. Solid arrows represent statistically significant associations (two-sided **p < 0.05), with adjacent correlation coefficients; dashed arrows 
indicate non-significant associations. c–d, The standardized total effects from SEMs in the topsoil (c) and subsoil (d). MAT: mean annual temperature (◦C); MAP: mean annual 
precipitation (mm); CC: clay content (%); ST: soil temperature (◦C); SOC: soil organic carbon (g kg− 1); PET: polyester; VPS: values of the primary sector (in RMB 100 million); VSS: 
value of the secondary sector (in RMB 100 million). *p < 0.05; **p < 0.01.

Table 1 
Summary of microplastic abundance in mangrove and adjacent non-mangrove habitats (tidal flats, saltmarshes, seagrasses) across mangrove distribution provinces in China.

Sites Location Microplastic abundance (particle kg− 1) Reference

Tidal flat Guangxi 3266 [80]
Tidal flat Guangdong, Guangxi, Hainan 3200 [81]
Tidal flat Fujian 311 [82]
Tidal flat Zhejiang 408 [83]
Tidal flat Guangdong 344 [84]
Seagrass Hainan 780 [85]
Seagrass Hainan 197 [85]
Seagrass Guangxi 214 [86]
Seagrass Guangxi 45 [86]
Saltmarsh Zhejiang 693 [83]
Saltmarsh Zhejiang 180 [87]
Saltmarsh Zhejiang 230 [87]
Saltmarsh Zhejiang 150 [87]
Mangrove 14 counties across China (Hainan, Guangxi, Guangdong, Fujiang, Zhejiang) 4381 This study
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influenced  the structure of methanogenic communities while 
exerting no significant impact on methanotrophic communities or 
the overall CH4-cycling microbiota (Fig. 2c; Supplementary Fig. S3) 
indicates that methanogenic communities are more sensitive to 
environmental changes associated with soil depth than their 
methanotrophic counterparts. The heightened sensitivity of 
methanogens stems from their specific metabolic pathways tied to 
substrate availability and environmental conditions, while the 
reduced sensitivity of methanotrophic bacteria results from their 
broader tolerance to varying environments [57,58].

The more complex microbial network indicated less intense 
competition among microorganisms in the topsoil than in the 
subsoil (Fig. 3a and b), which was largely influenced by environ
mental conditions and the structures of bacterial communities 
[59,60]. Additionally, the higher proportion of positive interactions 
in the topsoil suggests more efficient substrate transport and in
formation transfer between genera in the methanogen 
–methanotroph interaction network, facilitated by cooperative 
symbiosis between genera [61].

MPs impact soil microbial communities in mangrove habitats. 
However, existing knowledge primarily derives from laboratory 
studies employing artificial MP additions, which yield inconsistent 
impacts—positive [62–64], negative [65–67], or neutral [68,69]— 
on microbial assemblages. This variability highlights the complex, 
context-dependent, and poorly understood nature of MP–microbe 
interactions in such soils.

In this study, we revealed correlations between MPs and 
methanogenic activity, with four strong pathways identified in the 
topsoil and only one weak association in the subsoil (Fig. 4). These 
depth-dependent relationships can largely be attributed to varia
tions in physical traits—such as size, shape, and color—as well as 
MPs’ chemical compositions [70,71], suggesting that the influence 
of MPs on methanogenic processes diminishes with soil depth. In 
addition, we observed stronger and more complex correlations 
between MPs and methanogenic archaea compared to methano
trophic bacteria, both of which were depth-dependent (Fig. 5). 
This suggests that methanogenic communities are more sensitive 
to MPs than methanotrophic communities at both depths, prob
ably due to the substrate-limited metabolic pathways of meth
anogenic microbes [58]. Collectively, these findings  provide 
further evidence that, under natural conditions, MPs in mangrove 
soils exhibit depth-dependent interactions with CH4-cycling mi
crobial communities, exerting a more pronounced and complex 
effect on CH4 production than on CH4 oxidation.

4.3. Factors and pathways influencing the associations between 
MPs and CH4-cycling microbes

The results revealed that the agriculture-dominated primary 
sector negatively impacts MPs (Fig. 6), suggesting a mitigating 
effect on the influx of MPs into mangroves due to their intercep
tion and continuous breakdown of MPs through mechanical 
crushing, photodegradation, physical weathering, and biodegra
dation [72]. Conversely, the positive impact of the secondary 
sector involving industrial activities positions coastal MPs as the 
primary terrestrial source, with various pathways contributing to 
mangrove pollution [21,73]. Notably, only the primary sector 
significantly  influenced  the coloration (black) of MPs at a lower 
significance  level (p < 0.05) (Fig. 6b). This indicates that as soil 
depth increases, the impacts of primary and secondary industrial 
activities diminish, with only dyes from the primary sector, char
acterized by relatively slow environmental aging and biodegra
dation [74], affecting the MPs in the subsoil.

We found that soil temperature, primarily governed by MAT, 
was positively correlated with MPs (PET) in the topsoil (Fig. 6a), 

reflecting  the temperature-dependent processes involved in MP 
formation [75]. This correlation diminished in subsoils (Fig. 6a), 
where MPs—mainly transported vertically from surface sources 
and subsequently buried by physical [45] or biological [46,47] 
mechanisms—exhibited largely temperature-independent dy
namics. Additionally, clay content was negatively correlated with 
MPs in both soil layers—a relationship that intensified with depth 
(Fig. 6a and b). This pattern suggests that clay restricts MP 
migration in a depth-dependent manner, primarily through 
physical encapsulation [76]. This mechanism is facilitated by 
reduced hydrodynamic and biological disturbances in deeper soil 
layers, promoting the gradual settling and long-term accumula
tion of fine clay particles. The study revealed that in the topsoil, 
MPs affected the mcrA:pmoA ratio through their chemical com
positions, whereas in the subsoil, this ratio was influenced by their 
physical properties (Fig. 6). This shift reflects the distinct growth 
conditions of CH4-cycling microorganisms shaped by varying MPs 
[77], which ultimately impact the balance between methanogens 
and methanotrophs as well as CH4 production potential [78]. 
Additionally, soil temperature and the N:P ratio significantly 
affected the mcrA:pmoA ratio (path coefficient = − 0.60, p < 0.01) in 
the topsoil, whereas clay content became the most influential 
factor in the subsoil. This shift indicates that the balance between 
methanogens and methanotrophs is variably influenced  by soil 
physicochemical properties due to stratification [79].

5. Conclusion

In summary, this study elucidates the complex interactions 
between MPs and CH4-cycling microbial communities in Chinese 
mangroves, showing how anthropogenic and environmental fac
tors shape these relationships and influence CH4 emission poten
tial under global MP pollution conditions. Our findings  revealed 
distinct depth-dependent patterns in MP distribution, with topsoil 
exhibiting significantly higher MP concentrations and greater di
versity in particle characteristics compared to subsoils. Notably, 
stronger associations were observed in topsoil between MPs and 
methanogenic microorganisms, supported by more complex mi
crobial co-occurrence networks. Anthropogenic activities, partic
ularly those associated with secondary industries, were found to 
significantly  increase MP accumulation in topsoil, subsequently 
elevating the mcrA:pmoA ratio and indicating enhanced CH4 
emission potential. These results underscore the urgent need to 
implement stringent measures to mitigate land-based plastic 
discharges from industrial sources. Such measures are essential for 
optimizing mangrove carbon sequestration capacity and miti
gating CH4 emissions during global restoration projects.
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