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• Saltwater intrusion threatens coastal
freshwater ecosystems worldwide

• A two-year time series wetland soils and
experimental simulation was used to
investigate microbial response to
saltwater intrusion

• Bacterial, archaeal, and fungal communi-
ties were analyzed via 16S rRNA- and
fungal ITS genes.

• Methanogens and sulfate reducers
respond most sensitively to saltwater
intrusion

• Sulfate availability can restructure inter-
actions between methanogens and sulfate
reducers already at low salinities.
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Global sea-level rise is transforming coastal ecosystems, especially freshwater wetlands, in part due to increased epi-
sodic or chronic saltwater exposure, leading to shifts in biogeochemistry, plant- and microbial communities, as well
as ecological services. Yet, it is still difficult to predict how soil microbial communities respond to the saltwater expo-
sure because of poorly understoodmicrobial sensitivity within complex wetland soil microbial communities, as well as
the high spatial and temporal heterogeneity of wetland soils and saltwater exposure. To address this, we first con-
ducted a two-year survey of microbial community structure and bottom water chemistry in submerged surface soils
from 14 wetland sites across the Florida Everglades. We identified ecosystem-specific microbial biomarker taxa pri-
marily associated with variation in salinity. Bacterial, archaeal and fungal community composition differed between
freshwater, mangrove, andmarine seagrass meadow sites, irrespective of soil type or season. Especially, methanogens,
putative denitrifying methanotrophs and sulfate reducers shifted in relative abundance and/or composition between
wetland types. Methanogens and putative denitrifying methanotrophs declined in relative abundance from freshwater
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to marine wetlands, whereas sulfate reducers showed the opposite trend. A four-year experimental simulation of salt-
water intrusion in a pristine freshwater site and a previously saltwater-impacted site corroborated the highest sensitiv-
ity and relative increase of sulfate reducers, as well as taxon-specific sensitivity of methanogens, in response to
continuously pulsing of saltwater treatment. Collectively, these results suggest that besides increased salinity,
saltwater-mediated increased sulfate availability leads to displacement of methanogens by sulfate reducers even at
low or temporal salt exposure. These changes of microbial composition could affect organic matter degradation path-
ways in coastal freshwater wetlands exposed to sea-level rise, with potential consequences, such as loss of stored soil
organic carbon.

1. Introduction

Coastal wetlands represent some of the most productive habitats on
Earth (Barbier et al., 2011). They consist of various ecosystem types includ-
ing freshwater marshes, mangrove forests, tidal salt marshes, and seagrass
meadows (Hopkinson et al., 2019). These wetlands support great biodiver-
sity including prokaryotic and eukaryotic microorganisms, which carry out
key biogeochemical processes. Coastal wetland soils and sediments also
serve as important sinks of CO2 due to constrained organic matter decom-
position under anaerobic conditions (Chmura et al., 2003; Osland et al.,
2018). However, they are often net sources of CH4 and N2O (Rosentreter
et al., 2021; Tan et al., 2020). Many coastal wetland systems are
restructured by global change. As a consequence of sea-level rise, increasing
saltwater intrusions transform the most exposed parts of freshwater wet-
lands into mangroves or salt marshes, causing ghost forests and open
water areas to occur due to mangrove migration and peat collapse, respec-
tively (Chambers et al., 2019; Church and White, 2011; Craft et al., 2009;
Spivak et al., 2019). Salinization affects chemistry and biology of the wet-
lands, as well as the corresponding biogeochemical processes (Herbert
et al., 2015). To predict the impact of such conversion on ecosystem
services in coastal wetlands, it is important to gain a comprehensive under-
standing of the microbial biodiversity within and across different habitat
types in spatially and temporal heterogenous wetland soils (Larkin, 2018).

Differences in water chemistry are often closely associated with spatial
patterns of microbe-driven biogeochemistry in coastal wetlands. The
salinity gradient is one of the characteristic features of coastal wetland eco-
systems, and depending on the level of saltwater influence, has been recog-
nized as a critical parameter determining microbial community structure
and activity in such environments (Chi et al., 2021b; Ikenaga et al., 2010;
Li et al., 2019; Li et al., 2018; Morrissey et al., 2014; Zhang et al., 2021).
For instance, salinity is strongly negatively correlated tomethane emissions
from coastal wetlands, with the lowest emission potential occurring in
polyhaline marshes (salinity >18 practical salinity units, psu) whereas
oligohaline (0.5–5 psu) or freshwater marshes show the highest and most
variable methane emissions (Poffenbarger et al., 2011). Saltwater intru-
sions also alter soil porewater solute concentrations (Lu et al., 2015;
Weissman and Tully, 2020; Wilson et al., 2019) and carbon, nitrogen and
sulfur transformations (Liu et al., 2017; Rath and Rousk, 2015; Schoepfer
et al., 2014; Zhou et al., 2017). In addition, spatial variation in salinity
can lead to plant zonation, affecting primary production, dissolved organic
matter (DOM) dynamics, soil light availability, nutrient cycling and micro-
bial growth (Chi et al., 2021a; Logozzo et al., 2021; Osland et al., 2018;
Shelton et al., 2021; Spivak et al., 2019). However, the scale at which all
the above factors impact microbial communities across or within ecosys-
tems is still not very well understood.

Spatial and temporal heterogeneity in coastal wetlands is particularly
high in tropical or subtropical climates due to seasonality of temperature,
precipitation and tidal fluctuation. Subtropical and tropical wetlands there-
fore provide good models to study the effect of variations in water level,
redox potential and nutrient concentrations on microbial communities.
Indeed, previous studies have found that these variations sometimes affects
soil microbial composition (Cheung et al., 2018; Maietta et al., 2020) and
related ecosystem functions, such as soil respiration, methanogenesis and
denitrification (Cao et al., 2020; Chen et al., 2018; Han et al., 2018; Welti
et al., 2016). However, the effects of these variations can complicate the

prediction of directional changes in microbial community assemblages
associated with sea-level rise. Thus, spatial and temporal scales at which
microbial communities fluctuate seasonally in different wetlands must be
understood in order to pinpoint changes related to sea-level rise.

The Florida Everglades is the largest contiguous wetland system in the
continental United States, and consists of freshwater marshes, estuarine
mangroves and coastal seagrass estuary ecosystems located in tropical
region of South Florida. The Everglades represents a great model system
to examine the gradients ofmicrobial communitieswithin and across differ-
ent wetland ecosystem types and their response to sea-level rise at compar-
atively large spatial scales. In this study we investigated the structure and
diversity of prokaryotic and fungal communities along two main sloughs
within the Everglades National Park, and compositional change of prokary-
otes following a four-year in situ experimental simulation of saltwater
intrusion. By integrating sequencing data and environmental parameters
from seasonal time series and manipulation experiments, we investigated:
(i) compositional shifts of overall soil and sediment prokaryotic and fungal
microbial communities along the transects within and between different
wetland types, including biogeochemically important functional guilds;
(ii) The impact of temporal heterogeneity and soil depth on the structure
of microbial communities, and (iii) sensitivity of freshwater and brackish
water soil microbial communities to experimental saltwater intrusion.
Our study represents the first high-resolution spatial and temporal analysis
of soil microbial communities across the Florida Everglades and will pro-
vide a framework for understanding the general stability and susceptibility
of soil microbial communities exposed to sea-level rise-mediated saltwater
intrusion.

