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Abstract
Habitat edge effects can have profound impacts on biodiversity throughout terrestrial and aquatic biomes. Yet, few studies 
have examined how habitat edge effects impact the spatial patterning of sediment properties and microbial communities, espe-
cially in coastal ecosystems. Coastal salt marshes throughout the world are being transformed by sea level rise; high-marsh, 
flood-intolerant species, such as Spartina patens, are being fragmented and replaced by low-marsh, flood-tolerant species, 
such as Spartina alterniflora. The consequences of these habitat transformations on fungal communities remain unclear. 
Thus, we sought to identify how habitat edge effects, alongside changing plant community dynamics, impact the spatial 
patterning of fungal communities associated with ubiquitous Spartina species. We analyzed 26 Spartina patens patches: 13 
pure monocultures and 13 mixed patches with Spartina alterniflora infiltration. We measured patch characteristics, plant 
characteristics, sediment physicochemical properties, and sediment fungal communities. We found that habitat edge effects 
structured sediment and plant properties in both pure and mixed patches. However, habitat edge effects only structured fungal 
community composition in mixed patches, counter to expectations. These results indicate that changing plant community 
dynamics driven by sea level rise can exacerbate habitat edge effects in coastal ecosystems. Least discriminant analysis and 
co-occurrence networks further revealed unique taxa and network structures between pure and mixed patches and between 
interiors and edges. In sum, we found that habitat transformation of coastal salt marshes driven by global change impacts 
the spatial dynamics of sediment and fungal properties.
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Introduction

Habitat loss, habitat fragmentation, and habitat edge effects 
can have profoundly negative impacts on biodiversity 
throughout the world (Fahrig 2003, Fletcher et al. 2018, 
Püttker et al. 2020). While numerous studies have exam-
ined individual animal species or community responses to 

habitat edges (Ries et al. 2017; Wimp and Murphy 2021), 
fewer studies have examined how habitat edge effects impact 
the spatial patterning of fungal communities. Indeed, most 
studies specifically avoid edge habitats when identify-
ing microbial communities or calculating critical ecosys-
tem parameters (Rippel et al. 2020). Further, it remains 
unknown how other global change factors associated with 
habitat fragmentation, such as shifts in foundation plant 
species, concurrently impact microbial communities (Rillig 
et al. 2019; Perrault and Laforest-Lapointe 2022). Thus, we 
sought to determine the impacts of habitat edge effects, as 
well as changing plant community dynamics, on the spatial 
patterning of fungal communities in a fragmented coastal 
ecosystem.

Coastal ecosystems are valuable model ecosystems 
for studying habitat fragmentation because they typi-
cally contain foundational plant species growing in patchy 
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monocultures shaped by a variety of physical, chemical, 
and biological interactions (Boström et al. 2011, Wimp and 
Murphy 2021). Recent studies have revealed habitat edge 
effects on ecosystem processes and microbial communi-
ties in seagrasses and mangroves (Jiang et al. 2013; Carroll 
et al. 2019; Yeager et al. 2020). However, fewer studies have 
examined the spatial patterning of microbial communities in 
salt marshes, which are increasingly impacted by sea level 
rise, species loss, and habitat fragmentation (Campbell and 
Wang 2020; Vinent et al. 2021, Rippel and Minsavage-Davis 
et al. 2023). In coastal salt marshes along the United States’ 
eastern coast, tide-intolerant Spartina patens (also known 
as Sporobolus pumulis) often occurs in the high marsh and 
while tide-tolerant Spartina alterniflora (also known as 
Sporobolus alterniflorus) dominates the low marsh (Denno 
1977; Bertness 1991). In the Mid-Atlantic region, these two 
species can form concomitant monocultures, wherein S. pat-
ens patches are isolated from one another through a mosaic 
of S. alterniflora. However, pure stands of S. patens patches 
are being lost, fragmented, and/or transformed at an alarm-
ing rate, often being replaced or infiltrated by S. alterni-
flora (Watson et al. 2016, Rippel and Minsavage-Davis et al. 
2023). Although these plant species have unique sediment 
microbial assemblages (Kearns et al. 2019), no studies to 
our knowledge have investigated the impact of salt marsh 
transformation or habitat edge effects on sediment fungal 
communities, despite their importance for nutrient cycling, 
plant community dynamics, and carbon storage.

Fungal communities play a regulatory role in carbon 
cycling and plant nutrient dynamics in marine and coastal 
ecosystems, including salt marshes (reviewed in Raghu-
kumar 2017 and Calabon et al. 2021). Fungi play a domi-
nant role in the decomposition of above-ground biomass 
in coastal salt marshes (Newell et al. 1996; Buchan et al. 
2002, 2003), and greater appreciation has recently been 
given to their role in the decomposition of soil organic mat-
ter (Kearns et al. 2019). Symbiotic mycorrhizal associa-
tions also occur in coastal salt marshes, particularly for high 
marsh species, such as S. patens (Burke et al. 2002, 2003; 
Welsh et al. 2010). The question of which fungi correspond 
with healthy salt marshes was raised in d’Entremont et al. 
(2021), who alluded to the presence of certain mycorrhizal 
species, such as Funneliformis geosporum, as fundamen-
tal to a stable ecosystem, despite their relatively low abun-
dance and root colonization rates for S. alterniflora (Burke 
et al. 2003; Welsh et al. 2010; d’Entremont et al. 2018). 
However, the analysis of fungal communities as a whole, 
including co-occurrence network analysis, may also provide 
useful metrics determining the resilience and functioning of 
fungal communities (Faust et al. 2012; Berry and Widder 
2014; Wang et al. 2022). Although researchers debate which 
metrics of soil fungal communities best measure wetland 
ecosystem health (Wu et al. 2015; Ramírez-Viga et al. 2018; 

Onufrak et al. 2020), robust microbiome data must be gath-
ered from vulnerable ecosystems before they are fragmented, 
lost, or degraded.

