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A B S T R A C T   

Wetland soils harbor diverse microorganisms including bacteria, archaea, and fungi, all of which play significant 
roles in maintaining soil health and ecosystem functions but are susceptible to influences from multiple envi-
ronmental changes. Agricultural intensification and biological invasion are two fundamental drivers of envi-
ronmental change for wetlands, but their interactive effects on soil microbial communities remain less well 
understood, particularly for seasonal subtropical wetlands. Yet such understanding is vital for wetland conser-
vation and management. In this study, we conducted a 14-week field mesocosm experiment to investigate how 
agricultural intensification and invasive apple snail (Pomacea maculata) – an emerging and increasingly con-
cerning threat to natural and agricultural systems in southeastern U.S. – altered wetland soil microbial com-
munities and structures. We found that invasive P. maculata showed selective effects on relative abundance of 
specific microbial taxa (e.g., Proteobacteria, Nitrospirota), and interactive effects with upland intensification on 
Spirochaetota and Mortierellomycota. Upland agricultural intensification also exerted significant and consistent 
effects on microbial composition and diversity across microbial domains. Changes in microbial composition were 
partly manifested through modifications in water chemistry, such as dissolved oxygen, which acted as envi-
ronmental regulators. In addition, upland intensification led to more complex but sparsely connected microbial 
networks, while invasive snail presence decreased network complexity and resulted in greater modularity, less 
edge density, and longer path length, indicative of lower molecular information exchange efficiency. Our 
research emphasizes the need for a comprehensive evaluation of microbial responses (i.e., composition, diversity, 
and co-occurrence patterns) to better understand multi-stressor impacts from human activities on wetland 
belowground microbial communities. By holistically characterizing microbial responses, our findings show how 
global change drivers may impact wetland microorganisms in subtropical biomes and infer their functional 
consequences. Our results have important implications for sustainable landscape management and conservation 
of wetlands that are experiencing escalating human-induced environmental changes.   

1. Introduction 

Bacteria, archaea, and fungi are dominant soil microorganisms that 
play fundamental roles in sustaining soil health and ecosystem func-
tions, which are also shaped by interacting environmental factors (Paul, 
2014). In particular, the structure of soil microbial community has been 
acknowledged to serve as a sensitive indicator of changes in soil fertility, 
quality, and stability (Hill et al., 2000; Sharma et al., 2011). A growing 

body of research suggests that human-induced environmental changes 
affect taxonomic composition and diversity of soil microbial commu-
nities, with consequences for agricultural production and sustainability 
(Chen et al., 2020; Dobrovol’skaya et al., 2015; Maron et al., 2018; 
Wagg et al., 2019; Yang et al., 2020). For example, soil microbial di-
versity loss due to climate warming or direct anthropogenic pressures 
can result in declining nutrient cycling efficiency (Luo et al., 2018) and a 
reduction of gross primary productivity (Wu et al., 2022). However, 
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studies also found that relationships between microorganisms and 
ecosystem functioning under global changes could be decoupled across 
spatial scales (Hendershot et al., 2017), or when multiple drivers are 
imposed simultaneously (Yang et al., 2022). This is likely because dif-
ferential abundances of certain taxonomic groups or microbial diversity 
alone cannot reveal the interactions among diverse microbial taxa that 
ultimately determine their metabolic rates and ecosystem functions (Ma 
et al., 2020). Therefore, a more comprehensive understanding of 
complexity and stability of microbial communities integrating in-
teractions among present taxa is needed. Such understanding can be 
achieved via building co-occurrence networks then better inform envi-
ronmental assessment and microbially-mediated function predictions 
(Berry and Widder, 2014; Coyte et al., 2015). Further, microbial co- 
occurrence patterns could also provide a unique lens through which 
influential taxa and the number of ecological niches in microbial com-
munities can be revealed (Schmidt et al., 2019). 

Human population growth and increasing demand for agricultural 
products are causing global agricultural intensification with serious 
disturbances to both in situ managed production systems and adjacent 
natural ecosystems (Didham et al., 2015; Stamenković et al., 2021; 
Tilman et al., 2011). Recent studies indicate that agricultural intensifi-
cation could reduce the complexity and stability of local microbial 
networks (Banerjee et al., 2019; Xue et al., 2022), which could be a key 
mechanism for soil carbon loss (Wu et al., 2021), lower resistance to 
plant pathogens, and thus reduced primary production (Fan et al., 
2020). However, the agricultural intensification potential for far- 
reaching impacts beyond production areas within the larger meta-
ecosystem (i.e., a set of ecosystems connected by spatial flows of energy, 
materials, and organisms across ecosystem boundaries) remain less well 
understood (Gounand et al., 2018; Guo et al., 2023b; Jeanneret et al., 
2021). In particular, few studies have investigated whether agricultural 
intensification effects on microbial networks cascade to adjacent natural 
systems, such as freshwater wetlands embedded within agroecosystems 
(Rocca et al., 2021). Such a holistic and across-scale understanding is 
crucial for the management of well-functioning agricultural landscapes 
and mitigation of unexpected negative consequences from land 
intensification. 

Biological invasion is another key global change driver that alters 
ecosystem functions and services, decreases biodiversity and can even 
cause ecosystem destruction (Simberloff et al., 2013). Agricultural 
intensification can interact synergistically with biological invasion (e.g., 
through facilitating the spread, growth, and performance of invasive 
species), thereby amplifying impacts on biotic communities and eco-
systems (Driscoll et al., 2014; Medan et al., 2011). While there is a large 
body of literature on invasion ecology, it remains elusive how upland 
agricultural intensification interacts with invasive species to affect soil 
microbial communities (Geisen et al., 2019). Furthermore, the existing 
literature on soil microbial responses to invasive species almost entirely 
focuses on invasive plants (Coats and Rumpho, 2014; Fahey et al., 2020; 
van der Putten et al., 2007; Zhang et al., 2019), whereas effects of other 
taxa, such as invertebrates that have direct and indirect interactions 
with soil microorganisms, have received much less attention (Lowe 
et al., 2000). To our knowledge, there is no research thus far demon-
strating specific effects of invasive macroinvertebrates on wetland soil 
microbiomes yet. 

One such example of an invasive macroinvertebrate is the apple snail 
(Pomacea spp.), which was listed as one of the worst invasive species 
worldwide (Lowe et al., 2000). Apple snails, a family of South American 
tropical and subtropical aquatic snails, are extensive global invaders and 
have caused severe economic loss to agricultural wetlands by consuming 
substantial plant biomass (Carlsson et al., 2004; Horgan et al., 2014). 
Invasion by Pomacea maculata in the Southeast United States has 
heightened the need to understand ecological impacts beyond agricul-
tural production, because this species has been found in both natural and 
managed freshwater and coastal wetlands (Pierre et al., 2017). As 
ecosystem engineers, invasive snails can be highly destructive due to 

high fecundity, reproductive capacities, and plasticity in life history 
traits (Barnes et al., 2008). Indeed, recent research in central Florida has 
demonstrated that P. maculata substantially reduced wetland plant di-
versity and biomass, shifted plant community composition, and accel-
erated nutrient cycling by increasing carbon, nitrogen (N) and 
phosphorus (P) in the water column (O’Neil et al., 2023). As plants and 
environmental chemistry significantly interact with soil microbes 
(Fierer, 2017; Islam et al., 2020), P. maculata invasion can likely affect 
soil microbial communities and consequently the underpinning mech-
anisms for ecosystem functions. 