2. Material and methods

2.1. Site description and soil collection

The Florida Everglades are located in Southwest Florida. Soil and sedi-
ment samples were collected as part of the Florida Coastal Everglades
(FCE) Long Term Ecological Research (LTER) program from the 14 main
long-term monitoring sites along the two major water flow paths of the
Everglades, Shark River Slough (SRS) and Taylor Slough/Panhandle (TS/
Ph). SRS sites are characterized by peat-based soil, while TS/Ph soils have
lower organic matter content and are marl-based. The sampling sites repre-
sent three major ecosystem types, i.e. freshwater marshes (SRS1–SRS3 and
TS/Ph1–TS/Ph3, respectively), mangrove forests (SRS4–SRS6 and TS/Ph
6–TS/Ph7) and the seagrass meadows located in Florida Bay (TS/Ph9–
TS/Ph11). More detailed descriptions of the sampling locations and site
metadata can be found at https://fcelter.fiu.edu/ and previous studies
(Chen et al., 2013; Childers et al., 2006).

Bulk surface soil samples of each site (~ 0–10 cm) were collected from
February 2019 to October 2020 to cover dry and wet seasons (Fig. S1 for
detailed sample collection time). Samples were immediately placed on ice
and transported to laboratory. The samples were stored at−20 °C until fur-
ther molecular biological analysis. In addition to bulk soil samples, three
replicate soil cores of ~90 mm depth (TS7, ~70 mm) were collected from
each site in August 2020, to assess vertical gradients of microbial communi-
ties within the soil or sediment column. Soil cores were closed with rubber
stoppers, transported back to the laboratory on ice, and immediately sliced
into 9-mm sections, resulting in a total of 8–10 soil section samples for each
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core. Each sliced soil section was well mixed to homogenize, and 4–5
representative depths (0–9 mm, 18–27 mm, 36–45 mm, 54–63 mm and
72–81 mm) from each soil core were selected for molecular biological
analysis.

2.2. Chemical analyses

Due to the relatively small size of soil cores for molecular biological
analyses, a bottom water sample was collected at each site for chemical
analyses. Water samples were filtered through a Whatman GF/F filter for
determination of dissolved organic carbon (DOC), ammonium (NH4

+), ni-
trite (NO2

−), nitrate (NO3
−), soluble reactive phosphorus (SRP) concentra-

tions and salinity. The unfiltered samples were used for determination of
total nitrogen (TN) and total phosphorus (TP) contents. DOCwas quantified
on a Shimadzu TOC Analyzer and other dissolved nutrients were measured
following standard rapid flow analyzer (RFA) protocols. TN was measured
with an Antec TN analyzer and TP was analyzed following a modified pro-
cedure (Solorzano and Sharp, 1980). Salinity was determined using a YSI
conductivity meter. All chemical properties are reported in Table S1, and
additional information (e.g., chemistry data before year 2019) can be
found in FCE datasets (https://fce-lter.fiu.edu/data/core/).

2.3. DNA extraction and amplicon sequencing

Soil samples were homogenized using sterile mortar and pestle before
total DNA extraction using DNeasy PowerSoil Kit (QIAGEN) followingman-
ufacturer's instruction including bead-beating twice for 30 s at 4.5 m/s in a
FastPrep-24 bead beater (MPBiomedical, Irvine, CA). DNAwas dissolved in
50 μL molecular biology grade water and stored at−20 °C before use. DNA
concentrationswere normalized to~10 ng μL−1 and the 16S rRNA- and ITS
genes were amplified using primer pair 515f-926r (Parada et al., 2016;
Quince et al., 2011) and ITS1f-ITS2 (Gardes and Bruns, 1993; White
et al., 1990), respectively, fused with specific adaptors following Earth
Microbiome protocol (Thompson et al., 2017). The PCR amplification,
library construction (2 × 250 bp) and sequencing of the amplicons were
performed on an Illumina NovaSeq instrument at Novogene, Sacramento,
CA following standard procedures. Demultiplexed sequencing data were
deposited at NCBI Sequence Read Archive (SRA) under BioProject acces-
sion number PRJNA804243, PRJNA804246 and PRJNA804228 for 16S
rRNA genes of bulk surface soil samples, ITS genes of bulk surface soil sam-
ples and 16S rRNA genes of depth gradient soil samples, respectively.

2.4. Sequencing data processing

The raw sequences were processed using QIIME2 (Caporaso et al.,
2010), including quality filtering, denoising, pair-end read merging and
dereplication by DADA2 to generate amplicon sequence variants (ASVs)
(Callahan et al., 2016). This resulted in 63,265 ± 5720 and 66,654 ±
27,714 high-quality reads of 16S rRNA and ITS gene sequences per sample
after quality filtering (Q score ≥ 30), respectively. ASVs of 16S rRNA and
ITS genes were taxonomically classified against SILVA database release
138 for prokaryotes and UNITE ITS Reference Sequences V8.2 for fungi,
respectively, using the scikit-learn classifier (Pedregosa et al., 2011) imple-
mented in QIIME2. Alpha and beta-diversity of were calculated using
“qiime diversity core-metrics-phylogenetic” plugin, after random subsam-
pling of 35,000 and 10,000 reads per sample for 16S rRNA and ITS genes,
respectively. For prokaryotes, species/genera belonging to functional
groups including methanogens, denitrifying methanotrophs (also known
as NC10 phylum), sulfate reducers and nitrifiers were manually identified
in the dataset and combined for statistical analysis. Other functional groups
potentially relevant to important wetland ecosystem services, including
conventional aerobic methanotrophs and anaerobic ammonia oxidizers
(anammox), were only detected in a small subset of samples, and at very
low relative frequencies, and thus were not included in further statistical
analyses.

