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Abstract
Anthropogenic alteration of the landscape has facilitated plant community change and non-native species invasion in urban areas.
We used species occurrence data from over 2000 wetlands within the Chicagometropolitan region to classify urban wetlands into
community types and examined non-native species composition across community types. Non-native species were widespread
across the region, occurring in over 99% of wetlands. On average, 35% of the plant species in individual wetlands were non-
native. A single non-native species, Phalaris arundinacea, was present in 74% of wetlands. Six wetland community types were
identified (wet meadows, marshes, forested wetlands, farmed wetlands/mudflats, roadside marshes, and an undetermined wet-
land type), with each having aggressively spreading non-natives amongst the most common plant species. We conducted
canonical correspondence analysis to evaluate the contribution of surrounding land cover, roads, and location of wetlands to
plant community composition in these wetlands, and found that similar changes to the landscape have resulted in similar
combinations of native and non-native species. Differences in species composition reflected spatial gradients in land use from
urban to rural areas across the region, as well as proximity to major roads. Anthropogenic drivers have resulted in profound and
pervasive changes to wetland communities across the region, creating novel habitats and ultimately novel community types.
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Introduction

Factors associated with urbanization are major drivers of plant
community assembly in urbanized regions. Urbanization is
associated with changes in the local environment via reduction
of habitat area, elimination of unique community types, intro-
duction of non-native species, eutrophication of wetlands, and

alteration of hydrology (Reinelt et al. 1998; McKinney 2002,
2006; Schwartz et al. 2006; Hogan andWalbridge 2007). These
changes in the local environment have resulted in increased
susceptibility to invasion by non-native plant species (Alpert
et al. 2000; McKinney 2002). As a result, the presence and
extent of urban land cover around a site are reliable indicators
of non-native plant species presence and abundance (Aronson
et al. 2014; González-Moreno et al. 2014; Thomas andMoloney
2015). Once a population of non-native species establishes in a
site, propagules can be dispersed to nearby sites (Hutchinson
and Vankat 1997; Foxcroft et al. 2004), increasing the likelihood
that sites in close proximity will share the same group of non-
native species and increasing overall community similarity.

In urban areas, the proximity and density of roads are also
reliable indicators of community composition (Gavier-Pizarro
et al. 2010). Road construction results in the removal of native
vegetation, soil disturbance, and re-vegetation of roadsides
with both native and non-native species (Forman and
Alexander 1998; Forman et al. 2003; Gelbard and Belnap
2003). Roadside maintenance, including mowing and herbi-
cide application, as well as de-icing salt run-off, can negative-
ly affect native vegetation (Forman and Alexander 1998;
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Forman et al. 2003; Hansen and Clevenger 2005). Together,
the construction and on-going maintenance of roads facilitate
the establishment and spread of non-native plant species by
providing disturbed habitats and colonization sites (Gelbard
and Belnap 2003; Kalwij et al. 2008; Joly et al. 2011; Meunier
and Lavoie 2012). Furthermore, linear landscape features like
roadside habitats can provide corridors that link patches
through seed transport (Maheu-Giroux and de Blois 2006;
Thiele et al. 2008; Brisson et al. 2010). Passing vehicles, par-
ticularly vehicles moving at highway speeds, create air cur-
rents that blow seeds or plant material along roadways (von
der Lippe and Kowarik 2007, 2008; von der Lippe et al.
2013). Vehicles can also directly carry attached seeds or plant
material (Hodkinson and Thompson 1997; Hansen and
Clevenger 2005). Connections between patches increase the
likelihood that seeds will be dispersed and that non-native
populations will establish (Thiele et al. 2008; Minor et al.
2009; Minor and Gardner 2011; Vilà and Ibáñez 2011).

Wetlands, due to their position as landscape sinks, are sub-
ject to inputs of both non-native propagules and pollutant- and
nutrient-laden runoff (Zedler and Kercher 2004). As a conse-
quence, anthropogenically disturbed wetlands are often dom-
inated by invasive plants such as Phalaris arundinacea,
Phragmites australis, Lythrum salicaria, and Typha x glauca
(Galatowitsch et al. 1999). However, different forms of an-
thropogenic disturbance, combined with different underlying
environmental conditions among wetland types, can result in
divergent communities of non-native species (Choi and Bury
2003). Numerous classification systems have been developed
for wetlands based on characteristics of vegetation, hydrology,
water chemistry, substrate, and landform (Tiner 2017), but
with the notable exception of Cowardin et al. (1979), most
wetland classifications do not explicitly consider human alter-
ations to wetlands. Native wetland types in our study region
(Chicago, Illinois, USA) included forested wetlands in flood-
plains or upland depressions, wet prairies, sedge meadows,
marshes, and fens (Mohlenbrock 2002; Wilhelm and
Rericha 2017). However, wetlands in the region have under-
gone extensive excavation, impoundment, draining and fill-
ing, and altered water and sediment chemistry, leading to plant
communities unlike those present at the time of European
settlement (Choi and Bury 2003; Wilhelm and Rericha 2017).

