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Abstract

1. Invasive plants often successfully occupy large areas encompassing broad en-

vironmental gradients in their invaded range, yet how invader dominance and
effects on ecological communities vary across the landscape has rarely been ex-
plored. Furthermore, while the impacts of invasion on plant communities are well
studied, it is not well understood whether responses of above-ground (plant) and

below-ground (microbial) communities are coupled.

. Here we test patterns in Phragmites australis (common reed) invasion in a field

survey of eight sites situated across a salinity gradient, ranging from fresh-
water to saline marsh, in Southeast Louisiana. At each site, we surveyed plant
composition and used metabarcoding methods to assess soil fungal and bacte-
rial composition in plots within the dense Phragmites stand, in a transition zone
of ~50:50 Phragmites:native plants, and in native-only areas. We hypothesized
that Phragmites' abundance and impact on above- and below-ground communi-
ties would vary across the salinity gradient and that the responses of above- and

below-ground communities to invasion would be coupled.

. We found weak evidence that invasion varied across the gradient: Phragmites

stem densities increased slightly with salinity, and Phragmites increased above-
ground litter accumulation more in fresh and saline areas compared to brackish.
We found stronger evidence that plant and microbial responses to invasion varied
with salinity. Phragmites strongly reduced native plant density across the gradient,
with slightly greater reductions in fresh and saline areas. Plant species richness
displayed consistent decreases with invasion across the salinity gradient; how-
ever, fungal and bacterial richness increased sharply with invasion only in brackish
sites. Furthermore, the effect of Phragmites on plant and microbial community
composition became stronger as salinity increased. Plants and microbes exhibited
coupled responses to invasion in the magnitude of compositional shifts brought

on by Phragmites, but Phragmites' effects on richness were not coupled.

4. Synthesis. Overall, the variability in Phragmites impacts across the gradient, par-

ticularly soil microbial impacts, suggests that it may be difficult to generalize
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1 | INTRODUCTION

Invasive plants often successfully occupy large areas encompassing
broad environmental gradients and habitat types in their invaded
range. For example, Bromus tectorum (cheatgrass) dominates dry
sagebrush steppe in the southern Great Basin and moist coniferous
forests of the Rocky Mountains (Mosely et al., 1999), Phalaris arundi-
nacea (reed canarygrass) dominates wetlands and riparian areas from
Southern California to Alaska (Lavergne & Molofsky, 2004), and
invasive lineages of Phragmites australis (common reed) dominate
coastal saltmarshes in the humid subtropics of the Southeastern
United States as well as inland freshwater marshes in the Northern
United States and Canada (Eller et al., 2017). However, because the
abiotic and biotic conditions vary substantially across invasive spe-
cies' ranges, it is likely that the degree of invasive species dominance
as well as invader effects on ecological communities varies across
environmental gradients.

Invasive species have abiotic tolerances and optima that,
in part, determine their range limits and abundance (Louthan
et al.,, 2015). Abiotic factors like temperature, precipitation and
nutrients can affect invader success and dominance (Dukes &
Mooney, 1999). However, despite these limitations, many invad-
ers can achieve high abundance across diverse habitats in their
range (Sexton et al., 2009). A well-developed literature suggests
that an invader's ability to dominate diverse habitats is due to
high levels of plasticity (Davidson et al., 2011; Geng et al., 2016;
Liao et al., 2016) and/or high genetic diversity (Estoup et al., 2016;
Roman & Darling, 2007). Biotic factors, such as competitors, her-
bivores and microbial communities can also enhance or limit inva-
sion across diverse landscapes (Inderjit & van der Putten, 2010;
Sexton et al., 2009). Communities often vary in their biotic resis-
tance, which can affect both the presence and abundance of in-
vaders (Leffler et al., 2014; Levine et al., 2004).

Despite much work on the determinants of invasive species'
range limits and how invader abundance varies across its invaded
range, little work has explored how the impacts of an invasive species
may vary across its invaded range. Invader abundance can influence
its impact on native species, in sometimes nonlinear ways (Bradley
et al., 2019; Sofaer et al., 2018). The ability of an invader to reduce
plant diversity can also be contingent on environmental context like
N availability or disturbance (Wilson & Pinno, 2013). Different types
of communities may also differ in their susceptibility to the invader.

For example, a native community comprised of tall plant species may

invader effects from single-site or single-ecosystem studies. However, above- and
below-ground communities showed some coupled responses to Phragmites; thus
understanding plant community responses to invasion gives insight into impacts

occurring below-ground.

16S, diversity, Gulf Coast, haplotype, ITS, marsh, Phragmites australis, plant-soil interactions

be less impacted by a tall invader compared to a native community
comprised of short-statured species.

Generally, the measurement of impact of invasive plant species
is native plant diversity or above-ground measures of plant abun-
dance (Vila et al., 2011). However, invasive species can also pro-
foundly alter microbial communities below-ground. Invasive species
often have high root biomass (Jo et al., 2017), different root and
exudate chemistry (Callaway et al., 2008; Macel et al., 2014), and
in general cultivate distinct microbial communities compared to na-
tive plants (Bunn et al., 2015; Coats & Rumpho, 2014; Dawson &
Schrama, 2016). Indeed, many of these changes in pathogens, mutu-
alists and saprotrophs lead to feedbacks that have been found to en-
hance invasion though mechanisms such as pathogen spillover (Flory
& Clay, 2013), disruption of mutualisms (Hale & Kalisz, 2012) and
enhanced nutrient cycling (van der Putten et al., 2007). Considering
the heterogeneity in abiotic and biotic conditions across space, we
do not know if these below-ground, microbial changes are consistent
across the landscape or whether above-ground plant communities
and below-ground microbial communities exhibit coupled responses
to plant invasion.

