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Valk 1981; Bazzaz 1996). Temperature, light availability, 
nutrient availability, and moisture regime often influence 
the geographic areas that represent available niche space 
for plant species and community types (Craine 2009). Addi-
tionally, plants often exhibit various life-history strategies 
that determine the habitats in which they can become estab-
lished and, in some cases, dominate the vegetative commu-
nity (Grime 1977; Grime and Pierce 2012). Invasive species 
have a disproportionally large presence in wetlands in com-
parison with other habitats (Zedler and Kercher 2004), and 
this is especially true for compensatory wetland mitigation 
sites (i.e., wetland sites created or restored to compensate 
for impacts to wetlands elsewhere) (Matthews and Spyreas 
2010).

Despite the foundational understanding that ecological 
tolerance and life-history strategy combine to shape the 
distribution of plant species, the specific conditions under 
which invasive plants dominate communities and impact 
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Abstract
Invasive plant species can alter natural communities and degrade ecosystem function, yet the factors influencing species 
invasion are poorly understood. The purpose of this study was to characterize environmental drivers of plant community 
structure and invasive plant prevalence within invaded portions of wetland mitigation sites. We sampled vegetation and 
environmental variables (prevalence index, light availability, soil physiochemistry, site age) across invasion gradients 
within and adjacent to invasive plant populations at multiple wetland mitigation sites in the Coastal Plain and Piedmont 
physiographic provinces of Virginia (USA). Data analyses involved a multi-metric statistical approach combining correla-
tion and CCA to arrive at a plausible model for drivers of plant community structure in the context of invasive species 
prevalence based on environmental correlates. We targeted populations of Arthraxon hispidus (joint-head grass), Microste-
gium vimineum (Japanese stiltgrass), and Typha spp. (cattail), three invasive species that are known to be problematic on 
wetland mitigation sites in the region. Our analyses revealed specific environmental drivers of plant community structure 
and invasive species prevalence associated with populations of each invader, and a few factors consistently emerged 
as important drivers across populations of all targeted invaders – notably, canopy cover (light availability), prevalence 
index (representing frequency and duration of inundation and shallow soil saturation), and a handful of physiochemi-
cal variables. The results of this research have been used to develop a suite of recommended best practices that can be 
implemented at the outset of a wetland mitigation project to encourage desirable wetland plant communities and reduce 
the risk of invasion.
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ecosystem function have yet to be resolved. Studies have 
attempted to determine which environmental correlates are 
important to the dominance of problematic invasive species 
such as Microstegium vimineum (Schramm and Ehrenfeld 
2010) and Typha spp. (Galatowitsch et al. 1999; Zedler and 
Kercher 2004), but consensus remains unreached. On wet-
land mitigation sites, invasive plant species present one of 
the greatest challenges to mitigation managers, designers, 
and natural resource agency reviewers (Brooks and Gebo 
2013). The capital outlay for invasive species management 
in compensatory wetland mitigation has increased consider-
ably over the past couple of decades, and in some cases it 
can represent the largest investment of money and resources 
in terms of post-construction maintenance (Bergdolt et al. 
2005). Despite these issues, there has been relatively little 
applied research on plant invasions in wetland mitigation 
(but see Matthews and Endress 2008; Matthews et al. 2009). 
Understanding the specific relationships between invasive 
plants, native plant communities, and environmental con-
ditions on wetland mitigation sites could provide manag-
ers with options for disrupting the life-history strategies of 
invaders and preventing the ecological damage commonly 
caused by invasive plants and encouraging the development 
of more desirable native plant communities.

From the primary literature on invasion ecology, we 
believe that theoretical concepts developed based on 
the resource strategies of plants have the most explana-
tory value in wetland mitigation contexts (Craine 2009). 
Although many theories about novel phenotypes and lack 
of natural enemies have been advanced to explain how non-
native species become invasive [e.g., novel weapons (Cal-
laway and Ridenour 2004), introgression (Galatowitsch et 
al. 1999), enemy release (Keane and Crawley 2002), etc.], 
those invoking environmental factors and the relationship 
between stress and disturbance on sites are the most com-
pelling. As these terms are typically applied in plant ecol-
ogy, stress refers to an environmental or biological factor 
that causes a negative physiological response resulting in 
a reduction in fitness or growth (e.g., nutrient limitation or 
drought), whereas disturbance refers to a change in the envi-
ronment that results in a removal of biomass (e.g., mowing 
or bulldozing a site) (Grime 1979; Hobbs and Huenneke 
1992; Bazzaz 1996; Lichtenthaler 1996). Levels of stress 
and disturbance vary in space and time, and the interactions 
between the two can often be used to predict plant responses 
to environmental conditions (Craine 2009). In evaluating 
this “stress-disturbance dynamic” on wetland mitigation 
sites, we find evidence that the plant community with popu-
lations of each study species responds to certain environ-
mental stressors differently. Disturbance varied across sites, 
with all sites experiencing denudation and earthworks prior 
to construction and recurrent removal of invasive species 

once construction activities concluded. These disturbances 
combined with low levels of environmental stress (i.e., high 
resource availability) appear to facilitate growth and domi-
nance of study species depending on the environmental 
variables at play.