Here, we sought to determine whether fungal commu-
nities varied with sediment properties and habitat charac-
teristics associated with S. patens patches. We examined 
whether S. patens patches with infiltrating S. alterniflora 
(mixed patches) differed from monocultures of S. patens 
(pure patches) in sediment and microbial properties. We 
also assessed whether the interiors of S. patens patches dif-
fered from the edges, as edge effects are key to understand-
ing the impacts of habitat fragmentation (Grilli et al. 2017; 
Yeager et al. 2020). Thus, we asked the following questions: 
(1) Do habitat edge effects impact the spatial patterning of 
fungal communities and physicochemical sediment proper-
ties? (2) Does the infiltration of S. alterniflora into S. pat-
ens patches impact fungal communities and/or ecosystem 
properties? We hypothesize that habitat edge effects will 
influence sediment physicochemical soil properties in all S. 
patens patches. Further, we predict that these differences in 
sediment properties, along with changes in plant community 
dynamics, will result in differences in fungal communities 
between patch types (mixed vs. pure) and patch locations 
(edge vs. interior). Lastly, we hypothesize that the interior 
of S. patens monocultures (pure patches) will have the most 
distinct fungal communities, due to a complete lack of influ-
ence from S. alterniflora.

Materials and Methods

Experimental Design and Plot Selection

In 2021, we sampled 26 Spartina patens patches of varying 
size and shapes in a vast intertidal salt marsh on the Tuck-
erton Peninsula in the Jacques Cousteau National Estuarine 
Research Reserve, which lies in the Great Bay–Mullica 
River Estuary near Tuckerton, New Jersey (Fig. 1). Half of 
the patches were pure monoculture stands of Spartina patens 
(“Pure Patches”) while the other half consisted of S. patens 
with infiltrating Spartina alterniflora (“Mixed Patches”). 
We selected mixed patches using a percent cover thresh-
old, with patches needing to have > 25% cover of S. alterni-
flora (Table 1). Patches were chosen haphazardly but we 
attempted to capture the range in patch size and morphology 
present at this location. We set up two plots (0.25 × 0.25 m) 
in each patch (n = 52): one in the center of the patch (inte-
rior) and one at the border of the patch (edge).

Elevation and Patch Characteristics

To evaluate elevation and patch characteristics, we georefer-
enced each plot with a Garmin GPSMAP 64sx (Garmin Ltd., 
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Olathe, Kansas, USA) and uploaded the data to ArcPro 2.3 
(ESRI, Redlands, CA, USA), where all subsequent analy-
ses were performed. We digitized all plots as well as the 
patches in which they occurred. We acquired 3 m digital 
elevation models through the New Jersey Department of 
Environmental Protection (NJDEP 2022), and we assigned 
an average elevation to each plot using the Zonal Statistics 
(Spatial Analyst) tool. Patch area, patch perimeter, patch 
perimeter-to-area ratio, and distance between plots were 

calculated with the attribute table and then log-transformed 
to fit a normal distribution for all subsequent analyses.

Primary Production and Dead Biomass

We removed all biomass from plots at the end of the grow-
ing season in 2021. We first separated live S. patens, dead 
S. patens, live S. alterniflora, and dead S. alterniflora. We 
counted the number of culms of each species and measured 

Fig. 1  Location of S. pat-
ens patches and plots in 
Jacques Cousteau National 
Estuarine Research Reserve 
(39°33′09.5″N 74°20′09.1″W)

Table 1  Plant and sediment 
properties for each plot type 
(mean ± standard error)

Plot Type

Pure Interior Pure Edge Mixed Interior Mixed Edge

Total Live Biomass (g) 46.8 ± 6.7 27.4 ± 1.4 36.5 ± 4.5 22.7 ± 2.1
Patens Live Biomass (g) 46.8 ± 6.7 26.6 ± 1.5 27.8 ± 4.9 14.5 ± 2.5
Alterniflora Live Biomass (g) 0 ± 0 0.8 ± 0.6 8.7 8.2 ± 1.6
Alterniflora % Cover 0 ± 0 0 ± 0 34.0 ± 4.1 36.8 ± 4.0
Elevation (m) 0.67 ± 0.03 0.61 ± 0.021 0.64 ± 0.015 0.61 ± 0.018
Sediment Carbon (%) 8.9 ± 0.99 9.7 ± 0.65 7.8 ± 0.66 7.6 ± 0.84
Sediment Nitrogen (%) 0.6 ± 0.056 0.68 ± 0.044 0.54 ± 0.04 0.54 ± 0.059
Sediment C:N Ratio 14.6 ± 0.33 14.3 ± 0.26 14.5 ± 0.22 14.3 ± 0.12
Sediment Salinity 20.4 ± 2.3 29.4 ± 1.96 19.3 ± 1.7 23.1 ± 2.0
Sediment pH 5.6 ± 0.12 5.9 ± 0.056 5.7 ± 0.12 5.7 ± 0.09
Root Density (g /  cm3) 0.036 ± 0.004 0.051 ± 0.0044 0.034 ± 0.0055 0.047 ± 0.0064
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culm length of 15 representative S. patens culms, using the 
mean of these measurements to represent culm length for the 
plot. We dried biomass at ~ 60 °C and weighed each biomass 
group separately.