We focus on invasion patterns in the invader, Phragmites austra-
lis (Cav.) Trin. ex Steud. (common reed), which successfully invades
marshes across a salinity gradient in the Gulf Coast. Phragmites is
a cosmopolitan species that is emerging as a model organism for
studying plant invasions (Meyerson et al., 2016). Several lineages of
Phragmites co-occur in North America, and the Gulf Coast in partic-
ular has a unique assemblage of Phragmites lineages. While the most
well-studied invasive lineage in North America, Haplotype M, is not
common in the Gulf Coast (Saltonstall, 2002), two other lineages are
restricted to the Gulf Coast and are abundant and putatively inva-
sive in the region: the Delta lineage (haplotype M1) and the Gulf lin-
eage (or Land type, haplotype |; Bhattarai & Cronin, 2014; Meyerson
et al.,, 2010, see Supporting Information for more information on
these haplotypes). Haplotypes M1 and | exhibit characteristics of
invasive species; they are rapidly spreading in the region (Bhattarai
& Cronin, 2014; Hauber et al., 2011; Williams et al., 2012) and are
anecdotally associated with reduced native plant diversity and neg-
ative ecosystem consequences such as poor habitat quality for mi-
gratory birds (Hauber et al., 2011; Kettenring et al., 2012). Because
of the well-documented invasiveness of haplotype M across North
America, managers are concerned about the recent increase in
abundance of other Phragmites haplotypes in Gulf Coast wetlands
(Hauber et al., 2011).
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Here we test how patterns of Phragmites invasion vary across
a salinity gradient in Southeastern Louisiana, from freshwater to
saline marshes. While haplotypes M, M1 and | are all present in
Louisiana (and had potential to occur in our study sites), nearly all
previous research on Phragmites concerns haplotype M. Research
on Phragmites (haplotype M) expansion on the East Coast of the
United States has found that Phragmites has similar rates of spread
(Chambers et al., 1999) and abundance (Meyerson et al., 2000) in
freshwater and brackish marshes. However, higher salinity tends
to limit haplotype M growth (Amsberry et al., 2000; Hellings &
Gallagher, 1992). Furthermore, Phragmites (haplotype M) has the
strongest impact on native richness in the highly diverse freshwa-
ter marshes of the East Coast (Chambers et al., 1999; Meyerson
et al., 2000). Few previous studies have investigated the below-
ground microbial impacts of Phragmites. Studies on the East Coast
have found that Phragmites (haplotype M) alters community com-
position of archaeal but not bacterial rhizosphere communities in
both freshwater and low salinity marshes (Yarwood et al., 2016)
but that its effect on oomycete richness is site dependent (Nelson
& Karp, 2013). Like many previous studies (Meyerson et al., 2000;
Nelson & Karp, 2013; Uddin & Robinson, 2017; Yarwood
et al,, 2016), we take a survey approach to assess impacts of
Phragmites on marsh communities. While direction of causality of
invader-community relationships in a survey cannot be known with
certainty, our careful selection of sites and plot locations ensured
that Phragmites was highly likely to be the driver of community
changes (see Section 2 for more details). In each of eight marsh
sites, we measured plant and soil microbial communities in dense
Phragmites stands, in transition zones (~50:50 Phragmites:native
plants), and in native-only areas. We haplotyped Phragmites at
each site, since haplotype distributions in the state are still fairly
uncertain. We hypothesize that (a) Phragmites invasion [measured
by its abundance and its associated ecosystem-level effects,
standing biomass and litter (Rooth et al., 2003; Windham, 2001)]
varies across a salinity gradient, and (b) the effect of Phragmites on
plant and microbial communities (i.e. differences in communities
between native and invaded areas) varies across the salinity gra-
dient. We also hypothesize that above-ground (plant) and below-
ground (fungi, bacteria) communities exhibit coupled responses
to Phragmites across the salinity gradient, such that areas of high
plant response to invasion correspond to areas of high microbial

response.

2 | MATERIALS AND METHODS
2.1 | Study sites

Samples were collected from eight freshwater to saline marsh
sites in southeast Louisiana (Barataria Preserve, Turtle Cove
Research Station, Pearl River WMA, Fontainebleau State Park, Big
Branch NWR, Bayou Sauvage NWR, and two sites at the Louisiana
Universities Marine Consortium, LUMCON, Figure 1). We classified

Fontainebleau

Turtle Cove
Pearl River
Big Branch
Bayou Sauvage
Barataria
LUMCON2
® LUMCONT
Marsh Class
0 20 40 60 80 km Fresh
I T Intermediate/brackish

® Saline

FIGURE 1 Map of study sites in SE Louisiana, USA

sites based on dominant vegetation. Barataria and Turtle Cove were
classified as freshwater marsh, because they were dominated by
Sagittaria lancifolia with mean annual soil salinities (from nearby
Coastwide Reference Monitoring System sites, 10 cm depth, 2010-
2017) of <2 ppt (Coastal Protection and Restoration Authority
(CPRA) of Louisiana, 2020). Pearl River, Fontainebleau, Big Branch
and Bayou Sauvage were classified as intermediate/brackish marsh
(hereafter ‘brackish’), as they were dominated by Spartina patens and
Schoenoplectus americanus with mean annual salinities between 1
and 4 ppt. LUMCON 1 and 2 were classified as saline marsh, because
they were dominated by Spartina alterniflora with mean annual salini-
ties of ~15 ppt. While we refer to the ‘salinity gradient’ because sa-
linity is the dominant factor in determining the distribution of plant
species along the estuarine gradient (Odum, 1988), we recognize
that marsh classes vary in many environmental factors other than
salinity (some are listed in Table S1).