In the case of most plant invaders, low stress (high 
resource availability) typically refers to soil nutrient status 
and, in particular, levels of bioavailable nitrogen and phos-
phorus (Chiang et al. 2000; Woo and Zedler 2002; Tuchman 
et al. 2009). Disturbed sites that are high in these essential 
nutrients have been shown to be prone to plant community 
alteration and biological invasion (Alpert et al. 2000; Ehren-
feld 2010). However, in wetlands, saturation and inunda-
tion can represent an important source of stress for plants 
because microbially-mediated chemical reduction renders 
saturated soils anaerobic and therefore depleted of molecu-
lar oxygen required for respiration (Mitsch and Gosselink 
2015). For some species, the limiting resource in forested 
ecosystems is light availability, and a disturbance event that 
opens the canopy and allows light to enter the understory 
will effectively remove stress, encourage growth of highly 
competitive species within the plant community, and facili-
tate invasion (Robertson et al. 1994; Woo and Zedler 2002; 
Warren et al. 2011). In each of these scenarios, disturbance 
is the mode of entry, and high resource availability ensures 
success for the invader. Once established in a new habi-
tat, the mechanisms used to outcompete native species are 
unique to each invader (e.g., allelopathy, autogenic control, 
rapid nutrient acquisition, and slow decomposition), but it 
is typically the case that the competitive ability of invad-
ers will be reduced in stressful environments (Lockwood 
et al. 2013). In restoration ecology, if the important factors 
that control invasion are known, the interplay of stress and 
disturbance can potentially be controlled to minimize risk 
of invasion (Perry et al. 2004), and on mitigation sites this 
would be most critical during the first several years of veg-
etation development (Noon 1996; DeBerry and Perry 2015).

We evaluated these concepts by establishing transects 
across invasion gradients of three known wetland mitigation 
invaders in Virginia (USA): Arthraxon hispidus (Thunb.) 
Makino [Poaceae] (hereafter “Arthraxon”), Microstegium 
vimineum (Trin.) A. Camus [Poaceae] (hereafter “Microste-
gium”), and Typha L. spp. [Typhaceae] (hereafter “Typha”). 
These taxa were selected as representative organisms due 
to their abundance on available field sites and the varying 
degrees to which they express tolerance for soil saturation 
and light availability. As used in this study, the term “inva-
sion gradient” signifies the transition from high to low abun-
dance of a target invader, which was evaluated using plots 
arrayed on transects across the gradient. Within plots, we 
documented relative abundance of species within the plant 
community and collected data on environmental variables. 

1 3

81 Page 2 of 16



Wetlands (2023) 43:81

Although we expected prevalence index and available light 
to be important factors, evidence suggests that phosphorus 
is a limiting nutrient for plants on wetland mitigation sites, 
and that areas with higher than average levels of phospho-
rus would therefore allow invasive plants to proliferate 
(DeBerry and Perry 2015).

Because variability in hydrologic conditions relating to 
the frequency and duration of inundation and soil satura-
tion have been shown to influence vegetation dynamics 
and patterns on wetland mitigation sites (Ahn and Dee 
2011), we also hypothesized that our study species would 
respond differently to variation in hydrologic conditions. 
During site reconnaissance, Arthraxon and Microstegium 
were observed at higher elevations within wetland mitiga-
tion sites, indicating that there may be a negative correla-
tion with these species and anoxic conditions resulting from 
persistent high water tables and/or frequent flooding. Con-
versely, Typha was reliably observed in lower, wetter areas, 
and was therefore expected to show a positive correlation 
with those hydrologic conditions. Finally, we anticipated 
that Microstegium would be capable of tolerating stressful, 
low light conditions, while Arthraxon and Typha would not.

Species Descriptions

Arthraxon is an annual grass from east Asia that has received 
little attention in the literature but is listed as moderately 
invasive in Virginia and throughout the U.S. Mid-Atlantic 
Region (Swearingen et al. 2010; Heffernan et al. 2014). 
Reports from mitigation practitioners across Virginia sug-
gest that the species merits greater concern and further sci-
entific examination (Fig. 1a). Although infestations on study 
sites were observed more commonly in the Piedmont phys-
iographic province, Arthraxon was present on Coastal Plain 
sites as well. Most mitigation sites colonized by this species 
were adjacent to active farmland or within the floodplains 
of major rivers, and invasion was commonly observed on 
wetland “edges” where localized disturbance was more 
prevalent. These observations are consistent with the lim-
ited information on Arthraxon available from research on 
other continents (e.g., White et al. 2020).

Microstegium is an annual grass native to Asia that grows 
in a variety of wetland and upland habitats. Microstegium 
has a known tolerance for shading (Barden 1987; Oswalt et 
al. 2007; Fig. 1b) and flooding (Warren et al. 2011). Because 
of its environmental tolerances and prolific seeding capabil-
ities, Microstegium has been identified as a highly invasive 
plant species in Virginia (Heffernan et al. 2014). It has been 
documented to reduce native plant diversity (Oswalt et al. 
2007; Adams and Engelhardt 2009) and alter insect com-
munity structure (Marshall and Buckley 2009). Its ability to 
disperse high numbers of viable seeds into a persistent seed 

Fig. 1 Top: Arthraxon hispidus dominant on one of our northern Vir-
ginia (USA) wetland mitigation study sites. Middle: Microstegium 
vimineum demonstrating tolerance to shade in a disturbed forest under-
story at an eastern mountains and piedmont (EMP) site near Rich-
mond, Virginia (USA). Bottom: Typical habitat condition for Typha 
sp. on study sites. Photograph taken in at a coastal plain (AGCP) site 
near Charles City, Virginia (USA) (lead author pictured)
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B − 3–5 years old (3 sites); C − 6–10 years old (6 sites); D 
− 11–15 (7 sites) years old; and E - >15 years old (5 sites).

