
Variation in plant traits and phylogenetic  
structure associated with native and  

nonnative species in an industrialized flora

Samantha J. Worthy1,2, Travis D. Marsico3, Rima D. Lucardi4,  
Lauren E. Whitehurst2,5, Kevin S. Burgess2

1 Department of Evolution and Ecology, University of California Davis, Davis, CA, USA 2 Department of 
Biology, Columbus State University, Columbus, Georgia USA 3 Department of Biological Sciences, Arkansas 
State University, Jonesboro, AR, USA 4 United States Department of Agriculture, Forest Service, Southern 
Research Station, Athens, GA, USA 5 Department of Biology, University of Florida, Gainesville, FL, USA

Corresponding author: Samantha J. Worthy (sjworthy@ucdavis.edu)

Academic editor: Moritz von der Lippe  |  Received 4 June 2022  |  Accepted 21 September 2022  |  Published 31 October 2022

Citation: Worthy SJ, Marsico TD, Lucardi RD, Whitehurst LE, Burgess KS (2022) Variation in plant traits and 
phylogenetic structure associated with native and nonnative species in an industrialized flora. NeoBiota 77: 101–123. 
https://doi.org/10.3897/neobiota.77.87307

Abstract
Industrialized sites are hotspots for nonnative species because of continuous anthropogenic disturbance 
and nonnative propagule rain resulting from hitchhikers exchanged through global trade. Investigating 
plant traits and the phylogenetic structure of species at initial ports of entry can contribute to our un-
derstanding of how species are introduced to, assembled into, and survive at industrialized sites, which 
can also inform how susceptible these sites are to nonnative plant invasions. To compare native and non-
native species, we asked three questions: 1) Are plant traits differentially associated with species nativity 
(native versus nonnative)? (2) Do these traits have phylogenetic signals? and (3) What is the phylogenetic 
structure of each trait for native and nonnative species? We collected, identified, and vouchered 170 
angiosperm species within the Garden City Terminal at the Port of Savannah, Georgia, USA, the largest 
container terminal in North America. Species nativity was derived from the literature, as were traits of 
pollination syndrome, dispersal syndrome, duration, and growth habit. Pearson’s Chi-squared tests were 
used to determine if traits were differentially associated with species nativity. Phylogenetic signal, along 
with mean pairwise distance (MPD) and mean nearest taxon distance (MNTD), were used to assess the 
degree of phylogenetic relatedness of native and nonnative species with each trait. Nonnative species 
showed a significant association with multiple pollination syndromes. Native species were significantly 
associated with perennial duration and zoophily pollination syndrome. All traits possessed a phylogenetic 
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signal, and the anemophily pollination syndrome was significantly clustered for both native and nonna-
tive species. Still, most other traits differed in their phylogenetic structure pattern based on the nativity. 
Overall, findings suggest that the environment is filtering for native and nonnative species that possess 
traits promoting introduction and survival at this industrialized point-of-entry. They also suggest that 
nonnative species trait differences partition available niches that promote their introduction to the site. 
More research is needed at industrialized sites to inventory and monitor the floristic community, investi-
gate the establishment and spread probabilities of nonnative species, and prevent and mitigate nonnative 
species risks and impacts.
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Introduction

Approximately 13% (47,840) of all vascular plant species have the potential to become 
nonnative species in new environments (Seebens et al. 2018). As the world becomes 
increasingly connected and the introduction of nonnative species accelerates, there is 
an increasing need to prevent and mitigate risks of potentially successful species inva-
sions through early-detection and rapid-response (EDRR) efforts (Bezeng et al. 2013; 
Seebens et al. 2017; Pyšek et al. 2020; Seebens et al. 2021). Upon arrival at a novel 
range, nonnative species may establish after the transport and introduction phases of 
the biological invasion framework (Blackburn et al. 2011; Harris et al. 2018). These 
new arrivals, commonly pre-adapted to disturbance and ruderal in nature (Davis et al. 
2000), can then spread in a new terrestrial landscape of varied niches formed by hu-
man activities (Cadotte and Lovett-Doust 2001; Dolan et al. 2017; Borden and Flory 
2021). Investigating plant traits of currently present nonnative species and mapping 
those traits onto a phylogeny to compare with established native species are key to 
improving our understanding of how the environment and human-disturbance in new 
landscapes can select for certain traits. Results from studies comparing traits and phy-
logenies between native and nonnative species can then be used to inform assessments 
of industrialized flora (Lucardi et al. 2020a) and to predict nonnative species’ capacity 
to become invasive at initial introduction sites (Lucardi et al. 2020b).

Industrialized sites experience extraordinarily high levels of human activity and 
disturbance, creating environmental constraints that limit plant occupancy (Williams 
et al. 2009; Kowarik and von der Lippe 2018; Knapp et al. 2022). Heavily and con-
tinuously disturbed industrialized sites (immature novel ecosystems, as defined by 
Kowarik and von der Lippe 2018) are generally open-canopy locales with intense solar 
radiation, pollutants, and limited substrate availability. Often, these human-dominat-
ed sites are linked to the introduction of nonnative species (Hobbs and Huenneke 
1992; Crawley et al. 1996; Cadotte and Lovett-Doust 2001; Daehler 2003; Tsang et 
al. 2019; Lucardi et al. 2020b). However, both native and nonnative species arriving in 
industrialized environments may require specific traits conducive to their survival and 
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potentially longer-term establishment that for nonnative species may result in invasive 
spread (Funk and Vitousek 2007; Cadotte et al. 2017; Borden and Flory 2021).

In an industrialized flora (Lucardi et al. 2020a), traits deemed important for the 
successful introduction and survival of native and nonnative species include dispersal 
and pollination syndromes, growth habit, and duration (lifespan) (Pyšek et al. 1995; 
Pyšek et al. 2008; Borden and Flory 2021). Certain strategies involving these traits 
have been previously linked to the ability of plant species to occupy and survive in 
urban areas and industrialized sites (Williams et al. 2015; Palma et al. 2017; Knapp 
et al. 2022). For example, species with wind dispersal and wind pollination (Williams 
et al. 2015; but see Palma et al. 2017) have been found at higher frequencies in urban 
habitats than species with other dispersal mechanisms; this may be due to increased air 
turbulence (Knapp et al. 2010) and the suitability of these habitats to other dispersal 
and pollination mechanisms (Lososová et al. 2006). Frequently, disturbed sites are as-
sociated with annual species (Palma et al. 2017), whose lifespans are less affected by 
disturbances than biennial and perennial species (Knapp et al. 2022). Interestingly, in 
studies that have compared the traits of native and nonnative species, some have found 
similar or shared traits (Leishman et al. 2010; Tecco et al. 2010; Lemoine et al. 2015), 
whereas others have found dissimilar traits linked to species nativity (Pyšek and Rich-
ardson 2008; van Kleunen et al. 2010; Godoy et al. 2011).

Uncertainty surrounding which traits are linked to species’ success in new environs 
limits understanding of how invasion happens and how to predict it (Ehrenfeld 2010; 
Drenovsky et al. 2012; Catford et al. 2019; Palma et al. 2021). Previous studies have 
highlighted wind pollination (Andersen 1995), fleshy fruits (Andersen 1995), and tall-
er plant height (Crawley et al. 1996; Williamson and Fitter 1996; Montesinos 2021) 
as important plant traits for invasion success, but other studies have found contrast-
ing results. For example, some research has noted a stronger link between nonnative 
species and animal or self-pollination than wind pollination (Williamson and Fitter 
1996; Cadotte and Lovett-Doust 2001; Milanović et al. 2020). Investigation of key 
traits that promote the introduction and survival of nonnative species at initial arrival 
sites could illuminate the formation of species composition at industrialized or urban 
sites. Nonnative species traits should also be compared to the traits of native species to 
address the similarities or differences among those in high-disturbance, industrialized 
environments (Funk and Vitousek 2007; Loiola et al. 2018).

Analyses of phylogenetic signal and structure can be used to understand which 
traits facilitate the assembly of native and nonnative species in industrialized commu-
nities. For instance, the presence of phylogenetic signals would indicate the degree to 
which phylogenetic similarity predicts trait similarity in the community (Yang et al. 
2014). Phylogenetic structure analyses can highlight the phylogenetic distribution of 
native and nonnative species with certain traits in the community (Loiola et al. 2018). 
For example, the finding of an over-dispersed pattern for a trait may highlight niche 
partitioning of species along the trait axis (Funk et al. 2008; Liu et al. 2013; Lemoine 
et al. 2015). A clustered pattern for a trait may indicate habitat filtering that favors 
certain traits over others (Funk et al. 2008; Liu et al. 2013; Lemoine et al. 2015) or 
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performance differences between species (Mayfield and Levine 2010). These phyloge-
netic patterns can highlight if traits of native and nonnative species have similar or dis-
similar phylogenetic distributions, plant traits or lineages favored at industrialized sites, 
and the potential processes that lead to their assembly at these sites (Dolan et al. 2017).