Sediment and Root Characteristics

We collected sediment samples with a soil corer 
(7.5 × 15 cm) after aboveground biomass collections. We 
immediately opened cores and subsampled 3 g of a mix-
ture of sediment and fine roots from the center of cores for 
later microbial analysis. All samples were placed on ice for 
transport and subsequently stored at -20ºC for soil cores and 
− 80ºC for microbial samples. We separated sediment cores 
into roots and sediment using 2 mm sieves. Roots and sedi-
ment were dried separately at ~ 60ºC and weighed to calcu-
late root biomass and sediment bulk density. We measured 
sediment pH and salinity using a Hanna Edge Multiparam-
eter (Hanna Instruments, Rhode Island, United States) with 
pH (HI11311) and EC/TDS/salinity (HI763100) probes, 
respectively, after mixing 10 g of dried, sieved soil with 
25 mL of water (1:2.5 ratio) and shaking for 20 min. We 
sent subsamples of dried sediment to Cornell Stable Isotope 
Laboratory (Cornell University, Ithaca, USA) to determine 
carbon and nitrogen concentrations.

Fungal DNA Extraction and Sequencing

We extracted DNA from 40 mg of field-moist root-sediment 
mixture using Qiagen DNeasy Plant Mini Kits (Hilden, Ger-
many). We lysed cells with a Qiagen TissueLyser II (Hilden, 
Germany) and followed manufacturers extraction protocols 
for the remainder of the extraction. We used a Qubit 2.0 fluo-
rometer (Invitrogen, Eugene, OR, USA) to quantify extracted 
DNA. To confirm the presence of fungi, extracted DNA was 
amplified using ITS86(F)/ITS4(R) primer sets (Forward: 
GTG AAT CAT CGA ATC TTT GAA, Reverse: TCC TCC GCT 
TAT TGA TAT GC). Once fungal DNA was confirmed, we 
sent 10 µg of genomic DNA to the Integrated Microbiome 
Resource at Dalhousie University for paired-end sequenc-
ing of the ITS2 amplicon (same primers as before) using the 
Illumina MiSeq platform. Of the 52 samples sent, 45 had 
sufficient read depth for subsequent analyses (a natural break 
occurred between samples at ~ 6100 reads).

Microbial DNA Processing and Classification

We followed the QIIME 2 pipeline for ITS2 sequence 
assembly and comparison (Kuczynski et al. 2012; Kõl-
jalg et  al. 2013). We trimmed and denoised sequences, 
removed extremely rare species (< 20 reads), constructed 
phylogenies, and taxonomically assigned amplicon sequence 
variants (ASV) (Caporaso et al. 2010; Bolyen et al. 2019). 

After these steps, we retained 644,522 reads, containing 
492 unique ASVs with an average sampling depth of 14,322 
per sample. We examined several metrics of fungal alpha 
diversity and community composition to assess differences 
in fungal communities among plots. We calculated species 
richness (ASV richness), Pielou’s evenness (species equita-
bility), and Shannon’s diversity index for each plot. To con-
trol for different sequencing depths among samples, we used 
the alpha-rarefaction function in QIIME2 to rarify samples 
to 6,100 reads (minimum sequencing depth).

To assess the differences in fungal community composi-
tion between plots, we used Jaccard (Jaccard 1912; Chung 
et al. 2019) and Bray-Curtis dissimilarity (Faith et al. 1987) 
indices to test for differences in species presence and abun-
dance, respectively. We generated Jaccard and Bray-Curtis 
dissimilarity metrics for statistical analysis using the core-
metrics-phylogenetics function in QIIME 2. ASVs were 
taxonomically assigned using a pre-trained naïve Bayes 
classifier (Fungal UNITE database, 99% similarity) with 
the fit-classifier-naive-bayes function (Nilsson et al. 2019).

Statistical Analyses

Edge Effect Sizes for Pure and Mixed Patches

We analyzed “habitat edge effects” using log response ratios 
(LRR) that compared the sediment and plant characteristics 
of interior plots to edge plots. We calculated the LRR of 

variables within a patch as LRR = ln

(

Ei
_

)

− ln

(

Ii
_

)

 , where 

ln

(
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_

)

 is the average natural log of the variable measured 

in the edge of a patch and ln
(

Ii
_

)

 is the natural log of the 

variable measured in the interior. We assessed the signifi-
cance (based on an alpha value of 0.01) of edge effect sizes 
by comparing the effect sizes of each variable to 0 using the 
ttest function in R (Version 4.0.5 for all analyses) (Team 
2021). Percent change is derived from LRRs with the fol-
lowing equation: Percent Change = 100 ∗ (eLRR − 1).