To improve our understanding of how wetland soil microbiomes are 
affected by upland agricultural intensification and P. maculata invasion, 
we conducted a factorial mesocosm experiment in south-central Florida, 
USA. This region exemplifies intensive agricultural land uses (e.g., 
managed grasslands for livestock production) and apple snail’s invasion, 
along with abundant wetlands (wetlands cover >31 % of Florida) that 
are susceptive to influences of both invasion and intensification. We 
analyzed microbial community composition using high-throughput 
sequencing of 16S ribosomal RNA (16S rRNA) genes and ribosomal in-
ternal transcribed spacer (ITS) genes (Schirmer et al., 2015). We spe-
cifically addressed the following questions: (1) How do taxonomic 
composition of wetland soil bacterial, archaeal, and fungal communities 
respond to upland agricultural intensification and P. maculata invasion? 
(2) How do variations in water chemistry and soil nutrients resulting 
from agricultural intensification and invasion alter the structure of mi-
crobial communities? and (3) How do upland intensification and 
P. maculata invasion interact to affect microbial co-occurrence patterns? 
Overall, we hypothesized that upland agricultural intensification and 
P. maculata invasion would interact to alter microbial taxonomic com-
positions, primarily through changes in water chemistry and soil nu-
trients. We also expected that upland agricultural intensification and 
apple snail invasion would reduce the complexities and stabilities of 
microbial networks (e.g., as reflected by less number of nodes, lower 
edgy density, or reduced natural connectivity). Findings from this 
research will improve understanding of microbial responses to anthro-
pogenic pressures from agricultural production and biological invasion 
in subtropical wetland ecosystems and inform conservation and sus-
tainable management practices. 

2. Material and methods 

2.1. Study site 

Our experiment was conducted at the Archbold Biological Station’s 
Buck Island Ranch (BIR) in south-central Florida (27◦09′ N, 81◦11′ W), 
which is a full-scale commercial cattle ranch operation and is part of the 
Archbold-University of Florida Long-Term Agroecosystem Research 
(LTAR) site. The study region is in a humid subtropical climate with an 
average annual temperature of 19.8 ◦C and an average annual rainfall of 
1360 mm, >70 % of which falls during the wet season (June to October). 
The BIR contains 4336 ha of pastures which have been managed under 
two land-use intensities originating from the 1960s: intensively 
managed (IM) and semi-natural (SN) pastures, which are two exemplary 
pasture types of regional grazing agroecosystems (Swain et al., 2013). 
The IM pastures were constructed with dense ditches for drainage during 
wet seasons, extensively planted with productive non-native forage 
grasses, regularly limed, fertilized with N (56 kg ha− 1 as NH4SO4 or 
NH4NO3) every 1–2 years, fertilized with P (34–90 kg ha− 1 of P2O5) and 
potassium (34–90 kg ha− 1 of K2O) until 1987, and served as high- 
intensity cattle grazing with an average animal use days (AUD) of 391 
per hectare (Boughton et al., 2010). In contrast, SN pastures were con-
structed with fewer ditches, only partially seeded with non-native forage 
grasses, never fertilized, and served as low-density cattle grazing with an 
average AUD of 178 per hectare (McClelland et al., 2023). On BIR 
pastures, there are numerous isolated seasonal wetlands embedded in 
grazing grasslands due to the humid climate and shallow groundwater 
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table, accounting for 12 % of the total BIR area (Swain et al., 2013). 
These wetlands were not directly managed for livestock production, but 
are highly influenced by upland management intensities with respect to 
soil nutrients (Ho et al., 2018), water quality (Jansen et al., 2019), plant 
traits and composition (Boughton et al., 2016; Sonnier et al., 2020), soil 
microbial communities (Guo et al., 2023b), and ecosystem functions 
(Guo et al., 2023a; Guo et al., 2021). These wetlands are also increas-
ingly inhabited by the invasive apple snail (Pierre et al., 2017). For 
further convenience, we term wetlands embedded in IM or SN pastures 
as IM or SN wetlands in subsequent sections. 

2.2. Mesocosm experimental design 

To address our research questions, we designed a wetland mesocosm 
experiment with a 2 × 2 factorial design across levels of upland inten-
sification (i.e., representative of SN and IM wetlands) and presence/ 
absence of invasive apple snails (i.e., introducing 8 P. maculata in-
dividuals to invasion treatment) (Fig. S1). We had 8 replicates for each 
treatment and thus a total of 32 wetland mesocosms. Further details on 
the mesocosm experimental design can be found in O’Neil et al. (2023). 
Briefly, mesocosms were created in 32-gallon white trashcans using soils 
and dominant plant species collected from SN and IM wetlands, 
respectively. To capture the variations in soil texture and properties, we 
collected wetland soils from four SN and four IM wetlands individually. 
Dominant plant species in SN wetlands were Amphicarpum muehlenber-
gianum, Bacopa caroliana, Justicia angusta, Panicum hemitomon, Ponte-
daria cordata, and Sagittaria lancifolia, while in IM wetlands the 
dominant plant species were Alternanthera philoxeroides, P. hemitomon, 
and P. cordata. Plants were grown in a density and composition similar 
to field conditions (Boughton et al., 2016). We filled the mesocosms with 
soils, transplanted representative plant species, watered, and arranged 
them randomly in a 4 × 8 grid in April 2018. Then mesocosms were 
maintained for two months so that plants were established, dead plant 
litter and sprouted unwanted plants could be removed, and the surface 
water table was maintained at 25 cm above the soil. To simulate actual 
wetland water microbial communities, in situ water was collected from 
the 8 wetlands, and added into mesocosms with corresponding wetland 
soils collected when constructing the mesocosms. In June 2018, juvenile 
P. maculata were collected from a ditch at BIR. These snails were indi-
vidually labelled using white nail polish and weighed. Snails were then 
sorted by their weight and evenly divided (based on the total weight per 
mesocosm) with 8 snails in each invasion treatment mesocosm, in 
alignment with the upper limit density observed in the field (Howells 
et al., 2006). After snails were deployed, all mesocosms were covered by 
a 6-mm wire mesh top so that snails would not escape or be predated on. 
The mesocosm experiment was conducted for 14-weeks from June 22 to 
September 27, 2018. 

2.3. Environmental variables 

After 14 weeks, we collected all water chemistry, soil nutrient, and 
soil microbial measurements. We used a calibrated YSI ProDss multi- 
parameter handheld probe to measure in situ water chlorophyll a 
(Chla), dissolved oxygen (DO), pH, oxidation reduction potential (ORP), 
temperature, and total dissolved solids (TDS). We collected soil from the 
top layer (0–5 cm) from each mesocosm to analyze total N, and plant 
available P and sulfur (S). Soil samples were collected by 5-cm depth ×
10-cm diameter soil cores, transported with ice packs, sieved (2-mm), 
and stored at 4 ◦C until laboratory analyses. Soil total N was determined 
via LECO CN628 C/N Determinator (LECO Corporation, MI). The plant- 
available P and S were extracted by Mehlich-3 solution (Mehlich, 1984) 
and then determined via Inductively Coupled Plasma - Optical Emission 
Spectrometry (ICP-OES) on a Perkin Elmer Avio 200 (Perkin-Elmer, CT, 
USA). Soil subsamples for microbial analyses were prepared and 
immediately placed on dry ice for transportation, then stored at − 80 ◦C 
freezer until DNA extraction. 