The creation of new habitat conditions through urbaniza-
tion, and the consequent increased abundance of non-native
plant species, suggests that plant communities of urban eco-
systems may be profoundly different from those in native
ecosystems. The term Bnovel community^ has been used to
describe a variety of conditions including new assemblages of
species originating from different locations, communities with
no natural analog, and changes in community composition in
response to climate or atmospheric changes (Hobbs et al.
2006; Seastedt et al. 2008; Truitt et al. 2015). Similar anthro-
pogenic changes to the local environment may result in similar

non-native-dominated plant communities throughout an ur-
banizing region, suggesting the formation of coherent novel
communities. The objectives of this study were to: (1) classify
wetland communities in the Chicago metropolitan region (2)
characterize the non-native components of these communities,
and (3) relate anthropogenic alterations of the local environ-
ment and landscape configuration to patterns of species
composition.

Methods

Study area

This study was conducted within the Chicago metropolitan
region in northeastern Illinois, USA, an area that includes
Cook, DuPage, Kane, Lake, McHenry and Will Counties
(approximately 9708 km2) (Fig. 1).We selected this area because
it includes a gradient of urban-to-rural land uses and the region is
heavily impacted by invasive species (Early Detection and
Distribution Mapping System 2015). The climate of the
Chicago metropolitan region is continental with an average
annual temperature of 9.94 C, an average annual precipitation
of 93.7 cm (including both rain and snow water equivalent), and
an average annual snowfall depth of 93.2 cm (Angel 2011).

INHS-IDOT dataset

Wetlands used in this study were investigated and mapped by
the Illinois Natural History Survey (INHS) in advance of
Illinois Department of Transportation (IDOT) construction
projects, following U.S. Army Corps of Engineers methodol-
ogy. To be considered a wetland, an area must possess hydro-
phytic vegetation, indicators of wetland hydrology, and hydric
soils (Environmental Laboratory 1987; U.S. Army Corps of
Engineers 2010). The size of the wetlands ranged from 0.001
to 69.120 ha within the INHS survey limits. Survey limits
were determined by the project requirements of IDOT, and
as a result not all wetland boundaries were mapped in their
entirety. INHS botanists compiled a list of all plant species
observed (presence/absence only) in each wetland.

We considered all wetlands mapped by INHS within the
study area between 2002 and 2013, for inclusion in this study.
Although some changes may have occurred in the regional flora
during this time span, we opted to maximize the number of
sampling locations and the total area sampled by including data
from the full 12-years period. We included only wetlands inves-
tigated between April and October because wetlands investigat-
ed outside the growing season were likely to have incomplete
species lists. Due to the original purposes of the data collection,
spatial overlaps existed among some sampled areas. Where spa-
tial overlaps occurred, we selected the most recent investigation.
The resulting sample contained 2005 wetlands (Fig. 1).
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Predictor variables

Predictor variables included measures of local environmental
factors and landscape configuration. All variables were mea-
sured using ArcGIS 10.2.2 (ESRI 2014) or R with packages
raster and rgdal (Bivand et al. 2014; Hijmans 2014; R Core
Team 2014). All GIS datasets were projected to planar coor-
dinates, and all distances are planar measurements. We used
the below listed predictor variables.

1. Land Cover: We described the land cover/use of the area
surrounding each wetland’s centroid. Wetland centroid
points were buffered at 100 m and 1 km, representing
the local and neighborhood contexts, respectively.
Proportions of eight land cover types (agriculture, devel-
oped, forest, shrubland, grassland, wetland, water, and
barren ground) present within the buffers were calculated
for every wetland.We used the National Land Cover 2011
Dataset for Illinois (30-m grid cells) for this analysis (U.S.
Geological Survey 2014). Detailed land cover classes
were aggregated into general classes, e.g. high, medium,
and low intensity developed land classes were classified
as developed land. We retained agriculture, developed,
forest, wetland and water land cover categories in the
analysis because other land cover/use types were uncom-
mon (< 5% cover within 100-m and 1-km buffers).