Among the sites screened during site reconnaissance, 23 
met suitability criteria and were selected for the study. Two 
sites fell within age class A, three sites fell within age class 
B, six sites fell within age class C, seven sites fell within 
age class D, and five sites fell within age class E. sites were 
drawn from a total of 18 mitigation areas. Of the available 
areas, 14 had a single phase that was suitable for sampling, 
three areas had two phases that were suitable for sampling, 
and 1 area had three distinct phases that were suitable for 
sampling. Of the phases sampled, 14 contained a transect 
for only a single study species that was suitable for sam-
pling, seven contained transects for two study species that 
were suitable for sampling, and two contained transects for 
all three study species that were suitable for sampling. The 
project therefore encompassed 170 2 m x 2 m plots across 34 
transects within 23 sites and 18 mitigation areas. Site ages 
ranged from 1 to 23 years post-construction and were evenly 
distributed across the Piedmont (11 sites) and Coastal Plain 
(12 sites) in Virginia, USA (Fig. 2). Most sites fell within 
mitigation banks or in-lieu fee sites (i.e., sites established 
under the Virginia Aquatic Resources Trust Fund).

Research Design and Data Collection

A single transect was constructed for each study species 
present on each field site using five identical 4m2 (2 m x 
2 m) vegetation plots, randomly assigned to an area that 
captured the gradient from completely invaded (i.e., the 
invasive species was considered dominant, or comprising 
at least 20% of the overall relative dominance of the com-
munity) to uninvaded (i.e., the invasive species was absent 
or not comprising more than 5% relative dominance).

Transect Configuration and Plot Locations

Both transect and plot locations were randomized to mini-
mize bias toward sampling visually similar vegetation com-
munities along the invasion gradient The randomization 
procedure for transect/plot layout involved identifying the 
center of an invasive species population within a given site 
and establishing a 4m2 grid with 9 vertices (Fig. 3). Using 
a random number generator, a random number between 1 
and 9 was selected, and its location on the grid was defined 
as the center of the vegetation plot for the most invaded 
site (Plot A). From that point, the direction of the transect 
was initially determined by defining an arc through which 
all possible transects could be delineated that would lead 
toward an uninvaded section of the site with similar envi-
ronmental conditions. The length of this arc was taken as the 
domain for another random numbers draw, this time with 

bank makes it difficult for land managers to treat (Miller 
and Matlack 2010; Ziska et al. 2015), but post-emergence 
herbicide application can be effective within a single year 
(Judge et al. 2005; Flory 2010). Despite the abundance of 
research on this species, consensus on the specific environ-
mental conditions that stimulate invasion by Microstegium 
has not been reached; however, high nutrient loads and light 
availability have both been identified as likely candidates 
(Warren et al. 2011).

Typha represents a group of two cattail species (Typha 
latifolia L. and Typha angustifolia L.) and a hybrid of those 
species (Typha x glauca Godron) that are native to the U.S. 
but regulated as invasive species on wetland mitigation sites 
(Perry et al. 2009). Typha typically inhabits lower, wetter 
areas (Fig. 1c), and increases in nutrient availability have 
also been documented where Typha is present (Woo and 
Zedler 2002; Zedler and Kercher 2004; Angeloni et al. 2006; 
Wiltermuth and Anteau 2016). Recent studies suggest that 
species in the genus may be increasing in prevalence due 
to anthropogenic activities related to runoff and sedimenta-
tion in wetlands (Angeloni et al. 2006; Sullivan et al. 2010). 
However, little evidence exists that Typha directly inhib-
its native plant diversity, and potential for positive species 
responses to the presence of Typha have been demonstrated 
(Green and Galatowitsch 2001; Perry et al. 2009). Nonethe-
less, herbicide application is regularly used to combat Typha 
growth, often with only temporary results (Brandon et al. 
2004; Lawrence et al. 2016).

Methods

Site Selection and Study Area

Representative field sites were chosen from a pool of over 
30 available sites based on location and size of invasive 
species populations, common native plant assemblages, site 
layout, and accessibility. Only non-tidal wetland mitiga-
tion sites displaying dominant patches of target organisms 
were used. Field sites were assigned age classes consis-
tent with DeBerry and Perry (2012) due to the documented 
importance of age for plant community structure on wet-
land mitigation sites. Within mitigation areas with multiple 
users, populations of target species occurring within distinct 
“phases” or sections of a single mitigation area constructed 
during separate time periods were treated as independent 
sites so long as they fell into different age classes (this was 
a common condition on study areas operating as mitigation 
banks). The age classes were determined from records on 
the number of complete growing seasons after construction 
of the mitigation area and included: A - -2 years old (2 sites); 
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et al. 2015) to estimate texture at each sampling plot. For 
data analysis, texture was transformed into an ordinal scale 
from fine to coarse (i.e., lower numbers represented finer 
textures soils and larger numbers represented coarser soils). 
Samples were then shipped to the Virginia Tech Soil Test-
ing Lab where soil chemical variables were measured with 
Mehlich extractions for P, K, Ca, Mg, CEC, Zn, Mn, Cu, Fe, 
and B, and Elementar high-temperature combustion for total 
values of C and N. Finally, an automated pH analyzer was 
used to measure pH values of wet samples at a 1:1 soil:water 
ratio (Maguire and Heckendorn 2019). Cation exchange 
capacity (CEC) was derived from the results of Mehlich 
extractions and included in the list of soil variables.