Industrialized sites, such as the Garden City Terminal, the primary container han-
dling facility of the Port of Savannah, present an ideal laboratory to investigate traits 
and phylogenetic distributions of native and nonnative species under continuous, ac-
tive disturbance. At the Garden City Terminal’s green spaces, Lucardi et al. (2020a) 
presented the stark contrast between plant species richness of native and nonnative 
species. They found that nonnative species richness and proportional nonnative to na-
tive ratios at this industrialized site were higher when compared to other floras in the 
same region. Herein, we addressed the following questions from the vascular plants 
collected in Lucardi et al. (2020a): (1) Are traits differentially associated with species 
nativity? (2) Do these traits have phylogenetic signals? and (3) What is the phyloge-
netic structure of each trait for native and nonnative species? We predict that traits vary 
in their association with native and nonnative species, traits have phylogenetic signals, 
and patterns of phylogenetic structure of species’ traits differ between native and non-
native species. Based on these questions, we hope to determine how trait differences 
contribute to the introduction of nonnative species at this industrialized site.

Methods

Study site

This study was conducted at the Port of Savannah, Georgia, USA (32°07.3'N, 
81°08.4'W). At the port, we specifically focused on the Garden City Terminal (GCT), 
the main container-handling terminal that spans 485.6 hectares and is primarily com-
posed of impervious surfaces (i.e., asphalt) interspersed with small green spaces for wa-
ter run-off (Lucardi et al. 2020a). The Port of Savannah has a subtropical climate and 
is in the USDA plant hardiness zone 8b (USDA Plant Hardiness Zone Map 2012). 
This hardiness zone is characterized by average annual minimum temperatures ranging 
from -9.4 °C to -6.7 °C (Daly et al. 2012). During the sampling period (2015–2017), 
the average temperature was 21.1 °C (NOAA 2021).

Floristic and trait inventory

The flora was sampled from six green spaces (4.51 ha, ~1% of the GCT) on four separate 
occasions between August 2015 and February 2017 to capture seasonal changes in 
the flora (see Lucardi et al. 2020a for details). All accessible angiosperm species in 
flower or fruit were collected during each sampling date. Vouchers from these repeated 
surveys were identified, and dried specimens were deposited into the Arkansas State 
University Herbarium (STAR) and Columbus State University Herbarium (COLS). 
Our collection comprises 174 species, representing 130 genera and 51 families. To 
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make all investigated plant traits and phylogenetic structure patterns comparable, 
we only consider angiosperms (170 species), removing two fern species, Asplenium 
platyneuron (L.) Britton, Sterns & Poggenb and Lygodium japonicum (Thunb.) Sw., a 
notable nonnative and pyrogenic invasive plant, along with two gymnosperm species 
(Juniperus virginiana L. and Pinus taeda L.).

Information on traits was gathered from the literature (Fig. 1; Suppl. material 1). 
Nativity (Native/Nonnative) was previously reported in Lucardi et al. (2020a) for this 
flora. The other four traits included 1) dispersal syndrome, 2) pollination syndrome, 3) 
duration, and 4) growth habit. Most of this information was gathered from the USDA 
PLANTS Database (USDA NRCS 2021). Missing information was supplemented by 
the literature for any particular species (Suppl. material 1). All traits are categorical. 
Dispersal syndrome was composed of five categories, according to Schulze et al. (2019): 
anemochory (wind dispersal), autochory (self-dispersal), hydrochory (water dispersal), 
zoochory (animal dispersal), and polychory (multiple dispersal mechanisms). Pollina-
tion syndrome was also composed of five categories, according to Yang et al. (2020): 
anemophily (wind pollination), hydrophily (water pollination), self-pollination, zooph-
ily (animal pollination), and multiple (multiple pollination mechanisms). There were 
four duration categories: annual, biennial, perennial, and multiple (multiple duration 
strategies). Lastly, there were six categories of growth habit: forb, graminoid, subshrub, 
tree, vine, and multiple (multiple growth strategies). Duration and growth habit cat-
egories were defined by those on the USDA PLANTS Database (USDA NRCS 2021).

Figure 1. The proportion of all species in the dataset in each category of each trait investigated. The flora 
consists of 170 species comprised of 110 native and 60 nonnative species. Black bars represent the pro-
portion of native species and gray bars represent the proportion of nonnative species in all figure panels.
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Trait data analysis

Pearson’s Chi-squared tests were used to determine if traits were differentially associ-
ated with species nativity, with the null hypothesis assuming independence of traits 
and nativity. For analyses exhibiting significant differences, we performed post hoc 
analyses considering all combinations of trait categories and species nativity using 
the chisq.posthoc.test package (Ebbert 2019) in R statistical software (R Core Team 
2021). Categories with low sample sizes were eliminated from analyses, including 
removing biennial (1) from the duration trait, hydrophily (1) from the pollination 
syndrome trait, and subshrub (1), vine (3), and tree (7) categories from the growth 
habit trait.

DNA barcode analysis: DNA isolation, PCR amplification, and sequencing

DNA barcoding of the flora was performed to build a phylogenetic tree for analyses 
and for confirmation of species identifications (Whitehurst et al. 2020). Leaf samples 
were taken from each plant specimen and stored on silica gel until processing. All 
DNA barcode analyses were conducted at the Canadian Centre for DNA Barcod-
ing (CCDB), Biodiversity Institute of Ontario, Canada, including DNA extraction 
(Ivanova et al. 2008; Ivanova et al. 2016), PCR amplification (Kuzmina and Ivanova 
2011; Fazekas et al. 2012), and sequencing (Ivanova and Grainger 2006; Kuzmina 
and Ivanova 2006). Ribulose-bisphosphate/carboxylase large subunit (rbcL) and 
maturase-K (matK) gene regions of the chloroplast genome were sequenced using 
forward and reverse primers and Sanger sequencing technology (Levin et al. 2002; 
Kress et al. 2009). In instances where sequencing failed, publicly available sequences 
were used, when available, from the Barcode of Life Data Systems (BOLD; Ratnas-
ingham and Hebert 2007) or GenBank (Benson et al. 2013). All sequences gener-
ated in this study are publicly available on BOLD and GenBank (Suppl. material 2). 
Only species with both DNA barcode gene regions were included in phylogenetic 
analyses. We eliminated nine species that either (1) amplified only the rbcL or matK 
region or (2) failed to sequence completely (Suppl. material  2), resulting in 161 
plant species for inclusion in phylogenetic analyses. Sequences for an additional 
two species placed them into questionable areas of the phylogenetic tree, causing 
us to question their tissue sample used in sequencing, so we eliminated them from 
phylogenetic analyses. The final dataset for phylogenetic analyses consisted of 159 
species (Suppl. material 3).

Phylogenetic tree reconstruction

Sequences of the rbcL and matK gene regions were aligned separately using multiple 
alignment and fast Fourier transform (MAFFT v 7.471) with the FFT-NS-2 algorithm 
(Katoh and Standley 2013). The alignments were then concatenated into a super-
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matrix from which a phylogeny was generated. A phylogeny was constructed using 
maximum likelihood (ML) methods in the “phangorn” package (Schliep 2011) in R 
statistical software (R Core Team 2021) with Ginkgo biloba L. as the outgroup. Nu-
cleotide substitution was modeled using the general time-reversible substitution model 
with gamma-distributed rate variation and a proportion of invariant sites (GTR + Γ + 
I). Node support was estimated from 1000 bootstrap replications.

Phylogenetic signals and structure

We quantified phylogenetic signals in the four traits to determine the degree to which 
the phylogenetic tree estimates the similarity of species traits. Phylogenetic signals were 
determined by quantifying the parsimony Sankoff score calculated from the distri-
bution of trait categories on the phylogeny (Maddison and Slatkin 1991) using the 
“phangorn” package (Schliep 2011) in R statistical software (R Core Team 2021). The 
significance of the Sankoff score was determined by randomly shuffling the species on 
the tips of the phylogeny 999 times to generate a null distribution that was compared 
to the observed parsimony score to calculate a P-value. A P-value < 0.05 was indicative 
of closely related species having similar traits.

We also calculated the mean pairwise distance (MPD) and mean nearest taxon 
distance (MNTD) using the “picante” package (Kembel et al. 2010) in R statisti-
cal software (R Core Team 2021). These metrics measure the degree of phylogenetic 
relatedness of species in defined groups. In this study, groups were made compar-
ing native and nonnative species groups for each trait category. For example, for the 
dispersal syndrome trait, species were grouped into native or nonnative for each of 
the categories (anemochory, autochory, hydrochory, zoochory, and polychory). In this 
instance, MPD is the mean phylogenetic distance among all pairs of species within a 
group and captures the overall phylogenetic dissimilarity of the taxa in the group of 
interest (Swenson 2014). The mean distance between each species within a group and 
its closest relative is expressed as MNTD. The two metrics provide complementary 
information for which MPD is focused on the whole group phylogeny, and MNTD 
captures finer scale phylogenetic patterns, making it more sensitive to sister-taxa dis-
tances and the length of the tips of the phylogeny (Swenson 2014; Cadotte et al. 2018; 
Loiola et al. 2018).