2.4. Soil DNA extraction, amplicon sequencing, and taxonomic 
assignment 

Genomic DNA of soil microbes was extracted from 0.25 g of soil (i.e., 
the subsamples from the − 80 ◦C freezer) using a DNeasy PowerSoil 
extraction kit (Qiagen, Germantown, MD) following the manufacturer’s 
protocol. Quality and quantity of extracted soil DNA quantified using a 
UV/VIS spectrophotometer (NanoDropTM, ThermoFisher Scientific, 
Waltham, MA, USA) and ranged between 16.0 and 66.2 ng/μl. PCR 
amplification of target genes, barcoded library preparation, and 
sequencing was done on an Illumina MiSeq instrument at the Argonne 
National Laboratory, Chicago, Illinois. Bacterial and archaeal 16S rRNA 
genes were amplified using the primer pairs 515F (5′- GTGY-
CAGCMGCCGCGGTAA) (Parada et al., 2016) and 926R (5′- CCGY-
CAATTYMTTTRAGTTT) (Quince et al., 2011), which targets the V4–V5 
regions. The fungal ITS region was amplified with the primer pair ITS1F 
(5′- TCCGTAGGTGAACCTGCGG) - ITS2R (5′- GCTGCGTTCTTCATC-
GATGC) (White et al., 1990). The resulting sequence data were depos-
ited at the NCBI Sequence Read Archive (SRA) database under 
BioProject number PRJNA908233. 

The amplicon sequencing data were processed using QIIME2 
(version 2022.2). After denoising and quality filtering by DADA2 using 
standard settings (Callahan et al., 2016), high-quality reads (1,042,129 
16S rRNA genes, and 1,868,038 ITS genes) were obtained. Amplicon 
Sequence Variants (ASVs) were determined at the 99 % similarity level 
of the nucleotide sequences. Quality-filtered and non-chimeric 16S and 
ITS sequences were aligned to the SILVA database version 138 (Quast 
et al., 2013) and UNITE version 8.0 databases (Koljalg et al., 2013), 
respectively, for taxonomic classification. Sequences not belonging to 
bacteria/archaea or fungi were removed from downstream analyses. For 
the compositional analysis presented, the bacterial/archaeal and fungal 
ASV tables were randomly rarefied to 3760 and 7000 reads per sample, 
respectively, according to the rarefaction curves (Fig. S2). Composi-
tional analyses with higher cutoffs (>10,000) led to exclusion of some 
samples, but yielded identical results. 

2.5. Statistical analyses 

All statistical analyses were performed in R version 4.1.2 (Team R.C., 
2021) using the RStudio interface. Non-metric multidimensional scaling 
(NMDS) was applied to visualize differences in microbial composition at 
the ASV level across mesocosm treatments (i.e., upland intensification, 
presence of invasive apple snail, and their interactions) based on the 
Bray-Curtis distance matrix. Significant environmental variables ac-
cording to permutated data (Table S1) were selected and fitted onto the 
NMDS ordination using the ‘envfit’ function from the ‘vegan’ package 
(Oksanen et al., 2013). The significance of compositional differences 
was evaluated using permutational multivariate analysis of variance 
(PERMANOVA) with 999 permutations. We also tested treatment effects 
on microbial compositional differences based on weighted UniFrac 
distances, which showed similar results (Table 1). 

Alpha diversity of microbial communities was characterized by ASV 
and genus richness, Shannon diversity index, and Simpson diversity 
index of bacterial/archaeal and fungal communities, respectively. We 
tested whether mesocosm treatments affected the alpha diversity met-
rics using two-way ANOVA tests. We checked linear regression as-
sumptions by visually inspecting the distribution of model residuals, and 
applied log, square root, or cube root transformations to response var-
iables when necessary. We used type III sums of squares (SS) to calculate 
p values to determine the significance of individual treatments and their 
interactions. Post-hoc pairwise comparisons were performed when sig-
nificant interactions were detected, which were conducted using the 
‘lsmeans’ package (Lenth and Lenth, 2018). 

We examined the effects of mesocosm treatments on the relative 
abundance of microbial taxonomic groups via the composition of 
microbiomes (ANCOM) approach (Mandal et al., 2015). Microbial 
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groups were filtered for abundance (account for at least 0.1 % of total 
reads) and prevalence (present in at least 10 % of samples). We per-
formed ANCOM-II using the R implementation of Lin (2021) that was 
designed to process data with excess zeros while controlling false dis-
covery rate, and selected differentially abundant groups whose W values 
surpassed the 0.7 threshold. 

Co-occurrence networks for each mesocosm treatment of the cross- 
domain microbial communities were established individually at the 
genus level by Spearman’s correlation analysis with significant co-
efficients (p < 0.05, ρ > 0.8). We constructed cross-domain microbial 
networks because bacteria, archaea and fungi can interact in several 
ways in the soil environment (Cheung et al., 2018). Data were trans-
formed using modified centered log-ratio (mclr) to ensure compositional 
robustness (Aitchison, 1982). Meanwhile, zero counts were replaced 
using a multiplicative simple replacement algorithm to avoid the nu-
merical problems with the mclr transformation (Peschel et al., 2021). 
We characterized the network using a set of topological features, 
including number of nodes, global clustering coefficient, modularity, 
positive edge percentage, edge density, natural connectivity, and 
average path length. Global clustering coefficient measures the ratio of 
triangles to the total number of connected triples (Junker and Schreiber, 
2011), where a higher clustering coefficient indicates nodes are more 
likely to form clusters. Modularity measures the degree to which a 
network is divided into delimited communities (Peschel et al., 2021). 
Edge density measures the proportion of the actual number of edges 
with respect to the possible largest number of edges. Natural connec-
tivity represents the stability of a network by measuring the average 
eigenvalue derived from the adjacency matrix. Network hub nodes 
(keystone taxa) were identified as the nodes within the top 2 % of degree 
and closeness centralities (Zhang et al., 2021). Degree centrality of a 
node refers to its total connections with adjacent nodes, while closeness 
centrality of a node refers to the sum of all its shortest paths to all other 
nodes. The network analyses were conducted using the NetCoMi version 
1.0.3 (Peschel et al., 2021) and igraph version 1.3.2 (Csardi and Nepusz, 
2006) packages. 

3. Results 

3.1. Soil microbial taxonomic composition 

In total, 59 bacterial/archaeal phyla (95.8 % of quality-filtered se-
quences), 154 classes (94.3 %), 312 orders (90.3 %), 438 families (81.8 
%), and 578 genera (61.2 %) were identified across 32 mesocosm soil 
samples. The most abundant bacterial/archaeal phyla across all samples 

were Acidobacteriota (31.4 ± 9.0 %), Proteobacteria (12.5 ± 2.0 %), 
Verrucomicrobia (8.6 ± 1.8 %), Chloroflexi (7.5 ± 3.6 %), Bacteroidota 
(7.3 ± 3.9 %), and Actinobacteriota (5.4 ± 1.5 %) (Fig. S3). At the class 
level, Acidobacteriae (29.3 ± 9.6 %), Alphaproteobacteria (9.6 ± 1.9 
%), and Verrucomicrobiae (7.7 ± 1.6 %) were the dominant groups 
(Fig. S4). 

For fungal communities, the numbers of identified phyla, classes, 
orders, families, and genera were 12 (33.1 % of quality-filtered se-
quences), 28 (19.1 %), 73 (17.4 %), 143 (14.9 %), and 193 (13.3 %), 
respectively. The major fungal phyla were Ascomycota (63.8 ± 17.9 %) 
and Basidiomycota (18.3 ± 13.9 %) (Fig. S5). At the class level, Sor-
dariomycetes (37.2 ± 22.9 %), Agaricomycetes (10.2 ± 14.0 %), and 
Dothideomycetes (10.0 ± 17.9 %) were most abundant groups (Fig. S6). 

