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Abstract
Plant invasions can substantially alter soil microbial processes and biogeochemical cycling in coastal
wetlands. We investigated how Phragmites australis invasion and invasion history influence microbial
processes associated with soil organic matter decomposition, methanogenesis, and denitrification
compared with native Spartina-dominated marshes. We measured extracellular enzyme activities and
microbial functional gene abundances across soil depths and characterized methanogen community
composition at historically and recently invaded sites. Phragmites invasion significantly reduced β-
glucosidase activity, indicating lower microbial decomposition potential for labile carbon, whereas
phenol oxidase activity showed less consistent responses. These effects varied with soil depth and
invasion history, suggesting shifts in microbial activity and substrate availability following invasion.
Methanogen abundance was higher in Phragmites-invaded soils, particularly in deeper soil layers, while
methanogen community composition differed between historically and recently invaded sites.
Historically invaded sites showed a greater relative contribution of hydrogenotrophic methanogens,
suggesting a shift in methanogenic pathways with invasion history. In contrast, the abundances of
denitrification genes (nirS, nirK, and nosZ) were generally higher in Spartina soils than in Phragmites
soils, particularly at recently invaded sites. Together, these results demonstrate that Phragmites invasion
alters the vertical distribution and composition of microbial functional groups involved in carbon and
nitrogen cycling and that these responses vary with invasion history. Our findings highlight the
importance of microbial community responses for understanding the long-term biogeochemical
consequences of plant invasion in coastal wetlands.

Introduction
Coastal wetlands play an important role in global carbon cycling by storing substantial amounts of
organic carbon, while also serving as sources of greenhouse gases (GHGs), including methane (CH₄)
and nitrous oxide (N₂O). The production and consumption of these gases are strongly regulated by soil
microbial processes under the water-saturated and frequently anaerobic conditions characteristic of
wetland soils [1]. Wetland vegetation can further regulate these processes by modifying substrate
availability, soil redox conditions, and microbial communities involved in methane production, oxidation,
and nitrogen transformations [2, 3].

Plant invasion can alter these plant–soil–microbe interactions by changing nutrient cycling, soil
physicochemical properties, organic matter inputs, and microbial community-composition. Phragmites
australis (hereafter Phragmites) has aggressively expanded in salt and brackish marshes along the U.S.
East Coast, largely following the introduction of a highly competitive European lineage [4, 5]. Its
expansion has displaced native marsh vegetation, including Spartina species, and has altered
belowground carbon and nitrogen cycling. For example, Phragmites-dominated sites can exhibit lower
pore-water ammonium concentrations than native Spartina sites [6]. Such changes in the belowground
environment may alter the abundance and activity of microbial functional groups involved in organic
matter decomposition, methanogenesis, and denitrification.
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The effects of Phragmites invasion on methane cycling may arise through several interacting
mechanisms. Phragmites has an extensive belowground root and rhizome system that can alter both
carbon availability and soil redox conditions. Root-derived carbon and plant biomass turnover can
provide substrates for methanogenic microorganisms, whereas aerenchyma-mediated oxygen transport
can modify the rhizosphere environment and microbial activity. In addition, the well-developed
aerenchyma of Phragmites provides an efficient pathway for transporting CH₄ from anaerobic soil to the
atmosphere [7–9]. Previous studies have reported higher CH₄ fluxes in Phragmites-dominated wetlands
than in native vegetation [10–12], suggesting that invasion may alter both methanogenic communities
and the environmental conditions regulating methane cycling.

Phragmites invasion may also influence microbial nitrogen cycling, particularly denitrification. Root-
mediated oxygen transport can increase oxygen availability in the rhizosphere and thereby alter the
balance between aerobic and anaerobic nitrogen transformations. Because denitrification is controlled
by both environmental conditions and the abundance and composition of functional microbial groups,
changes in vegetation may affect microorganisms carrying genes involved in N₂O production and
reduction, including nirS, nirK, and nosZ. However, reported effects of Phragmites invasion on N₂O
dynamics have been inconsistent. Changes in sediment aeration may suppress heterotrophic
denitrification, whereas shifts in nitrogen availability and microsite redox conditions may alter N₂O
production and consumption [13]. Examining denitrifier functional genes can therefore provide insight
into how plant invasion alters the microbial potential for nitrogen transformations.