2. Distance to Road: We measured distance between the
edge of each wetland and the nearest road centerline.
This distance serves as a measure of the likelihood that a
wetland will be affected by a road. Road locations were
obtained from ESRI’s Street Map North America dataset
(ESRI and Tom Tom North America 2013).

3. Road Type: We classified the road type adjacent to each
wetland using five categories (Table 1). Road categories
were intended to incorporate multiple factors that contrib-
ute to a road’s function in dispersing or providing habitat
for non-native species; these include traffic volume, vehi-
cle speed, and disturbance from road construction and
ongoing roadway maintenance. Each of these factors in-
creases with increasing road class ranking, e.g. interstate
highways (Road Class 5) have the greatest speeds, traffic
volume, and disturbance from construction and mainte-
nance. Use of road type as a proxy for these factors is
supported by findings that non-native species abundance
increases with road improvement (Gelbard and Belnap
2003; Joly et al. 2011). Road type was modified from
ESRI’s Street Map North America dataset (ESRI and
Tom Tom North America 2013).

4. Distance to Chicago: We measured the distance between
each wetland centroid and a point within the city of
Chicago. Urbanization across the region decreases with
distance from the city center. The point location within

Fig. 1 Study location map
showing the location of sampled
wetlands
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Chicago was placed at the junction of Interstate Highways
90, 94, and 290. This point was selected because major
roads within the region radiate from this junction point.
Roads provide functional connectivity between the city
and wetlands in the surrounding area (von der Lippe and
Kowarik 2008).

5. Geographic Coordinates: We determined the location of
each wetland (easting and northing) using UTM
coordinates.

Classification of plant communities and species

We used hierarchical clustering to assign wetlands into com-
munity type clusters based on species occurrences. Clustering
was based on Sørensen’s dissimilarity index, computed for
each pair of wetlands using species presence-absence data
for each wetland. Ward’s minimum variance clustering, a
method that splits the data based on minimizing the within
group sum of squares, was used to partition groups (Borcard
et al. 2011). Clusters were computed using R and the hclust
function (R Core Team 2014). Selection of an appropriate
number of clusters was made by reviewing the resulting
dendrogram and the number of sites within each cluster.

Indicator species analysis was performed to identify char-
acteristic species for each previously defined community clus-
ter using R and the indicspecies package (De Cáceres and
Legendre 2009; R Core Team 2014). Indicator species are
those species that show fidelity to a particular cluster, as well
as exclusivity to that cluster. In addition to indicator species,
we characterized community clusters based on their most
common species (i.e., those with the greatest number of oc-
currences within the community type). We assigned commu-
nity type names to each cluster based on their indicator species
and most common species.

Designation of species as native or non-native followed
Mohlenbrock (2002) with some exceptions. Several species
which are native to far southern Illinois are considered in-
troduced in the Chicago region (Swink and Wilhelm 1994;

Mohlenbrock 2002). Therefore, we considered Catalpa
speciosa, Crataegus phaenopyrum, Pentaphylloides flori-
bunda, Physocarpus opulifolius, Robinia pseudoacaia,
Taxodium distichum, Thuja occidentalis and Viburnum
recognitum to be non-native for this study. Phragmites
australis is considered native to Illinois (Mohlenbrock
2002) and the Chicago region (Swink and Wilhelm 1994).
Although native genotypes are present in the region, an
introduced Eurasian genotype is more common, particularly
in disturbed roadside habitats (Saltonstall 2002, 2003; Price
et al. 2014). Because the majority of wetlands in this study
were located along roadways, all occurrences of P. australis
were assumed to be the non-native variety.

Relationship between plant communities
and predictor variables

Non-native species richness and the proportion of non-
native species in each of the wetland were modeled using
multiple regressions. We fitted a global model containing
land cover (100-m buffer), distance to road, road type,
distance to Chicago, and geographic coordinates. We then
used a best subsets analysis to compare all possible
models based on combinations of the predictor variables.
We selected the models for richness and proportion of
non-natives that minimized the Mallows’ Cp and Akaike
Information Criterion (AIC) scores. Tests were performed
using R and the olsrr and vegan package (Hebbali 2017;
Oksanen et al. 2013; R Core Team 2014).