3.2. Treatment effects on soil microbial composition in wetland 
mesocosms 

Among wetland mesocosm treatments, upland agricultural intensi-
fication (i.e., IM vs SN wetland types) showed strong effects on soil 
microbial community composition (Table 1), such that all bacterial/ 
archaeal and fungal ASV compositions were significantly different be-
tween SN and IM mesocosms (Fig. 1). We found that the most important 
environmental variables associated with bacterial/archaeal community 
composition were DO and ORP, while TDS and Chla concentrations were 
significantly correlated with fungal community composition (Fig. 1). 
Indeed, from our treatments, water DO and ORP were lower in IM than 
in SN mesocosms (Fig. S10), and in IM mesocosms, snail presence led to 
lower water Chla concentration but higher water TDS (Fig. S10). 

The microbial compositional differences were not reflected by their 
alpha diversity metrics at the ASV level (Table S2, Fig. S8), but at the 
genus level (Table 2, Fig. 2). On average, upland intensification resulted 
in a 7.3 % increase in the Shannon diversity index and a 1.2 % increase 
in the Simpson diversity index of bacterial/archaeal genera (Fig. 2A), 
and a 38.3 % increase in the fungal genus richness (Fig. 2B). 

Further, presence of invasive apple snail (P. maculata) and upland 
intensification showed individual and interactive effects on the relative 
abundances of certain microbial taxa (Fig. 3). For example, at the 
phylum level, soils in IM wetlands had greater relative abundance of 
Bacteroidota, Spirochaetota, Myxococcota, and Euryarchaeota, and less 
relative abundance of Nitrospirota, RCP2-54, and WPS-2 than in SN 
wetlands (Fig. 3). Invasive apple snail presence also significantly 
affected the relative abundance at the phylum level. After statistically 
accounting for effects of upland intensification, P. maculata invasion was 
associated with lower relative abundance of Proteobacteria and Nitro-
spirota (Fig. 3). The interaction between upland intensification and 
P. maculata invasion was also detected from bacterial phylum Spi-
rochaetota and fungal phylum Mortierellomycota. Snail presence was 
associated with increased relative abundance of Spirochaetes only in SN 
wetlands, and IM wetlands only had greater relative abundance of 
Mortierellomycota than SN wetlands when the snail was present (Fig. 3). 

3.3. Treatment effects on soil microbial co-occurrence network 

To examine effects of upland intensification and presence of invasive 
apple snail on microbial interactions, we constructed bacterial-archaeal- 
fungal cross-domain networks at the genus level for the four types of 
wetland mesocosms (Fig. 4). We characterized the complexity, struc-
ture, and stability of microbial taxa co-occurrence patterns via a set of 
topological properties (Table 3). Higher number of nodes were identi-
fied in the IM than SN wetlands, while P. maculata invasion decreased 
the number of nodes in both types of wetlands (Fig. 4). However, specific 
effects of invasive snail were microbial taxa- or wetland type-dependent. 
For instance, snail presence led to negligible changes in IM but 10 % 
reduction in SN wetlands for fungal nodes. Bacterial taxa were the major 
components of all networks, accounting for over 70 % of the total 
number of nodes (Table 3, Fig. 4). Across the two upland land-use 

Table 1 
Results of PERMANOVA on treatment effects on bacterial/archaeal and fungal 
ASV composition with Bray-Curtis or weighted UniFrac distance matrix 
methods. Bold values indicate significant coefficients. * indicates p ≤ 0.05, ** 
indicates p ≤ 0.01, *** indicates p ≤ 0.001.  

Kingdom & distance 
matrix 

Treatment Sum of 
sq 

Pseudo- 
F 

p 

Bacteria/archaea 
(Bray-Curtis) 

Upland 
intensification (I)  

1.331  5.02  0.001*** 

Snail (S)  0.250  0.94  0.535 
I × S  0.226  0.85  0.686 

Bacteria/archaea 
(weighted UniFrac) 

Upland 
intensification (I)  

0.0003  3.24  0.004** 

Snail (S)  0.0001  0.63  0.824 
I × S  0  0.39  0.996 

Fungi (Bray-Curtis) Upland 
intensification (I)  

2.127  6.50  0.001*** 

Snail (S)  0.278  0.85  0.645 
I × S  0.246  0.75  0.799 

Fungi (weighted 
UniFrac) 

Upland 
intensification (I)  

0.0031  6.00  0.001*** 

Snail (S)  0.0006  1.18  0.214 
I × S  0.0004  0.69  0.838  
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intensities, P. maculata presence increased 20.8–37.5 % network clus-
tering coefficient values, 18.8–57.4 % modularity, and 15.7–17.8 % 
natural connectivity. In addition, the invasion of apple snail decreased 
11.9–15.4 % edge density and increased 44.6–104.9 % average path 
length. 

Additionally, keystone taxa, which play disproportionately impor-
tant roles in maintaining the overall structure and function of commu-
nities, were identified from the cross-domain microbial networks only in 
SN wetlands. In the SN-No snail wetland mesocosms, keystone taxa were 
assigned to bacterial phyla, Actinobacteriota and Proteobacteria 
(Table S3, Fig. 4). Under the SN-Snail treatment, the microbial network 
had keystone taxa that were from the bacterial phyla Bacteroidota and 
Chloroflexi and the archaeal phylum Nanoarchaeota (Table S3). 

4. Discussion 

4.1. Effects of upland agricultural intensification on soil microbial 
communities 

Upland agricultural intensification showed significant impacts on 
wetland soil microbial composition (Fig. 1). In our study system, agri-
cultural intensification embraces a range of practices, including intro-
duction of forage grasses (i.e., alteration of plant communities), 
fertilization, lime application, irrigation or drainage, and intense live-
stock grazing, all of which have significant direct or indirect effects on 
not only the physical and chemical, but also the biological properties of 
embedded wetlands (Bansal et al., 2021; Boughton et al., 2016; Jansen 
et al., 2019). Specifically, in our experiment, we constructed IM and SN 
wetland mesocosms using three and six dominant and representative 
plant species, respectively, according to the field surveys of plant com-
munities in each wetland type (Boughton et al., 2016). Multiple studies 
have found plant composition and diversity profoundly affected 
belowground microbial composition (Grüter et al., 2006; Laughlin et al., 
2010; Liu et al., 2020; Schmid et al., 2021). For example, herbaceous 
plant species diversity has been found to be positively associated with 
the abundance of nitrifiers (Laughlin et al., 2010). Our results showed a 
consistent finding that SN wetlands, which have higher plant diversity 
than IM wetlands, showed greater relative abundance of Nitrospirota 
and Nitrososphaeria (Figs. 3 & S8). Furthermore, Schmid et al. (2021) 
suggested that plant communities with grasses tended to harbor more 
Bacteroidota and less Nitrospirota in soils than plant communities 
without grasses. Our results to a large extent aligned with these findings, 
as IM wetland mesocosms, which contained higher grass coverage 
(O’Neil et al., 2023), also showed greater relative abundance of Bac-
teroidota and lower Nitrospirota than SN wetlands (Fig. 3). While this 
may be due to varying root exudates and litter quantity and quality from 
different plant functional groups (Steinauer et al., 2016), future studies 
are needed to further validate the mechanisms behind such effects of 
different plant species (e.g., resulting from agricultural intensification) 
on soil microbial compositions. Additionally, previous studies con-
ducted in this region showed wetland vertebrate and plant richness 
decreased with upland intensification, while macroinvertebrate richness 
had no response (Medley et al., 2015). Nonetheless, our results showed 

Fig. 1. Nonmetric multidimensional scaling based on Bray-Curtis distance matrix displaying wetland mesocosms and significant environmental factors of (A) 
bacterial/archaeal and (B) fungal community ASV composition (A: stress = 0.095, and B: stress = 0.086) among upland land-use intensities (semi-natural or SN and 
intensively managed or IM) and invasive apple snail treatments (No snail or N and with snail or S). Each point indicates one mesocosm soil sample. 