Plant effects on microbial processes are particularly pronounced in the rhizosphere, where roots supply
organic substrates, nutrients, and oxygen that shape microbial activity and community composition [14–
16]. The extensive and deep root system of Phragmites may extend these effects into deeper soil layers.
Previous studies have shown that Phragmites can stimulate microbial processing of previously protected
or relatively inactive deep-soil carbon pools [17, 18]. Consequently, microbial responses to invasion may
vary substantially with soil depth, yet vertical patterns in microbial functional groups in Phragmites-
invaded marshes remain comparatively poorly understood.

The duration of invasion may further influence these belowground responses. As Phragmites persists,
cumulative changes in plant inputs, soil organic matter, rhizosphere chemistry, and microbial
communities may result in microbial communities at historically invaded sites that differ from those at
more recently invaded sites. In the Rhode River sub-estuary of Chesapeake Bay, introduced Phragmites
expanded substantially between 1971 and 2007, with the number of patches increasing from 5 to 212
and total area increasing from 0.73 to 18 ha [19]. This invasion history provides an opportunity to
compare microbial responses between marshes invaded for different periods and native Spartina-
dominated marshes. Despite numerous studies of microbial communities associated with wetland
vegetation, relatively little is known about how invasion history and soil depth interact to structure
microbial functional groups involved in carbon and nitrogen cycling.
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In this study, we investigated how Phragmites invasion, invasion history, and soil depth influence
microbial processes associated with organic matter decomposition, methanogenesis, and denitrification
in Chesapeake Bay marshes. We compared extracellular enzyme activities, the abundances of microbial
functional genes associated with carbon and nitrogen cycling, and methanogen community composition
among historically invaded Phragmites sites, recently invaded Phragmites sites, and native Spartina-
dominated sites. We hypothesized that (1) Phragmites invasion would alter extracellular enzyme activity
because of differences in the quantity and quality of plant-derived carbon inputs; (2) methanogen
abundance and community composition would differ between Phragmites and Spartina soils and vary
with soil depth and invasion history; and (3) the abundance of denitrification-related functional genes
would differ between Phragmites and Spartina soils as a consequence of invasion-induced changes in
the rhizosphere environment. By integrating microbial activity, functional gene abundance, community
composition, soil depth, and invasion history, this study provides insight into the microbial mechanisms
through which invasive plants alter carbon and nitrogen cycling in coastal wetlands.

Materials and methods

Study sites and sampling
This study was conducted in two Phragmites-invaded brackish marsh systems located along the Rhode
River, a sub-estuary of Chesapeake Bay (38°53′N, 76°33′W), Maryland, USA. Fox Creek Marsh and
Kirkpatrick Marsh are part of the Smithsonian Global Change Research Wetland (GCREW), operated by
the Smithsonian Environmental Research Center. Salinity at the study sites ranges from 4 to 15 ppt, and
the mean tidal range is 44 cm. The high-marsh platform is 40–60 cm above mean low water level, and
the soils are predominantly organic (> 80%) to a depth of 5 m. Mean daily air temperatures range from − 
4 to 31°C, and mean annual precipitation is 1,080 mm. We selected marsh sites dominated by Spartina
and Phragmites.