We evaluated the relationships among species pres-
ence/absence, wetland sites and the predictor variables
using canonical correspondence analysis (CCA). CCA is
an approach that combines regression and ordination to
relate the structure of one data set to the structure of a
second data set (Borcard et al. 2011). Our first data set
was a matrix of wetland sites and presence/absence of
each of the species observed across the study area. The
second data set was a matrix of wetland sites and the local
environment and landscape configuration predictor vari-
ables. To minimize noise from infrequently occurring

Table 1 Road type classification
with description of road types,
number of lanes and average
speed

Road class Description Lanes Ave. speed
(km hr.−1)a

5 interstate and limited access federal and state highways 4–8 78

4 federal and state highways (except those included above) 2–6 58

3 major roads (county highways, arterial and collector roads) 2–4 55

2 local roads (neighborhood roads) 2 40

1 courts and cul-de-sacs (neighborhood roads with single access point) 1–2 24

aAverage speed includes entrance/exit ramps, turn lanes and roundabouts that may have a lower speed than the
road they support, resulting in a lower average speed for the road class (ESRI and TomTomNorth America 2013)
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species, we excluded all species that occurred in fewer
than 5% of wetlands. Significance testing of the model
and ordination axes were performed using Monte Carlo
simulations with 999 permutations. Tests were performed
using R and the vegan package (Oksanen et al. 2013; R
Core Team 2014).

We used analysis of variance (ANOVA) to determine
whether surrounding land cover differed among the wetland
community types identified from the cluster analysis. We first
used principal components analysis (PCA) to reduce the five
land cover types to two uncorrelated axes representing land
cover gradients. ANOVA was conducted separately for the
two PCA axes, and Tukey’s honest significant difference
(HSD) test was used for post hoc comparisons among wetland
community types.

Results

Vegetation

Of the 2005 wetlands selected for analysis, 99.25% contained
at least one non-native species. Among the 1990 wetlands
with non-natives, the number of non-native species ranged
from 1 to 35 (mean ± S.E. = 7.11 ± 0.09), and the number of
native species ranged from 0 to 145 (mean ± S.E. = 16.20 ±
0.27). On average, non-natives composed over a third of the
species present in each wetland (mean ± S.E. = 34.7 ± 0.4%,
median = 31.6%). In 18 sites, all species were non-native. A
total of 233 non-native species were identified across the
study sites. The most abundant non-native species within the
sampled wetlands were Phalaris arundinacea, Typha
angustifolia, and Rumex crispus (Fig. 2). Phalaris
arundinacea, the most common non-native species, occurred
in 73.4% of wetlands, whereas 86% of the 223 non-native
species observed occurred in less than 5% of wetlands. By
comparison, the most common native species, Vitis riparia,
occurred in only 46.4% of wetlands.

Non-native richness

The best approximating model for non-native species
richness included the amount of water and wetland land
cover, distance to the nearest road, road type, distance to
Chicago, and geographic coordinates (Table 2). As ex-
pected, non-native richness was greatest in proximity to
Chicago and along major roads. However, the model ex-
plained little of the variation in non-native richness (ad-
justed R2 = 0.04). The best approximating model for the
proportion of non-natives included the amount of water,
forest, agriculture, and wetland land cover; distance to the
nearest road; road type; distance to Chicago; and geo-
graphic coordinates (adjusted R2 = 0.18, Table 2). Thus,
the proportion of non-natives increased with a higher pro-
portion of anthropogenic land use, the proportion increas-
ing both with increasing agricultural land cover and de-
creasing proximity to Chicago. The proportion was also
higher near roads and in close proximity to major roads.

Community type clusters

We used cluster analysis to separate wetlands into com-
munity types. After a visual review of the resulting den-
drogram, we cut the dendrogram at a level resulting in six
clusters (Online Resource 1). Common and indicator spe-
cies characteristic of cluster 1 included a mix of species
from forested wetlands and open, herbaceous-dominated
wet meadows and marshes (Table 3). We could not easily
classify this cluster as an identifiable wetland type in the
region. The remaining five clusters could be identified as
distinct community types based upon the common and
indicator species (Table 3).