For MPD and MNTD, observed values were compared to null distributions gen-
erated by randomizing the names of the taxa on the phylogenetic distance matrices 999 
times to calculate standardized effect sizes (SES) and P-values (quantiles). Negative 
SES values (obs.z < 0) and low quantiles (obs.p < 0.05) for both MPD and MNTD 
indicated species in a group are phylogenetically clustered, with smaller phylogenetic 
distances among the species in the group than expected (Swenson, 2014). Positive SES 
values (obs.z > 0) and high quantiles (obs.p > 0.95) indicated species in a group are 
phylogenetically over-dispersed, with greater phylogenetic distances among species in 
the group than expected (Swenson 2014).
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Results

Relationships between traits and species nativity

Of the 170 species in this study flora, 110 were native to the southeastern region of 
the USA, and 60 were nonnative (Appendices S1 and S3). Significant differences in 
association were found between two of the four traits and species nativity (Fig. 1, 
Table 1). Pollination syndrome resulted in a significant association with species nativ-
ity (χ2 = 19.867, df = 3, P < 0.01). Post hoc analysis revealed significant associations 
between the categories multiple (P = 0.02) and zoophily (P = 0.01), and species nativ-
ity (Table 1). The multiple pollination strategy was strongly positively associated with 
nonnative species, and zoophily was strongly positively associated with native species. 
Duration was also significantly associated with species nativity (χ2 = 10.07, df = 2, 
P < 0.01). The perennial (P = 0.02) duration category was significantly associated with 
species nativity according to post hoc analysis (Table 1). Nonnative species had a strong 
positive association with annual duration and a strong negative association with per-
ennial duration. Native species showed opposite and weaker association patterns with 
annual and perennial duration categories compared to nonnative species. The overall 
χ2 score was largely influenced by annual (31%) and perennial (32%) nonnative spe-
cies. These categories contributed most to the overall χ2 score because they had far fewer 
observed species than expected.

Dispersal syndrome was not significantly associated with species nativity (χ2 = 3.29, 
df = 4, P = 0.51). However, there were still differences in the signs of association 
between trait categories and species nativity. Native species had positive associations 
with anemochory and hydrochory dispersal syndromes but negative associations with 

Table 1. Representation of association found between traits and species nativity (native and nonnative). Sig-
nificant associations (bolded) were determined from Pearson’s Chi-squared tests with post hoc analyses. The 
sign of association between each trait category and nativity are given, negative (–) and positive (+). Trait cate-
gories with significant phylogenetic structure are also displayed. Trait categories with significant phylogenetic 
clustering are denoted by ^. Trait categories with significant phylogenetic over-dispersion are denoted by *.

Trait Trait Category Native Nonnative
Dispersal Syndrome Anemochory + ^ –

Autochory + – ^
Polychory – * + *

Pollination Syndrome Anemophily + ^ – ^
Multiple – +
Selfing – + *

Zoophily + ^ –
Duration Multiple – ^ +

Perennial + ^ –
Growth Habit Forb + ^ – ^

Graminoid – ^ + ^
Multiple – ^ +
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polychory and zoochory dispersal syndromes. Nonnative species had opposite asso-
ciations with the dispersal syndrome categories as native species. Overall, polychory 
(native: 17%; nonnative: 29%) contributed the most to the total χ2 score. There was 
also no significant association between growth habit and species nativity (χ2 = 0.59, 
df = 3, P = 0.90). The graminoid category contributed the most (native = 18%, non-
native = 32%) to the overall χ2 score.

Phylogenetic signals and structure

We quantified the observed parsimony Sankoff score for each trait and compared it 
to a null distribution of parsimony scores to determine significance. We found sig-
nificant phylogenetic signals for all four traits (pollination and dispersal syndromes, 
growth habit, and duration), with close relatives generally sharing more similar traits 
than expected by chance (Table 2). Phylogenetic structure analyses investigated the 
structure of native and nonnative species within each category of each trait (Table 3). 
For native species, anemochory and polychory dispersal syndromes showed significant 
phylogenetic structure. The standardized effect sizes of MPD and MNTD showed 
evidence of phylogenetic clustering for anemochory, whereas MNTD showed evidence 
of over-dispersion for polychory (Tables 1, 3). Standardized effect sizes of MNTD also 
showed evidence of over-dispersion for polychory for nonnative species (Tables 1, 3). 
Autochory dispersal syndrome was found to be significantly, phylogenetically clustered 
for nonnative species according to MPD and MNTD (Tables 1, 3). Standardized effect 
sizes of MPD and MNTD supported significant phylogenetic clustering for zooph-
ily, while MNTD supported significant phylogenetic clustering for the anemophily 
categories of pollination syndrome in native species (Tables 1, 3). For nonnative spe-
cies, standardized effect sizes of MPD and MNTD showed significant phylogenetic 
clustering for anemophily, where MNTD supported significant phylogenetic over-
dispersion for the selfing category of pollination syndrome (Tables 1, 3). Only native 
species showed any significant phylogenetic structure for the duration (lifespan) trait, 
with MPD and MNTD showing evidence of phylogenetic clustering for multiple and 
perennial duration categories, respectively (Tables 1, 3). Finally, for the growth habit 
trait for native species, significant phylogenetic clustering was supported by MPD and 
MNTD for the forb and graminoid categories, while MPD provided support for the 
multiple growth habit category (Tables 1, 3). Significant phylogenetic clustering was 
also supported for the forb (MPD) and graminoid (MPD and MNTD) categories 
based on standardized effect sizes for nonnative species (Tables 1, 3).

Table 2. Phylogenetic signals using parsimony Sankoff scores. All P-values were significant (< 0.05).

Traits Sankoff n P
Dispersal Syndrome 84 139 <0.01
Pollination Syndrome 69 142 <0.01
Duration 81 159 <0.01
Growth Habit 60 158 <0.01
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Table 3. Phylogenetic structure within each of the categories of each of the four traits. MPD.obs.z is 
the standardized effect size of the mean pairwise distance measurement. MNTD.obs.z is the standardized 
effect size of the mean nearest taxon distance measurement. Standardized effect sizes were calculated from 
comparisons of observed values to null distributions generated by randomizing the names of the taxa in 
the phylogenetic distance matrices 999 times. P-values in bold are significant. Significant phylogenetic 
clustering is denoted by ^ (P < 0.05). Significant phylogenetic over-dispersion is denoted by * (P > 0.95).

Trait ntaxa MPD.obs.z P MNTD.obs.z P
Dispersal Syndrome

Anemochory 24 -7.19 0.001^ -2.40 0.012^
Anemochory.NN 14 0.27 0.572 -0.92 0.178
Autochory 11 -0.73 0.226 0.46 0.679
Autochory.NN 6 -1.95 0.049^ -1.88 0.034^
Hydrochory 12 0.98 0.855 -0.84 0.199
Hydrochory.NN 4 0.52 0.660 -0.79 0.767
Polychory 18 0.93 0.812 1.99 0.972*
Polychory.NN 15 2.23 0.997* -0.38 0.365
Zoochory 22 -1.47 0.080 -1.24 0.110
Zoochory.NN 13 0.80 0.788 -0.99 0.169

Pollination Syndrome
Anemophily 18 0.51 0.683 -2.72 0.004^
Anemophily.NN 9 -4.25 0.001^ -2.19 0.016^
Multiple 18 -0.41 0.322 0.66 0.746
Multiple.NN 24 0.22 0.542 -1.14 0.130
Selfing 4 0.70 0.721 1.23 0.883
Selfing.NN 9 2.04 0.994* 0.49 0.676
Zoophily 47 -5.47 0.001^ -1.98 0.024^
Zoophily.NN 13 -1.71 0.057 0.43 0.657

Duration
Annual 27 -1.23 0.124 -1.57 0.060
Annual.NN 25 1.18 0.885 -1.27 0.115
Multiple 22 -3.72 0.002^ 0.20 0.576
Multiple.NN 16 1.30 0.927 -0.41 0.334
Perennial 52 -0.23 0.383 -1.95 0.025^
Perennial.NN 17 -0.201 0.377 0.16 0.556

Growth Habit
Forb 56 -7.34 0.001^ -2.34 0.009^
Forb.NN 29 -2.00 0.035^ -1.15 0.131
Graminoid 18 -4.69 0.001^ -4.75 0.001^
Graminoid.NN 15 -6.87 0.001^ -3.85 0.001^
Multiple 20 -2.95 0.007^ -1.23 0.112
Multiple.NN 10 -0.64 0.253 -0.12 0.446
Tree 5 -1.77 0.052 -0.37 0.360
Tree.NN 2 -0.57 0.268 -0.64 0.246
Vine 2 -1.27 0.101 -1.23 0.106
Vine.NN 1 NA NA NA NA

Discussion

This research is part of an ongoing, innovative research initiative to quantify and as-
sess plant communities within industrialized initial points-of-entry sites (Lucardi et al. 
2020a), and to directly measure the diversity and phenology of propagule pressure and 
model risk of establishment (Lucardi et al. 2020b). Here, we investigated 1) the traits 
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of native and nonnative plant species from the industrialized flora located at the GCT 
of the Port of Savannah, Georgia, USA, 2) quantified associations between species 
traits and their nativity (native or nonnative), and 3) evaluated phylogenetic structure 
patterns of these traits. Consistent with our first prediction, we found that native and 
nonnative species were associated with different traits. Importantly, nativity was signif-
icantly associated with different categories of pollination syndrome and duration. We 
also found that all traits had phylogenetic signals, supporting our second prediction. 
Lastly, we found mixed support for our third prediction, as all but two trait categories 
with significant phylogenetic structure differed between native and nonnative species.