Historically, Kirkpatrick Marsh was primarily dominated by the native species Spartina patens and
Distichlis spicata [20, 21]. However, over approximately the past 40 years, an invasive lineage of
Phragmites has expanded substantially in this area, increasing its coverage by more than 25-fold [19].
Consequently, we selected sites representing both long-term and more recent Phragmites invasion.
Marshes along the Rhode River included sites that had long been dominated by invasive Phragmites
(hereafter “historically invaded” sites; established before 1971 [19]), Fox Creek marshes that were more
recently invaded by Phragmites (hereafter “recently invaded” sites; established between 1971 and 2007
[19]), and marshes that remained dominated by native vegetation (Spartina patens; hereafter “native
Spartina”).

Soil samples were collected during summer, when plant biomass was at its peak. At each site, soil cores
(50 mm diameter) were collected from randomly selected locations after removing a small amount of
surface litter. Cores were divided into three depth intervals: 0–15, 15–30, and 30–50 cm. Three replicate
samples, each consisting of nine pooled soil cores, were collected at each site. Field-moist soils were
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sieved through a 2-mm mesh, and large pieces of plant material and soil animals were removed. The
sieved soils were stored at 4°C until enzyme analysis, which was completed within four days of
sampling. For molecular analyses, samples were immediately transported to the laboratory and stored at
− 80°C until DNA extraction.

Microbial activity
We determined the microbial activity of the lignin-degrading enzymes phenol oxidase, and the cellulolytic
enzyme β-glucosidase in the soil samples. β-glucosidase activity was measured using 50 mM pNP-β-
glucopyranoside as substrate and absorbance was measured at 410 nm [22]. The activity of phenol
oxidase was measured using 10 mM of L-DOPA as substrate and reading absorbance at 460 nm [23, 24]
using a Thermo Scientific UV/VIS Spectrometer Evolution 220 (Thermo science Inc., USA).

Microbial abundance
Soil DNA was extracted using the PowerSoil Kit (Q-BIOgene, USA) according to the manufacturer’s
instructions. DNA quality and quantity were assessed using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies Inc., USA). Gene copy numbers of microbial functional groups were quantified
by real-time quantitative PCR (qPCR) using a CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) with SYBR Green detection. Two independent qPCR assays were performed for each
soil DNA extract.

Fungal abundance was quantified using the ITS1F and ITS4R primers [25], and laccase gene abundance
was determined using the Cu1F and Cu2R primers [26]. For fungal ITS regions, amplification consisted of
40 cycles of denaturation at 94°C for 25 s, primer annealing at 50°C for 25 s, and extension at 72°C for
25 s. Laccase genes were amplified using a three-step PCR protocol [27], with 40 cycles including
denaturation at 94°C for 1 min and primer annealing at 54°C for 2 min.

Methanogenic archaea were quantified by targeting the mcrA gene [28]. Amplification consisted of 40
cycles with denaturation at 95°C for 25 s, primer annealing at 64.5°C, and extension at 72°C for 25 s [28].

Denitrifying bacteria were quantified by targeting the nirS, nirK, and nosZ genes [29–31]. Amplification
followed a three-step PCR protocol consisting of 40 cycles of denaturation at 95°C for 25 s, primer
annealing, and extension at 72°C for 25 s. Primer annealing temperatures were 65°C for nirS and 56°C
for nosZ. The reported annealing condition for nirK was 63°C.

Standard curves were generated using 10-fold serial dilutions of plasmids containing the target genes
amplified from environmental samples. Gene abundances were expressed as gene copy numbers per
gram of dry soil.

Methanogen Community Analysis
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Methanogen community composition was analyzed using terminal restriction fragment length
polymorphism (T-RFLP). Approximately 300 ng of purified PCR product was digested in a final volume of
25 µL containing 10 U of HhaI restriction enzyme. The reaction mixture was incubated at 37°C for 4 h.
The digested products were analyzed using an ABI 377 automated sequencer, and terminal restriction
fragments were identified using GeneScan software.

Statistical Analysis
Statistical analyses were performed using SPSS version 22.0 (IBM SPSS Statistics, USA). One-way
analysis of variance (ANOVA), followed by Duncan’s multiple range test, was used to evaluate
differences in extracellular enzyme activities and microbial gene abundances among treatments. Two-
way ANOVA was used to evaluate the effects of vegetation type, soil depth, and their interaction on
extracellular enzyme activities and microbial gene abundances. Statistical significance was determined
at p < 0.05.