All sites had substantial stands of Phragmites. Using available
aerial imagery, we estimated that for all but one site the stands
ranges from at least 5-13 years old when sampled, and all are ex-
panding over time (Table S2). For one site (LUMCON1), the stand
is much more recent, having invaded 1-2 years prior to sampling
(Table S2).

In 2017 at each site, 21 permanent 1 m? plots were established
in three transects based on vegetation type: Phragmites stand, tran-
sition and native, each with seven plots. The Phragmites stand tran-
sect plots were located entirely within an area where Phragmites was
highly dominant. The native plots ran parallel to, but outside of, the
Phragmites stand and contained only native plants representing the

native marsh community. The transition plots ran along the edge of
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the Phragmites stand, capturing the interface of the native commu-
nity and the invading Phragmites front. Plots were spaced approxi-
mately 10 m apart.

From site observations and aerial imagery, it is likely that
Phragmites colonized ‘normal’ marsh areas and thus was the
driver of any observed changes in community structure. For
the majority of sites (Barataria, Pearl River, Big Branch, Bayou
Sauvage, LUMCONZ2) the Phragmites stands were located in the
middle of the marsh with no apparent other driver of heteroge-
neity that could be causing, for example, low plant diversity or
altered composition, and historical aerial imagery showed that
Phragmites colonized marsh area. At two sites, the Phragmites
stand was on the border of some woody vegetation at the edge
of a natural waterway (Turtle Cove) and on the border of a for-
ested area (Fontainebleau), so that Phragmites plots were at a
slightly higher elevation than native marsh. At these sites, aerial
imagery suggests that Phragmites colonized transitional areas of
native marsh with scattered woody vegetation, and that these
areas have been disturbed due to the building of a nearby house
and a hurricane, respectively; however, at the time of sampling,
native marsh communities also existed at these higher elevations
abutting the woody areas. At LUMCON1, the Phragmites stand
was at the water's edge in slightly deeper water; however, native
plant communities also occur in similar areas at the water's edge
under a range of water depth conditions, and areal imagery indi-
cates that Phragmites plots were located in areas that were for-
merly native marsh but were sometimes under water during high
water years. Overall, Turtle Cove, Fontainebleau and LUMCON1
represent one each of freshwater, brackish and saline marsh; thus
combining these sites with the other sites above, we believe we
can extract the consistent effects that Phragmites has on plants
and microbes.

2.2 | Sample collection

Plant species composition was sampled from September to
November 2017 by performing stem counts of all plant species
rooted in each 1 m? plot. For bunch grasses, each ramet (culm) was
counted separately. Live biomass and litter mass per m? were esti-
mated for each plot by harvesting from a 20 cm x 20 cm area, drying
at 60°C for 48 hr, and weighing.

Soil samples for microbial analysis were collected in October
and November 2017. Soils were collected with a sterilized soil corer
(5 cm diameter, approximately 10 cm depth), homogenized in a plas-
tic bag, and a subsample collected in a sample tube. Samples were
placed directly into a liquid nitrogen container in the field and trans-
ferred to a -80°C freezer upon returning to the laboratory.

Fresh leaf tissue was collected from one Phragmites individual
for haplotyping at each site (except for LUMCON 1 and 2 for which
only one sample was taken due to the close proximity of sites and

similarity of morphology). In the field, each sample was placed in a

separate plastic bag with silica gel in the cooler and stored the same
day at —20°C upon return to the laboratory.

2.3 | Molecular methods

DNA was extracted from the soil samples with a Qiagen DNeasy
PowerSoil Kit following the manufacturer's protocol. Extractions
were standardized to 10 ng/ml prior to amplification. We used a
dual-index, two-step PCR approach (U'Ren & Arnold, 2017). We first
amplified the fungal ITS region (primers ITS1f/ITS2) and the bac-
terial 16S region (primers 515F/806R). PCR was done in duplicate
and duplicates were pooled. We then performed a second PCR to
attach barcodes and Illumina adaptors. Samples were purified and
standardized with a SequalPrep kit (Invitrogen Inc.), and pooled
into ITS and 16S libraries. Libraries were sequenced on two lanes
of an lllumina Miseq v3 (300bp PE) by Duke Sequencing Core, Duke
University, NC.

Phragmites leaf samples for haplotyping were crushed using a
sterilized mortar and pestle, and DNA was extracted using a DNeasy
PowerPlant Pro DNA extraction kit (Qiagen) following the manufac-
turer's protocol. Following the detailed protocol by Saltonstall (2003),
two non-coding chloroplast regions were amplified using PCR: (a) the
trnT-trnL chloroplast intergenic spacer (Taberlet et al., 1991) and (b)
the rbcL-psal chloroplast intergenic spacer (Saltonstall, 2001, 2003).
The amplified products were Sanger sequenced at Genewiz (South
Plainfield, NJ, USA).

2.4 | Bioinformatics

Microbial sequence data were processed using the amplicon se-
quence variants (ASV) method in QIIME2 (Bolyen et al., 2019) and
DADA2 (Callahan et al., 2016). We first trimmed reads where the
median quality score fell below ~30, then quality-filtered the reads
(no N's, max expected errors 2, truncated at quality score 2, mini-
mum read length 50) and denoised the data and joined paired reads
using DADA2. We assigned taxonomy using a pre-trained Naive
Bayes classifier. The classifier was trained on the UNITE 8.2 data-
base (Abarenkov et al., 2020) for ITS and Greengenes 13.8 (DeSantis
etal., 2006) for 16S. Prior to analyses, both datasets were rarefied to
an even sampling depth (fungi to 5,334 reads and bacteria rarefied
to 9,316 reads per sample).