Fungal Alpha Diversity across Plot Types

We compared fungal alpha diversity metrics (ASV Richness, 
Pielou’s evenness, Shannon’s Diversity) across the four plot 
types (pure interior, pure edge, mixed interior, mixed edge) 
using pairwise comparisons. We used pairwise comparisons 
due to the specific blocking structure of this experimental 
design (blocks apply within pure and mixed patches sepa-
rately). When comparing plots that were within a patch type 
(i.e., pure interior vs. pure edge), we used linear mixed mod-
els (lme4 package) with block as the random effect and plot 
type as the fixed effect (Bates et al. 2015). Linear mixed 
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models were used as it allows for unbalanced random effects. 
When comparing plots from different patch types (i.e., pure 
edge vs. mixed interior), we used simple t-tests. We used an 
adjusted alpha value of 0.01 to account for multiple com-
parisons associated with pairwise analysis.

Fungal Community Composition Across Plot Types

To assess differences in fungal community composition 
among plot types, we ran PERMANOVA on all pairwise 
comparisons using the vegan (Oksanen et al. 2013) and 
pairwiseAdonis (github.com/pmartinezarbizu/pairwiseAd-
onis) packages in R (Oksanen et al. 2013). We used PER-
MANOVA to test for both differences in species presence/
absence (Jaccard Index) and species abundance (Bray-Curtis 
dissimilarity). Similar to the previous section, we included 
block as a random effect when comparing plots within a 
patch type (i.e., pure-edge vs. pure-interior), and no ran-
dom effect when comparing plots across patch types (i.e. 
mixed-edge vs. pure-interior). We constructed NMDS plots 
depicted as Euclidean Distances using the vegan package 
in R (Oksanen et al. 2013). We produced three separate 
NMDS plots (all patches, pure patches, and mixed patches) 
for Bray-Curtis dissimilarity and Jaccard distances, respec-
tively. Pairwise comparisons were Bonferroni corrected. 
We used the envfit function in the vegan package for vector 
analysis, which regressed plant and sediment properties with 
the Euclidean Distances of the Bray-Curtis dissimilarity and 
Jaccard matrices. Only significant (P < 0.01) vectors are 
shown in NMDS plots, which are interpreted with  R2 values.

To assess which species drove the differences between 
plot types, we implemented similarity percentage analysis 
(SIMPER) on pairwise Bray-Curtis dissimilarity matrices 
and species presence/absence matrices with 1000 permu-
tations each using the simper function in the vegan pack-
age in R (Clarke 1993; Oksanen et al. 2013). Finally, we 
utilized the linear discriminant analysis (LDA) effect size 
(LEfSE) method using the microbiomeMarker package in R 
(Cao et al. 2022). This analysis identifies which clades are 
unique to each plot type relative to all other types. We used 
default parameters of the package with a selection criteria 
of P < 0.01 and LDA > 2.5.

Co‑occurrence Network Analyses

For each plot type, we created co-occurrence networks by 
computing Spearman correlation matrices using the phylos-
mith package in R (Smith 2019). Our analysis was based on 
the relative abundances of 10 rarefied samples per plot type; 
only fungal ASVs with relative abundances above 0.1% were 
considered. We only included correlations that were consid-
ered robust (Spearman’s correlation coefficient (rho) > 0.7 
and P < 0.01). The resulting matrices were imported into the 

Cytoscape platform (version 3.9.1) to identify nodes and cal-
culate network statistics (Su et al. 2014). We analyzed net-
works for network size (total number of nodes (ASVs), total 
number of edges (number of robust correlations between 
ASVs), network density (proportion of potential edges that 
exist in the network), average degree (average number of 
edges per node), clustering coefficient (the tendency for a 
node’s connections to also be connected), degree heteroge-
neity (the variation in degree across nodes in a network), the 
number of modules, and modularity (the strength of connec-
tivity within modules compared to between modules). Mod-
ules and modularity were generated using the Glay com-
munity clustering algorithm in Cytoscape (Su et al. 2014). 
Networks were visualized with the phylosmith package.

Results

Edge Effect Sizes for Pure and Mixed Patches

As predicted, habitat edges and habitat interiors differed 
significantly in sediment properties (Fig. 2, Table S1, S2). 
Within patches, we found that the difference in eleva-
tion between interior and edge plots was greater for pure 
patches (edge plots were 7% (14 cm) lower than interior) 
than for mixed patches (edge plots were 4% (8 cm) lower 
than interior). However, these differences within a patch did 
not appear to correspond to overall differences in elevation 
between mixed and pure patches (range in mean elevation 
across treatments: 0.61–0.67 m; Table 1). Lower elevations 
at habitat edges are likely what led to significant differences 
in sediment physicochemical properties between interior and 
edge samples. In pure patches, sediment at the edges was 
38% more saline and 5% more basic in pH than sediment in 
the interior. Further, sediment at the edge of mixed patches 
was 19% less dense and 20% more saline than habitat inte-
riors. In pure patches, edge plots had 48% less total live 
biomass and 59% less total dead biomass than interior plots, 
showing that edges have sufficiently less primary production 
overall and S. alterniflora does not make up for the reduction 
in S. patens. In mixed patches, edges had 64% less total live 
biomass and 53% less total dead biomass compared with 
habitat interiors.