Results

Microbial enzyme activity
β-Glucosidase activity did not differ significantly between vegetation types in the upper soil layers (0–15
and 15–30 cm) at the historically invaded site. However, at 30–50 cm depth, β-glucosidase activity was
lower in Phragmites soils than in Spartina soils (Fig. 1a). At the recently invaded site, β-glucosidase
activity was significantly higher in Spartina soils, whereas Phragmites soils exhibited lower activity
across soil depths (Depth: p < 0.01, Plant: p < 0.05, Depth × Plant: p < 0.01; Fig. 1b).

Phenol oxidase activity also varied with vegetation type and soil depth. At the historically invaded site,
Phragmites soils generally exhibited lower phenol oxidase activity, whereas Spartina soils showed
reduced activity at 0–15 cm depth (Depth: p < 0.01, Plant: p < 0.01, Depth × Plant: p < 0.01; Fig. 1c). At the
recently invaded site, phenol oxidase activity was higher in Spartina soils than in Phragmites soils only at
0–15 cm depth.

Microbial abundance
Fungal and laccase gene abundances were not significantly affected by vegetation type at the
historically invaded site (Fig. 2). In addition, neither fungal nor laccase gene abundance differed
significantly among soil depths. At the recently invaded site, however, fungal and laccase gene
abundances were higher in Phragmites soils than in Spartina soils at 30–50 cm depth.

At the historically invaded site, the abundances of the denitrification genes nirS and nirK did not differ
significantly between Spartina and Phragmites soils (Fig. 3a, b). The abundance of nosZ showed little
variation with soil depth but was higher in Phragmites soils at 30–50 cm depth. In contrast, at the
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recently invaded site, the abundances of nirS, nirK, and nosZ decreased with soil depth in Spartina soils,
whereas nirS abundance remained relatively consistent across soil depths in Phragmites soils (Fig. 3a–
c). Overall, the abundances of nirS, nirK, and nosZ were higher in Spartina soils than in Phragmites soils
at the recently invaded site (Depth: p < 0.001, Plant: p < 0.001, Depth × Plant: p < 0.001).

Methanogen abundance was higher in Phragmites soils than in Spartina soils at both historically and
recently invaded sites (Fig. 4; Depth: p < 0.001, Plant: p < 0.001, Depth × Plant: p < 0.001). In Phragmites
soils, methanogen abundance increased with soil depth, whereas it remained relatively consistent
across soil depths in Spartina soils. Methanogen abundance was also higher at the recently invaded site
than at the historically invaded site.

Methanogen Community Composition
Methanogen community composition was characterized using DNA-based T-RFLP analysis in soils from
historically invaded Phragmites sites, recently invaded Phragmites sites, and native Spartina sites
(Supplementary Table 1). Methanogen diversity and community composition differed among the sites.
At the historically invaded site, hydrogenotrophic methanogens were the most abundant group across
soil depths (Fig. 5a). In contrast, acetoclastic methanogens accounted for more than 70% of the
methanogen community at the recently invaded site (Fig. 5b). In native Spartina soils, methanogen
community composition varied with soil depth, although similar patterns were observed at 0–15 and
30–50 cm depths.

Discussion
Effects of Phragmites Invasion on Soil Organic Matter Decomposition

Our results indicate that Phragmites invasion alters microbial processes associated with soil organic
matter decomposition, although the magnitude of these effects varied with soil depth and invasion
history. β-Glucosidase activity was generally lower in Phragmites soils than in native Spartina soils,
particularly at the recently invaded site and in deeper soil at the historically invaded site. Because β-
glucosidase is involved in the degradation of labile cellulose-derived carbon, lower activity suggests
reduced microbial potential for labile carbon decomposition in Phragmites-invaded soils.