Canopy Cover

Canopy cover was measured by taking a skyward, hand-
leveled photograph from the center of each plot using a 
180-degree hemispheric lens adapter for iPad. Photographs 
were taken from 1 m above the ground in Arthraxon and 
Microstegium plots, and from 2 m above the ground in 
Typha plots. These photograph heights allowed us to cap-
ture canopy cover skyward of the target organisms while 
avoiding any potential effects of self-shading. Photographs 

the value representing the compass bearing from the center 
of Plot A to the edge of the invasive species population. At 
the edge of the population, another 4m2 grid was established 
and another random vertex was drawn, this one represent-
ing the center of Plot C. From this point, a straight line was 
defined from the center of Plot A to the center of Plot C and 
then an equivalent distance beyond the edge of the invasive 
population to delineate the remainder of the sampling tran-
sect. The center of Plot B (“second most invaded”) was then 
defined at half the distance between Plots A and C. The cen-
ter of Plot E (uninvaded) was established at the far end of the 
transect, and the center of Plot D (“second least invaded”) 
was established at half the distance between C and E. This 
procedure resulted in five plots along the invasion gradient 
from most invaded (Plot A) to edge of invasion (Plot C) to 
uninvaded (Plot E) (Fig. 3). Transect length varied among 
sites but typically ranged from 50 to 100 m.

Soil Sampling

The center of each plot was GPS-located in the ESRI-based 
Collector application for iPad, then a soil sample was taken 
to a depth of 10 cm using a 6 cm-diameter soil corer. Soil 
samples were textured on-site using field methods (Ritchey 

Fig. 2 Wetland mitigation study 
site locations. Grey symbols 
indicate sites in which more than 
one phase, or section of a single 
mitigation area constructed at 
a different time, was sampled; 
black symbols represent single-
phase sample sites
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Hydrology

Following transcription of the vegetation data, prevalence 
index (PI) values were calculated for use as a proxy of rela-
tive wetness between wetland sites (Tiner 2017). Given the 
point-in-time sampling approach and the large number of 
sites/observations, traditional methods for wetland hydrol-
ogy monitoring such as groundwater wells were not feasible 
or practical for this study. PI is a viable tool for this type of 
study because the vegetation entrains short- and long-term 
variability in site hydrology over time, providing a more 
reliable representation of hydrology regime than surface or 
groundwater observations that would respond to episodic 
events such as storms or dry periods (Atkinson et al. 1993). 
PI values are calculated from the wetland indicator status 
values for all species recorded within a plot. Wetland indica-
tor status values are numbers assigned to wetland indicator 
status codes in accordance with the National Wetland Plant 
List (Lichvar et al. 2016). The values include: 1 = obligate 
wetland species (OBL); 2 = facultative wetland species 
(FACW); 3 = facultative species (FAC); 4 = facultative 
upland species (FACU); and, 5 = obligate upland species 
(UPL). Each species’ indicator status value is multiplied by 

were analyzed using ImageJ (Rueden et al. 2017) and the 
package Hemispherical 2.0 (Beckschäfer 2015) to obtain a 
ratio of open sky to canopy cover.

Vegetation Sampling

We quantified vegetation abundance using cover estimates 
for all species within each of four 1m2 subplots nested 
in the 4m2 plots. Cover estimates were based on a modi-
fied Daubenmire cover class scale with midpoints used 
for analysis (Mueller-Dombois and Ellenberg 1974). The 
cover classes, with midpoints in parentheses (rounded to the 
nearest whole integer), included: 0–1% (1%); 1–5% (3%); 
5–25% (15%); 25–50% (38%); 50–75% (63%); 75–95% 
(85%); and 95–100% (98%). Cover classes were recorded 
for each species and then averaged across the four 1m2 
subplots. Identifications of all vascular plants were either 
obtained onsite or samples were gathered and preserved for 
later verification. Intact collections were deposited at the 
William & Mary Herbarium (WILLI) following confirma-
tion of identity by a senior botanist. Nomenclature follows 
Weakley et al. (2020).

Fig. 3 General layout of study design and transect configuration
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species removals (Legendre and Legendre 2012). Final 
CCA models were chosen with a combination of forward 
and backward model selection using the ordistep() function 
of vegan, which eliminates environmental variables based 
on significance of permutation tests in combination with the 
Akaike Information Criterion (AIC) (Borcard et al. 2018), 
in addition to variance inflation factor (VIF) to identify and 
remove highly correlated variables (Legendre and Legendre 
2012). This procedure results in a parsimonious model when 
all environmental variables retained in the model are statis-
tically significant and the adjusted R2 for the final model 
doesn’t exceed the adjusted R2 for the global model (global 
model = all environmental parameters included) (McCune 
and Grace 2002; Borcard et al. 2018). All permutation tests 
of significance were set at 1000 iterations, and statistical 
analyses were evaluated at α = 0.05.

Results

One hundred ninety-four (194) species were documented 
in the overall field study across 23 sites, 34 transects, and 
170 plots sampled. In the Arthraxon community dataset, 
124 species were sampled from 50 plots along 10 tran-
sects. Arthraxon comprised 19.5% of the overall relative 
abundance within the community matrix. Co-dominants 
included Leersia oryzoides (8.2%), Symphyotrichum rac-
emosum var. racemosum (6.1%), Juncus effusus (5.2%), 
Salix nigra (3.8%), Fraxinus pennsylvanica (3.6%), Plata-
nus occidentalis (2.7%), and Eleocharis tenuis var. tenuis 
(2.6%). The Microstegium community dataset included 116 
species sampled from 50 plots across 10 transects. Micro-
stegium comprised 20.6% of the overall relative abundance 
within the community matrix. Co-dominants included Acer 
saccharinum (7.7%), Scirpus cyperinus (5.9%), Fraxinus 
pennsylvanica (5.7%), Pinus taeda (5.4%), Betula nigra 
(4.4%), and Juncus effusus (3.7%). The Typha community 
matrix included 106 species sampled from 70 plots across 
14 transects. Typha accounted for 19.5% of the overall rela-
tive abundance, with co-dominants Persicaria hydropiper-
oides (11.6%), Juncus effusus (10.8%), Leersia oryzoides 
(7.7%), and Scirpus cyperinus (4.9%).