Sequences for haplotyping were aligned using Mesquite
and edited using Sequencher. Following methods in Saltonstall
(2016), locus haplotypes were identified for both the trnT-trnL
and rbcl-psal regions. Sample haplotype identity was determined
by combining the locus haplotype assignments. We distinguished
between M1 and M haplotypes by comparing our sequences to
known variation in microsatellite regions of Phragmites cpDNA
locus haplotypes following methods and reference material in
Saltonstall (2016).
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2.5 | Statistical analysis

The effect of invasion stage (transition/Phragmites stand), marsh
class (fresh/brackish/saline) and their interaction on Phragmites
density was tested using linear mixed effects models with site as
a random effect and accounting for spatial autocorrelation with a
spherical model using the NnLME package (Pinheiro et al., 2019) in r
(R Core Team, 2019). Heterogeneous variances were included in
the model if significant using a likelihood ratio test. Significance of
explanatory variables was assessed with F-statistics and Type llI
ANOVAs. Tukey post hoc tests were performed using the muLTcomp
package (Hothorn et al., 2008). The effect of invasion (native/
transition/Phragmites stand), marsh class and their interaction on live
biomass and litter mass was also tested using similar linear mixed
effects models.

The effect of invasion (native/transition/Phragmites stand),
marsh type and their interaction on native plant abundance, native
plant richness, fungal chaol richness and bacterial chaol richness
was tested using linear mixed effects models as above.

The effect of invasion, marsh class and their interaction on
plant composition, fungal composition and bacterial composition
was tested using ordinations. For simplicity of interpretation and
visualization, we only included native and Phragmites stand plots
(not transition plots) in these analyses. We performed two types
of distance-based RDA ordinations, full models capturing all marsh
classes and models run separately for each marsh class. For full
models, we used permutation tests (PERMANOVA) to assess sig-
nificance of marsh class and invasion stage using packages VEGAN
(Oksanen et al., 2019) and pHyLosEQ (McMurdie & Holmes, 2013).
For models run separately within marsh class, we included site as
a conditioning variable in the analysis and used PERMANOVA to
test the effect of invasion. For plants, we included all plant spe-
cies, including Phragmites, as our dependent variables; we had
to include Phragmites because too many plots within the dense
Phragmites stand had no other species in them. For plants, we
used the Jaccard (presence/absence) dissimilarity metric because
visualizations were clearer compared to Bray-Curtis (on relative
abundance) due to extreme dominance by species in some plots;
however, statistical results were the same based on either method.
For fungi and bacteria, we used Bray-Curtis dissimilarity (on rar-
efied count data).

We also used FUNGuild (Nguyen et al., 2016) to classify fungal
taxa into functional guilds to assess invasion and marsh class impacts
on fungal functional composition. We focused on taxa classified as
‘plant pathogen’ and ‘arbuscular mycorrhizae’ as there were suffi-
cient taxa classified as such for these two guilds. For each of these
two guilds, we summed the relative abundance of taxa classified as
plant pathogens and arbuscular mycorrhizal fungi (AMF) to yield
total pathogen and AMF relative abundance per sample. We tested
the effect of invasion (native/transition/Phragmites stand), marsh
class and their interaction on relative abundance of plant pathogens
and AMF using linear mixed effects models and ANOVA as above.

Log transformation was used to correct for non-normal residuals.

Our final hypothesis was whether plant and microbial responses
to invasion were coupled, and we assessed whether the magnitude
of response to invasion of richness and composition at the site level
were correlated for plants, fungi and bacteria. For this analysis, we
also only used native and Phragmites stand (not transition) plots.
Because the native and Phragmites stand transects in each site were
roughly parallel to one another, we paired each native plot with its
corresponding closest Phragmites stand plot (n = 7 pairs). For rich-
ness, we calculated the difference in richness between each of the
seven pairs of plots, then averaged the richness difference for each
site. For composition, we calculated Jaccard (plant) or Bray-Curtis
(fungi, bacteria) dissimilarity between each of the seven pairs of plots,
then averaged the dissimilarity values for each site. We then used
Deming regressions (n = 8, one mean and one standard deviation for
each of the eight sites) to assess whether responses of plants and
fungi, plants and bacteria, and fungi and bacteria to Phragmites were
correlated using the r package peminG (Therneau, 2018). Deming re-
gressions take into account the error for observations in both the
x and y variables by minimizing the sum of squared distances from
the regression line in both the x and y direction; the relationship was
deemed significant if the 95% confidence intervals of the regression
slope did not overlap zero.

For creating figures, we used ggplot2 (Wickham, 2016). For all
figures except the coupled response to invasion regressions, we
plotted estimated marginal means (i.e. least squares means) and
standard error calculated with the emmeans package (Lenth, 2020)
so that we take into account pseudo-replication of having multiple
measurements within multiple sites in each marsh class category.
Lastly, we found two different haplotypes at our sites (see Section
3.1); however, we could not include haplotype as a covariate in the
models because haplotype was confounded with marsh class. Thus,
we redid all analyses including only the dominant haplotype (see
Table S3); this did not change the results appreciably. All code can be
found on GitHub: https://github.com/ecfarrer/LAmarshGradient2.