Differences in plant-derived carbon inputs may contribute to these patterns. Phragmites produces
substantial above- and belowground biomass, while differences in litter quality and root-derived carbon
inputs between Phragmites and native marsh vegetation can alter substrate availability for soil
microorganisms. Phragmites litter has relatively high lignin content and decomposes slowly compared
with litter from other wetland plants [32]. More broadly, invasive plants can alter soil nutrient pools and
nutrient cycling through changes in litter inputs and soil properties [33, 34]. In addition, Phragmites has
an extensive and relatively deep root and rhizome system [18], which may modify microbial activity
beyond the surface soil. Such effects may contribute to the observed variation in β-glucosidase activity
with soil depth.
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In contrast to β-glucosidase, phenol oxidase activity showed less consistent responses to Phragmites
invasion. Phenol oxidase is involved in the degradation of more chemically complex organic compounds,
including phenolic compounds. The contrasting responses of β-glucosidase and phenol oxidase
therefore suggest that Phragmites invasion may affect different components of soil organic matter
decomposition differently rather than uniformly increasing or decreasing overall decomposition.

The effects of invasion also differed between historically and recently invaded sites. The stronger
differences in β-glucosidase activity observed at the recently invaded site suggest that microbial
responses to Phragmites may vary with invasion history. Over longer periods of invasion, cumulative
changes in plant inputs, soil organic matter, and microbial communities may modify the effects of
vegetation replacement on microbial decomposition. Together, these results suggest that the effects of
Phragmites invasion on soil carbon cycling depend on both soil depth and invasion history, emphasizing
the importance of considering the vertical and temporal dimensions of plant invasion when evaluating
its effects on wetland soil carbon dynamics.

Effects of Phragmites Invasion on Methanogen Abundance and Community Composition

Phragmites invasion was associated with substantial changes in both methanogen abundance and
community composition. Methanogen abundance was higher in Phragmites soils than in native Spartina
soils and increased with soil depth, whereas abundance remained relatively consistent across depths in
Spartina soils. Previous studies have suggested that methanogen abundance can be associated with
CH₄ flux in soil ecosystems [8], and greater methanogen abundance has also been reported in deeper
soils of Phragmites-dominated marshes [35]. The extensive belowground biomass and deep rooting of
Phragmites [18] may increase carbon inputs to deeper soil layers and create conditions favorable for
methanogenic communities. Thus, the greater abundance of methanogens observed in deeper
Phragmites soils suggests increased potential for methanogenesis following invasion.

Invasion history was also associated with differences in methanogen community composition.
Historically invaded Phragmites soils were characterized by a greater relative contribution of
hydrogenotrophic methanogens, whereas acetoclastic methanogens accounted for more than 70% of
the methanogen community at the recently invaded site. In addition, hydrogenotrophic
Methanomicrobiales increased with soil depth at the historically invaded site. These contrasting patterns
suggest that the dominant pathways of methanogenesis may change as the belowground environment
develops following Phragmites invasion.

Differences in substrate availability may contribute to these shifts in methanogen community
composition. Methanogenic groups differ in their use of substrates, and changes in plant-derived carbon
inputs can therefore alter their relative abundance. Phragmites has high belowground biomass and can
influence carbon availability through root inputs and biomass turnover. Previous work has shown that
changes in carbon availability can alter methanogen community composition [36]. The predominance of
acetoclastic methanogens at the recently invaded site may therefore reflect greater availability of
acetate or other labile substrates during earlier stages of invasion, whereas the greater relative
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contribution of hydrogenotrophic methanogens at the historically invaded site may reflect longer-term
changes in carbon availability and anaerobic soil conditions. However, because substrate concentrations
and pathway-specific methane production were not measured in this study, the mechanisms underlying
these community shifts require further investigation.