Fungal Alpha Diversity Across Plot Types

Of the three alpha diversity metrics analyzed (fungal spe-
cies richness, Pielou’s evenness, Shannon’s Diversity), 
we only found trending differences in species richness 
(Fig. 3A, Table S3). Through pairwise comparisons, we 
determined that edge plots in mixed patches were nearly 
distinct from mixed-interior (df = 12, F = 5.49, P = 0.047), 
pure-edge (df = 18, t = 2.16, P = 0.037), and pure-interior 
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plots (df = 18, t = 2.05, P = 0.046). Sediment taken from 
mixed edge plots contained ~ 31 fungal species, while all 
other plots contained ~ 49 fungal species.

Fig. 2  Results from habit edge 
effect size showing the average 
effect size (log response ratio) 
of properties at the edge of S. 
patens relative to the interior. 
Effects are significant if 95% 
confidence intervals do not 
overlap with 0

Fig. 3    A  Comparisons of ASV richness, evenness, and diversity 
among our four plot types. Letters indicate that plot types were nearly 
significantly (P < 0.05) different from one another. Box plots display 

medians and interquartile ranges. B Average taxonomic composition 
of sediment fungal communities among plot types
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Taxonomic Composition

In all plots, sediment fungal communities were dominated 
by the phylum Ascomycota (80.2%), with smaller contribu-
tions from Basidiomycota (6.7%), Glomermycota (0.05%), 
and Mucoromycota (0.003%). Additionally, 13.1% of 
sequences were unable to be classified to the phylum level. 
Across all of our plots, Sordariomycetes (42.9%) [Orders: 
Unassigned (30.8%), Hypocreales (3.2%), Microascales 
(4.1%)], Dothideomycetes (19.7%) [Orders: Pleosporales 
(13.5%), Capnodiales (6.1%)], and the Basidiomycota class 
Tremellomycetes (4.9%) [Order: Tremellales (4.8%)] dom-
inated the fungal communities (Fig. 3B). Although these 
groups generally dominated throughout the marsh, fungal 
community composition differed between plot types at mul-
tiple taxonomic levels, as explained below.

Fungal Community Composition Across Plot Types

Of the six pairwise comparisons of the presence/absence 
of fungal species (Jaccard Index), three pair significantly 
differed from one another and one pair trended towards 
differences (Fig. 4, Table S4). Mixed-edge plots were 
distinct from mixed-interior, pure-edge, and pure-inte-
rior plots in the presence/absence of fungal species, and 
pure-edge and mixed-interior plots were nearly distinct 
from one another. The most robust difference in species 
presence/absence occurred between sediment from pure-
interior plots and that from mixed-edge plots  (F1,21 = 3.59, 
 R2 = 0.15, P < 0.001). SIMPER analysis revealed that the 
presence/absence of 2 species were significantly different 
between pure-interior vs. mixed interior plots, 14 species 
for pure-interior vs. mixed-edge plots, 4 for pure-edge 

Fig. 4  NMDS ordinations based on Jaccard Index (top row) and 
Bray-Curtis (bottom row) distance metrics. Separate ordinations were 
constructed for all patches, pure patches, and mixed patches to bet-
ter show compositional distinctions between plot types. Ellipses are 

shown if there were significant (P < 0.01) differences between plot 
types. Vectors represent significant correlations (P < 0.01) between 
environmental variables and fungal community composition
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vs. mixed-interior plots, 7 for pure-edge vs. mixed-edge 
plots, and 2 species for mixed-interior vs. mixed edge 
plots (Table S5). Notably, mixed-edge plots differed from 
other plots by the complete absence of several species that 
were found in the other plot types. Using vector analysis, 
we found that the distance between plots (distance from 
edge; df = 51,  R2 = 0.32, P < 0.01), S. patens live biomass 
(df = 51,  R2 = 0.24, P < 0.01), and S. patens dead biomass 
(df = 51,  R2 = 0.29, P < 0.01) corresponded with changes 
in the presence/absence of fungal species between all plot 
types. When pure patches were analyzed separately, S. 
alterniflora live biomass (df = 25,  R2 = 0.24, P < 0.01), 
soil C:N ratio (df = 25,  R2 = 0.23, P < 0.01), and distance 
from edge (df = 25,  R2 = 0.26, P < 0.01) corresponded with 
species presence and absence. For mixed patches, salinity 
(df = 25,  R2 = 0.22, P < 0.01), distance from edge (df = 25, 
 R2 = 0.13, P < 0.01), and S. patens dead biomass (df = 25, 
 R2 = 0.13, P < 0.01) all corresponded with changes in the 
presence and absence of fungal species.