2.5. Saltwater intrusion experiment

Experimental pulsed addition of artificial saltwater was conducted in
two marsh sites along the southeastern boundary of SRS within the Ever-
glades National Park, including one freshwater marsh site (25 26′ 6.11”
N, 80 46′ 50.78” W; target porewater salinity of 5 psu) with no history of
saltwater intrusion, and one brackish site with previous experience of salt-
water intrusion (25 13′ 13.38”N, 80 50′ 36.66′W; target porewater salinity
of 20 psu). The saltwater addition started in October 2014 on a monthly
basis and continued through October 2018. A detailed description of the
experimental setup, soil physiochemistry, and biological properties were
reported previously (Servais et al., 2020; Wilson et al., 2018). Soil samples
from saltwater-exposed soils and unmanipulated native soils from both
sites were collected in September 2018 and DNA extraction was conducted
as described above. DNA extraction, PCR amplification using primer pair
515F-806R (Apprill et al., 2015; Parada et al., 2016), library preparation
(2 × 150 bp) and sequencing on an Illumina MiSeq instrument was con-
ducted at Argonne National Laboratory, Chicago, Illinois. The sequence
processing and statistical analysis followed procedures as described above
and resulted in 64,607 ± 12,708 high-quality reads of 16S rRNA genes.
Samples with <12,000 reads were removed from further analysis, leaving
between 4 and 8 biological replicates of each treatment for downstream
analyses. Random subsampling of 12,000 reads was conducted for diversity
index calculation. Demultiplexed sequencing data were deposited into the
NCBI SRA under BioProject accession number PRJNA804545.

2.6. Statistical analyses

Principal Coordinates Analysis (PCoA) of weighted UniFrac distance
matrices of 16S rRNA and ITS ASVs were performed using the vegan pack-
age version 2.5–7 (Dixon, 2003) in R version 4.1.1 (R Core Team, 2020).
Differences in microbial community structure were evaluated by permuta-
tional multivariate analysis of variance (PERMANOVA) with 999 permuta-
tions between sample groups, including ecosystem, site, season, sediment
depth, and their interactions as fixed factors, and p < 0.05 indicating signif-
icant differences. To characterize the correlation of environmental vari-
ables and microbial community composition, the ‘envfit’ function of the
vegan package was used to test the significance of overlaying water chem-
ical properties (as vector parameters, i.e., salinity, concentrations of DOC,
TN, NH4

+, NO2
−, NO3

−, TP, SRP) and site descriptive characteristics (as fac-
tor parameters, i.e., dry or wet seasons, different ecosystem types and
estuary channels) for the Principal Coordinates Analysis (PCoA) ordina-
tions. This model appeared acceptable because no vertical chemical gradi-
ents were observed in the top 10 cm soil samples in long-term dataset
from previous years (Chambers and Pederson, 2006), as well as in our
August 2020 samples. To illustrate the relationship between community
compositions and site distances to the estuarine coastal line, isolines were
fitted to PCoA using generalized additive models with the vegan function
‘ordisurf’. Differences at p < 0.05 were considered statistically significant.
To assess the degree of seasonal variations in microbial community compo-
sitions from each site, within-site similarities of bacterial communitieswere
obtained by calculating weighted UniFrac distances of samples to the
respective site centroid using the function ‘betadisper’ (Anderson, 2006).
Data were visualized using the phyloseq and ggplot2 packages in R
(McMurdie and Holmes, 2013). Linear Discriminant Effect Size analysis
(LEfSe) was performed to identify biomarker taxa (prokaryotes at order
level and fungi at genus level) from each of the three main ecosystems
(i.e., freshwater wetlands, mangrove forests and seagrass meadows) or at
different depths of the sediment cores (i.e., top and 10-cm depth sections
of the collected sediment soil cores) in Galaxy (Segata et al., 2011). After
comparison of different distance matrices, order-level bacterial and
archaeal taxa were used for LEfSe analysis for balance between high level
and low level taxonomic changes to best capture the diverse biomarkers
in different wetlands. Differential abundances of taxa between different
ecosystems or sediment depths were identified by Kruskal-Wallis non-
parametric rank-sum test, following Linear Discriminant Analysis (LDA)
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to determine the effect size. Significance was determined at α < 0.05 and
LDA score > 3.0 (for 16S rRNA gene) or > 2.0 (for ITS gene).

3. Results

3.1. Soil prokaryotic and fungal community structure in main wetland types

Prokaryotic and fungal communities were analyzed in bulk soil samples
collected seasonally from February 2019 to October 2020 by amplicon-
based sequencing of 16S rRNA- and ITS genes, respectively. Prokaryotic
and fungal composition differed distinctly between freshwater, mangrove
and seagrass sediment sites regardless of sampling time (PERMANOVA,
p < 0.001 for both prokaryotes and fungi, Fig. 1). A spatial shift in commu-
nity compositions was strongly associated with site horizontal geographic
distances to the coastal bay line (r2 = 0.41 for prokaryotes and r2 = 0.35
for fungi, both p < 0.001), as visualized by a generalized additive model
fitted to the PCoA. As expected, among all tested chemical properties, salin-
ity had the strongest correlation with the shift in both prokaryotic and
fungal community composition across different ecosystems (r2 = 0.41,
p < 0.001 for prokaryotes and r2 = 0.23, p= 0.002 for fungi), corroborat-
ing recent findings for water column microbial communities in the FCE
(Laas et al., 2022). Concentrations of soluble reactive phosphorus (SRP,
r2 = 0.24, p < 0.001) and dissolved organic carbon (DOC, r2 = 0.15, p =
0.006) were also strongly correlated with overall prokaryotic, but not
fungal community composition across all wetland soils (Table S2).

Salinity did not change between different sites of the same wetland type
(Table S1), suggesting other environmental variables might contribute to
structuring the microbial assemblage within each ecosystem type. Therefore,
we assessed the importance of environmental parameters influencing micro-
bial compositions in soils of each wetland ecosystem type. The results indeed
showed that salinity was similar and did not correlate to the microbial com-
position variations between different sites from the same ecosystem type (p
> 0.1 in all three ecosystem types, Tables S3 and S4). However, changes in
DOC (r2=0.34, p=0.002) and SRP (r2=0.21, p=0.026)were significant
and associatedwith shift in prokaryotic compositions betweendifferent fresh-
water marsh soils, while ammonium concentrations (r2 = 0.19, p = 0.04)
were correlated with variation in prokaryotic assemblages only in mangrove
soils (Table S3). Changes in DOC concentration (r2 = 0.19, p= 0.042) was
correlated with shifts in fungal compositions in freshwater sites, whereas
TP (r2=0.27, p=0.023) and nitrate plus nitrite (r2=0.22, p=0.040) con-
centrations influenced the fungal compositions in mangrove sites (Table S4).
However, none of the tested environmental parameters correlated signifi-
cantly with prokaryotic or fungal compositional variations among seagrass
meadow sediments (Tables S3 and S4).