3 | RESULTS
3.1 | Haplotyping

We found that the Gulf haplotype (haplotype 1) was present at
the freshwater (Barataria, Turtle Cove) and brackish (Pearl River,
Fontainebleau, Big Branch, Bayou Sauvage) sites along the gradi-
ent, whereas the Delta haplotype (haplotype M1) was present in
the saline marshes (LUMCON1/LUMCON?2). Despite differences in
haplotypes among marshes, we included all marshes in our analyses
below, because we were asking questions about how patterns in in-
vasion change across a realistic landscape in Southeastern Louisiana
(but see Table S3 for analyses only including haplotype ). In other
words, differences in invasion or response to invasion in saline
marshes versus brackish or freshwater marshes may be due to the
salinity gradient per se or the fact that a different haplotype invades

saline marshes.
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3.2 | Phragmites density and above-ground
biomass and litter

The effect of marsh class on Phragmites density depended on
invasion stage (significant marsh class x invasion stage interac-
tion, Fy 19, = 3.53, p = 0.033), such that Phragmites density in
transition plots did not vary with marsh class, but plots in the
dense Phragmites stand had three times higher density in sa-
line compared to freshwater marshes (Figure 2a). Above-ground
live biomass did not vary across marsh classes or invasion
(Figure 2b). However, Phragmites increased above-ground litter
mass (F, 5, = 8.23, p < 0.001); and this effect varied by marsh
class (marsh class x invasion stage interaction, F, 5, = 2.83,
p = 0.027), such that brackish marshes were not as affected by
Phragmites because they had high levels of litter in native plots

(Figure 2c).

3.3 | Native plant density

Phragmites significantly affected the density of native plants
(Fzy154 = 26.34, p < 0.0001), and the strength of the effect var-
ied by marsh class (marsh class x invasion stage interaction,
F4154 = 2.94, p = 0.022), with brackish marshes experiencing less
reduction in density compared to freshwater and saline marshes
(Figure 2d).

(@) Phragmites stem density

3.4 | Plant, fungal and bacterial
richness and diversity

Phragmites invasion strongly reduced native plant richness
(F2,154 = 36.99, p < 0.0001), with plant richness being similar in the
native and transition plots, but much lower in the dense Phragmites
stand (Figure 3a). Diversity metrics (Shannon, Simpson, inverse
Simpson) all showed that the transition plots had higher diversity
than either native or Phragmites plots (Figure S1), likely due to the
co-dominance of Phragmites and the native dominant in the transi-
tion zone. There was also a trend that freshwater marshes had higher
plant richness (F2,5 = 5.08, p = 0.062) and diversity (Figure S1) com-
pared to brackish or saline marshes.

The effect of Phragmites on fungal Chaol richness (Figure 3b)
and diversity (Figure S1) depended on marsh class (marsh class x in-
vasion stage interaction, for richness F4,14s =4.99, p =0.0008), with
Phragmites increasing richness and diversity in brackish marshes but
not strongly affecting richness or diversity in freshwater or saline
marshes.

The effect of Phragmites on bacterial Chao1l richness (Figure 3c)
and diversity (Figure S1) was also dependent on marsh class
(marsh class x invasion stage interaction, for richness F4,146 = 3.75,
p = 0.006), such that Phragmites increased bacterial richness and di-
versity in brackish marshes but not in freshwater or saline marshes.
Marsh classes also differed in their bacterial richness (F, ; = 6.33,
p = 0.043) and diversity (Figure S1), with saline marshes having
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FIGURE 3 Effect of invasion stage (native, transition, Phragmites stand) and marsh class (fresh, brackish, saline) on richness of native
plants (a), soil fungi (b) and soil bacteria (c). Error bars represent +1 SE of the estimated marginal mean (least squares mean). Statistical results
shown are from an ANOVA: Tp < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001; NS, non-significant. Results of Tukey post hoc tests for comparing
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FIGURE 4 Distance-based RDAs showing the effect of invasion (native, Phragmites stand) and marsh class on community composition of
plants (a), soil fungi (b) and soil bacteria (c). For plants and bacteria, axes 1 and 2 are shown; for fungi, axes 1 and 3 are shown because axis 3
illustrated the effect of invasion. See Table S4 for permutation test (PERMANOVA) results for these full models. See Figure S2 and Table 1
for ordinations and permutation test results within each marsh class separately

TABLE 1 Results from dbRDA permutation tests
(PERMANOVA), testing the effect of invasion on plant, fungal and
bacterial community composition for each marsh class separately.
Site was used as a conditioning variable in all ordinations. See
Figure S2 for ordination visualizations. See Table S4 and Figure 4
for ordinations and visualizations of full models

Variance
Marsh explained by
Taxon type invasion
Plants Fresh 11.5%
Brackish 34.3%
Saline 62.5%
Fungi Fresh 5.3%
Brackish 6.1%
Saline 7.5%
Bacteria Fresh 3.2%
Brackish 6.6%
Saline 11.0%

Pseudo-F

(df) p
4.61(1,25) <0.001

28.56(1,51)  <0.001

49.19 (1, 25) <0.001
1.85(1, 24) 0.002
4.30(1,51) <0.001
1.98 (1, 23) 0.044
1.67 (1, 23) 0.005
5.60(1,50) <0.001
3.53(1,23) <0.001

higher richness than freshwater/brackish marshes and brackish

marshes having the lowest diversity.