For the relative abundances of fungal ASVs, as repre-
sented by Bray-Curtis dissimilarity, mixed-edge plots dif-
fered from pure-interior (P < 0.01), and nearly so for mixed-
interior plots (P = 0.02) and pure-edge plots (P = 0.03) 
(Fig. 4, Table S4). Considering no other differences occurred 
between other plot types, we can conclude that sediment 
from mixed-edge plots contained unique abundances of 
fungal communities. Mixed-edge plots had enriched abun-
dances of Candida gosingica, Phaesohaeria halima, Terato-
sphaericeae sp., and Neodevriesia sp. as well as reductions 
in Lulwoana uniseptata, Acidomelania panicicola, and Bul-
leribasidium variabile (Table S6). Using vector analysis, we 
found that sediment nitrogen (df = 51,  R2 = 0.13, P < 0.01) 
sediment bulk density (df = 51,  R2 = 0.14, P < 0.01), per-
cent S. alterniflora (df = 51,  R2 = 0.14, P < 0.01), and live 
S. alterniflora biomass (df = 51,  R2 = 0.14, P < 0.01) cor-
responded with changes in fungal community composition 
when all patches were analyzed together. Pure patches did 
not have any environmental vectors that corresponded with 
changes in community composition. Mixed patches, how-
ever, had similar results to the analysis of all patches, as S. 
alterniflora live biomass (df = 25,  R2 = 0.34, P < 0.01) and 
sediment bulk density (df = 25,  R2 = 0.29, P < 0.01) corre-
sponded with species composition differences.

LDA analysis confirmed several species that were 
detected in SIMPER analyses but included several that 
were not detected (Fig. 5). Pure-interior plots were differ-
entiated from other plots by unclassified Basidiomycetes, 
Lulworthiaceae spp., and Polyporales spp. Pure-edge plots 
were differentiated by species from Sordiales and Xylariales. 
Mixed-interior plots were differentiated by Kluyveromyces 
aestuarii, Myrothecium gramineum, Niesslia indica, and 
Bulleribasidium variable. Mixed edge plots were differen-
tiated by Phaeospharia halima.

Co‑occurrence Network Analyses

The four co-occurrence networks we constructed for each plot 
type differed in node- and network-scale properties (Table 2; 
Fig. 6). For pure patches, interior plots had higher average 
number of nodes (343), edges (5306), and average degree 
(30.9), relative to habitat edges (# of nodes: 334, # of edge: 
3592, average degree: 21.5), indicating a higher network con-
nectivity. Pure-interior plots also had higher density (0.09) 
clustering (0.64), and modularity (0.70) relative to pure-edge 
plots (density: 0.064, clustering coefficient: 0.23, modularity: 
0.66). Similarly, for mixed patches, interior plots had a higher 
number of nodes (292), edges (4003), and average degrees 
(27.4) than edge plots (# of nodes: 179, # of edge: 1574, aver-
age degree: 18.0). Mixed-edge plots had higher density (0.11), 
clustering (0.766), and modularity (0.77) than mixed-interior 
plots (density: 0.094, clustering coefficient: 0.74, modularity: 
0.72). Finally, all four networks appeared to be modular (all 
above 0.68 modularity), containing between 5 and 8 modules.

Fig. 5  Linear discriminant analysis effect sizes for taxa underlying 
plot type differences, where p = phylum, c = class, o = order, f = fam-
ily, g = genus, and s = species. Species displayed are unique to their 
respective plot type
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Discussion

Our experiment revealed stark differences in fungal com-
munities and their co-occurrence networks between S. pat-
ens monocultures and mixed S. patens patches containing S. 
alterniflora. We found that the spatial patterning of fungal 
communities in coastal ecosystems are impacted by habitat 
edge effects and plant community dynamics, akin to for-
ested ecosystems (Grilli et al. 2012, 2015; Kiesewetter and 
Afkhami 2021; Su et al. 2022). Our results indicate that the 
infiltration of S. alterniflora may disrupt the assemblages of 
fungal communities present in S. patens, similar to its influ-
ence as an invasive species in other parts of the world (Yang 
et al. 2019; Zhang et al. 2021). We also found differences 
in fungal communities between the interiors and edges of 
mixed patches, suggesting that patches with S. alterniflora 
had habitat edge effects that structured fungal communi-
ties. Although sediment physicochemical properties were 
altered by habitat edge effects in both patch types, fungal 
communities were only structured by habitat edge effects 
in mixed patches, but not in pure S. patens monocultures. 
Notably, mixed-edge plots appeared to be especially diver-
gent in fungal alpha diversity, community composition, and 
co-occurrence networks, indicating a large transformation 
of fungal communities in these areas. Thus, we provide evi-
dence that plant dynamics and habitat edge effects alter sedi-
ment fungal communities in coastal salt marshes.