Native species in the flora at the Garden City Terminal of the Port of Savannah 
showed significant, positive associations with perennial duration and zoophily polli-
nation syndrome (Table 1). Previous research into these species at this site also noted 
their adaptation to weedy and disturbed habitats (based on Coefficients of Conserva-
tism [CofC], Lucardi et al. 2020a). Research into the southwestern Ontario flora, with 
27% nonnative species, previously found anemochory, zoophily, and perennial dura-
tion to be associated with native species (Cadotte and Lovett-Doust 2001). Conversely, 
Flores-Moreno et al. (2013) found anemochory and hydrochory dispersal syndromes 
to be strongly associated with nonnative rather than native species in a global assess-
ment. Discrepancies between our study and their global assessment could be due to 
the nature of the industrialized flora studied here, again stressing the importance of 
differentiating between comparing the traits of native and nonnative species in natural 
versus industrialized or human-dominated sites and among different habitats and en-
vironmental conditions more broadly (Milanović et al. 2020).

Nonnative species only showed a significant, positive association to multiple pol-
lination syndromes (Table 1). In general, pollination syndrome is an important trait 
determining the invasive potential of plants (Gassó et al. 2009), with previous studies 
finding a variety of pollination syndromes associated with nonnative species, includ-
ing wind (Andersen 1995), animal (Williamson and Fitter 1996), and self-pollination 
(Milanović et al. 2020). Similarly, our findings suggests that instead of having one par-
ticular pollination syndrome, having multiple pollination syndromes may better ben-
efit the introduction of nonnative species at our study site. Recently, we documented 
previously undetected hitchhiking species on the air-intake grilles of refrigerated ship-
ping containers and primarily found wind-dispersed, nonnative graminoids entering 
the Port of Savannah via maritime trade (Lucardi et al. 2020b). Though not all of these 
inadvertently moved propagules will result in plant establishments, the intensity of the 
propagule pressure at this industrialized site further underscores the immediate need 
to target such areas with stronger prevention and interception programs and extensive 
EDRR (Burk 1877; Lucardi et al. 2020b).

As highlighted above, we found differences in the traits associated with native 
versus nonnative species, notably, significant differences in associations of nativity with 
pollination syndrome and duration (Table 1). This trend contrasts with previous re-
search that found no difference in species’ traits with different nativity (Thompson et 
al. 1995; Leishman et al. 2010; Tecco et al. 2010). Pyšek et al. (1995) did not find a 
significant difference between pollination syndromes of native and nonnative species in 
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a Czech flora. Still, they did see a significant difference in dispersal agents. Importantly, 
the findings of Pyšek et al. (1995) were only apparent when native and nonnative spe-
cies were examined in anthropogenic habitats compared to natural environments. The 
findings of Pyšek et al. (1995) and Wolf et al. (2020) highlight the context-dependency 
associated with the influence of human-dominated systems, such as industrialized and 
urban floras, and the uniqueness of the species in these floras as compared to natu-
ral sites. For instance, the flora analyzed in this study is composed of approximately 
35% nonnative species, a higher percentage than found in 19 other comparison floras 
published since 1990 in Georgia and South Carolina, USA (Lucardi et al. 2020a). In-
terestingly, a recent study introducing the Biotic Novelty Index (Schittko et al. 2020) 
showed that biotic novelty increased due to increasing nonnative species and increasing 
impervious surfaces, both of which reflect the situation at industrialized sites like the 
green spaces of the GCT of the Port of Savannah.

We also found phylogenetic signals for all four traits assessed in this study. In 
other words, closely related species shared more similar traits more often than ex-
pected by chance in the industrialized flora at the Garden City Terminal at the Port 
of Savannah (Table 2). These findings are not surprising given the wide distribution 
of nonnative species in the phylogeny of this flora, each with many close native rela-
tives (Suppl. material 3). However, we found that native and nonnative species had 
different traits with different phylogenetic structure patterns at this site (Tables 1, 3). 
Anemophily pollination syndrome and polychory dispersal syndrome were the only 
trait categories where both native and nonnative species had significant phylogenetic 
structure. Both native and nonnative species showed significant phylogenetic cluster-
ing for anemophily, suggesting that the environment of this industrialized site favors 
species with anemophily over other pollination syndromes. Polychory was signifi-
cantly phylogenetically over-dispersed for native and nonnative species, suggesting 
species may specialize in different dispersal syndromes that allow them to partition 
niche space at this site.

Overall, the categories of traits showing a significant phylogenetic structure in 
the flora, for the most part, differed from those that had significant relationships 
with species nativity (Table 1). Only traits of native species (zoophily pollination 
syndrome and perennial duration) showed significant associations with species nativ-
ity (native) and also had non-random patterns of phylogenetic structure (clustering). 
These results suggest a strong tendency of native species to have perennial duration 
and zoophily pollination syndrome, which may reflect the regional species pool and 
deserves future investigation.

Determining what makes communities invasion-prone has been elusive. There 
are intuitive arguments for environmental filtering, whereby nonnative plants should 
have traits similar to native ones, and empty niche or niche partitioning, whereby 
nonnative plants should have different traits from native ones (Elton 1958; Bezeng 
et al. 2013; Hulme and Bernard-Verdier 2018; Enders et al. 2020). Our findings 
suggest that both mechanisms are in play at this industrialized study site. Phyloge-
netic structure patterns and differences in the associations of traits among native 
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and nonnative species suggest that niche partitioning facilitates the introduction 
and survival of nonnative species at our site (MacDougall and Turkington 2005). 
Complementing these differences are traits of nonnative species commonly associ-
ated with species in highly disturbed industrialized or urban floras, including an-
nual duration, variation in pollination and dispersal syndromes (Williams et al. 
2015; Palma et al. 2017). The environment of the industrialized flora at the Port 
of Savannah may be filtering for species with these traits. Based on findings in 
previous research, the introduction of native species at this site may have also been 
influenced by the environment as successfully occurring species show adaptation to 
weedy and disturbed habitats (Lucardi et al. 2020a). Similar findings to this study 
have been categorized as species needing similar traits when introduced to a novel 
community (environmental filtering) but also requiring distinct traits to disrupt 
the community (niche partitioning), as invaders are notoriously known for doing 
(Ordonez 2014; Divíšek et al. 2018). In the future, environmental filters associated 
with this human-dominated, highly disturbed site may further limit the traits and 
phylogenetic distribution of species within this site which may create a habit even 
more conducive to the introduction and survival of nonnative species (Williams et 
al. 2009; Bennett et al. 2014).

Despite the small amount of green space at the Garden City Terminal (~1% of the 
land area at the industrialized site), this industrialized flora is unique with a large num-
ber and proportion of nonnative species (Lucardi et al. 2020a). Many studies assessing 
species’ traits in other floras have focused on other traits not available for most of the 
species in this study, limiting our ability to make a comparison with their findings. 
We also recognize that lower phylogenetic resolution may contribute to uncertainty 
in the phylogenetic analyses (Swenson 2009). However, 61% of branches in the phy-
logeny were highly supported (bootstrap support > 85%) and 68% were moderately 
supported (bootstrap support > 70%). In the future, additional DNA barcode regions 
would better help resolve the phylogeny. In the phylogenetic analyses, significant phy-
logenetic patterns were found for either MPD or MNTD, but not both metrics in 
some cases. These discrepancies may be due to the nature of these metrics, where MPD 
captures the overall phylogenetic dissimilarity of species in the group, whereas MNTD 
can detect finer scale phylogenetic patterns at the tips of the phylogeny that may be 
present (Erickson et al. 2014; Swenson 2014).

Conclusions

This research highlights differences in duration along with pollination and dispersal 
syndromes associated with species nativity that deserve consideration and further in-
vestigation in future studies of industrialized floras. It also highlights, through phy-
logenetic analyses, how highly disturbed sites may filter for species with traits such 
as anemophily pollination syndrome, regardless of species nativity. Finally, this re-
search suggests the influence of environmental filtering and niche partitioning on the 
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similarity and dissimilarity, respectively, of nonnative and native species traits that may 
have allowed their introduction and survival at this site. More research, cooperation, 
and coordination are needed at industrialized and urbanized sites to more adequate-
ly investigate nonnative species’ establishment and spread probabilities (Tsang et al. 
2019; Lucardi et al. 2020b; Borden and Flory 2021). Regular monitoring at these sites 
is also essential for documenting spatiotemporal changes in plant and trait communi-
ties that favor the establishment of nonnative species through localized population 
dynamics and the hosting of newly arriving propagules.