Environmental Variation and Community Modeling

Arthraxon

Spearman results showed Arthraxon abundance negatively 
correlated with canopy cover (rs=-0.295, p = 0.037). No 
other environmental variables were significantly correlated 
with Arthraxon abundance in the Spearman test. The CCA 
model for Arthraxon was based on a community matrix with 

the relative abundance of that species within the plot then 
summed to produce a weighted average index between 1 
and 5. Plots closer to 1 are considered to have wetter condi-
tions and plots closer to 5 are drier (Tiner 2017). To remove 
the potential for circularity of evaluating invasive species 
abundance relative to PI, an adjusted PI (PIadj) was calcu-
lated by omitting the invader from the abundance matrix.

Statistical Analysis

Data analysis was completed using R version 4.0.3 (R Core 
Team 2020) including the packages vegan, Hmisc, and Bio-
diversityR (Kindt and Coe 2005; Borcard et al. 2018; Har-
rell et al. 2020; Oksanen et al. 2020). The datasets for each 
invader were analyzed separately due to expected varia-
tion in their relative tolerances for environmental stressors 
and discrepancies among growth requirements (Zedler and 
Kercher 2004; Swearingen et al. 2010). The correlation 
between relative abundance of each invader and variables in 
the environmental matrix was calculated using the nonpara-
metric Spearman rank-order correlation test. The Spearman 
test was chosen due to its robustness to deviations from nor-
mality, as well as its ability to detect both linear and mono-
tonic relationships, without appreciable loss of statistical 
power in comparison with parametric tests (Legendre and 
Legendre 2012). When plotted against environmental vari-
ables, study species abundance possessed an obvious left-
ward skew, likely due to the study design and collection of 
2 points with few if any study species individuals present at 
each transect.

Canonical Correspondence Analysis (CCA) (ter Braak 
1986) was used to evaluate the overall community response 
to environmental variation along the invasion gradient. We 
chose this approach over alternatives such as linear mixed 
modeling because it allowed us to evaluate invasive species’ 
responses to environmental variation in the context of the 
overall vegetation community. Relationships between indi-
vidual species and environmental variables are often skewed 
or masked by interspecific interactions that are unavoidable 
during in-situ experiments. Therefore, we elected to use 
CCA to determine the drivers of plant community structure 
in invaded wetland communities and impose the overlay of 
invasive species prevalence to determine whether associa-
tions with key environmental variables and invasive species 
prevalence were positive or negative.

Prior to CCA analysis, rare species were removed from 
the abundance matrix of each dataset due to the outsized 
influence that rare species have on the Χ2 distance used in 
CCA (Legendre and Gallagher 2001; Peck 2016). Rare spe-
cies reduction followed the Borcard method, which uses a 
stepwise approach based on the correspondence analysis 
(CA) component of CCA to evaluate the effect of progressive 
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Microstegium

Spearman results indicated that Microstegium abundance 
was positively correlated with cation exchange capacity 
(CEC) (rs=0.337, p = 0.017). For the CCA analysis, the 
Microstegium community matrix was reduced by 41 data-
set-rare species, leaving 75 species from the original data-
set in the ordination. The final parsimonious Microstegium 
CCA model included five environmental variables – PIadj, 
canopy cover, texture, nitrogen (N), and iron (Fe) – which 
accounted for 20% of the total inertia in the ordination. 
All environmental factors (eigenvectors) were significant 
at p < 0.001 with the exception of Fe (p < 0.01) and tex-
ture (p = 0.023). The first two ordination axes displayed in 
Fig. 5 explained over 51% of the CCA variation. As with 
Arthraxon, canopy cover and texture were negatively cor-
related with plant communities characterized by high Mic-
rostegium abundance and PIadj was positively correlated. 
The other two important factors, N and Fe, showed positive 
and negative relationships with Microstegium abundance, 
respectively.

Typha

Spearman correlations showed that no environmental 
variables were significantly related to Typha abundance 
in the correlation matrix. The CCA analysis used a Typha 

46 dataset-rare species removed, leaving 78 species from 
the original dataset in the ordination. The final parsimoni-
ous CCA model included four environmental variables 
– PIadj, texture, carbon:nitrogen ratio (C:N), and phos-
phorus (P) – which accounted for 19% of the total inertia 
in the ordination. All environmental factors (eigenvectors) 
were significant at p < 0.001 with the exception of texture 
(p = 0.002).

The first two ordination axes explained over 62% of the 
variation in the CCA and thus were retained for the biplot. 
As Fig. 4 shows, PIadj was a strong environmental factor 
that appeared positively correlated with plant communities 
characterized by high Arthraxon abundance, indicating that 
Arthraxon was more commonly found at higher densities 
on drier sites. C:N was also a strong environmental factor 
that appeared negatively correlated with higher Arthraxon 
abundance. Both P and texture were less important as an 
explanatory variable in the first two axes of the ordina-
tion, but based on the eigenvector direction, P was posi-
tively correlated and texture was negatively correlated with 
Arthraxon abundance (i.e., regarding the latter, plots with 
higher Arthraxon abundance tended to be associated with 
smaller texture values, and therefore, finer textured soils).