3.5 | Plant, fungal and bacterial community
composition

Ordination analyses showed that both marsh class and Phragmites
invasion had strong impacts on plant composition, and the effect of
Phragmites depended on marsh class such that Phragmites effects on
plant composition increased with salinity (see Table S4 and Figure 4a
for full models, see Table 1 and Figure S2 for models by marsh class).
Marsh class strongly affected both fungal and bacterial community
composition, and there was a weak but significant interaction simi-
lar to the pattern with plants indicating that Phragmites' effect was
stronger in more saline marshes (see Table S4 and Figure 4b,c for full
models, see Table 1 and Figure S2 for models by marsh class).
Marsh class and Phragmites invasion affected fungal pathogen

abundance but not AMF abundance (Figure S3). Pathogens were

85UB017 SUOLULLOD 9AIT8.D) 3[cfedt|dde au Ag peusencb ale sapie O ‘8sn JO S9N 1oy Afeld ) 8UIIUQ AB]1M UO (SUONIPUOD-PUE-SLUIBIW0D A8 | M ARIq 1 UI|UO//SANY) SUONIPUOD pue sWie | 84 88s *[7z02/60/TT] Uo Aiq)Tauljuo A8|im uswebeue  pue JO neaing Aq 629€T 'Sy/2-GIET/TTTT OT/I0p/W0d" A3 (1M Al 1julU0'S feuIN0 aq//:sthy Wouy pepeoiumoq 'S 'T20Z 'Sh/2S9ET



2170 | Journal of Ecology

FARRER ET AL.

(a) Plant-fungi

(b) Plant-bacteria

(¢) Fungi-bacteria

© ©
= 2 0.85 A 8 0.85 A
gw 0.9 % 5
=4 . Q -
2 | S 0.80 S 080
4 <) [0}
g 08 2 0.75 A 2 0.75 A
<
[&) © ]
< <
5 S 0.70 G 0.70
S 0.7 E §
= S 0651 S 0651 _+_
o "% 5
£ 06 S 0.60 - S 0.60 -
S £ £
T 1 T 1 1 T O 055 L 1 T T 1 1 T 8 055 L T 1 1 T
05 06 07 08 09 10 05 06 07 08 09 1.0 06 07 08 09

Compositional change plant

Compositional change plant

Compositional change fungi

FIGURE 5 Compositional responses of plants, fungi and bacteria to Phragmites invasion are correlated; sites with large compositional
shifts in plant communities also had large compositional shifts in fungi and bacterial communities, (a) plant and fungal responses, (b) plant
and bacterial responses, (c) fungal and bacterial response. Values shown are means and standard errors of Jaccard (plants) and Bray-Curtis
(fungi, bacteria) dissimilarities in community composition between native and Phragmites-invaded plots at each of eight sites. Deming
regressions (which take into account error in both the x and y variables) indicated that all relationships were significant

more abundant in transition and dense Phragmites stands com-
pared to native communities (F2,146 =4.72, p = 0.010), and brackish
marshes had lower pathogen abundances compared to fresh and sa-
line marsh (F2,5 =10.60, p = 0.016).

3.6 | Coupled responses

Richness responses of plants, fungi and bacteria were not corre-
lated with one another across the landscape (95% CI for slopes in
the Deming regressions overlapped zero). For example, sites where
Phragmites greatly reduced plant richness were not the same sites in
which Phragmites greatly reduced fungal or bacterial richness (data
not shown). However, compositional shifts among plants, fungi and
bacteria were all correlated (Figure 5); sites with large responses in
plant composition corresponded to sites with large responses in fun-
gal and bacterial composition (plant-fungi slope 0.61, 95% Cl 0.31-
0.92; plant-bacteria slope 0.61, Cl 0.25-0.96; fungi-bacteria slope
0.93, C1 0.35-1.51).

4 | DISCUSSION

Understanding how invasive species abundance and impacts vary
across environmental gradients and whether above-ground (plant)
and below-ground (soil microbial) communities exhibit coupled re-
sponses to invasion is important for invasive species management.
Here, we found weak evidence that invasion varied across a salinity
gradient: Phragmites stem densities increased slightly with increas-
ing salinity, and Phragmites increased above-ground litter accumula-
tion more in fresh and saline areas compared to brackish. There was
strong evidence that plant and microbial community responses to
invasion varied with salinity: brackish marshes were most respon-

sive to invasion, with all measured variables (abundance, richness,

composition of plants and microbes) shifting due to invasion. Saline
marshes were also responsive to invasion, but lacked shifts in fungal
and bacterial richness. Freshwater marshes were the least respon-
sive to invasion, primarily experiencing plant rather than microbial
changes. We found that plants and microbes exhibited coupled
responses in the magnitude of compositional shifts brought on by
Phragmites, but changes in richness of plants and microbes were not

coupled.

4.1 | Haplotype distribution

Many invasive species have broad environmental tolerances in their
invaded range, which can, in part, be due to intraspecific genetic diver-
sity and adaptation to environmental conditions (Estoup et al., 2016;
Roman & Darling, 2007). Here we find haplotype | is dominant in fresh-
water and brackish marshes, while haplotype M1 is dominant in salt-
marsh. This is consistent with other studies that have found haplotype
| to be distributed in the interior of SE Louisiana while European haplo-
types (M/M1) are present on the southern coast (Howard et al., 2008;
J. Cronin, unpublished data). Interestingly, haplotype M1 is thought to
be concentrated in the Mississippi River Delta (Meyerson et al., 2012);
however, we observed numerous patches of M1 at our saline study
sites in Terrebonne Basin, 150 km away. A study of haplotypes M1 and
12 (closely related to 1) in the Mississippi River Delta suggests salinity
tolerance aligns with haplotype distribution patterns; haplotype M1 is
saline tolerant and more coastal and haplotype 12 is saline intolerant
and more inland (Achenbach & Brix, 2014). The salinity partitioning
we find among Phragmites haplotypes is similar to that of cattail spe-
cies in which the invasive hybrid Typha x glauca dominates freshwater
sites and the invasive T. angustifolia dominates brackish areas (Bansal
et al., 2019; Grace & Harrison, 1986). Overall, intra-species or intra-
genus variation may be a widespread mechanism to allow invading taxa

to extend their range.
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4.2 | Invasion across a salinity gradient