Relationships between wetland communities
and human land use

Canonical correspondence analysis revealed patterns in
species assemblages relative to the selected environmental
predictor variables (Fig. 3). After excluding uncommon
species, the resulting sample included 1999 wetlands
and 115 species. Similar relationships between species
occurrence data and predictor variables were observed
using land cover within both 100 m and 1 km of the
wetlands, with the model containing land cover at
100 m accounting for a greater amount of variance
(CCA with land cover at 100 m, constrained inertia =
0.042, CCA with land cover at 1 km, constrained inertia =
0.038). The total amount of inertia explained was low,
but the overall models were statistically significant (p ≤
0.001), and all model terms were significant when tested
independently (p ≤ 0.001).
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Fig. 2 Percentage of wetlands in which the 10 most common non-native
species occurred
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Standard deviational ellipses, overlain on the wetlands
within each cluster in the ordination plot revealed separa-
tion among some of the clusters, indicating that the com-
munity types identified in the cluster analysis could be
distinguished to some degree based on the predictor var-
iables (Fig. 3). The first CCA axis corresponded with a
gradient in surrounding land cover from forests and wet-
lands to more intensively developed lands (Fig. 3). The
second axis reflected a regional gradient from the agricul-
tural areas west and north of Chicago to the heavily ur-
banized east. Species assemblages of wet meadows (clus-
ter 2) and marshes (cluster 3) were not closely associated
with the predictor variables, and these wetlands were po-
sitioned near the origin of the 2-dimensional CCA biplot
(Fig. 3). Species assemblages characteristic of forested
wetlands (cluster 4), and to some extent the undefined
wetland cluster (cluster 1), were arrayed along the axis
containing wetland and forest land cover types and were
negatively associated with developed land cover and road
variables (Fig. 3). Species assemblages typical of farmed
wetlands and open mudflats (cluster 5) were associated
with greater anthropogenic land cover, including

agricultural land cover (Fig. 3). Species assemblages that are
typical of roadside marshes (cluster 6) were associated with
developed land cover and higher order road types (Fig. 3), often
occurring near multi-lane, high volume roads. Notably, 52.7%
of the roadside marshes occurred along interstate highways,
whereas only 9.7% of all other wetland community types oc-
curred along interstate highways.

Major land cover categories differed among wetland types
(Fig. 4, Table 4). We used PCA to reduce land cover variables
to two axes, which together explained 62% of the variation in
land cover. The first axis (PC1) represented a gradient from
developed to agriculture land cover, and the second axis (PC2)
represented a gradient from natural (forest, water, and wet-
land) to anthropogenic (developed and agriculture) land cover.
Cover of developed land was greater surrounding roadside
marshes than all other wetland types (Fig. 4). Cover of agri-
cultural land was greater surrounding the farmed wetland/
mudflat type than undetermined wetlands, marshes, forested
wetlands, and roadside marshes (Fig. 4). Natural land cover
(forest and wetland) was greatest surrounding the undeter-
mined wetlands and forested wetlands, and least surrounding
roadside marshes (Fig. 4, Table 4).

Table 2 Results of best subsets
regression for non-native richness
and proportion of non-native
species

Variables in model and direction of effect (+/−) for best modelsa Cp AIC Adj.
R2

Non-native richness

DC 40.29 11,066.88 0.0179

WET, DC 29.80 11,056.57 0.0234

WAT, DC, X 21.25 11,048.12 0.028

WAT, RT, DC, X 15.00 11,041.91 0.0315

WET, RT, DC, X, Y 10.86 11,037.78 0.034

WAT, WET, RT, DC, X, Y 7.13 11,034.04 0.0362

WAT (−), WET (−), RT (+), DR (+), DC (−), X (−), Y (+) 5.62 11,032.51 0.0375

WAT, DEV, WET, RT, DR, DC, X, Y 7.43 11,034.32 0.0371

WAT, DEV, AGR, WET, RT, DR, DC, X, Y 9.12 11,036.00 0.0367

WAT, DEV, FOR, AGR, WET, RT, DR, DC, X, Y 11.00 11,037.89 0.0363

Proportion of non-native species

DEV 248.63 −1586.58 0.0809

DEV, AGR 152.04 −1674.43 0.1207

DEV, AGR, RT 90.50 −1732.56 0.1463

FOR, WET, RT, DC 55.16 −1766.74 0.1611

WAT, FOR, WET, RT, DC 34.41 −1787.11 0.17

WAT, FOR, WET, RT, DC, X 20.67 −1800.74 0.176

WAT, FOR, WET, RT, DC, X, Y 10.92 −1810.49 0.1804

WAT, FOR, WET, RT, DR, DC, X, Y 9.87 −1811.54 0.1813

WAT (−), FOR (−), AGR (+), WET (−), RT (+), DR (−), DC (−), X (−), Y
(+)