Fig. 4 CCA biplot for Arthraxon 
dataset. Red arrows are eigenvec-
tors for environmental variables. 
Vector length indicates strength 
of correlation and vector direc-
tion indicates positive (pointing 
toward) or negative (pointing 
away) relationship to the plots, 
which are shown as circles with 
size corresponding to abun-
dance of Arthraxon (i.e., larger 
circles = higher abundance). Plot 
relationships with environmental 
vectors are interpreted as perpen-
dicular projections from green 
circles to red arrows. Environ-
mental variables determined to 
be significant within the model 
include carbon: nitrogen ratio 
(C.N), soil particle size, with 
larger particles such as sands 
and gravels representing higher 
values within the environmental 
matrix (Texture), prevalence 
index, a measure of the affinity 
for the plant community toward 
drier environments, adjusted to 
exclude the target species from 
the calculation (PIadj), and phos-
phorus (P)
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ordination. All environmental factors were significant in 
the model at p < 0.001 except Mn (p = 0.002) and site age 
(p = 0.005). The first two ordination axes explained 65% 
of the CCA variation. As Fig. 6 demonstrates, PIadj and 
canopy cover were important factors in the analysis, and 

community matrix reduced by 27 dataset-rare species, leav-
ing 79 species from the original dataset. The final parsi-
monious Typha CCA model included four environmental 
variables – PIadj, canopy cover, site age, and manganese 
(Mn) – which accounted for 15% of the total inertia in the 

Fig. 6 CCA biplot for Typha 
dataset. See Arthraxon text 
and Fig. 4 caption for notes on 
interpretation. Environmental 
variables determined to be sig-
nificant within the model include 
the number of years following 
construction of the site that had 
passed prior to the sampling 
of each plot (Age), manganese 
(Mn), prevalence index adjusted 
to exclude the target species 
from the calculation (PIadj), and 
canopy cover (Canopy)

 

Fig. 5 CCA biplot for Microste-
gium dataset. See Arthraxon text 
and Fig. 4 caption for notes on 
interpretation. Environmental 
variables determined to be signif-
icant include iron (Fe), nitrogen 
(N), prevalence index adjusted to 
exclude the target species from 
the calculation (PIadj), canopy 
cover (Canopy), and soil particle 
size, with larger particles such as 
sands and gravels representing 
higher values within the environ-
mental matrix (Texture)
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modify particle size distribution (Petru et al. 2013), and we 
believe that there is evidence for an effect on our sites based 
on the negative relationship between texture and Arthraxon 
abundance in the CCA model (e.g., Arthraxon was associ-
ated with finer textured soils; Fig. 4). CCA modeling also 
showed that bioavailable P was positively correlated with 
Arthraxon abundance (Fig. 4), and this result is consistent 
with the other wetland studies that have found P availability 
important in regulating invasive populations (Chiang et al. 
2000; Woo and Zedler 2002), as well as the potential for a 
P-limiting condition to be attenuated by the chemical reduc-
tion sequence in developing wetland soils (see discussion 
under Microstegium below).

Finally, the negative relationship between C:N and plant 
communities characterized by high Arthraxon abundance 
was not expected but is consistent with recent research on 
plant invasion. Conceptually, a high C:N condition would 
stimulate increased microbial activity, and as microbes oxi-
dize low-nitrogen organic substrates for energy additional 
nitrogen sources will be required for protein synthesis, thus 
depleting nitrogen from the soil and causing an N-limitation 
(Iannone et al. 2008). Most invaders do not compete well 
under nutrient limitation (Bedford et al. 1999; Olde Ven-
terink et al. 2003; Perry et al. 2004), so the negative cor-
relation here is plausible. High C:N soil amendments have 
recently been reviewed as a potential invasive species con-
trol mechanism on some wetland invaders (Iannone et al. 
2008; Hazelton et al. 2014).

Microstegium

As with Arthraxon, the positive relationship between plant 
communities characterized by high Microstegium abun-
dance and PIadj in the CCA model was anticipated. Although 
Microstegium tolerates periodic flooding (Touchette and 
Romanello 2010), in wetland environments it tends to 
inhabit moist, well-drained soils of floodplains and wetland 
edges (Warren et al. 2011) and does not appear to survive 
under long-term inundation (Nord et al. 2010). Plant species 
with higher (and therefore drier) wetland indicator values 
scores often inhabit wetland edges where soil saturation and 
flooding would occur less frequently and for shorter dura-
tions, making their association with Microstegium abun-
dance understandable. The significant positive relationship 
between CEC and Microstegium abundance in the Spearman 
correlation analysis was not expected; however, it is sup-
ported by results of other studies in wetland habitats (Barden 
1987; but see Gibson et al. 2002 for results in uplands) and 
coincides with a high disturbance/high resource availability 
model for Microstegium invasion (Nord et al. 2010; War-
ren et al. 2011) in that CEC tends to be positively related 
to soil fertility (Brady and Weil 2008). We suspect that the 

canopy cover was negatively correlated with plant commu-
nities characterized by high Typha abundance similarly to 
the other two wetland invaders. However, unlike Arthraxon 
and Microstegium, PIadj was negatively associated with the 
invasion gradient. Finally, site age and Mn were identified 
as important factors in the parsimonious model, with the 
former being positively associated with the invasion gradi-
ent and the latter negatively associated.

Discussion

Along the invasion gradients sampled in this study, variables 
relating to soils, prevalence index, and light availability 
(canopy cover) all emerged as correlates to plant commu-
nity structure on wetland mitigation sites. Of these factors, 
prevalence index and canopy cover persistently showed a 
strong relationship with plant communities characterized by 
high invasive species prevalence. As is common in analy-
ses of complex ecological data, no single environmental 
variable materialized as the most important, although prev-
alence index did show strong correlation with the communi-
ties possessing a high abundance value for each of the three 
invaders in the CCA ordinations (Figs. 4, 5 and 6). Each 
invaded community’s relationship with prevalence index 
indicates that study species possess a greater chance of 
dominating specific niches, likely related to the frequency, 
timing, and duration of soil saturation, and flooding. This is 
not surprising given the importance of hydrologic factors in 
structuring wetland plant communities (van der Valk 1981), 
and from our modeling it is evident that soil saturation and 
flooding work in aggregate with other environmental fac-
tors to influence community dynamics along the invasion 
gradients on our wetland sites. These factors are discussed 
for each invader below.