Biomarker taxa specifically enriched in each ecosystem type
(i.e., freshwater marsh, mangrove wetland or seagrass sediments) and con-
tributing significantly to the differences in microbial community composi-
tion between the three ecosystem types were identified using LEfSe
analysis. A total of 28, 5, 27 prokaryotic biomarker taxa at the order level
(Fig. 2a) and 7, 11, 3 fungal biomarkers at genus level (Fig. 2b) were iden-
tified from the freshwater marsh, mangrove wetland and seagrass bed sed-
iments, respectively (see Tables S5 and S6 for full list of prokaryotic and
fungal biomarker taxa and their relative abundances). Interestingly, man-
grove wetlands had the lowest number of prokaryotic biomarkers but the
highest number of fungal biomarker taxa. We then characterized the com-
mon biomarkers (average relative abundance >1 % for prokaryotes and
0.5 % for fungi, see Fig. S1 and S2 for full list of common prokaryotic and
fungal taxa, respectively) in each of the three ecosystems. For Archaea,
the orders Bathyarchaeia (mean± SE= 8.0 %± 0.8 % in freshwater wet-
lands) and Lokiarchaeia (1.7 %± 0.4 % in seagrass sediments) represented
the most commonly detected biomarker taxa in freshwater wetland and
seagrass sediments, respectively. It is worth mentioning that three less fre-
quently detected methanogenic archaeal orders, i.e., Methanobacteriales,
Methanomicrobiales, Methanosarciniales (with average relative abundance
of 0.3 %–0.5 %), were also biomarkers in freshwater wetland sediments.
In comparison, no archaeal order was particularly enriched and identified
as biomarker taxon in mangrove wetland soils. For bacterial communities,
Burkholderiales (6.1 % ± 0.4 %), Vicinamibacterales (1.2 % ± 0.1 %) and
an unclassified Desulfobacterota order (1.1 % ± 0.1 %) were the only
three common biomarkers at order level in freshwater sediments. It is note-
worthy that the order of Methylomirabilales (0.4 % ± 0.1 %, previously
assigned to NC10 phylum), which contains denitrifying methanotrophs,
was also a biomarker in freshwater wetlands. Seagrass sediments contained
12 common bacterial biomarkers at order level, among which two orders,
i.e., Desulfobacterales (8.2 % ± 0.5 %) and Desulfobulbales (3.8 % ±
0.5 %), represented sulfate reducers. Mangrove wetlands had only one
common bacterial biomarker at order level, i.e., Ardenticatenales (1.6 % ±
0.1 %). For fungal communities, all biomarker genera in freshwater wet-
lands were from phylum Ascomycota, including Echria (12.0 % ± 3.1 %),
Acremonium (4.2 % ± 1.1 %), Paraphaeosphaeria (1.6 % ± 0.3 %) and
Kohlmeyeriopsis (1.4 % ± 0.5 %) as the common biomarker taxa.
The Lulworthia (2.4 % ± 1.6 %) and an unclassified Sporocadaceae genera
(2.6 % ± 0.8 %) from phylum Ascomycota represented the common bio-
marker taxa in the mangrove wetland. In seagrass sediments, one unclassi-
fied Agaricomycetes genus from phylum Basidiomycota (3.3 %± 3.1 %) and
an unidentified Saccharomycetales genus (0.5 % ± 0.4 %) represented the
common biomarker taxa.

Several functional guilds of prokaryotic microorganisms pertinent to
wetland ecosystem processes were characterized and compared between
different sites/ecosystems, including methanogens, anaerobic methane ox-
idizers, sulfur/sulfate-reducing microbes (SRM) and nitrifiers (Fig. 3).

Fig. 1. PCoA of weighted UniFrac distances of microbial communities based on 16S
rRNA genes (a) and ITS genes (b) from 14 wetland sites in Shark River Slough and
Taylor Slough/Panhandle from February 2019 to October 2020, representing three
distinct wetland ecosystem types (freshwater wetland, mangrove forest and
seagrass meadow). Effect of distance from the coastal bay line (kilometer,
indicated by grey line) on community composition is visualized using a
generalized additive model.
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In each slough (SRS and TS/Ph), the relative abundance of methanogens de-
creased from freshwater wetlands transitioning to mangrove and/or seagrass
habitats (p< 0.001, Fig. 3a). Correspondingly, therewas also a compositional
shift in major methanogenic phylotypes across different ecosystems. Particu-
larly, genus Methanobacterium (within order Methanobacteriales), Candidate
genus “Methanomethylicus” (Methanobacteriales order) and three genera
from order ofMethanomicrobiales comprised the majority of methanogens in
freshwater, while an unclassified genus fromorderMethanofastidiosales exclu-
sively dominated the methanogenic assemblage in seagrass sediments
(Fig. 4). Putative denitrifying methanotrophs (Methylomirabilales order in
NC10 phylum) showed ecosystem-specific relative abundance patterns simi-
lar tomethanogens (p=0.003) (Fig. 3b). In contrast, the SRMguildwas pres-
ent in higher proportions in seagrass sediments than in freshwater wetland
soils (p < 0.001) (Fig. 3c). Proportions of aerobic nitrifiers, predominantly

ammonia-oxidizing archaea, showed varying abundances between different
sites (p < 0.001), but without ecosystem-specific pattern (Fig. 3d). Notably,
in SRS nitrifiers were most frequently detected in mangrove wetland sites,
whereas in TS/Ph their relative abundances were highest in freshwater
wetland sites.

Higher richness (number of ASVs) was observed in SRS than in TS/Ph
for prokaryotic communities (p < 0.001), but not for fungal communities
(p = 0.149). No significant difference in microbial richness was observed
between different sites/ecosystems within the same slough (Fig. S3).

3.2. Effect of seasonality on prokaryotic and fungal communities

All sampling sites were characterized by distinctive wet (June–November)
anddry (December–May) seasons of South Florida, but PERMANOVAanalysis

Fig. 2. Identification of prokaryotic (a) and fungal biomarker taxa (b) within each wetland types (freshwater wetland, mangrove forest and seagrass sediment) by LEfSe
analysis of all bulk soil samples from February 2019 to October 2020. Cladograms indicate taxonomic classification of prokaryotic and fungal communities at order-level
and genus-level, respectively. Taxa significantly more abundant in either freshwater marsh soil, mangrove soil, or seagrass bed are indicated in green, red and blue,
respectively. Listing on the right of the cladogram corresponds to the letter matching taxa in the cladogram.
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showed that such climate variations were not a significant influence on the
microbial composition in the tested soils and sediments (p = 0.057 for
prokaryotes and p = 0.067 for fungi). However, varying degrees of site-
specific temporal shift in microbial compositionwere observed by calculat-
ing sample to centroid spread of weighted UniFrac distances of different
sampling time points (Fig. 5). Temporal variations in prokaryotic commu-
nity compositions were larger in mangrove wetland sites from TS/Ph
compared to other sites (p < 0.001). Additionally, mangrove wetland and
seagrass bed sediments from TS/Ph had the highest temporal variations
in fungal community composition. In comparison, both prokaryotic and
fugal community composition in freshwater site soils were less affected
by seasonality.