9.09 −1812.34 0.182

WAT, DEV, FOR, AGR, WET, RT, DR, DC, X, Y 11.00 −1810.43 0.1816

a Predictor variables included distance to Chicago (DC), distance to the nearest road (DR), nearest road type (RT),
easting (X), northing (Y), and cover within 100 m by developed land (DEV), agricultural land (AGR), water
(WAT), wetland (WET), and forest (FOR)
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Discussion

Non-native species composition

Two objectives of our study were to classify wetland commu-
nities and characterize their non-native components. The pres-
ence of at least one non-native plant species in nearly every
sampled wetland indicates that non-native plants are wide-
spread across the Chicago region. Many non-native plant spe-
cies occurred infrequently, but a few were present in a large

number of sampled wetlands. Considering only rates of oc-
currence of individual species, there appear to be a few wide-
spread aggressive invaders and many infrequently occurring
non-natives.

Furthermore, many of the most abundant non-natives
found in our sites are considered to be highly invasive, includ-
ing Phalaris arundinacea (74.1% of wetlands), Typha
angustifolia (51.2%), Rhamnus cathartica (37.6%), and
Phragmites australis (31.4%) (Maurer and Zedler 2002;
Knight et al. 2007; Lelong et al. 2007; Shih and Finkelstein

Table 3 Results of cluster
analysis of wetland sites based on
species dissimilarity, with names
assigned to community types, the
top five indicator species and the
five most common species

Cluster Community type Number of
wetlands

Indicator species Most common species

1 Undetermined 384 Cornus obliqua Phalaris
arundinacea*

Populus deltoides Vitis riparia

Lycopus americanus Fraxinus lanceolata

Scirpus atrovirens Rhamnus cathartica*

Solidago gigantea Populus deltoides

2 Wet Meadow 250 Phalaris
arundinacea*

Phalaris
arundinacea*

Urtica gracilis Acer negundo

Solanum dulcamara* Vitis riparia

Sambucus canadensis Rhamnus cathartica*

Ambrosia trifida Solanum dulcamara

3 Marsh 646 Solidago canadensis Phalaris
arundinacea*

Lythrum salicaria* Typha angustifolia*

Verbena hastata Solidago canadensis

Juncus dudleyi Cirsium arvense*

Juncus torreyi Rumex crispus*

4 Forested Wetland 222 Fraxinus lanceolata Fraxinus lanceolata

Ulmus americana Rhamnus cathartica*

Rhamnus cathartica* Vitis riparia

Geum canadense Ulmus americana

Toxicodendron
radicans

Acer saccharinum

5 Farmed Wetland /
Mudflat

318 Echinochloa muricata Rumex crispus*

Eleocharis
erythropoda

Phalaris
arundinacea*

Rumex crispus* Typha angustifolia*

Cyperus esculentus Eleocharis
erythropoda

Veronica peregrinas Echinochloa muricata

6 Roadside Marsh 185 Solidago
sempervirens*

Typha angustifolia*

Phragmites australis* Phragmites australis*

Typha angustifolia* Cirsium arvense*

Hordeum jubatum* Solidago
sempervirens*

Dipsacus laciniatus* Rumex crispus*

*non-native species
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2008). Although we do not have species abundance data for
the sampled wetlands, these species often become dominant
where established. For example, P. arundinacea is increasing
in frequency and abundance in Illinois wetlands, resulting in
significant taxonomic homogenization across the state (Price
et al. in press). Widespread presence of non-native species,
including these widely distributed, aggressively spreading
non-natives, has resulted in plant assemblages that no longer
resemble native wetland communities. The most common
species in both wet meadow and marsh communities was
P. arundinacea, and it was the second most common species
in the farmed wetland/mudflat communities. The top five

indicator species of roadside marsh were non-native, includ-
ing T. angustifolia and P. australis.