Arthraxon

The monotonic relationship between Arthraxon abundance 
and canopy cover was expected. Arthraxon is not a shade-
tolerant grass (White et al. 2020), so the significant negative 
correlation with canopy cover was consistent with other stud-
ies. Likewise, the importance of hydrology as represented 
by PIadj in the CCA results is consistent with our site-level 
observations: although Arthraxon occurs across a broad 
range of moisture conditions, we consistently observed its 
distribution along the edges of wetlands where microtopog-
raphy raised the relative elevation of the invaded area and 
created drier microhabitats. Dense populations of Arthraxon 
on our sites may also have been associated with localized 
disturbance conditions, which could have been secondarily 
associated with soil texture. Soil mixing and removal can 
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restored wetlands even under reducing conditions (Hogan et 
al. 2004), suggesting that areas that are high in Fe are likely 
to be low in bioavailable P. Although we measured soil P 
directly on our sites, there was a large degree variability in 
the P levels – over two orders of magnitude difference – and 
neither data transformations nor outlier analysis were able 
to rectify the large degree of variability in the correlations or 
the CCA analysis. Although the source of P variability was 
not clear, it seemed to be related to a few sites in the data-
set and therefore could have been the result of the different 
management techniques used on those sites.

Typha

The negative relationship between PIadj and plant commu-
nities characterized by high Typha abundance in the CCA 
model, which indicates that Typha inhabits wetter sites, was 
expected based on the extensive body of literature on this 
taxon (see Bansal et al. 2019 for a comprehensive review). 
Typha uses pressurized ventilation to induce convective 
throughflow of gases through its extensive rhizome net-
work, thereby delivering oxygen to the roots and allowing 
Typha to persist in deeper water alongside other obligate 
hydrophytes for prolonged periods of time (Tornbjerg et al. 
1994). Further, species in the genus are generally consid-
ered shade-intolerant (Bansal et al. 2019), so the negative 
relationship between canopy cover and Typha abundance in 
our CCA model was not surprising (Fig. 6).

We did not expect the negative relationship between soil 
Mn and Typha communities that emerged from the CCA 
analysis; however, we attribute this to the metal oxide/P-
sorption dynamics described under Microstegium above. 
Oxidized Mn functions in much the same way as other metal 
cations to immobilize bioavailable P (Reddy et al. 2005), so 
we suspect that the Mn eigenvector in Fig. 6 is an indirect 
reflection of P dynamics across the invasion gradient (with 
the same caveat regarding variability in P measurements 
noted under the Microstegium discussion above).

Finally, that site age was positively related to plant com-
munities characterized by high Typha abundance was also 
unexpected (Fig. 6). Typha has been shown to exhibit auto-
genic control over its own habitat through detritus accu-
mulation (Vaccaro et al. 2009; Larkin et al. 2012), owing 
mostly to the refractory nature of Typha litter (Álvarez and 
Bécares 2006). Under this scenario, we expected accumu-
lated litter to increase substrate elevations, create a localized 
drying effect, and encourage recruitment of other species 
that could more successfully compete with and eventually 
eliminate Typha over time (Perry et al. 2009; DeBerry and 
Perry 2012). However, studies on Typha invasion have sug-
gested that litter production serves to suppress competi-
tion and promote invasion (Vaccaro et al. 2009; Tuchman 

negative relationship between soil texture and Microste-
gium abundance in the CCA model (Fig. 5) could be related 
to the CEC gradient as finer-textured soils would support an 
increase in cation adsorption sites, although it is also pos-
sible that texture could be related to localized disturbance 
gradients as discussed for Arthraxon above. The positive 
relationship between soil N and Microstegium abundance 
shown in the CCA analysis (Fig. 5) is consistent with the 
findings of other wetland studies (DeMeester and Richter 
2010; Warren et al. 2011) and may reflect the positive feed-
back between enhanced N-uptake rates and increased nitri-
fication rates under influence of a dominant Microstegium 
population (Ehrenfeld 2003).

Of interest is the negative relationship between plant 
communities characterized by high Microstegium abun-
dance and canopy cover in the CCA analysis (Fig. 5), which 
seems counterintuitive given the documented shade-toler-
ance of this invader (Horton and Neufield 1998). However, 
in most studies Microstegium has been shown to have a pos-
itive relationship with available light (Gibson et al. 2002; 
Nord et al. 2010; Schramm and Ehrenfeld 2010; Warren et 
al. 2011), so it ends up being the relative amount of light 
across the invasion gradient that is most important. Micro-
stegium is competitive in lower light conditions due in part 
to the reduction of other herbaceous competitors imposed 
by shade (Oswalt et al. 2007), but also to superior photo-
synthetic efficiency when light becomes available (Horton 
and Neufeld 1998). On forested mitigation sites, increas-
ing canopy closure results in a reduction in shade-intolerant 
herbaceous species (DeBerry and Perry 2012), and this can 
create a more suitable competitive environment for Micro-
stegium as long as light levels are high enough to promote 
expansion (Gibson et al. 2002; Warren et al. 2011).