Table 2 
Results of two-way ANOVA of upland intensification and presence of invasive 
apple snail effects on alpha diversity metrics (richness, Shannon diversity index, 
and Simpson diversity index) of bacterial/archaeal and fungal communities at 
the genus level. Bold values indicate significant coefficients.  

Kingdom Treatment Estimated ± SE 

Richness Shannon 
index 

Simpson 
index 

Bacteria/ 
archaea 

Upland 
intensification (I) 

18.81 ±
17.08 

0.14 ± 
0.06* 

0.006 ± 
0.002* 

Snail (S) − 24.63 ±
17.08 

− 0.08 ±
0.06 

− 0.002 ±
0.002 

I × S 3.69 ±
17.08 

0 ± 0.06 − 0.001 ±
0.002 

Fungi Upland 
intensification (I) 

8.92 ± 
3.86* 

0.14 ± 0.11 0.001 ±
0.021 

Snail (S) 0.42 ± 3.86 0.07 ± 0.11 0.014 ±
0.021 

I × S − 3.04 ±
3.86 

− 0.01 ±
0.11 

− 0.002 ±
0.021  
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upland intensification increased soil microbial diversity, indicating the 
importance of understanding responses of different trophic levels to land 
management. However, microbial taxonomic diversity alone may not 
reliably predict soil health and function, given the presence of functional 
redundancy and selective gene expressions (Louca et al., 2018). Hence, 
future work employing shotgun metagenomic and metatranscriptomic 
sequencing of soil microbes could more effectively unveil both potential 
and actual metabolic functions conducted by microbial communities, 
offering improved insights into the soil’s health condition in response to 
external environmental stressors. 

On the other hand, agricultural intensification may promote copio-
trophic microbes, such as Bacteroidota (Fierer et al., 2007), that are able 
to grow and reproduce rapidly in nutrient-rich environments because of 
increasing nutrient availability from fertilization (Fierer et al., 2012; 
Xue et al., 2022). Our results confirmed that IM wetlands had higher 
relative abundances of Bacteroidota than SN wetlands (Fig. 3). As well- 
known carbohydrate decomposers, increasing Bacteroidota can lead to 
soil organic matter depletion (Leng et al., 2022), which would be 
consistent with our observations in O’Neil et al. (2023). However, at the 
end of this mesocosm experiment, labile nutrients in the soil and water 
column did not differ between IM and SN wetlands (Table S4; O’Neil 
et al., 2023). The major reason is that excessive labile nutrients are 
unlikely to persist and will be readily taken up by plants, as evidenced by 
the higher primary production found in IM wetlands compared to SN 
wetlands (O’Neil et al., 2023). Thus, increased Bacteroidota in IM 

wetlands may be a temporary effect following the fertilization practice. 
Regardless, these results suggest that there upland agricultural intensi-
fication (or IM pasture management) had a consistent cascading effect 
on soil microbes in spatially connected natural ecosystems (i.e., 
embedded wetlands; Guo et al., 2023b). 

4.2. Effects of invasive apple snail and its interaction with upland 
intensification on soil microbial communities 

Our results revealed that several key microbial taxa significantly 
responded to invasive P. maculata and its interaction with upland 
intensification (Fig. 3). Specifically, invasive snail presence led to lower 
relative abundance of Nitrospirota (Daims and Wagner, 2018), and 
greater relative abundances of anaerobic metabolism microbes, such as 
Spirochaetota (Paster, 2010), particularly within SN wetlands (Fig. 3). 
Water DO level created bacterial/archaeal compositional differences 
across mesocosm treatments (Fig. 1A), which also corresponded to water 
DO variations across treatments (Fig. S10). This is likely because the 
invasive apple snail appeared to reduce water DO levels in SN wetlands 
(Fig. S10; Lucero and Wilson, 2023), which can be attributed to snail- 
induced increases in wetland temperature, TDS (Fig. S10) and associ-
ated microbial respiration, thus promoting oxygen depletion and rise of 
anaerobic microorganisms in the submerged soil. Firstly, P. maculata 
presence caused >60 % reductions in plant cover (O’Neil et al., 2023), 
thus exposing the water column to more solar radiation and leading to 

Fig. 2. Effects of upland land-use intensity and presence of the invasive apple snail on (A) bacterial/archaeal and (B) fungal genus richness, Shannon diversity index, 
and Simpson diversity index (mean ± SE; N = 8). Mesocosm type: SN-semi-natural wetland, IM-intensively managed wetland, N-no snail, S-with snail. 
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elevated temperatures (Fig. S10). These warmer conditions can restrict 
the solubility of oxygen in water (Aldridge, 1983). Secondly, snails can 
lead to increased organic waste (e.g., through egestion), which resulted 
in >30 % increase of water TDS (O’Neil et al., 2023), contributing to DO 
depletion via stimulating organoheterotrophs’ metabolisms (Ryan, 
1991). 

In addition, invasive P. maculata affected certain microbial groups’ 
relative abundance to a greater magnitude in SN versus IM wetlands, 
such as for Proteobacteria, Spirochaetota, and Nitrospirota (Fig. 3). This 
finding was rather counter-intuitive that microbial communities with 
less disturbance and more diverse plant assemblages (i.e., SN wetlands) 
were more sensitive to external pressure from a macroinvertebrate 
invader than those with heavier disturbance and lower plant diversity (i. 
e., IM wetlands). This might be due to that microbial communities in IM 
wetlands were already adapted to low levels of dissolved oxygen as a 
result of long legacies of management (e.g., fertilization, cattle activ-
ities) (Fig. S11) and thus to be more tolerant to the disturbances caused 
by the invader, whereas communities in SN wetlands were assembled 
with less filtering for stress tolerance (Sonnier et al., 2022). Neverthe-
less, this phenomenon was consistent with Guo et al. (2023b), where the 
structure of soil microbial communities was more responsive to inten-
sive ranching practices (i.e., livestock grazing and prescribed fire) in SN 
than IM wetlands. A deeper understanding of why freshwater ecosys-
tems subject to more intensive management contained less affected 
microbial communities would provide valuable insight for wetland 
conservation in agriculture-dominated landscapes. 

4.3. Effects of wetland mesocosm treatments on soil microbial networks 

Microbial co-occurrence patterns provide a holistic perspective on 
the effects of upland agricultural land uses and P. maculata invasion on 
the interactions among bacterial, archaeal, and fungal taxa in wetland 
soils. Our network analysis primarily suggested that IM wetlands con-
tained more complex (i.e., greater number of nodes) but less stable (i.e., 
lower natural connectivity) and sparsely connected (i.e., lower edge 
density and longer average path length) microbial networks than SN 
wetlands despite P. maculata invasion (Table 3, Fig. 4). This finding was 
partially different from previous studies in terrestrial croplands, where 
agricultural intensification simplified soil microbial networks (Banerjee 
et al., 2019; Xue et al., 2022). However, it was consistent with studies 
conducted in wetland ecosystems (Mu et al., 2021; Sun et al., 2023), 
where substrates enrichment and water disturbance increased the 
complexity of microbial networks. These contrasting observations might 
result from the breadth and context-specifics of the ‘agricultural inten-
sification’ concept and associated discrepancy in the hydrothermal 
conditions, oxygen availability, and pH between terrestrial upland and 
inundated wetland soils (Mu et al., 2021; Zhang et al., 2022). For 
instance, neutral environmental pH is favorable for maintaining high 
complexity of soil microbial communities (Zhang et al., 2022). Wetland 
soils are typically more acidic than cropland soils. In our study area, 
upland intensification includes lime application which results in runoff 
inputs to surrounding wetlands thus neutralizing soil pH (Guo et al., 
2023a). Yet in terrestrial croplands, intensification practices either 
caused soil acidification or alkalization (Xue et al., 2022; Zhou et al., 
2021), therefore suggesting the ‘seemingly’ divergent results on the 
overall impacts of intensification. 