While some invasive species can achieve high dominance across en-
vironmental gradients, many wetland invaders are limited in salinity
tolerance. For example, freshwater marshes by far host the greatest
number and cover of invasive species (Birnbaum et al., in review), and
many notable wetland invaders (e.g. water hyacinth, purple loosestrife,
alligatorweed) are restricted to or have highest abundances in fresh
areas (Konisky & Burdick, 2004; Penfound & Earle, 1948; Birnbaum
et al., in review). Previous research on Phragmites invasion and per-
formance across salinity gradients has exclusively been conducted
on haplotype M. Haplotype M is primarily an invader of freshwater
and brackish marshes (Lambert et al., 2010), and it has similar rates of
spread (Chambers et al., 1999), biomass and stem densities (Meyerson
et al., 2000) in freshwater and brackish areas on the East Coast.
Here we find that haplotype |, likewise, has similar stem densities in
freshwater and brackish areas of the Gulf Coast. In the saline areas
in our study where haplotype M1 was present, the stem densities in
Phragmites stands were three times higher than stands in freshwater
marshes. This suggests that these outlying saline marshes are more
highly invaded and may be associated with greater impacts on native
biota compared to interior marshes (Bradley et al., 2019). This is par-
tially borne out in our response data; for example, saline marshes had
much lower native stem densities (only 0-2 stems of native plants per
m?) in the dense Phragmites stand compared to brackish (0-246 stems)
and freshwater marshes (1-196 stems).

While Phragmites did not affect above-ground biomass in any
marshes in our study, Phragmites increased above-ground litter mass
in fresh and saline marshes by four times and seven times respectively.
Phragmites did not increase litter mass in brackish marshes due to high
litter production by Spartina patens. Work on haplotype M also shows
that Phragmites increases litter by 2-10 times compared to native areas
(Rooth et al., 2003), suggesting that haplotypes M1 and | operate
similarly to M in this respect. The increase in litter likely contributes
to the competitive dominance of haplotype M1 and |, as it has been
found to do in haplotype M (Holdredge & Bertness, 2011) and more
broadly in other invasive wetland macrophytes like cattails (Farrer &
Goldberg, 2009) and reed canarygrass (Eppinga et al., 2011) and grass-
land and shrubland invaders like wild oats and medusahead (Mariotte
et al., 2017; Wainwright et al., 2017). Furthermore, our study demon-
strates that an invader's ability to accumulate litter may vary across
different habitats, which has not been shown before.

4.3 | Impacts of invasion across a salinity gradient

Much experimental work has shown that invasive species' competitive
effects on native plants are contingent on environmental conditions,
particularly disturbance and nitrogen availability (Besaw et al., 2011;
Broadbentetal.,2018; Daehler, 2003; Wilson & Pinno, 2013). However,
few studies have investigated field patterns in invader impacts across
environmental gradients. We found that native plant density and rich-

ness were the most consistently negatively affected by Phragmites

over the salinity gradient, which is comparable with other research
on Phragmites haplotype M on the East Coast (Meyerson et al., 2000;
Silliman & Bertness, 2004). However, we found that Phragmites had
the greatest effect on plant composition in saline marshes, where in-
vaded areas typically contained Iva fructescens (a shrub) rather than
the native dominant grass Spartina alterniflora. Phragmites also had a
large effect on brackish marshes, in which invaded plots contained
Ipomoea sagittata (a vine), rather than the native graminoid dominants,
Spartina patens and Schoenoplectus americanus. The major effects that
we observed Phragmites haplotypes | and M1 to have on native abun-
dance, richness and composition of plants suggest that even though
Phragmites is sometimes not considered to be an invader in the Gulf
Coast, it does appear to have qualities of an invasive species.
Overwhelming evidence, primarily from the plant-soil feedback
literature, suggests that invasive plants modify soil microbial com-
munities (for reviews see Coats & Rumpho, 2014; van der Putten
et al., 2007; Reinhart & Callaway, 2006). However, to our knowl-
edge only two studies have tested whether an invader's microbial
effects change across environmental gradients, and they found that
invader impact depends on site nutrient availability (Kao-Kniffin &
Balser, 2008) and forest type (Lorenzo et al., 2013). A growing num-
ber of studies are investigating the below-ground microbial impacts
of Phragmites. Consistent with our finding that Phragmites had weak
effects on microbes in freshwater marshes, work from freshwater
marshes on the Midwest and East Coast has shown minimal effects of
haplotype M on bacteria, fungi and oomycetes (Bickford et al., 2020)
and effects of haplotype M on oomycete pathogen composition but
mixed effects on oomycete richness (Nelson & Karp, 2013). Another
study in freshwater to low salinity marshes on the East Coast showed
that haplotype M altered composition of soil archaea, but not bacteria
(Yarwood et al., 2016). Less comparable work has been done in brack-
ish marshes (and none in saline marshes), but Phragmites was shown to
increase methanogen functional gene abundance but not total fungi,
laccase or denitrifier abundance in brackish marsh on the East Coast
(Kim et al., 2018) and reduce AMF spore densities in Australia (Uddin &
Robinson, 2017). Our results show that Phragmites increased pathogen
abundances across marshes, only affected fungal and bacterial rich-
ness in brackish marshes, and that the effects of Phragmites on fun-
gal and bacterial composition were stronger in more saline areas. Our
work and work in other systems (Kao-Kniffin & Balser, 2008; Lorenzo
et al., 2013) generally suggests that below-ground invader impacts are
variable across environmental gradients, which makes it difficult to
generalize invader effects from single-site or single-ecosystem stud-
ies. We recommend more multi-site, gradient and regional studies be
performed to provide power to generalize where and when invaders

alter microbial communities.
4.4 | Coupling of above- and below-ground
response to invasion