Consistent with our hypothesis that habitat edge effects 
will influence sediment physicochemical soil properties in 
all S. patens patches, we found that both pure and mixed 
patches had disparate sediment and plant properties at their 
edges relative to their interiors. These results support past 
studies that have shown the impact of habitat edge effects 
on soil and plant properties in terrestrial systems (Lippok 
et al. 2014; Ruwanza 2018; Su et al. 2022). Mixed patches 
had lower sediment bulk densities at the edge, pure patches 
had high sediment pH values at the edge, and both patch 
types had lower elevations, higher salinities, and lower total 
above-ground biomass at the edge. Although Rippel et al. 
(2020) reported no differences in above-ground biomass 
between interiors and edges, we found a 56% reduction in 
total live biomass at edges relative to interiors. This discrep-
ancy is likely driven by a difference in plot selection; Rippel 

et al. (2020) measured edge biomass 0.5 m into a patch, 
whereas our study took measurements at the absolute edge 
of a patch where S. patens and S. alterniflora form a border 
with one another. This discrepancy between studies supports 
findings that edge effects can exist at a range of spatial scales 
(Laurance et al. 2007; Ries et al. 2017). The reduction in live 
biomass at edges may lead to enhanced degradation of S. 
patens patches, as live biomass regulates sedimentation and 
accretion rates (Chen et al. 2018; Cahoon et al. 2021; Bass 
et al. 2022) and moderates soil conditions (Pennings et al. 
2003). Notably, plant and physicochemical soil properties, 
including those impacted by habitat edge effects, were found 
to correlate with variation in the composition of fungal com-
munities in plots.

In general, the taxonomic composition and diversity met-
rics of the S. patens patches in this study agreed with past 
studies regarding salt marsh fungal communities (Yang et al. 
2019; Lynum et al. 2020; Calabon et al. 2021; d’Entremont 
et al. 2021). The phylum Ascomycota predominated, with 
species from Sordiomycetes and Dothideomycetes making 
up over 60% of the relative abundance. Similar to Zhang 
et al. (2018), these two groups also tended to predominate 
among the interconnected clusters found in co-occurrence 
networks. Further, using least discriminant analysis we 
were able to determine that each of the four plot types 
(pure-interior, pure-edge, mixed-interior, mixed-edge) had 
unique fungi that contributed to the dissimilarity of that 
plot type. For example, mixed-edge plots had a high rela-
tive abundance of Phaeospharia halima (> 6%), whereas 
all other plot types had lower abundances (< 1%) or none. 
Commonly, P. halima has been associated with decomposing 
Spartina alterniflora biomass above-ground (Buchan et al. 
2002, 2003; Calado et al. 2015, 2019) and below-ground 
(d’Entremont et al. 2021). Thus, it is somewhat surprising 
that P. halima was only found in mixed-edge plots and not 
mixed-interior plots or pure-edge plots, where S. alterniflora 
also occured. Further, there were entire fungal orders that 
only appeared in mixed patches (Saccharomycetales) or at 
habitat edges (Eurotiales; Fig. 3B).

Our experiment revealed the potential for habitat edge 
effects to impact the fungal communities in coastal salt 
marshes. However, our results were partly in contrast to our 
original predictions, as habitat edge effects only impacted 

Table 2  Attributes of co-occurrence networks of different plot types

Plot Type Nodes Edges Density Average Degree Clustering 
Coefficient

Degree of Het-
erogeneity

Modules Modularity

Pure Interior 343 5306 0.09 30.93 0.643 0.473 6 0.698
Pure Edge 334 3592 0.064 21.45 0.233 0.628 5 0.666
Mixed Interior 292 4003 0.094 27.42 0.741 0.614 8 0.718
Mixed Edge 179 1574 0.11 17.98 0.766 0.593 7 0.768
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mixed patches and did not influence the fungal community 
composition of pure S. patens patches despite differences 
in physicochemical soil properties between interiors and 
edges. We suspected that since pure-interior plots do not 
come into contact with S. alterniflora, and likely have the 
highest elevations, these plots would be the most disparate 

from other plots. For pure-edge plots, one may expect that 
lower elevations, higher salinities, less above-ground bio-
mass, and shared border with S. alterniflora would alter 
the fungal communities present (Kearns et al. 2019). Yet, 
no alpha diversity or community composition metrics dif-
fered between pure-interior and pure-edge plots, nor did soil 

Fig. 6  Co-occurrence networks based on the relative abundance of 
ASVs that occurred in each plot type, constructed from Spearman 
correlations (rho > 0.7, P < 0.01). The sizes of nodes are based on rel-

ative abundance. Edges are colored based on negative (red) or posi-
tive (black) correlations and their weights (co-occurrence) are based 
on rho values
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properties robustly explain community shifts. S. alterniflora 
biomass, soil C:N ratios, and distance between interior 
and edge plots were associated with the presence/absence 
of species in pure patches, but they did not lead to overall 
differences between interior and edge plots. Although no 
community composition changes were detected, microbial 
co-occurrence networks for pure-edge plots were unique 
relative to pure-interior plots. Pure-edge plot networks had a 
lower network density (association between ASVs), indicat-
ing a simplification of soil fungal interactions (Zhang et al. 
2021). Despite similar network sizes, pure-edge plots had 
considerably higher network heterogeneity, which is further 
indicated by its low clustering coefficients. Pure-edge plots 
also had lower modularity which may indicate lower com-
munity stability and less resistance to disturbance (de Vries 
et al. 2018). Thus, pure-edge networks were different from 
pure-interior networks, but it is unclear what drove these 
alterations, as edges did not have unique fungal community 
compositions.