Fig. 3. Relative abundance of bacterial/archaeal and fungal phyla that showed significant responses (from ANCOM test with W-values higher than 0.7) to the upland 
land-use intensities and/or invasive apple snail treatments (mean ± SE; N = 8). Mesocosm type: SN-semi-natural wetland, IM-intensively managed wetland, N-no 
snail, S-with snail. 
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Furthermore, although compositional analysis and diversity metrics 
did not reflect any P. maculata impacts on soil microorganisms, the 
microbial co-occurrence patterns showed that P. maculata invasion 
resulted in highly clustered microbial networks with greater modularity 
across upland land-use intensities. This suggested that microorganisms 
were aggregating into more functional groups and ecological niches to 
deal with the rising stress (e.g., higher TDS and solar exposures) from 
this invasive invertebrate (Gao et al., 2022; Zhao et al., 2022). We also 
found that snail presence led to more positive interactions among mi-
crobial taxa in IM wetlands, which could be due to higher soluble sub-
strates in IM-snail mesocosms (Fig. S10) that provide sufficient 
substrates for microbial metabolism and growth, thus eventually form-
ing a less competitive co-occurrence network pattern (Xue et al., 2022). 
Meanwhile, a contrasting pattern was found on the average path length 
where invasive snail presence extended average distance among 

microbial nodes (Table 3). Longer average path lengths imply more 
spread-out connections between network components and it would take 
more steps for nodes to have molecular communications (Junker and 
Schreiber, 2011). Thus, this indicates that P. maculata invasion might 
lead to networks with lower information transport and communication 
efficiency (Kuntal et al., 2019). A highly clustered microbial network 
with a long average path length caused by invasive snails may be less 
functionally redundant because of fewer connections between different 
clusters of microorganisms, and therefore the community could be more 
vulnerable to additional disruptions, and less able to adapt and maintain 
its stability (Junker and Schreiber, 2011). 

4.4. Management implications 

Wetlands are important ecosystems that deliver an array of 

Fig. 4. Network visualization of bacterial-archaeal-fungal cross-domain co-occurrence patterns at A) semi-natural, no snail (SN-N), B) semi-natural, with snails (SN- 
S), C) intensively managed, no snail (IM-N), and D) intensively managed, with snails (IM-S) wetland mesocosms. Nodes indicate individual genera, while edges 
represent significant Spearman correlations (ρ > 0.8, p < 0.05) between genera. Nodes are colored by domain-level taxonomy and edges are colored by positive or 
negative correlation. Node size is proportional to its degree centrality and node is colored by the kingdom to which it belongs. Hub nodes (i.e., keystone taxa) were 
identified as having >98 % quantile of the normalized degree and closeness centralities and are highlighted with a black outline. 
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ecosystem functions services (e.g., nutrient retention, carbon seques-
tration, water purification, and habitat provision) (Zedler and Kercher, 
2005), but have been undergoing substantial loss and degradation at 
local to global scales (Fluet-Chouinard et al., 2023). Previous research 
has increasingly indicated that microbial communities and structures 
could be used as effective indicators for monitoring and managing the 
health and functioning of ecosystems (Lau et al., 2015; Urakawa and 
Bernhard, 2017). Indeed, our mesocosm experiment has demonstrated 
that soil microbial communities (including bacteria, archaea, and fungi) 
and their co-occurrence patterns can be highly responsive to and well 
suited for detecting individual and interactive effects of multiple 
stressors for wetlands. It is important to note that, due to logistic con-
straints, our results reflect relatively short-term microbial responses (i. 
e., 14-week); it is possible that microbial communities could slowly 
adapt and evolve in response to external disturbances as the incubation 
time increased, which remains to be investigated. Given the develop-
ment of high-throughput sequencing techniques, it is thus critical to take 
advantage of and incorporate microbial indicators in wetlands conser-
vation and management. Therefore, inclusion of microbial responses 
that accompany with shifting communities and structures as revealed 
here can empower us to timely detect and infer early signals of 
biogeochemical and biophysical consequences for wetlands from 
human-induced environmental changes. 

Invasive P. maculata exerted strong individual and interactive im-
pacts on certain microbial taxa, and upland agricultural intensification 
showed more consistent effects on microbial compositions across do-
mains. Further, both snail invasion and agricultural intensification 
altered the complexity, structure, and stability of microbial networks. 
Collectively, these results highlight the importance of (1) understanding 
and considering multiple stressors and their interactive effects on soil 
microorganism in wetland conservation and management; and (2) 
assessing microbial responses comprehensively by including network 
analysis to better understand the impacts of agricultural land use and 
agriculture-induced biological invasion on wetland belowground bio-
logical communities. Results from our network analysis (in addition to 
diversity metrics and compositional changes) offer a more holistic un-
derstanding of the complexity, stability, and keystone taxa of microbial 
communities in response to environmental changes. Such understanding 
can improve prediction of microbially-mediated functions that often 
depend on interaction among different present taxa (Berry and Widder, 
2014; Coyte et al., 2015), thus better informing environmental assess-
ment and wetland management. 

5. Conclusions 

Corroborating with our hypotheses, we found that invasive 
P. maculata exerted more pronounced impacts on certain microbial taxa 
in SN wetlands compared to IM wetlands, but upland agricultural 

intensification showed more pronounced and consistent effects on 
overall microbial compositions across domains. Microbial compositional 
shifts due to treatment effects were partially manifested through alter-
ations in water chemistry that serve as environmental controls. Further, 
both snail invasion and agricultural intensification treatments altered 
the complexity, structure, and stability of microbial networks. Upland 
intensification resulted in more complex but sparsely connected mi-
crobial networks, while snail presence led to more clustered and 
modularized microbial networks with longer path length. Alterations in 
microbial composition and network structure due to upland intensifi-
cation and invasive apple snails could further exert important conse-
quences for wetland soil health and functions. Our study highlights the 
importance of assessing microbial responses comprehensively to better 
understand the impacts of agricultural land use and agriculture-induced 
biological invasion on wetland belowground microbial communities. 
Findings from this work can help predict and understand potential 
ecological impacts on wetlands from surrounding agricultural landscape 
management. Given the national and global concern for invasion by 
apple snails as well as their northward expansions due to climate 
warming, our results are timely and relevant for conserve wetland 
microbiomes, ecosystems, and their supported functions in an era of 
increasing anthropogenic environmental changes. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be deposited into the Dryad Digital Repository and be made 
publicly available should the manuscript be accepted for publication. 

Acknowledgment 

We appreciate Steffan Pierre, Grégory Sonnier, Amartya Saha, Tie-
hong Song, and Marx Gedeon for their help on the mesocosm con-
struction. We also thank Hilary Swain for helpful discussions and 
research advice. Funding support of this work comes from USDA Na-
tional Institute of Food and Agriculture, Hatch (FLA-FTL-005640), 
McIntire-Stennis (FLA-FTL-005673) and AFRI Foundational and Applied 
Science Program (2020-04406) projects. This research is a contribution 
of the Long-term Agroecosystem Research Network (LTAR), which is 
supported by the United States Department of Agriculture. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsoil.2023.105212. 

References 

Aitchison, J., 1982. The statistical analysis of compositional data. J. R. Stat. Soc. B. 
Methodol. 44, 139–160. https://doi.org/10.1111/j.2517-6161.1982.tb01195.x. 

Aldridge, D.W., 1983. Physiological Ecology of Freshwater Prosobranchs, pp. 329–358. 
https://doi.org/10.1016/B978-0-12-751406-2.50015-5. 