Data availability

The GenBank accession numbers for all successfully sequenced rbcL and matK DNA 
barcodes can be found in Suppl. material 2. Sequences are also publicly available on the 
Barcode of Life Data System (BOLD). Alignments used to generate the phylogenetic 
tree and the phylogeny in Suppl. material 3 along with all code can be found at https://
doi.org/10.5281/zenodo.7101888.

Acknowledgements

The authors thank those who have assisted with collections and cooperated with us 
to conduct this research: Milton A. King, Rebecca Y. Rhinehart, Lynne F. Brennan, 
and Lisa Beth M. Brown (USCBP), Dr. William Kauffman (retired), Calvin Schuler 
(USDA, APHIS), Charles “Chip” Bates (retired) and Chris Barnes (Georgia Forestry 
Commission), Steven C. Hughes (University of Georgia Herbarium [GA]), Jarron K. 
Gravesande (University of Georgia and Arkansas State University), Jennifer N. Reed 
(Arkansas State University), Derek Robertson (USDA FS), Captain Guy Buck and 
the GPA Police Department, and Mr. Gordon Hammer (retired) and the staff of the 
Client Relations Center of GPA. We are grateful to Moritz von der Lippe, who was 
our managing editor for this manuscript, along with Estibaliz Palma and one anon-
ymous reviewer whose comments greatly improved our contribution. This research 
was supported by the USDA Forest Service, Southern Research Station to Arkansas 
State University (15JV11330129032 to TDM) and to Columbus State University 
(15JV11330129031 to KSB).

Author contributions

SJW, TDM, RDL, and KSB were involved in the conception of the idea. SJW, LEW, 
RDL, and KSB collected data. TDM identified the species morphologically. LEW 
prepared specimens for DNA barcode analysis, SJW analyzed data, and SJW wrote the 
original draft with edits, comments, and approvals from all authors.

https://doi.org/10.5281/zenodo.7101888
https://doi.org/10.5281/zenodo.7101888


Trait variation of native and nonnative species in an industrialized flora 115

References

Andersen UV (1995) Comparison of dispersal strategies of alien and native species in the Dan-
ish flora. In: Pyšek P, Prach K, Rejmánek M, Wade M (Eds) Plant invasions: general aspects 
and special problems. SPB Academic, Amsterdam, 61–70.

Bennett JA, Stotz GC, Cahill Jr JF (2014) Patterns of phylogenetic diversity are linked to inva-
sion impacts, not invasion resistance, in a native grassland. Journal of Vegetation Science 
25(6): 1315–1326. https://doi.org/10.1111/jvs.12199

Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW 
(2013) GenBank. Nucleic Acids Research 41(D1): D36–D42. https://doi.org/10.1093/
nar/gks1195

Bezeng BS, Savolainen V, Yessoufou K, Papadopulos AST, Maurin O, van der Bank M (2013) A 
phylogenetic approach towards understanding the drivers of plant invasiveness on Robben 
Island, South Africa. Botanical Journal of the Linnean Society 172(2): 142–152. https://
doi.org/10.1111/boj.12030

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jarošík V, Wilson JRU, Richardson 
DM (2011) A proposed unified framework for biological invasions. Trends in Ecology & 
Evolution 26(7): 333–339. https://doi.org/10.1016/j.tree.2011.03.023

Borden JB, Flory SL (2021) Urban evolution of invasive species. Frontiers in Ecology and the 
Environment 19(3): 184–191. https://doi.org/10.1002/fee.2295

Burk I (1877) List of plants recently collected on ships’ ballast in the neighborhood of 
Philadelphia. Proceedings. Academy of Natural Sciences of Philadelphia 29: 105–109.

Cadotte MW, Lovett-Doust J (2001) Ecological and taxonomic differences between native and 
introduced plants of southwestern Ontario. Ecoscience 8(2): 230–238. https://doi.org/10
.1080/11956860.2001.11682649

Cadotte MW, Yasui SLE, Livingstone S, MacIvor JS (2017) Are urban systems beneficial, det-
rimental, or indifferent for biological invasion? Biological Invasions 19(12): 3489–3503. 
https://doi.org/10.1007/s10530-017-1586-y

Cadotte MW, Campbell SE, Li S, Sodhi DS, Mandrak NE (2018) Preadaptation and natu-
ralization of nonnative species: Darwin’s two fundamental insights into species invasion. 
Annual Review of Plant Biology 69(1): 661–684. https://doi.org/10.1146/annurev-ar-
plant-042817-040339

Catford JA, Smith AL, Wragg PD, Clark AT, Kosmala M, Cavender-Bares J, Reich PB, Tilman 
D (2019) Traits linked with species invasiveness and community invasibility vary with 
time, stage and indicator of invasion in a long-term grassland experiment. Ecology Letters 
22(4): 593–604. https://doi.org/10.1111/ele.13220

Crawley MJ, Harvey PH, Purvis A (1996) Comparative ecology of the native and alien floras 
of the British Isles. Philosophical Transactions of the Royal Society of London: Series B, 
Biological Sciences 351(1345): 1251–1259. https://doi.org/10.1098/rstb.1996.0108

Daehler CC (2003) Performance comparisons of co-occurring native and alien invasive plants: 
Implications for conservation and restoration. Annual Review of Ecology, Evolution, and 
Systematics 34(1): 183–211. https://doi.org/10.1146/annurev.ecolsys.34.011802.132403

https://doi.org/10.1111/jvs.12199
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1111/boj.12030
https://doi.org/10.1111/boj.12030
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1002/fee.2295
https://doi.org/10.1080/11956860.2001.11682649
https://doi.org/10.1080/11956860.2001.11682649
https://doi.org/10.1007/s10530-017-1586-y
https://doi.org/10.1146/annurev-arplant-042817-040339
https://doi.org/10.1146/annurev-arplant-042817-040339
https://doi.org/10.1111/ele.13220
https://doi.org/10.1098/rstb.1996.0108
https://doi.org/10.1146/annurev.ecolsys.34.011802.132403


Samantha J. Worthy et al.  /  NeoBiota 77: 101–123 (2022)116

Daly C, Widrlechner MP, Halbleib MD, Smith JI, Gibson WP (2012) Development of a new 
USDA plant hardiness zone map for the United States. Journal of Applied Meteorology 
and Climatology 51(2): 242–264. https://doi.org/10.1175/2010JAMC2536.1

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in plant communities: A 
general theory of invasibility. Journal of Ecology 88(3): 528–534. https://doi.org/10.1046/
j.1365-2745.2000.00473.x

Divíšek J, Chytrý M, Beckage B, Gotelli NJ, Lososová Z, Pyšek P, Richardson DM, Molofsky 
J (2018) Similarity of introduced plant species to native ones facilitates naturalization, but 
differences enhance invasion success. Nature Communications 9(1): e4631. https://doi.
org/10.1038/s41467-018-06995-4

Dolan RW, Aronson MF, Hipp AL (2017) Floristic response to urbanization: Filtering of the 
bioregional flora in Indianapolis, Indiana, USA. American Journal of Botany 104(8): 
1179–1187. https://doi.org/10.3732/ajb.1700136

Drenovsky RE, Grewell BJ, D’Antonio CM, Funk JL, James JJ, Molinari N, Parker IM, Rich-
ards CL (2012) A functional trait perspective on plant invasion. Annals of Botany 110(1): 
141–153. https://doi.org/10.1093/aob/mcs100

Ebbert D (2019) Chisq.posthoc.test: A post hoc analysis for Pearson’s chi-squared test for count 
data. R package version 0.1.2.

Ehrenfeld JG (2010) Ecosystem consequences of biological invasions. Annual Review of Ecol-
ogy, Evolution, and Systematics 41(1): 59–80. https://doi.org/10.1146/annurev-ecol-
sys-102209-144650

Elton CS (1958) The ecology of invasions by animals and plants. Methuen, London, 181 pp. 
https://doi.org/10.1007/978-1-4899-7214-9

Enders M, Havemann F, Ruland F, Bernard-Verdier M, Catford JA, Gómez-Aparicio L, Haider 
S, Heger T, Kueffer C, Kühn I, Meyerson LA, Musseau C, Novoa A, Ricciard A, Sagouis A, 
Schittko C, Strayer DL, Vilà M, Essl F, Hulme PE, van Kleunen M, Kumschick S, Lockwood 
JL, Mabey AL, McGeoch MA, Palma E, Pyšek P, Saul W-C, Yannelli FA, Jeschke JM (2020) 
A conceptual map of invasion biology: Integrating hypothesis into a consensus network. 
Global Ecology and Biogeography 29(6): 978–991. https://doi.org/10.1111/geb.13082

Erickson DL, Jones FA, Swenson NG, Pei N, Bourg NA, Chen W, Davies SJ, Ge X, Hao Z, 
Howe RW, Huang C-L, Larson AJ, Lum SKY, Lutz JA, Ma K, Meegaskumbura M, Mi 
X, Parker JD, Fang-Sun I, Wright SJ, Wolf AT, Ye W, Xing D, Zimmerman JK, Kress WJ 
(2014) Comparative evolutionary diversity and phylogenetic structure across multiple for-
est dynamics plots: A mega-phylogeny approach. Frontiers in Genetics 5: e358. https://
doi.org/10.3389/fgene.2014.00358