The temporal variations of the major microbial taxa (average relative
abundance >1 % for prokaryote and 0.5 % for fungi across all samples) in
different sites were estimated by calculation of coefficient of variation in
relative abundances. Among the 33 major prokaryotic taxa at order level,
four orders, i.e., Pseudomonadales (within phylum Proteobacteria), Bacillales
(phylum Firmicutes), Flavobacteriales (phylum Bacteroidota), and the Marine
Benthic Group D (archaeal phylum Thermoplasmatota), showed the highest
temporal variations (coefficient of variation of 103%–188%) among differ-
ent sites (Fig. S4a). Among all 18major fungal genera, Podospora, Lulwoana,
Lulworthia, Alternaria (all within phylum of Ascomycota), Gymnopilus and
Vishniacozyma (bothwithin phylum Basidiomycota), had the highest tempo-
ral variations (coefficient of variation 201 %–271 %, Fig. S4b). Notably,
Gymnopilus is a mushroom-forming fungus and its periodic booming in
the seagrass sediments (Fig. S2) might be caused by spores, rather than in
situ growth at the time of sampling.

3.3. Effect of soil depth on prokaryotic communities

Soil and sediment cores from August 2020 were analyzed at high reso-
lution for depth-dependent vertical gradients in microbial communities
using 16S rRNA gene sequences (Fig. S5). Consistent with results above,
prokaryotic community structure strongly differed by ecosystem types
(PERMANOVA, p < 0.001, Fig. S6), but surprisingly the prokaryotic com-
munity composition did not vary significantly along the soil depth
(PERMANOVA, p = 0.263). Only a direct pairwise PERMANOVA compar-
ison of the top (0–9 mm) and the bottom (72–81 mm) sections of the soil
cores across different sites showed significant difference in microbial
community composition (p = 0.009).

Analysis of LDA Effect Size (LEfSe) to characterize the microbial bio-
markers in the top versus bottom sections of the soil cores revealed a total
of 39 taxa (2, 8, 7, 9, 7, 6 taxa at domain, phylum, class, order, family
and genus levels, respectively, LDA score (log10> 3) thatwere differentially
distributed between top and bottom sections of the cores (Table S7). Specif-
ically, total Archaea were more frequent in the bottom-most sections
(12.6 % ± 1.2 %) than in the top-most sections (6.8 % ± 0.8 %), largely
attributed to putative class Bathyarchaeia (8.2 % ± 0.9 % in bottom
sections versus 4.3 % ± 0.7 % in top sections). Bathyarchaeia are poorly
studied but have been suggested to harbor metabolic generalists adapted
to anoxic environments (Zhou et al., 2018). Similarly, all other biomarker
taxa with higher relative abundance in bottom sediments, including an
unclassified Syntrophobacterales genus, an unclassified Anaerolineae
genus, an uncultured Dehalococcoidia order, are known for an anaerobic
lifestyle. In comparison, top sections of the cores had higher abundance

Fig. 3. Box plot showing relative abundances of functional prokaryotic guilds, including (a) methanogens, (b) denitrifying methanotrophs, (c) sulfate reducing
microorganisms, and (d) nitrifiers, in 14 different wetland sites from two estuarine transects (Shark River Slough and Taylor Slough/Panhandle) from February 2019 to
October 2020, representing three distinct wetland ecosystem types (freshwater wetland, mangrove forest and seagrass meadow). The upper and lower bounds of boxes
correspond to the 25th and 75th percentiles, with a median line shown. Whiskers denote the 1.5 IQR (interquartile range) and dots represent outliers.
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of photosynthetic Cyanobacteria and Rhodobacteraceae that contain faculta-
tively anaerobic photoheterotrophs. Given that a significant proportion of
detectedmicrobial taxa in the coreswere affiliatedwith primarily or strictly
anaerobic microbial guilds, these results collectively suggest that the influ-
ence of oxygen and aerobicmetabolismwas limited to the top one cm of the
soils and sediments.

The alpha diversity, including richness (observed ASVs) and evenness
(Pielou's evenness), was significantly higher in top layer (section of 0–9
mm) than that in the deeper layers (sections between 36 and 81 mm) of

the sediments (p < 0.05, Fig. S7). However, no change in alpha diversity
was observed between different layers between 18- and 81-mm depths.

3.4. Effect of simulated seawater intrusion on prokaryotic communities

Saltwater intrusionswere simulated experimentally at twowetland sites
along the southeastern boundary of SRS: a freshwater marsh site with no
history of saltwater intrusion, and a brackish water marsh site with previ-
ous episodes of saltwater intrusion. Changes in prokaryotic communities
following saltwater addition were monitored by sequencing of 16S rRNA
genes. The saltwater addition did not change the richness (p = 0.126 for
the freshwater site and p = 0.584 for the brackish site, two-way ANOVA
followed by post-hoc Tukey test; pairwise t-test) of soil prokaryotic commu-
nities in both sites (Fig. S8). The overall prokaryotic community composi-
tion shifted in freshwater sediment soils (p = 0.021, PERMANOVA) but
not in brackish marsh soils (p = 0.127) after exposure to saltwater
(Fig. 6a and Fig. S9).

A total of 19 and 26 order-level biomarker taxa showed significant
increase in abundance in salt-dosed treatments at the freshwater
(Table S8) and brackish water wetland sites (Table S9), respectively,
following saltwater addition. At the freshwater site, the biomarker
taxa Marine Benthic Group D (1.54 % ± 0.23 %), Aminicenantales
(1.10 % ± 0.21 %), and an unclassified Thermodesulfovibrionia order
(1.13 % ± 0.35 %) became common taxa (relative abundance >1.0 %)
after saltwater addition. Interestingly, no common taxa were identified
as biomarker taxa in the brackish water marsh site, indicating the
salt addition only affected rare taxa with relatively low abundance.
Notably, two biomarker taxa in saltwater-dosed sites, Calditrichales
and Desulfobulbales, were also found as the biomarker taxa in seagrass
sediment of Florida Bay, demonstrating that the competitiveness of
these taxa directly depends on salt concentration or associated sulfate
supply. Among the functional guilds described above only SRM showed
significant increase in relative abundance in the saltwater-dosed treat-
ments (p = 0.030 and p = 0.038 in freshwater and brackish water

Fig. 4.Box plot displaying proportions of sixmajormethanogenic genera relative to the total abundance ofmethanogens in 14wetland sites based on taxonomic classification
of 16S rRNA genes. The phylum, class and order affiliations of each genus are given in parentheses. Wetland sites are from two estuarine transects (Shark River Slough and
Taylor Slough/Panhandle) representing three distinct wetland ecosystem types (freshwater wetland, mangrove forest and seagrass meadow). The upper and lower bounds of
boxes correspond to the 25th and 75th percentiles, with a median line shown. Whiskers denote the 1.5 IQR (interquartile range) and dots represent outliers.