Banerjee, S., Walder, F., Büchi, L., Meyer, M., Held, A.Y., Gattinger, A., Keller, T., 
Charles, R., van der Heijden, M.G.A., 2019. Agricultural intensification reduces 
microbial network complexity and the abundance of keystone taxa in roots. ISME J. 
13, 1722–1736. https://doi.org/10.1038/s41396-019-0383-2. 

Bansal, S., Tangen, B.A., Gleason, R.A., Badiou, P., Creed, I.F., 2021. Land management 
strategies influence soil organic carbon stocks of prairie potholes of North America. 
In: Wetland Carbon and Environmental Management. American Geophysical Union 
(AGU), pp. 273–285. https://doi.org/10.1002/9781119639305.ch14. 

Barnes, M.A., Fordham, R.K., Burks, R.L., Hand, J.J., 2008. Fecundity of the exotic 
applesnail, Pomacea insularum. J. N. Am. Benthol. Soc. 27, 738–745. https://doi. 
org/10.1899/08-013.1. 

Berry, D., Widder, S., 2014. Deciphering microbial interactions and detecting keystone 
species with co-occurrence networks. Front. Microbiol. 5. 

Table 3 
Topological properties of microbial co-occurrence networks in wetland soil with 
and without invasive apple snail presence under two upland land-use intensities 
(semi-natural or SN and intensively managed or IM).   

SN wetlands IM wetlands 

No snail With snail No snail With snail 

Number of nodes 578 523 690 638 
-Bacterial nodes 424 383 497 449 
-Archaeal nodes 31 29 32 29 
-Fungal nodes 123 111 161 160 

Clustering coefficient 0.715 0.864 0.648 0.891 
Modularity 0.602 0.715 0.516 0.812 
Positive edges % 92.30 91.45 73.99 92.20 
Edge density 0.065 0.055 0.059 0.052 
Natural connectivity 0.102 0.118 0.090 0.106 
Average path length 1.382 1.999 1.274 2.610 
Number of keystones 4 3 0 0  

Y. Guo et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.apsoil.2023.105212
https://doi.org/10.1016/j.apsoil.2023.105212
https://doi.org/10.1111/j.2517-6161.1982.tb01195.x
https://doi.org/10.1016/B978-0-12-751406-2.50015-5
https://doi.org/10.1038/s41396-019-0383-2
https://doi.org/10.1002/9781119639305.ch14
https://doi.org/10.1899/08-013.1
https://doi.org/10.1899/08-013.1
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0030
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0030


Applied Soil Ecology xxx (xxxx) xxx

10

Boughton, E.H., Quintana-Ascencio, P.F., Bohlen, P.J., Jenkins, D.G., Pickert, R., 2010. 
Land-use and isolation interact to affect wetland plant assemblages. Ecography 33, 
461–470. 

Boughton, E.H., Quintana-Ascencio, P.F., Bohlen, P.J., Fauth, J.E., Jenkins, D.G., 2016. 
Interactive effects of pasture management intensity, release from grazing and 
prescribed fire on forty subtropical wetland plant assemblages. J. Appl. Ecol. 53, 
159–170. https://doi.org/10.1111/1365-2664.12536. 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 
2016. DADA2: high-resolution sample inference from Illumina amplicon data. Nat. 
Methods 13, 581–583. 

Carlsson, N.O.L., Brönmark, C., Hansson, L.-A., 2004. Invading herbivory: the golden 
apple snail alters ecosystem functioning in Asian wetlands. Ecology 85, 1575–1580. 
https://doi.org/10.1890/03-3146. 

Chen, Q.-L., Ding, J., Zhu, Y.-G., He, J.-Z., Hu, H.-W., 2020. Soil bacterial taxonomic 
diversity is critical to maintaining the plant productivity. Environ. Int. 140, 105766 
https://doi.org/10.1016/j.envint.2020.105766. 

Cheung, M.K., Wong, C.K., Chu, K.H., Kwan, H.S., 2018. Community structure, dynamics 
and interactions of bacteria, archaea and fungi in subtropical coastal wetland 
sediments. Sci. Rep. 8, 14397. https://doi.org/10.1038/s41598-018-32529-5. 

Coats, V.C., Rumpho, M.E., 2014. The rhizosphere microbiota of plant invaders: an 
overview of recent advances in the microbiomics of invasive plants. Front. Microbiol. 
5. 

Coyte, K.Z., Schluter, J., Foster, K.R., 2015. The ecology of the microbiome: networks, 
competition, and stability. Science 350, 663–666. https://doi.org/10.1126/science. 
aad2602. 

Csardi, G., Nepusz, T., 2006. The igraph software package for complex network research. 
Int. J. Complex Syst. 1695, 1–9. 

Daims, H., Wagner, M., 2018. Nitrospira. Trends Microbiol. 26, 462–463. https://doi. 
org/10.1016/j.tim.2018.02.001. 

Didham, R.K., Barker, G.M., Bartlam, S., Deakin, E.L., Denmead, L.H., Fisk, L.M., 
Peters, J.M.R., Tylianakis, J.M., Wright, H.R., Schipper, L.A., 2015. Agricultural 
intensification exacerbates spillover effects on soil biogeochemistry in adjacent 
forest remnants. PLoS One 10, e0116474. https://doi.org/10.1371/journal. 
pone.0116474. 

Dobrovol’skaya, T.G., Zvyagintsev, D.G., Chernov, I. Yu, Golovchenko, A.V., Zenova, G. 
M., Lysak, L.V., Manucharova, N.A., Marfenina, O.E., Polyanskaya, L.M., 
Stepanov, A.L., Umarov, M.M., 2015. The role of microorganisms in the ecological 
functions of soils. Eur. Soil Sci. 48, 959–967. https://doi.org/10.1134/ 
S1064229315090033. 

Driscoll, D.A., Catford, J.A., Barney, J.N., Hulme, P.E., Inderjit, Martin, T.G., 
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Maron, P.-A., Sarr, A., Kaisermann, A., Lévêque, J., Mathieu, O., Guigue, J., Karimi, B., 
Bernard, L., Dequiedt, S., Terrat, S., Chabbi, A., Ranjard, L., 2018. High microbial 
diversity promotes soil ecosystem functioning. Appl. Environ. Microbiol. 84, 
e02738-17 https://doi.org/10.1128/AEM.02738-17. 

McClelland, S.C., Haddix, J.D., Azad, S., Boughton, E.H., Boughton, R.K., Miller, R.S., 
Swain, H.M., Dillon, J.A, 2023. Quantifying biodiversity impacts of livestock using 
life-cycle perspectives. Front. Ecol. Environ. 21, 275–281. 