Fazekas AJ, Kuzmina ML, Newmaster SG, Hollingsworth PM (2012) DNA barcoding meth-
ods for land plants. In: Kress WJ, Erickson DL (Eds) DNA Barcodes: Methods and Proto-
cols, Springer, New York, 223–252. https://doi.org/10.1007/978-1-61779-591-6_11

Flores-Moreno H, Thomson FJ, Warton DI, Moles AT (2013) Are introduced species better 
dispersers than native species? A global comparative study of seed dispersal distance. PLoS 
ONE 8(6): e68541. https://doi.org/10.1371/journal.pone.0068541

Funk JL, Vitousek PM (2007) Resource-use efficiency and plant invasion in low-resource sys-
tems. Nature 446(7139): 1079–1081. https://doi.org/10.1038/nature05719

https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1046/j.1365-2745.2000.00473.x
https://doi.org/10.1046/j.1365-2745.2000.00473.x
https://doi.org/10.1038/s41467-018-06995-4
https://doi.org/10.1038/s41467-018-06995-4
https://doi.org/10.3732/ajb.1700136
https://doi.org/10.1093/aob/mcs100
https://doi.org/10.1146/annurev-ecolsys-102209-144650
https://doi.org/10.1146/annurev-ecolsys-102209-144650
https://doi.org/10.1007/978-1-4899-7214-9
https://doi.org/10.1111/geb.13082
https://doi.org/10.3389/fgene.2014.00358
https://doi.org/10.3389/fgene.2014.00358
https://doi.org/10.1007/978-1-61779-591-6_11
https://doi.org/10.1371/journal.pone.0068541
https://doi.org/10.1038/nature05719


Trait variation of native and nonnative species in an industrialized flora 117

Funk JL, Cleland EE, Suding KN, Zavaleta ES (2008) Restoration through reassembly: Plant 
traits and invasion resistance. Trends in Ecology & Evolution 23(12): 695–703. https://
doi.org/10.1016/j.tree.2008.07.013

Gassó N, Sol D, Pino J, Dana ED, Lloret F, Sanz-Elorza M, Sobrino E, Vilá M (2009) Explor-
ing species attributes and site characteristics to assess plant invasions in Spain. Diversity & 
Distributions 15(1): 50–58. https://doi.org/10.1111/j.1472-4642.2008.00501.x

Godoy O, Valladares F, Castro-Díez P (2011) Multispecies comparison reveals that invasive 
and native plants differ in their traits but not in their plasticity. Functional Ecology 25(6): 
1248–1259. https://doi.org/10.1111/j.1365-2435.2011.01886.x

Harris S, Elliott C, Woolnough A, Barclay C (2018) A heuristic framework for invasive spe-
cies research planning and measurement. Record of the Queen Victoria Museum and Art 
Gallery 117: 1–13.

Hobbs RJ, Huenneke LF (1992) Disturbance, diversity, and invasion: Implications for 
conservation. Conservation Biology 6(3): 324–337. https://doi.org/10.1046/j.1523-
1739.1992.06030324.x

Hulme PE, Bernard-Verdier M (2018) Comparing traits of native and alien plants: Can we do 
better? Functional Ecology 32(1): 117–125. https://doi.org/10.1111/1365-2435.12982

Ivanova NV, Grainger C (2006) CCDB protocols. PCR product visualization, clean-up and 
sequencing-Universal. http://ccdb.ca/site/wpcontent/uploads/2016/09/CCDB_Sequenc-
ing.pdf

Ivanova NV, Fazekas AJ, Hebert PD (2008) Semi-automated, membrane-based protocol for 
DNA isolation from plants. Plant Molecular Biology Reporter 26(3): 186–198. https://
doi.org/10.1007/s11105-008-0029-4

Ivanova NV, Kuzmina M, Fazekas A (2016) CCDB protocols. DNA extraction. http://ccdb.ca/
site/wp-content/uploads/2016/09/CCDB_DNA_Extraction-Plants.pdf

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software version 7: 
Improvements in performance and usability. Molecular Biology and Evolution 30(4): 
772–780. https://doi.org/10.1093/molbev/mst010

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, Blomberg SP, 
Webb CO (2010) Picante: R tools for integrating phylogenies and ecology. Bioinformatics 
26(11): 1463–1464. https://doi.org/10.1093/bioinformatics/btq166

Knapp S, Kühn I, Stolle J, Klotz S (2010) Changes in the functional composition of a Central 
European urban flora over three centuries. Perspectives in Plant Ecology, Evolution and 
Systematics 12(3): 235–244. https://doi.org/10.1016/j.ppees.2009.11.001

Knapp S, von der Lippe M, Kowarik I (2022) Interactions of functional traits with native status 
and ecosystem novelty explain the establishment of plant species within urban ecosystems: 
Evidence from Berlin, Germany. Frontiers in Ecology and Evolution 10: e790340. https://
doi.org/10.3389/fevo.2022.790340

Kowarik I, von der Lippe M (2018) Plant population success across urban ecosystems: A 
framework to inform biodiversity conservation in cities. Journal of Applied Ecology 55(5): 
2354–2361. https://doi.org/10.1111/1365-2664.13144

Kress WJ, Erickson DL, Jones FA, Swenson NG, Perez R, Sanjur O, Bermingham E (2009) 
Plant DNA barcodes and a community phylogeny of a tropical forest dynamics plot in 

https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1111/j.1472-4642.2008.00501.x
https://doi.org/10.1111/j.1365-2435.2011.01886.x
https://doi.org/10.1046/j.1523-1739.1992.06030324.x
https://doi.org/10.1046/j.1523-1739.1992.06030324.x
https://doi.org/10.1111/1365-2435.12982
http://ccdb.ca/site/wpcontent/uploads/2016/09/CCDB_Sequencing.pdf
http://ccdb.ca/site/wpcontent/uploads/2016/09/CCDB_Sequencing.pdf
https://doi.org/10.1007/s11105-008-0029-4
https://doi.org/10.1007/s11105-008-0029-4
http://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_DNA_Extraction-Plants.pdf
http://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_DNA_Extraction-Plants.pdf
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1016/j.ppees.2009.11.001
https://doi.org/10.3389/fevo.2022.790340
https://doi.org/10.3389/fevo.2022.790340
https://doi.org/10.1111/1365-2664.13144


Samantha J. Worthy et al.  /  NeoBiota 77: 101–123 (2022)118

Panama. Proceedings of the National Academy of Sciences, USA 1–6: 18621–18626. 
https://doi.org/10.1073/pnas.0909820106

Kuzmina M, Ivanova N (2006) CCDB protocols. Sequencing. http://ccdb.ca/site/wpcontent/
uploads/2016/09/CCDB_PrimerSets-Plants.pdf

Kuzmina M, Ivanova N (2011) CCDB protocols. PCR amplification. http://ccdb.ca/site/wp-
content/uploads/2016/09/CCDB_Amplification-Plants.pdf

Leishman MR, Thomson VP, Cooke J (2010) Native and exotic invasive plants have funda-
mentally similar carbon capture strategies. Journal of Ecology 98(1): 28–42. https://doi.
org/10.1111/j.1365-2745.2009.01608.x

Lemoine NP, Shue J, Verrico B, Erickson D, Kress WJ, Parker JD (2015) Phylogenetic relat-
edness and leaf functional traits, not introduced status, influence community assembly. 
Ecology 96(10): 2605–2612. https://doi.org/10.1890/14-1883.1

Letunic I, Bork P (2021) Interactive tree of life (iTOL) v5: an online tool for phylogenetic 
tree display and annotation. Nucleic Acids Research 49(W1): W293–W296. https://doi.
org/10.1093/nar/gkab301

Levin RA, Wagner WL, Hoch PC, Nepokroeff M, Pires JC, Zimmer EA, Sytsma KJ (2002) 
Family-level relationships of Onagraceae based on chloroplast rbcL and ndhF data. 
American Journal of Botany 90(1): 107–115. https://doi.org/10.3732/ajb.90.1.107

Liu X, Swenson NG, Zhang J, Ma K (2013) The environment and space, not phylogeny, deter-
mine trait dispersion in a subtropical forest. Functional Ecology 27(1): 264–272. https://
doi.org/10.1111/1365-2435.12018

Loiola PP, de Bello F, Chytrý M, Götzenberger L, Pérez Carmona C, Pyšek P, Lososová Z 
(2018) Invaders among locals: Alien species decrease phylogenetic and functional diver-
sity while increasing dissimilarity among native community members. Journal of Ecology 
106(6): 2230–2241. https://doi.org/10.1111/1365-2745.12986

Lososová Z, Chytrý M, Kühn I, Hájek O, Horáková V, Pyšek P, Tichý L (2006) Patterns of 
plant traits in annual vegetation of man-made habitats in central Europe. Perspectives 
in Plant Ecology, Evolution and Systematics 8(2): 69–81. https://doi.org/10.1016/j.
ppees.2006.07.001