By classifying wetland community types and then charac-
terizing their non-native species composition, we show that
wetland plant communities in the Chicago metropolitan re-
gion reflect discernable community types. Although there
were overlaps in the occurrence of the most common species,
such as P. arundinacea, which was frequent in most commu-
nity types, there were unique non-native indicator species for
each of the community types. Thus, novel elements have been
incorporated into every type of wetland in the region. For
example, Rhamnus cathartica has become one of the most
frequent species in forested wetlands in the Chicago region.
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wetlands in community clusters 2 through 6 and the environmental
variables with land cover at 100-m. The ordination with land cover
variables measured at 1 km was similar, and is not shown. Grey circles
denote wetland sites (n = 1999. Grey ellipses denote wetland clusters (one
standard deviation around the cluster centroid): 1 – undetermined wetland
type, 2 – wet meadow, 3 – marsh, 4 – forested wetland, 5 – farmed
wetland/mudflat, and 6 – roadside marsh

Table 4 AVOVA results
and p-values from post
hoc comparisons
(Tukey’s HSD) of
differences in land cover
principal components
among wetland
community types (1 -
undetermined, 2 - wet
meadow, 3 - marsh, 4 -
forested wetland, 5 -
farmed wetland/mudflat,
6 - roadside marsh)

PC1 PC2
F5,1999 36.03 43.2
p <0.001*** <0.001***

Post hoc comparisons

2 vs. 1 0.547 <0.001***

3 vs. 1 <0.001*** <0.001***

4 vs. 1 0.910 <0.001***

5 vs. 1 0.002** <0.001***

6 vs. 1 <0.001*** 0.001**

3 vs. 2 0.007** 0.880

4 vs. 2 0.994 <0.001***

5 vs. 2 0.432 0.019*

6 vs. 2 <0.001*** 0.897

4 vs. 3 0.001** <0.001***

5 vs. 3 0.664 <0.001***

6 vs. 3 <0.001*** 1.000

5 vs. 4 0.170 <0.001***

6 vs. 4 <0.001*** <0.001***

6 vs. 5 <0.001*** 0.001**

***p < 0.001, **p < 0.01, *p < 0.05
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Drivers of plant community composition

Another objective of our study was to relate patterns of species
composition to anthropogenic alterations of the landscape and
local environment. We focused on two components of the
local environment that may be contributing to the assembly
of these non-native-dominated communities: (1) human land
use, and (2) roads. Intensive human land use includes devel-
oped and agricultural land uses, and together these are the
predominant land uses in the Chicago metropolitan region
(U.S. Geological Survey 2014). Relationships with land cover
at the local site context (100-m buffer) were stronger than
those at the larger neighborhood context (1-km buffer), which
is expected since disturbances in the immediate vicinity of a
wetland will have the largest effect upon species composition
(Bowman Cutway and Ehrenfeld 2009, 2010).

Prior to urbanization, the Chicago region was first convert-
ed from native vegetation to agricultural land uses (Iverson
1988). Agriculture remains the predominant land use along
the landward periphery of the study area (U.S. Geological
Survey 2014). Annual soil disturbance from plowing of agri-
cultural fields creates open areas that can be colonized by
weedy native species (e.g. Echinochloa muricata), as well as
non-natives (e.g. Rumex crispus). This is particularly true for
areas that are too wet for crops to be established in most years.

Developed land is now the predominant land cover within
the study region (U.S. Geological Survey 2014), and was the
primary land cover type within 100 m of wetlands, ranging
from a low of 57.0% for the wet meadow community to
91.1% for the roadside marsh community (Fig. 4). This gra-
dation from rural to more intense urban land cover was
reflected in the primary CCA axis, with the roadside marsh
communities located at the urban end of this axis.
Urbanization is a driver of change in wetland communities
through disturbances such as hydrologic alteration, increased
nutrient inputs, and dumping and filling (Reinelt et al. 1998;
Kentula et al. 2004). In addition, urbanization can generate
new wetlands, for example via excavation to route or retain
stormwater run-off (Moore and Hunt 2012). Newwetlands are
also created unintentionally via land grading or due to the
increase in impervious surfaces, which results in increased
run-off into adjacent low-lying areas. Flooding and increases
in nutrient laden run-off from urban areas have been shown to
favor the establishment of non-natives including
P. arundinacea (Galatowitsch et al. 2000; Kercher and
Zedler 2004). The presence of P. arundinacea in over 74%
of our sites indicates pervasive changes to wetland ecosystems
throughout this urbanized region.