Y. Guo et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0035
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0035
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0035
https://doi.org/10.1111/1365-2664.12536
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf6000
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf6000
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf6000
https://doi.org/10.1890/03-3146
https://doi.org/10.1016/j.envint.2020.105766
https://doi.org/10.1038/s41598-018-32529-5
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0060
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0060
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0060
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1126/science.aad2602
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0070
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0070
https://doi.org/10.1016/j.tim.2018.02.001
https://doi.org/10.1016/j.tim.2018.02.001
https://doi.org/10.1371/journal.pone.0116474
https://doi.org/10.1371/journal.pone.0116474
https://doi.org/10.1134/S1064229315090033
https://doi.org/10.1134/S1064229315090033
https://doi.org/10.1073/pnas.1409347111
https://doi.org/10.1038/s41396-020-0614-6
https://doi.org/10.1016/j.soilbio.2019.107679
https://doi.org/10.1016/j.soilbio.2019.107679
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1890/05-1839
https://doi.org/10.1038/ismej.2011.159
https://doi.org/10.1038/ismej.2011.159
https://doi.org/10.1038/s41586-022-05572-6
https://doi.org/10.1038/s41586-022-05572-6
https://doi.org/10.1038/s41467-022-31343-y
https://doi.org/10.1016/j.cub.2019.08.007
https://doi.org/10.1016/j.cub.2019.08.007
https://doi.org/10.1016/j.tree.2017.10.006
https://doi.org/10.1016/j.tree.2017.10.006
https://doi.org/10.1186/1471-2180-6-68
https://doi.org/10.1016/j.ecolind.2021.108301
https://doi.org/10.1016/j.scitotenv.2022.158789
https://doi.org/10.1016/j.agee.2022.108314
https://doi.org/10.1016/j.agee.2022.108314
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0160
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0160
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0160
https://doi.org/10.1016/S0929-1393(00)00069-X
https://doi.org/10.1016/j.agee.2017.11.031
https://doi.org/10.1016/j.actao.2012.10.002
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0180
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0180
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0180
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0180
https://doi.org/10.1007/s11356-020-10471-2
https://doi.org/10.1016/j.agee.2019.04.026
https://doi.org/10.1007/s10980-021-01248-0
https://doi.org/10.1007/s10980-021-01248-0
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0200
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf5005
https://doi.org/10.1038/s41396-018-0291-x
https://doi.org/10.1111/fwb.12625
https://doi.org/10.1007/s11104-009-0217-5
https://doi.org/10.1111/1462-2920.15931
https://doi.org/10.1111/1462-2920.15931
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0225
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0230
https://doi.org/10.1002/ecs2.2999
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0240
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0240
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0240
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0245
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0245
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0245
https://doi.org/10.1016/j.cropro.2022.106127
https://doi.org/10.1111/1365-2435.13039
https://doi.org/10.1186/s40168-020-00857-2
https://doi.org/10.1186/s40168-020-00857-2
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0265
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0265
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0265
https://doi.org/10.1128/AEM.02738-17
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0275
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0275
http://refhub.elsevier.com/S0929-1393(23)00410-9/rf0275


Applied Soil Ecology xxx (xxxx) xxx

11

Medan, D., Torretta, J.P., Hodara, K., de la Fuente, E.B., Montaldo, N.H., 2011. Effects of 
agriculture expansion and intensification on the vertebrate and invertebrate 
diversity in the Pampas of Argentina. Biodivers. Conserv. 20, 3077–3100. https:// 
doi.org/10.1007/s10531-011-0118-9. 

Medley, K.A., Boughton, E.H., Jenkins, D.G., Fauth, J.E., Bohlen, P.J., Quintana- 
Ascencio, P.F., 2015. Intense ranchland management tips the balance of regional and 
local factors affecting wetland community structure. Agric. Ecosyst. Environ. 212, 
207–244. 

Mehlich, A., 1984. Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant. 
Commun. Soil Sci. Plant Anal. 15, 1409–1416. 

Mu, X., Zhang, S., Lv, X., Ma, Y., Zhang, Z., Han, B., 2021. Water flow and temperature 
drove epiphytic microbial community shift: insight into nutrient removal in 
constructed wetlands from microbial assemblage and co-occurrence patterns. 
Bioresour. Technol. 332, 125134 https://doi.org/10.1016/j.biortech.2021.125134. 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’hara, R.B., 
Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2013. Package ‘vegan.’ 
Community Ecology Package, Version 2, pp. 1–295. 

O’Neil, C.M., Guo, Y., Pierre, S., Boughton, E.H., Qiu, J., 2023. Invasive snails alter 
multiple ecosystem functions in subtropical wetlands. Sci. Total Environ. 864, 
160939 https://doi.org/10.1016/j.scitotenv.2022.160939. 

Parada, A.E., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: assessing small 
subunit rRNA primers for marine microbiomes with mock communities, time series 
and global field samples. Environ. Microbiol. 18, 1403–1414. https://doi.org/ 
10.1111/1462-2920.13023. 

Paster, B.J., 2010. Phylum XV. Spirochaetes Garrity and Holt 2001. In: Krieg, N.R., 
Staley, J.T., Brown, D.R., Hedlund, B.P., Paster, B.J., Ward, N.L., Ludwig, W., 
Whitman, W.B. (Eds.), Bergey’s Manual® of Systematic Bacteriology: Volume Four 
The Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacteria, 
Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, 
Verrucomicrobia, Chlamydiae, and Planctomycetes. Springer, New York, NY, 
pp. 471–566. https://doi.org/10.1007/978-0-387-68572-4_4. 

Paul, E., 2014. Soil Microbiology, Ecology and Biochemistry. Academic press. 
Peschel, S., Müller, C.L., von Mutius, E., Boulesteix, A.-L., Depner, M., 2021. NetCoMi: 

network construction and comparison for microbiome data in R. Brief. Bioinform. 
22, bbaa290. https://doi.org/10.1093/bib/bbaa290. 

Pierre, S.M., Quintana-Ascencio, P.F., Boughton, E.H., Jenkins, D.G., 2017. Dispersal and 
local environment affect the spread of an invasive apple snail (Pomacea maculata) in 
Florida, USA. Biol. Invasions 19, 2647–2661. https://doi.org/10.1007/s10530-017- 
1474-5. 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., 
Glockner, F.O, 2013. The SILVA ribosomol RNA gene database project: improved 
data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. 

Quince, C., Lanzen, A., Davenport, R.J., Turnbaugh, P.J., 2011. Removing noise from 
pyrosequenced amplicons. BMC Bioinform. 12, 38. https://doi.org/10.1186/1471- 
2105-12-38. 

Rocca, J.D., Muscarella, M.E., Peralta, A.L., Izabel-Shen, D., Simonin, M., 2021. Guided 
by microbes: applying community coalescence principles for predictive microbiome 
engineering. mSystems 6, e00538-21. https://doi.org/10.1128/mSystems.00538-21. 

Ryan, P.A., 1991. Environmental effects of sediment on New Zealand streams: a review. 
N. Z. J. Mar. Freshw. Res. 25, 207–221. https://doi.org/10.1080/ 
00288330.1991.9516472. 

Schirmer, M., Ijaz, U.Z., D’Amore, R., Hall, N., Sloan, W.T., Quince, C., 2015. Insight into 
biases and sequencing errors for amplicon sequencing with the Illumina MiSeq 
platform. Nucleic Acids Res. 43, e37 https://doi.org/10.1093/nar/gku1341. 

Schmid, M.W., van Moorsel, S.J., Hahl, T., De Luca, E., De Deyn, G.B., Wagg, C., 
Niklaus, P.A., Schmid, B., 2021. Effects of plant community history, soil legacy and 
plant diversity on soil microbial communities. J. Ecol. 109, 3007–3023. https://doi. 
org/10.1111/1365-2745.13714. 

Schmidt, J.E., Kent, A.D., Brisson, V.L., Gaudin, A.C.M., 2019. Agricultural management 
and plant selection interactively affect rhizosphere microbial community structure 
and nitrogen cycling. Microbiome 7, 146. https://doi.org/10.1186/s40168-019- 
0756-9. 

Sharma, S.K., Ramesh, A., Sharma, M.P., Joshi, O.P., Govaerts, B., Steenwerth, K.L., 
Karlen, D.L., 2011. Microbial community structure and diversity as indicators for 
evaluating soil quality. In: Lichtfouse, E. (Ed.), Biodiversity, Biofuels, Agroforestry 
and Conservation Agriculture, Sustainable Agriculture Reviews. Springer, 
Netherlands, Dordrecht, pp. 317–358. https://doi.org/10.1007/978-90-481-9513-8_ 
11. 

Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, D.A., Aronson, J., 
Courchamp, F., Galil, B., García-Berthou, E., Pascal, M., Pyšek, P., Sousa, R., 
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