Lucardi RD, Cunard CE, Hughes SC, Burgess KS, Reed JN, Whitehurst LE, Worthy SJ, Mar-
sico TD (2020a) An initial industrial flora: A framework for botanical research in coopera-
tion with industry for biodiversity conservation. PLoS ONE 15(4): e0230729. https://doi.
org/10.1371/journal.pone.0230729

Lucardi RD, Bellis ES, Cunard CE, Gravesande JK, Hughes SC, Whitehurst LE, Worthy SJ, 
Burgess KS, Marsico TD (2020b) Seeds attached to refrigerated shipping containers repre-
sent a substantial risk of nonnative plant species introduction and establishment. Scientific 
Reports 10(1): e15017. https://doi.org/10.1038/s41598-020-71954-3

MacDougall AS, Turkington R (2005) Are invasive species the drivers or passengers of change 
in degraded ecosystems? Ecology 86(1): 42–55. https://doi.org/10.1890/04-0669

Maddison WP, Slatkin M (1991) Null models for the number of evolutionary steps in a char-
acter on a phylogenetic tree. Evolution; International Journal of Organic Evolution 45(5): 
1184–1197. https://doi.org/10.1111/j.1558-5646.1991.tb04385.x

https://doi.org/10.1073/pnas.0909820106
http://ccdb.ca/site/wpcontent/uploads/2016/09/CCDB_PrimerSets-Plants.pdf
http://ccdb.ca/site/wpcontent/uploads/2016/09/CCDB_PrimerSets-Plants.pdf
http://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_Amplification-Plants.pdf
http://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_Amplification-Plants.pdf
https://doi.org/10.1111/j.1365-2745.2009.01608.x
https://doi.org/10.1111/j.1365-2745.2009.01608.x
https://doi.org/10.1890/14-1883.1
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.3732/ajb.90.1.107
https://doi.org/10.1111/1365-2435.12018
https://doi.org/10.1111/1365-2435.12018
https://doi.org/10.1111/1365-2745.12986
https://doi.org/10.1016/j.ppees.2006.07.001
https://doi.org/10.1016/j.ppees.2006.07.001
https://doi.org/10.1371/journal.pone.0230729
https://doi.org/10.1371/journal.pone.0230729
https://doi.org/10.1038/s41598-020-71954-3
https://doi.org/10.1890/04-0669
https://doi.org/10.1111/j.1558-5646.1991.tb04385.x


Trait variation of native and nonnative species in an industrialized flora 119

Mayfield MM, Levine JM (2010) Opposing effects of competitive exclusion on the phylogenet-
ic structure of communities. Ecology Letters 13(9): 1085–1093. https://doi.org/10.1111/
j.1461-0248.2010.01509.x

Milanović M, Knapp S, Pyšek P, Kühn I (2020) Trait-environment relationships of plant 
species at different stages of the introduction process. NeoBiota 58: 55–74. https://doi.
org/10.3897/neobiota.58.51655

Montesinos D (2021) Fast invasives fastly become faster: Invasive plants align largely with the 
fast side of the plant economics spectrum. Journal of Ecology 110(5): 1010–1014. https://
doi.org/10.1111/1365-2745.13616

NOAA (2021) Climate at a Glance: City Time Series. https://www.ncdc.noaa.gov/cag
Ordonez A (2014) Functional and phylogenetic similarity of alien plants to co-occurring na-

tives. Ecology 95(5): 1191–1202. https://doi.org/10.1890/13-1002.1
Palma E, Catford JA, Corlett RT, Duncan RP, Hahs AK, McCarthy MA, McDonnell MJ, 

Thompson K, Williams NSG, Vesk PA (2017) Functional trait changes in the floras of 11 
cities across the globe in response to urbanization. Ecography 40(7): 875–886. https://doi.
org/10.1111/ecog.02516

Palma E, Vesk PA, White M, Baumgartner JB, Catford JA (2021) Plant functional traits re-
flect different dimensions of species invasiveness. Ecology 102(5): e03317. https://doi.
org/10.1002/ecy.3317

Plant Hardiness Zone Map USDA (2012) Agricultural research service, U.S. Department of 
Agriculture. https://planthardiness.ars.usda.gov

Pyšek P, Richardson DM (2008) Traits associated with invasiveness in alien plants: where do we 
stand? In: Nentwig W (Ed.) Biological Invasions. Ecological Studies (Analysis and Synthe-
sis). Springer, Berlin, Heidelberg, 97–125. https://doi.org/10.1007/978-3-540-36920-2_7

Pyšek P, Prach K, Šmilauer P (1995) Relating invasion success to plant traits: an analysis of 
the Czech alien flora. In: Pyšek P, Prach K, Rejmánek M, Wade M (Eds) Plant Invasions: 
General Aspects and Special Problems. Backhuys, Leiden, 39–60.

Pyšek P, Richardson DM, Pergl J, Jarošik V, Sixtová Z, Weber E (2008) Geographical and taxo-
nomic biases in invasion ecology. Trends in Ecology & Evolution 23(5): 237–244. https://
doi.org/10.1016/j.tree.2008.02.002

Pyšek P, Hulme PE, Simberloff D, Bacher S, Blackburn TM, Carlton JT, Dawson W, Essl F, 
Foxcroft LC, Genovesi P, Jeschke JM, Kühn I, Liebhold AM, Mandrak NE, Meyerson LA, 
Pauchard A, Pergl J, Roy HE, Seebens H, van Kleunen M, Vilà M, Wingfield MJ, Rich-
ardson DM (2020) Scientists’ warning on invasive alien species. Biological Reviews of the 
Cambridge Philosophical Society 95(6): 1511–1534. https://doi.org/10.1111/brv.12627

R Core Team (2021) R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria.

Ratnasingham S, Hebert PDN (2007) BOLD: The barcode of life data system (www.barcod-
inglife.org). Molecular Ecology Notes 7(3): 335–364. https://doi.org/10.1111/j.1471-
8286.2007.01678.x

Schittko C, Bernard-Verdier M, Heger T, Buchholz S, Kowarik I, von der Lippe M, Seitz B, 
Joshi J, Jeschke JM (2020) A multidimensional framework for measuring biotic novelty: 

https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.3897/neobiota.58.51655
https://doi.org/10.3897/neobiota.58.51655
https://doi.org/10.1111/1365-2745.13616
https://doi.org/10.1111/1365-2745.13616
https://www.ncdc.noaa.gov/cag
https://doi.org/10.1890/13-1002.1
https://doi.org/10.1111/ecog.02516
https://doi.org/10.1111/ecog.02516
https://doi.org/10.1002/ecy.3317
https://doi.org/10.1002/ecy.3317
https://planthardiness.ars.usda.gov
https://doi.org/10.1007/978-3-540-36920-2_7
https://doi.org/10.1016/j.tree.2008.02.002
https://doi.org/10.1016/j.tree.2008.02.002
https://doi.org/10.1111/brv.12627
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1111/j.1471-8286.2007.01678.x


Samantha J. Worthy et al.  /  NeoBiota 77: 101–123 (2022)120

How novel is a community? Global Change Biology 26(8): 4401–4417. https://doi.
org/10.1111/gcb.15140

Schliep KP (2011) phangorn: Phylogenetic analysis in R. Bioinformatics 27(4): 592–593. 
https://doi.org/10.1093/bioinformatics/btq706

Schulze E-D, Beck E, Buchmann N, Clemens S, Müller-Hohenstein K, Scherer-Lorenzen M 
(2019) Plant ecology. Springer, Berlin, Heidelberg, 947 pp. https://doi.org/10.1007/978-
3-662-56233-8

Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE, Jeschke JM, Pagad S, Pyšek P, 
Winter M, Arianoutsou M, Bacher S, Blasius B, Brundu G, Capinha C, Celesti-Grapow L, 
Dawson W, Dullingre S, Fuentes N, Jäger H, Kartesz J, Kenis M, Kreft H, Kühn I, Lenzner 
B, Liebhold A, Mosena A, Moser D, Nishino M, Pearman D, Pergl J, Rabitsch R, Rojas-
Sandoval J, Roques A, Rorke S, Rossinelli S, Roy HE, Scalera R, Schindler S, Štajerová K, 
Tokarska-Guzik B, van Kleunen M, Walker K, Weigelt P, Yamanaka T, Essl F (2017) No 
saturation in the accumulation of alien species worldwide. Nature Communications 8(1): 
e14435. https://doi.org/10.1038/ncomms14435

Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE, Jeschke JM, Pagad S, Pyšek P, 
van Kleunen M, Winter M, Anson M, Arianoutsou M, Bacher S, Blasius B, Brockerhoff 
EG, Brundu G, Capinha C, Causton CE, Celesti-Grapow L, Dawson W, Dullinger S, 
Economo EP, Fuentes N, Guénard B, Jäger H, Kartesz J, Kenis M, Kühn I, Lenzner B, 
Leibhold AM, Mosena A, Moser D, Nentwig W, Nishino M, Pearman D, Pergl J, Rabitsch 
W, Rojas-Sandoval J, Rogues A, Rorke S, Rossinelli S, Roy HE, Scalera R, Schindler S, 
Štajerová K, Tokarska-Guzik B, Walker K, Ward DE, Yamanaka T, Essl F (2018) Global 
rise in emerging alien species results from increased accessibility of new sources pools. 
Proceedings of the National Academy of Sciences of the United States of America 115(10): 
E2264–E2273. https://doi.org/10.1073/pnas.1719429115