Although the responses of above-ground plant and below-

ground microbial communities to invasive species have been
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well tested in the literature, most of these studies are done in
isolation, leaving it an open question whether plant and micro-
bial responses are coupled. Plant and microbial response may
be directly linked, because invaders can alter microbial taxa
(pathogens, mutualists) that impact plant performance (Inderjit
& van der Putten, 2010) and because plant and microbial diver-
sity in general are often coupled (Eisenhauer et al., 2011; Lange
etal., 2015; Porazinska et al., 2018; Wagg et al., 2014). However,
plants and microbes also respond to distinct changes associated
with invasion; for example, plants are impacted by light com-
petition and microbes are impacted by carbon substrate qual-
ity, which may not necessarily change in concert or to the same
degree. In Phragmites, one study found correlated responses
of plant (richness) and microbial (AMF spore density) proper-
ties across a Phragmites density gradient in brackish marshes in
Australia (Uddin & Robinson, 2017). In a grassland system, plant
diversity and soil fungal composition were directly linked during
invasion, because native plant root loss drove fungal commu-
nity change (Mamet et al., 2017). In contrast to expectations, we
did not find that plant and microbial richness were coordinated.
However, we found strong coupling between plant and micro-
bial composition, such that sites that experienced the greatest
shifts in plant composition also exhibited the greatest shifts in
bacterial and fungal composition. Interestingly, this is the same
pattern found in a global survey of plant and microbial com-
munities: alpha diversity of plants and microbes did not corre-
late but beta diversity (compositional dissimilarity) did (Prober
et al., 2015).

4.5 | Limitations

The main limitation in this study and any non-manipulative sur-
vey is that we cannot be sure of the direction of causality in
invader-community relationships. Based on what is known about
Phragmites, it is likely that observed patterns represent effects of
the invader on plant and microbial communities, as similar patterns
have been found with other haplotypes in other areas (Meyerson
et al.,, 2000; Uddin & Robinson, 2017; Yarwood et al., 2016).
Furthermore, historical aerial image analysis (see Section 2)
showed that, in most of our sites, Phragmites colonized native
marsh areas that did not differ from uncolonized areas. In three
of our sites, the Phragmites stand was on the border between the
marsh and more woody vegetation (Turtle Cove, Fontainebleau)
and the water's edge (LUMCON1); thus elevation differences, for
example, may have caused compositional differences between
invaded and native plots. However, our finding that areas with
Phragmites in the Gulf Coast are associated with highly altered
plant and microbial communities compared to uninvaded areas is
an important first step in understanding invasion in this region.
Future experimental work should focus on confirming the direc-
tion of causality and testing whether removal efforts would re-

store native communities.

4.6 | Implications and conclusion

Our work has implications for the restoration and management of
widespread invaders. The most important takeaway message from
our research is that invader impacts on plant and microbial commu-
nities are not consistent across environmental gradients. Very lit-
tle research exists on how the effects of invaders vary across the
landscape, thus this challenges an implicit assumption that invader
impacts are generalizable from site to site. Understanding how in-
vader effects change across environmental gradients is important
for prioritizing management across heterogeneous landscapes. For
example, we found that brackish and saline marshes are the most
susceptible to plant and microbial impacts of Phragmites, thus they
could be selected over freshwater areas for limited management
funds and restoration research. Furthermore, knowledge of whether
invaders affect soil microbial communities is important for restora-
tion. We found that soil fungal and bacterial composition is much
altered underneath Phragmites, suggesting that soil legacies could
affect native plant restoration even if Phragmites itself is removed
from an area. Lastly, the coupling of plant and soil microbial compo-
sitional response to invasion suggests that shifts in above-ground
communities may be used as a proxy for invasive impact, which is
useful as they are much easier to sample.

More specific to our study system, there is little representation
of the Gulf Coast in the vast amount of research being done on
Phragmites. Due to the extensive nature of Gulf Coast marshes—40%
of the wetlands in the continental United States are in Louisiana alone
(Williams, 2016)—this represents a huge gap in our understanding of
Phragmites and its potential impacts. In particular, the unique haplo-
types of Phragmites in the Gulf Coast (i.e. M1, 1) may have different
ecologies compared to the well-studied haplotype M. Here we find
that these haplotypes are, in fact, associated with reductions in plant
abundance and diversity and shifts in plant and soil microbial compo-
sition, which echoes some of the observed impacts of haplotype M. It
is important to note that M1, | and M haplotypes differ substantially
in their leaf and rhizosphere microbiomes (Allen et al., 2020; Bowen
et al., 2017, Bumby and Farrer in review); thus future work investigat-
ing similarities and differences among haplotypes is warranted.

Despite its invasive properties, or perhaps because of them,
Phragmites may be a last line of defence against the rapid land loss
occurring in Louisiana. In the outer marshes of the Mississippi River
Delta, Phragmites is considered critical for reducing erosion, promot-
ing vertical accretion and protecting the interior marsh from wave
action and storms (Horppila et al., 2013; Rooth & Stevenson, 2000).
It is even intentionally being planted for land-building efforts in the
Delta. Understanding the native plant and microbial consequences
of Phragmites is important when weighing the costs and benefits of
using Phragmites in restoration.

Overall, understanding how invasive dominance and above- and
below-ground impact shift across environmental gradients is im-
portant in understanding how environmental context might limit
invasive dominance and whether the effects of invasive species are

generalizable over large areas. The more we learn about widespread
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impacts of invasive species, the better we can manage them at a
landscape level and reduce their negative consequences for biodi-

versity and ecosystem function.
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