Fig. 5.Box plot showing temporal variations in beta-diversity of prokaryotic (a) and
fungal (b) communities in each of the 14wetland sites along Shark River Slough and
Taylor Slough/Panhandle, as calculated by weighted UniFrac distances of samples
to their site centroid based on 16S rRNA and ITS genes, respectively. The upper
and lower bounds of boxes correspond to the 25th and 75th percentiles, with a
median line shown. Whiskers denote the 1.5 IQR (interquartile range) and dots
represent outliers.
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site, respectively), while relative abundances of the other three guilds
remained stable (Fig. 6b–e). Although the relative abundance of
total methanogens did not change, the composition shifted following
saltwater treatment, as the proportion of the major methanogenic
genus Methanolinea relative to all methanogens significantly decreased
in both sites after saltwater addition (Fig. 7), suggesting either salt
sensitivity or direct competition with SRM for carbon- and energy
source.

4. Discussion

4.1. Factors shaping soil microbial community structure associated with different
wetland types

The present study comprehensively assessed spatial and temporal vari-
ations in microbial diversity and composition in soils and sediments from
n = 14 coastal wetland sites along the two main sloughs within the FCE,

Fig. 6. Effect of pulsing salt intrusions on wetland soil microbial communities. Shown are PCoA of weighted UniFrac distances of total microbial communities based on 16S
rRNA genes (a), box plots of the relative abundances of functional prokaryotic guilds, including (b) methanogens, (c) denitrifying methanotrophs, (d) sulfate reducing
microorganisms, and (e) nitrifiers, in soils from a freshwater wetland and a brackish water wetland site in native ambient environments and after experiencing 4-year
pulsing salt intrusions. The upper and lower bounds of boxes correspond to the 25th and 75th percentiles, with a median line shown. Whiskers denote the 1.5 IQR
(interquartile range) and dots represent outliers. The p values are shown only when saltwater intrusion significantly changed the proportion of a genus at a site.
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spanning three large and distinct coastal wetland ecosystem types with ap-
parent differences in hydrology, chemistry (e.g., salinity) and biology
(e.g., plant community). Our results revealed that soil and sediment micro-
bial community composition were vastly dominated by strictly anaerobic
bacterial and archaeal taxa and notable presence of fungi in all sites and
depths. Prokaryotic and fungal community composition was distinctively
separated by ecosystem type, whereas seasonality and depth of sediment
had much lesser influence on the microbial assemblage in these soils and
sediments. These results collectively suggest that the rich microbial
communities are not sensitive to short-term seasonal environmental fluctu-
ations, e.g. freshwater inputs, or that short-term changes are not sufficiently
resolved by the amplicon sequencing methodology employed here. How-
ever,microbial communities are restructured by saltwater intrusion leading
to ecosystem and landscape changes.

The elevated salinity itself is most likely the main factor altering micro-
bial community structure associated with conversion of freshwater wet-
lands in the future, for both prokaryotic and fungal communities.
Salinities were 0.3 ± 0.0, 12.7 ± 1.6, 42.2 ± 2.1 psu in freshwater, man-
grove and seagrass meadow wetlands, respectively (Table S1), which were
associated with distinct prokaryotic and fungal community composition
(Fig. 1). Salinity most likely had a direct impact on overall microbial com-
munities in these wetland soils, since our four-year saltwater intrusion sim-
ulation has already led to significant change in microbial compositions
(Figs. 6 and S9). This is further supported by similar salinity-depended
changes of microbial community structure in the FCE water column

(Laas et al., 2022), and independence of microbial community changes
from specific plant cover in newly formed coastal wetlands (Zhang et al.,
2021). Salinity also determined the microbial assemblage in desert ecosys-
tem where plant growth was limited and had little effect on microbes
(Zhang et al., 2019) and is therefore likely to directly influence soil micro-
bial assemblages across different wetland ecosystems in this study. How-
ever, we cannot rule out potential direct effect of other environmental
variables on microbial assembly, e.g., the different hydrology between a
submerged seagrass meadows, intertidal mangrove and non-tidal freshwa-
ter marsh.

Additional variables besides salinity further structured microbial com-
munities within freshwater and mangrove wetlands. SRS and TS/Ph sites
are characterized by peat- and marl-based soils, respectively (Chen et al.,
2013), with the freshwater soils from SRS having higher DOC and distinct
DOC composition compared to TS/Ph soils (Chen et al., 2013; Regier
et al., 2020). DOC concentrations potentially influenced both prokaryotic
and fungal community composition in freshwater wetland sites leading to
higher alpha diversity in SRS sites at higher DOC concentrations
(Tables S3 and S4). However, similar DOC concentrations and microbial
communities in mangrove forests from both sloughs, possibly due to inter-
ference of mangrove with DOC (Chen et al., 2013; Dittmar et al., 2006),
suggest that organic matter richness and composition was a driver of
community composition only in freshwaterwetlands. Our results further re-
vealed that phosphorus availability, either as soluble reactive P or total P,
could have additionally structured the prokaryotic and fungal communities

Fig. 7. Effect of experimental saltwater intrusion on the proportions of the six predominant methanogenic genera relative to the total relative abundance of methanogens.
Shown are box plot of proportions of the six predominant methanogenic genera relative to the total relative abundance of methanogens in soils from a freshwater
wetland and a brackish water wetland site with (+salt) or without (native) artificial saltwater treatment. The affiliations of phylum, class and order of each genus are
given in parentheses. The upper and lower bounds of boxes correspond to the 25th and 75th percentiles, with a median line shown. Whiskers denote the 1.5 IQR
(interquartile range) and dots represent outliers. A p value is shown where saltwater addition significantly changed the relative proportion of a genus.
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within freshwater and mangrove wetlands. The FCE is known as oligotro-
phic phosphorous-limited wetland system (Noe and Childers, 2007) and
all investigated sites showed TP (< 20 μg L−1) and SRP (< 4 μg L−1)
concentrations typically considered as P-limited (Table S1). Interestingly,
evenwithin the low P concentration ranges microbial community composi-
tion in the freshwater and mangrove wetlands appeared to be sensitive to P
variation (Tables S3 and S4). It may therefore be expected that further
anthropogenic P loading to the Everglades or enhanced ecosystem restora-
tion efforts could lead to significant changes in microbial composition and
related ecological functions in Everglades wetlands (Bae et al., 2018;
Chauhan et al., 2012; Wright et al., 2009), as well as in other upland and
wetland habitats (Hartman et al., 2008; Huang et al., 2016; Liu et al., 2012).