In addition to urbanization in general, roads in particular
are important determinants of plant community composition
in urban wetlands. Some non-natives, especially halophytes,
occur most frequently near roads in this region (Skultety and
Matthews 2017). Proximity to roads and road type were

important predictors for the roadside marsh community, pre-
sumably because these communities are dominated by species
tolerant of high sodium and chloride concentrations found in
soils adjoining roads where de-icing salts are used (Forman
and Alexander 1998; Cunningham et al. 2008). Salt contam-
ination of roadside soils acts as a strong filter on plant com-
munity composition, resulting in the replacement of intolerant
glycophytic species with maritime and other salt-tolerant spe-
cies (Moore 1982; Scott and Davison 1982, 1985). Indicator
species in these wetlands included Phragmites australis,
Solidago sempervirens, Typha angustifolia, and Hordeum
jubatum, all of which are salt tolerant and common along
roads (Scott and Davison 1982; Wilcox 1986; Brauer and
Geber 2002; Brisson et al. 2010). Just over 52% of the wet-
lands in this community cluster were located alongside inter-
state highways and limited access state and federal highways,
roads that are likely to receive the greatest applications of de-
icing salts.

The CCA indicated that the pattern of species composition in
urban wetlands was related not only to anthropogenic alter-
ations to the local environment but also to the distribution of
those changes across the region. The second axis of the CCA
indicated that species composition changed along a gradient
related to the distance to Chicago and easting. Proximity to
Chicago may reflect a dispersal gradient, for example if non-
native species are dispersing outward from an urban core. As
reported in previous studies (Matthews et al. 2009; Aronson
et al. 2015), we found that non-native species richness and
proportion of non-native species decreases as distance from
the urban core increases, suggesting that non-natives often first
establish in major cities then spread outward. Alternatively,
proximity to Chicago may serve as a proxy for land cover,
particularly the degree of urbanization.Within the Chicagomet-
ropolitan area, urbanization generally decreases outward from
the heavily urbanized city center. Geographic coordinates are
likely capturing these same urbanization and/or dispersal gradi-
ents. Easting reflects the position of Chicago on the east side of
the study area and less developed, more agricultural areas along
the west side. Northing, however, does not capture a similar
gradient as Chicago is in the center of the north-south axis.

Novel ecosystems

In urban areas where land cover has been greatly altered and
non-native plants are abundant and widely distributed, label-
ling communities as simply degraded or invaded does not
fully convey the extent to which urbanization reorganizes eco-
systems (Pincetl 2015). The pervasiveness of non-native spe-
cies in wetlands of the Chicago region suggests that some of
the region’s wetlands should be considered Bnovel ecosys-
tems.^ We acknowledge that there is considerable disagree-
ment regarding the usefulness of the novel ecosystem concept
(Aronson et al. 2014; Hobbs et al. 2014; Murcia et al. 2014),
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and the presence of numerous and widely distributed non-
native species in urban wetlands does not alone indicate that
individual wetlands in this study are novel ecosystems.
However, the fact that similar changes to the landscape have
resulted in similar combinations of species suggests that an-
thropogenic drivers, including roads and human land uses, are
creating novel environmental conditions that favor the assem-
bly of distinct species communities dominated by particular
assemblages of non-natives. In some cases, native communi-
ties have been wholly replaced. Nevertheless, there is no sin-
gle agreed upon definition or way of determining novel eco-
system status (Kowarik 2011; Hallett et al. 2013; Hobbs et al.
2013; Morse et al. 2014; Truitt et al. 2015). Although there is
general consensus that novel ecosystems represent a departure
from historic ecosystems, there is disagreement on how much
change is required before the label Bnovel^ should be applied.

Some of the changes to wetland communities observed in this
study, particularly the widespread invasion by P. arundinacea
and the recurrence of unique roadside marsh assemblages along
major roads, represent profound departures from historic condi-
tions that can be interpreted as Bnovel.^ Ecosystems fall along a
continuum of change that ranges from merely degraded to truly
novel, with intermediaries described as Bhybrid ecosystems^
(Hobbs et al. 2006, 2013). One measure of where an ecosystem
falls along this continuum is whether it can be effectively re-
stored, or whether the ecosystem has passed thresholds that make
restoration difficult or prevent restoration entirely (Hobbs et al.
2009, 2013; Hallett et al. 2013). At the regional level, wetlands
are difficult to restore to a natural condition, due largely to inva-
sion by P. arundinacea (Matthews and Spyreas 2010). It is an
open question whether this apparent irreversibility represents an
ecological threshold (e.g., via ecological feedbacks that drive and
maintainP. arundinacea dominance; Zedler 2009) or a socioeco-
nomic threshold (e.g., a lack of effort or funding necessary for
full restoration; Murcia et al. 2014). Regardless of the
restorability of individual sites, however, the widespread infiltra-
tion of wetlands by non-native species and the massive
restructuring of wetland communities are undoubtedly irrevers-
ible at the regional level.
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