We believe that the negative relationship between Fe 
and plant communities characterized by high Microstegium 
abundance in the CCA model is an indirect indication of 
bioavailable P, which could be explained by the soil reduc-
tion sequence on developing wetland sites (DeBerry and 
Perry 2015). Although soil redox potential does not directly 
affect P transformations, an indirect effect may occur in 
the presence of metal oxides such as iron, manganese, and 
aluminum oxide, which immobilize otherwise bioavail-
able P by chemical precipitation (Ponnamperuma 1972; 
Mohanty and Dash 1982). As anoxia proceeds in saturated 
soils, metal oxide-bound P may be released as bioavailable 
phosphate during the chemical reduction sequence medi-
ated by anaerobic microbial respiration on wetland mitiga-
tion sites (Stauffer and Brooks 1997; Hogan et al. 2004), in 
which case lower levels of Fe would indicate higher levels 
of P and support the high disturbance/high resource avail-
ability discussion above. Conversely, Fe-rich soils have 
been shown to increase the presence of P-sorption sites in 
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disturbance, and this was judged to be a very probable con-
sequence of legacy effects from construction-phase activi-
ties, and active site management.

All of the above environmental drivers give us a clearer 
picture of the causes and consequences of invasion on miti-
gation sites and suggest some potential proactive measures 
that could be implemented to reduce risk of invasion and 
encourage desirable native plant communities at the outset 
of a mitigation project: (1) planting trees from larger stock 
types, at higher densities, and/or with a composition that 
favors early successional species (e.g., Salix nigra; McLeod 
et al. 2001; DeBerry and Perry 2012) to promote canopy 
development and hasten canopy cover; (2) planting a seed 
mix with a high percentage of fast-growing annual species 
supplemented with high richness of perennials and early 
successional tree seeds to maximize potential for rapid 
germination and ecosystem resiliency, thereby advantag-
ing the native species via the competitive edge promoted 
by early establishment (Reinartz and Warne 1993; Stauffer 
and Brooks 1997); (3) proactively managing hydrology dur-
ing the establishment phase (1–5 years post construction) to 
reduce risk of invasion by targeting ecological tolerances of 
invaders (DeBerry and Perry 2015); and, (4) managing the 
number and severity of stressors within a site to establish 
environmental filters that will attenuate the risk of invasion 
during the establishment phase.

With respect to the latter, we believe that environmental 
stressors play a role in resource acquisition and competition 
by both native and invasive vegetation on wetland mitiga-
tion sites. Our observations suggest that risk of invasion 
increases under decreased stress, especially when baseline 
levels of environmental disturbance are high. These results 
receive some support in the literature on biological invasion 
and resource strategies of wild plants (Craine 2009; Lock-
wood et al. 2013). Stress in wetland mitigation is experi-
enced by plants in various ways, but disturbance is more 
or less the same: sites are cleared and graded as necessary 
to establish appropriate elevations and desired landforms, 
soil conditions are often manipulated through excavation, 
tilling, or addition of soil amendments, and vegetation is 
selectively removed by herbicide application, mowing, or 
hand-pulling to improve conditions for target plant commu-
nities. Thus, the types of activities used in the construction 
sequence for a wetland mitigation site are also the types of 
activities that could “open the door” for biological invasion. 
If the “disturbance” half of the stress-disturbance dynamic is 
an unavoidable consequence of the construction sequence, 
there may be alternative approaches that would allow miti-
gation designers and managers to introduce stressful con-
ditions to limit the opportunities for specific invaders to 
colonize and dominate a site.

et al. 2009; Larkin et al. 2012), and on wetland mitigation 
sites this has been referred as a “autogenic dominance” in 
reference to plant community development (Noon 1996; 
DeBerry and Perry 2012). Shading by both living and dead 
Typha tissue has been demonstrated to incur a similar auto-
genic result (Elgersma et al. 2017; Woo and Zedler 2002) 
and may have played a role in the resulting age-dependent 
relationship with Typha communities on mitigation sites. 
Although several of our Typha sites were 15 + years old, 
autogenic dominance has been noted by others on created 
wetland sites as old as 20 years in Virginia (Atkinson et al. 
2005). If this is happening on our sites, it would explain 
the positive relationship between Typha dominance and age, 
and presumably indicate that Typha populations on younger 
sites had not yet developed a litter layer or low-light condi-
tion sufficient to suppress competitors.

Summary and Recommendations

By studying environmental variability along invasion gra-
dients in wetland mitigation settings, we have learned that 
environmental variables serving as potential stressors also 
function as potential drivers for plant community composi-
tion and invasive species prevalence on compensatory wet-
land mitigation sites. We anticipate that a “high disturbance/
low stress” model for plant invasion could explain the 
general resource acquisition strategies for all of our target 
invaders, but further study specifically examining the dis-
turbance component of this hypothesis would be required 
to adequately substantiate the model’s bearing on our find-
ings. The specified result holds true even though our target 
invaders exhibit different life history strategies (e.g., annual 
grasses vs. tall emergent perennials) and span a wide range 
of tolerance for environmental gradients (e.g., Typha vs. 
Microstegium with respect to site hydrology), suggesting 
that these concepts could be generalizable to other invasive 
species.

Among environmental drivers, canopy cover (light avail-
ability) was conspicuous in that it was an important driver 
of plant community structure within populations of all three 
target organisms. This is noteworthy because it indicates a 
potential confluence between theory and practice that could 
be actionable on mitigation sites during the construction 
phase (see below). This is also the case for wetland hydrol-
ogy, which was a significant factor influencing community 
structure within populations of all study species in the data-
sets. Although our evaluation of soil chemistry produced 
results that varied by species, our interpretation is that the 
usual suspects from the literature (N and P) underlie the 
gradients we observed in our community models. Where 
soil texture was important, it seemed to signal localized 
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