Phragmites may also influence methane dynamics through mechanisms other than changes in
methanogen communities. Its high primary productivity and extensive root and rhizome system can
provide carbon substrates to soil microbial communities, while its aerenchyma can facilitate gas
transport between the soil and atmosphere [7, 9]. At the same time, oxygen transport through roots may
locally suppress methanogenesis by increasing rhizosphere oxygen availability. Therefore, the net effect
of Phragmites invasion on methane dynamics likely reflects interactions among carbon inputs, soil redox
conditions, methanogen abundance and community composition, and plant-mediated gas transport. Our
results demonstrate that Phragmites invasion alters methanogenic communities, particularly in deeper
soil layers, and that these changes differ with invasion history.

Effects of Phragmites Invasion on Denitrification-Related Microbial Communities

Phragmites invasion was associated with changes in the abundance of microbial functional genes
involved in denitrification. At the recently invaded site, the abundances of nirS, nirK, and nosZ were
consistently higher in Spartina soils than in Phragmites soils and generally decreased with soil depth. In
contrast, differences between vegetation types were less pronounced at the historically invaded site.
These patterns suggest that the effects of Phragmites invasion on denitrifier communities vary with both
soil depth and invasion history.

The nirS and nirK genes encode nitrite reductases involved in the production of nitric oxide during
denitrification, whereas nosZ encodes nitrous oxide reductase, which catalyzes the reduction of N₂O to
N₂ [37]. Thus, changes in the abundance of these functional genes indicate shifts in the microbial
community with the genetic potential to produce and consume N₂O. However, gene abundance alone
does not directly represent process rates or N₂O fluxes because denitrification is also regulated by
environmental factors such as oxygen availability, nitrogen availability, organic carbon supply, and soil
redox conditions.

Differences in rhizosphere conditions between Spartina and Phragmites may contribute to the observed
patterns. Plant species can influence nitrogen transformations by altering oxygen transport, nutrient
availability, and carbon inputs to the rhizosphere. Previous studies have reported differences in pore-
water nutrient concentrations between Phragmites- and Spartina-dominated marshes [6]. The lower
abundance of denitrification-related genes in Phragmites soils at the recently invaded site may therefore
reflect changes in the belowground environment following vegetation replacement. The decline in
denitrifier gene abundance with depth in Spartina soils further indicates that the vertical distribution of
these functional groups is strongly influenced by soil depth.
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Interestingly, differences in denitrifier gene abundance between Spartina and Phragmites were less
evident at the historically invaded site than at the recently invaded site. This pattern suggests that the
initial effects of vegetation change on denitrifier communities may become less pronounced with
increasing invasion duration, potentially as soil conditions and microbial communities adjust to long-
term Phragmites dominance. However, because denitrification rates and N₂O fluxes were not directly
measured in this study, the consequences of these shifts for ecosystem-level N₂O emissions cannot be
determined from functional gene abundance alone. Direct measurements of denitrification and N₂O
production and consumption would be needed to determine whether the observed microbial changes
translate into changes in nitrogen gas fluxes.
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Figure 1

A depth profile of β-glucosidase (a), and phenol oxidase activity (b) in two different sites with different
plant types.

Different letters denote significant differences between sites and season at P<0.05 level based on two-
way ANOVA

Figure 2

A depth profile of fungal (a), and laccase abundance (b) in two different sites with different plant types.

Different letters denote significant differences between sites and season at P<0.05 level based on two-
way ANOVA
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Figure 3

A depth profile of denitrifiernirK(a) denitrifiernirS (b), andnosZ (c) in two different sites with different
plant types.

Different letters denote significant differences between sites and season at P<0.05 level based on two-
way ANOVA
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Figure 4

A depth profile of methanogens abundance mcrA (a), methanotrophpmoK(b) in two different sites with
different plant types.

Different letters denote significant differences between sites and season at P<0.05 level based on two-
way ANOVA
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Figure 5

Relative percentage of mcrAphylotypes across three sites (historically invasive, recently invasive, and
native sites) and three different soil depths.
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