4.2. Ecosystem-specific taxa reflect shift in biogeochemical functions

Several biogeochemically important functional microbial guilds showed
ecosystem-specific patterns that were consistent with the environmental con-
ditions, and significant shifts in relative frequency andphylogenetic compo-
sition of these guilds between ecosystem type, strongly suggesting
alteration of corresponding biogeochemical processes. As expected,
methanogens and SRM coexisted, but displayed opposite proportions in
freshwater and saltwater-dominated ecosystems, respectively (Fig. 3).
This is likely due to the competition of both groups for common substrates,
e.g. hydrogen or acetate (Schink, 1997). In the absence of sulfate in fresh-
water wetlands, SRM likely thrive syntrophically with methanogens by
fermenting sugars and organic acids to H2 and acetate, which methanogens
can subsequently use for methanogenesis. However, in presence of sulfate,
SRM can achieve significantly higher growth yields by sulfate reduction,
and thus outcompete methanogens (Lovley and Klug, 1983; Sela-Adler
et al., 2017), leading to a shift from primarilymethanogenic to sulfidogenic
organic matter degradation at the transition from freshwater marshes to
saltwater-influenced mangroves. Although sulfate was not analyzed
directly here, previous research in the FCE system showed significantly
higher chromium-reducible sulfide in mangrove soils and seagrass beds
than in freshwater marshes, reflecting the much larger sulfate source and
higher sulfate reduction activity in the saltwater influenced ecosystems
(Chambers and Pederson, 2006), consistent with the observed shifts in
methanogens and SRM reported in the seasonal survey here (Fig. 3). The
observation of similar shifts in the saltwater intrusion experiment indicates
that even at low salinities saltwater intrusions into previously pristine
freshwater marshes may substantially alter the anaerobic microbial food
web and the competition between methanogenic and sulfidogenic micro-
bial organic matter degradation through enhanced sulfate availability.

Notably, we observed niche specialization among phylogenetically and
metabolically distinct methanogens in different ecosystems (Fig. 4). The
largest portion of methanogens in freshwater sediments was associated
with the genus Methanobacterium, primarily formate- or H2-dependent
methanogens,whereas putativelymethylotrophic “Ca.Methanofastidiosales”
represented the primary methanogens in all seagrass sediments. Mangrove
wetlands as the transitional ecosystem were dominated byMethanobacterium
and/or “Ca. Methanofastidiosales”. This shift in methanogenic composition
suggests that major methane production pathways were different. Indeed,
known members of “Ca. Methanofastidiosales” are obligate H2-dependent
methylotrophic methanogens that generate methane via methylated thiol
reduction (Nobu et al., 2016), while manyMethanobacterium sp. are formate
or H2-dependent, CO2-reducing methanogens (Ferry, 2011). Similarly, ac-
cording to regional and global biogeographic analyses of methanogens,
Methanobacterium and other H2-dependent, CO2-reducing methanogens
prevailed in terrestrial and transitional estuaries, including other areas of
Florida Everglades, but were rarely found in marine habitats (Chauhan
et al., 2004; Wang et al., 2019; Wen et al., 2017). In contrast,
methylotrophic methanogens are frequently detected in seagrass beds
(Cai et al., 2022; Maltby et al., 2018; Sun et al., 2020; Zhuang et al.,
2018) and usually do not share common substrate with SRM (Oremland
and Polcin, 1982). Interestingly, “Ca. Methanofastidiosales” also require
H2 for activity, and thus still may be affected by competition with SRM,

which might explain their much lower abundance than SRM in all seagrass
and some mangrove soils (Fig. 3a and c).

In addition to the functional guilds described above, many ecologically
relevant prokaryotic taxa were found to specialize in different FCE wetland
ecosystems. Markedly, an unclassified consortium of Bathyarchaeota species
was more frequently detected in freshwater wetland soils than in mangrove
and seagrass soils (Fig. 2a and Table S5). Bathyarchaeota are globally distrib-
uted archaea in anoxic environments including freshwater and marine
sediments. Although they are poorly studied, they are known to contain
members with wide metabolic capabilities, including acetogenesis
(He et al., 2016) and methane metabolism (Evans et al., 2015). In the soils
investigated here, relative frequencies of Bathyarchaeota were similar to
non-bathyarchaeotal methanogenic and denitrifying methanotrophic guilds
(Fig. 3a), suggesting similar freshwater adaptation of bathyarchaeotal organ-
isms or possible interactions withmethanogens via provision of fermentation
products in these wetland soils. Conversely, unclassified Lokiarchaeales
species displayed increased proportions along freshwater-mangrove-
seagrass transects (Fig. 2a and Table S5). The first and only cultivated
Lokiarchaeales strain can produce hydrogen and form syntrophic relation-
ship with hydrogen-consuming SRM or methanogens (Imachi et al.,
2020). It is thus reasonable to speculate that the Lokiarchaeales species
could play an important role in supporting SRM and methanogens
(e.g., obligateH2-dependent “Ca.Methanofastidiosales”) in thesewetlands,
since their relative proportions followed the similar ecosystem-related
pattern (Figs. 3c and 4).

Fungal growth,metabolism and biogeochemical role in anaerobicwetland
sediment soil remain poorly understood. Our study confirms dominance of
Ascomycota (51.0 % ± 2.5 %) and Basidiomycota (13.6 % ± 1.8 %) found
in other coastal habitats (Arfi et al., 2012; Grossart et al., 2019; Krauss et al.,
2011; Picard, 2017; Xiao et al., 2020). Some fungal taxa showed clear
ecosystem preference (Fig. 2b), e.g., much higher proportion of genus
Echria were detected in freshwater soils (12.0 % ± 3.1 %) compared to
mangrove (0.8 % ± 0.1 %) and seagrass (0.3 % ± 0.1 %) soils
(Table S6). These findings corroborate the environmental sensitivity of
Echria species, as they have previously been found exclusively in lentic,
but not lotic Florida freshwater habitats (Raja et al., 2008; Raja and
Shearer, 2006), which could make them a candidate microbial indicator
to reflect the severity of freshwater wetland disruption in FCE. Several
other fungal taxa, e.g. plant-pathogenic fungi may have originated from
spores or submerged infected plant material, and may not reflect growth
in situ.