The infiltration of S. alterniflora into S. patens patches 
is a serious sign of habitat disturbance and deterioration. 
Although we did not measure the temporal progression of 
S. alterniflora in mixed patches over time, it is extremely 
unlikely that these are new S. patens patches forming in S. 
alterniflora areas (Rippel and Minsavage-Davis et al. 2023). 
Thus, pure and mixed patches represent a continuum of S. 
alterniflora infiltration and its effects on microbial commu-
nity structure. S. alterniflora is a superior competitor to S. 
patens at lower elevations (higher tidal inundations) and in 
high nutrient conditions (Bertness 1991; Levine et al. 1998). 
Further, S. patens has a much steeper decline in both above- 
and below-ground biomass in response to tidal flooding rela-
tive to S. alterniflora (Visser and Sandy 2009; Snedden et al. 
2015). As hypothesized, we revealed that when S. alterni-
flora infiltrates S. patens patches sediment fungal commu-
nities and their networks can be profoundly altered. This 
was especially apparent for mixed-edge plots. Mixed-edge 
plots were divergent in their fungal alpha diversity, com-
munity composition, and co-occurrence networks relative to 
all other plot types (Figs. 3, 4 and 6). Mixed-edge plots had 
fewer species present, unique species, unique relative abun-
dances of species, and simplified co-occurrence networks 
relative to other plots.

Unlike pure patches, fungal communities in mixed 
patches were distinct at edges relative to interiors and were 
impacted by the configuration of patches. This is contrary to 
our predictions and the habitat edge literature, as one would 
expect larger edge effects where there is a greater contrast 
in edge properties (Laurance and Yensen 1991; Laurance 
et al. 2007). Yet, the contrast in physicochemical properties 
between our pure and mixed edge and interior plots was 
similar. Thus, the difference in fungal communities between 
interior and edge plots in mixed patches may be related to 

a reduced fungal species pool. Thus, changes in edge prop-
erties may have an increased impact when overall fungal 
biodiversity is lower. The differences in fungal communi-
ties between mixed edges and interiors were partly driven 
by high abundances of Candida gosingica and Phaespha-
eria halima and low abundances of Acidomelania panicola 
and Bulleribasidium variabile in mixed-edge plots. These 
compositional shifts could have functional consequences, 
for example, P. halima and B. variabile are known ligno-
cellulose decomposers (Raghukumar 2017; Calabon et al. 
2021). The amount of S. alterniflora, the percent carbon of 
sediment, and sediment bulk density were associated with 
changes in relative abundances of species while plant (S. 
alterniflora biomass, S. patens biomass), patch (distance 
from edge) and sediment characteristics (sediment C:N 
ratio, salinity) were associated with changes in presence/
absence of species. These findings confirm multiple studies 
regarding the environmental modulators of the abundance 
and presence/absence of fungal communities in coastal and 
marine ecosystems (Mohamed and Martiny 2011; Kearns 
et al. 2019; Calabon et al. 2021).

Co-occurrence networks in mixed patches had smaller 
network sizes compared to pure plots, and edge plots had 
smaller network sizes than interior plots. This confirms that 
mixed patches have a reduction in fungal diversity as you 
move from interiors to edges. Reduced network sizes also 
suggest a simplification of fungal interactions, which could 
have an overall negative effect on ecosystem functioning 
(Zhang et al. 2021). Paradoxically, mixed-edge networks 
were highly clustered and modular, which may offer stabil-
ity to moderate disturbance (de Vries et al. 2018). Similar 
patterns of network simplification but increased modular-
ity have been detected when comparing rhizosphere soils to 
bulk soils (Mendes et al. 2014; Fan et al. 2018) and irrigated 
to non-irrigated agricultural fields (Zhang et al. 2018). How-
ever, within mixed patches, clustering, density, and degree 
heterogeneity did not vary as much between edge and inte-
rior plots compared to pure habitats. These network metrics 
are known to depend on network size (292 mixed-interior 
vs. 179 mixed-edge) and thus we are unable to make reliable 
inferences as to how edge effects impact these particular 
aspects of co-occurrence network structure in mixed hab-
itats. In sum, mixed-edge plots represented the most dis-
turbed plots, with altered physicochemical properties and 
diminished fungal richness, community compositions, and 
co-occurrence networks.

Conclusions

Understanding spatial patterns of biodiversity and nutri-
ent cycling is essential for monitoring the impact of habi-
tat transformation and global change on ecosystems. Few 
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studies have examined the impact of habitat edge effects 
on ecosystem processes and the microbial communities 
that regulate them. Here, we determined that habitat edge 
effects and changing plant community dynamics concur-
rently impact the community composition and co-occur-
rence networks of sediment fungal communities in coastal 
salt marshes. Pure S. patens patches differed in physico-
chemical sediment properties, but not fungal communities, 
between edge and interior plots. However, the infiltration of 
S. alterniflora into S. patens patches (mixed patches) brought 
with it changes in the fungal community structure of plots 
in general, as well as the prevalence of habitat edge effects. 
Further, we found that differences in sediment properties 
were apparent in both mixed and pure patches, but these are 
not necessarily what altered the fungal communities at habi-
tat edges. Future research should track the changes in below-
ground properties as S. patens patches are transformed and 
lost due to sea level rise.
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