4.3. Sensitivity of microbial communities to saltwater intrusion and environmental
fluctuations

Saltwater intrusion is a major threat to coastal freshwater wetlands
globally. The Everglades has historically been particularly vulnerable to
saltwater intrusion due to declines in seasonal freshwater delivery
(McIvor et al., 1994; Odum et al., 1995; Sklar and van der Valk, 2002), a
naturally low topographic incline (Ross et al., 2000), and increasing rates
of sea-level rise (Dessu et al., 2018; Wdowinski et al., 2016). Furthermore,
an accelerating soil elevation loss has been observed in FCE, which is
thought to be linked to microbial activities and loss in fine root biomass
in association with saltwater intrusions (Chambers et al., 2014; Charles
et al., 2019; Wilson et al., 2018). However, the responses of microbial com-
munities to short-term salinity change and the connection to elevation loss
are still not very well understood. To test the microbial response to saltwa-
ter intrusion, manipulations using saltwater addition were conducted in
situ at a freshwater and a brackish wetland site in proximity to SRS. The
results showed that microbial composition in freshwater wetland was
sensitive to saltwater intrusion, whereas microbes in the brackish wetland
with previous history of seawater intrusion did not change after exposure
(Fig. 6a). The saltwater intrusion increased the relative abundance
of SRM but did not alter methanogen abundance (Fig. 6b and d), thus
potentially increasing sulfate reduction without instantly inhibiting
methanogenesis, and thereby accelerating organic carbon mineralization
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rates, as has been suggested in other freshwater wetlands experiencing salt-
water intrusion (Chambers et al., 2011; Weston et al., 2010; Wilson et al.,
2018). However, soil microbial extracellular enzyme activities at both
freshwater an brackish water experimental saltwater dosing sites indicated
that although pulses of saltwater had little effect on the enzyme activities
and breakdown of soil organic matter (Servais et al., 2020), continued
exposure to elevated salinity decreased beta-glucosidase and cellobiosidase
activities, respiration rates, microbial biomass, and soil carbon content,
leading to net C losses from coastal wetland soils (Servais et al., 2019).
These changes could lead to loss of soil elevation in affected costal
freshwater wetlands in FCE characterized with organic-rich soils and
contribute to wetland “peat collapse” (Chambers et al., 2019). Intriguingly,
certain SRM taxa were very responsive to elevated salinity, particularly the
Desulfobulbales, regardless of the native ambient wetland condition and
history (e.g., freshwater or brackish) (Fig. 6d). Although the relative
abundance of total methanogens remained stable, the total biomass of
methanogen could have decreased following the saltwater intrusion (He
et al., 2022). Nevertheless, the compositional shift of soil methanogens in
both sites after saltwater intrusion, especially, the declining ofMethanolinea
sp. suggests low competitiveness with SRM (Fig. 7). These functional guilds
or particular taxa thus might be useful sensitive bioindicators for distur-
bance of biogeochemical pathways at the early stage of sea level rise-
related salt water intrusion, even if significant changes in the net ecosystem
services (e.g., net methanogenesis or mineralization rate) might not have
been observed yet (Neubauer, 2013).

Wetland sediments are characterized by temporal heterogeneity, which
also led to variations in the structure of soil microbial communities, as
revealed by year-around monitoring of both prokaryotic and fungal
communities in the present study. South Florida is characterized by tropical
climate, with distinct wet (June–November) and dry (December–May) sea-
sons. Many critical environmental parameters, including temperature,
water level and salinity (impacted by precipitation and tidal activity), fluc-
tuated with changing seasons, potentially altering microbial activity and
leading to variation in microbial composition. However, the relatively
minor response of microbial composition to seasonality (Table S2) sug-
gested certain resistance of wetland soil communities to moderate environ-
mental fluctuations, or lack of detection by the employed amplicon
sequencing approach (see above). Similarly, relatively little temporal het-
erogeneity was observed in microbial communities in agricultural soils
(Orellana et al., 2018) and other coastal wetland sediments (Behera et al.,
2019), but seemed to cause more apparent microbial compositional
variation in lake water samples (Crump et al., 2009; Shabarova et al.,
2021; Shade et al., 2007). This might be explained by (i) greater metabolic
versatility of soil microbes in response to changing environments
(Konstantinidis and Tiedje, 2004; Orellana et al., 2018); (ii) higher
frequency of dormancy of soil microbes compared to aquatic microbial
communities (Lennon and Jones, 2011); (iii) greater mobility of microbes
in lake systems than in soils (Shabarova et al., 2021); and (iv) large propor-
tions of extracellular or relic DNA present in soils, obscuring the estimation
of microbial diversity, especially hindering the detection of temporal vari-
ability of microbial communities (Carini et al., 2020; Carini et al., 2016).

Soil depthwas reported to have a significant impact on prokaryoticmicro-
bial distribution. For instance, bacterial compositional dissimilarity between
the surface and subsurface soils was equivalent to horizontal differences
over several kilometers in plateau soils (Chu et al., 2016), while distinctive
depth-specific patterns of prokaryotic structure and activity were frequently
observed in wetland sediments with association to varied light and nutrient
availability (Boer et al., 2009; Li et al., 2022; Qiao et al., 2018; Shen et al.,
2015). However, these observations of depth-related shift in prokaryotic
community structure were all based on relatively large vertical distances
(at least 10-cm difference between sectioned soil core samples), while the
sensitivity of microbial assemblage to small-scale vertical distance change re-
mained unclear. Our results show that depth has much less influence on mi-
crobial composition in the top 10-cm sediment core, compared to impact of
horizontal distance (freshwater-mangrove-seagrass transects, Fig. S6). Never-
theless, a number of light-dependent biomarker taxa were found in top

(~0–0.9 cm) layers of the sampled soil cores and were absent in deeper
layers. Although we could not monitor the oxygen distribution across soil
depth, previous studies showed oxygen diffusion decreased with depth and
all oxygen was consumed within 2–5-cm depth from the sediment-water
interface in vegetated coastal wetland soils and shelf sea sediments
(Brodersen et al., 2019; Silburn et al., 2017). Our results suggest that the
influence of oxygen in the investigated wetland soils within the Florida
Everglades were limited to the uppermost cm, and that the soil beneath
remained largely anoxic throughout the year.

5. Conclusions

Coastal wetlands are under pressure of changes due to sea level rise. Our
results provide the first detailed soil prokaryotic and fungal community
analyses across the main Florida Everglades transects. Soil microbial com-
munities within the Everglades were distinct between ecosystem types,
and aside from salinity are structured by soil phosphorous and organic mat-
ter quality and quantity. Soil microbial communities appear relatively well
adapted to temporal or moderate environmental fluctuations (e.g. temper-
ature, moisture) and a certain degree of global change-induced environ-
mental disturbances (e.g., heatwaves, flooding and storms). In contrast,
chemical alterations (increased salinity, increased sulfate availability) due
to saltwater intrusions result in detectable microbial community shifts in
particular of methanogenic and sulfate-reducing microbial assemblages
even at low overall salinities. These biomarker taxamay help detect saltwa-
ter intrusion effects even before significant ecosystem changes or loss of soil
elevation have been observed.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.159865.
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