Seebens H, Bacher S, Blackburn TM, Capinha C, Dawson W, Dullinger S, Genovesi P, Hulme 
PE, van Kleunen M, Kühn I, Jeschke JM, Lenzner B, Liebhold AM, Pattison Z, Pergl J, Pyšek 
P, Winter M, Essl F (2021) Projecting the continental accumulation of alien species through 
to 2050. Global Change Biology 27(5): 970–982. https://doi.org/10.1111/gcb.15333

Swenson NG (2009) Phylogenetic resolution and quantifying the phylogenetic diversity and 
dispersion of communities. PLoS ONE 4(2): e4390. https://doi.org/10.1371/journal.
pone.0004390

Swenson NG (2014) Functional and phylogenetic ecology in R. Springer, New York, 212 pp. 
https://doi.org/10.1007/978-1-4614-9542-0

Tecco PA, Díaz S, Cabido M, Urcelay C (2010) Functional traits of alien plants across con-
trasting climatic and land-use regimes: Do aliens join the locals or try harder than them? 
Journal of Ecology 98: 17–27. https://doi.org/10.1111/j.1365-2745.2009.01592.x

Thompson K, Hodgson JG, Rich TCG (1995) Native and alien invasive plants: More of the 
same? Ecography 18(4): 390–402. https://doi.org/10.1111/j.1600-0587.1995.tb00142.x

Tsang TPN, Dyer EE, Bonebrake EC (2019) Alien species richness is currently unbounded in 
all but the most urbanized bird communities. Ecography 42(8): 1426–1435. https://doi.
org/10.1111/ecog.04412

USDA NRCS (2021) The PLANTS Database. National Plant Data Team, Greensboro, NC, 
USA. http://plants.usda.gov

https://doi.org/10.1111/gcb.15140
https://doi.org/10.1111/gcb.15140
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1007/978-3-662-56233-8
https://doi.org/10.1007/978-3-662-56233-8
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1073/pnas.1719429115
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1371/journal.pone.0004390
https://doi.org/10.1371/journal.pone.0004390
https://doi.org/10.1007/978-1-4614-9542-0
https://doi.org/10.1111/j.1365-2745.2009.01592.x
https://doi.org/10.1111/j.1600-0587.1995.tb00142.x
https://doi.org/10.1111/ecog.04412
https://doi.org/10.1111/ecog.04412
http://plants.usda.gov


Trait variation of native and nonnative species in an industrialized flora 121

van Kleunen M, Weber E, Fischer M (2010) A meta-analysis of trait differences between 
invasive and non-invasive plant species. Ecology Letters 13(2): 235–245. https://doi.
org/10.1111/j.1461-0248.2009.01418.x

Whitehurst LE, Cunard CE, Reed JN, Worthy SJ, Marisco TD, Lucardi RD, Burgess KS 
(2020) Preliminary application of DNA barcoding toward the detection of viable plant 
propagules at an initial, international point-of-entry in Georgia. USA. Biological Invasions 
22(5): 1585–1606. https://doi.org/10.1007/s10530-020-02204-w

Williams NSG, Schwartz MW, Vesk PA, McCarthy MA, Hahs AK, Clemants SE, Corlett RT, 
Duncan RP, Norton BA, Thompson K, McDonnell MJ (2009) A conceptual framework 
for predicting the effects of urban environments on floras. Journal of Ecology 97(1): 4–9. 
https://doi.org/10.1111/j.1365-2745.2008.01460.x

Williams NSG, Hahs AK, Vesk PA (2015) Urbanisation, plant traits and the composition 
of urban floras. Perspectives in Plant Ecology, Evolution and Systematics 17(1): 78–86. 
https://doi.org/10.1016/j.ppees.2014.10.002

Williamson MH, Fitter A (1996) The characters of successful invaders. Biological Conservation 
78(1–2): 163–170. https://doi.org/10.1016/0006-3207(96)00025-0

Wolf J, Hasse D, Kühn I (2020) The functional composition of the neophytic flora changes in 
response to environmental conditions along a rural-urban gradient. NeoBiota 54: 23–47. 
https://doi.org/10.3897/neobiota.54.38898

Yang J, Zhang G, Ci X, Swenson NG, Cao M, Sha L, Li J, Baskin CC, Silk JWF, Lin L 
(2014) Functional and phylogenetic assembly in a Chinese tropical tree community across 
size classes, spatial scales and habitats. Functional Ecology 28(2): 520–529. https://doi.
org/10.1111/1365-2435.12176

Yang L-E, Lu L, Burgess KS, Wang H, Li D-Z (2020) Evolution of Angiosperm pollen: 8. Lamiids. 
Annals of the Missouri Botanical Garden 105(3): 323–376. https://doi.org/10.3417/2020500

Supplementary material 1

Species included in this study, listed alphabetically, along with their traits
Authors: Samantha J. Worthy, Travis D. Marsico, Rima D. Lucardi, Lauren E. 
Whitehurst, Kevin S. Burgess
Data type: docx file
Explanation note: Species included in this study, listed alphabetically, along with their 

traits. All species are represented by vouchers stored at Arkansas State University 
Herbarium (STAR) and Columbus State University Herbarium (COLS). If cita-
tions are not included, the information was gathered from the USDA PLANTS 
Database (USDA, NRCS, 2021).

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.77.87307.suppl1

https://doi.org/10.1111/j.1461-0248.2009.01418.x
https://doi.org/10.1111/j.1461-0248.2009.01418.x
https://doi.org/10.1007/s10530-020-02204-w
https://doi.org/10.1111/j.1365-2745.2008.01460.x
https://doi.org/10.1016/j.ppees.2014.10.002
https://doi.org/10.1016/0006-3207(96)00025-0
https://doi.org/10.3897/neobiota.54.38898
https://doi.org/10.1111/1365-2435.12176
https://doi.org/10.1111/1365-2435.12176
https://doi.org/10.3417/2020500
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.77.87307.suppl1


Samantha J. Worthy et al.  /  NeoBiota 77: 101–123 (2022)122

Supplementary material 2

Sequencing and collection information for the species in this study
Authors: Samantha J. Worthy, Travis D. Marsico, Rima D. Lucardi, Lauren E. White-
hurst, Kevin S. Burgess
Data type: docx file
Explanation note: Sequencing and collection information for the species in this study, 

listed alphabetically. The collection number and GenBank accession number for 
each sequence are presented below. Sequences downloaded from Barcode of Life 
Data Systems (BOLD; Ratnasingham and Hebert 2007) and GenBank (Benson et 
al. 2013) databases are noted with a * by the accession number. Only species with 
both DNA barcode gene regions were included in phylogenetic analyses, eliminat-
ing nine species that had either only a rbcL or matK sequence, noted by “Excluded” 
in the GenBank Accession column. Sequences for two species placed them into 
incorrect areas of the phylogenetic tree causing us to question their identity and 
eliminate them from phylogenetic analyses, noted as “Erroneous Sample” in the 
GenBank Accession column. Failed sequencing is noted in the sequence column 
and no GenBank accession number is given. All species are represented by vouch-
ers stored at Arkansas State University Herbarium (STAR) and Columbus State 
University Herbarium (COLS). 

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.77.87307.suppl2

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.77.87307.suppl2


Trait variation of native and nonnative species in an industrialized flora 123

Supplementary material 3

Phylogenetic tree depicting genetic relationships among 159 species of the flora at 
the Port of Savannah, Savannah, Georgia, USA, with available sequences
Authors: Samantha J. Worthy, Travis D. Marsico, Rima D. Lucardi, Lauren E. White-
hurst, Kevin S. Burgess
Data type: docx file
Explanation note: Phylogenetic tree depicting genetic relationships among 159 spe-

cies of the flora at the Port of Savannah, Savannah, Georgia, USA, with avail-
able sequences. The phylogeny was generated using maximum likelihood methods 
in the “phangorn” package (Schliep 2011) in R programming language (R Core 
Team 2021) using the general time-reversible model of substitution with gamma-
distributed rate variation and a proportion of invariant sites (GTR + Γ + I) with 
Ginkgo biloba as the outgroup. Bootstrap values from 1000 replications are pre-
sented at each node. Tree topology was visualized using iTOL v. 6.3 (Letunic and 
Brok 2021). Species in black font are native, and species in blue font are nonnative. 

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.77.87307.suppl3

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.77.87307.suppl3

	Variation in plant traits and phylogenetic structure associated with native and nonnative species in an industrialized flora
	Abstract
	Introduction
	Methods
	Study site
	Floristic and trait inventory
	Trait data analysis
	DNA barcode analysis: DNA isolation, PCR amplification, and sequencing
	Phylogenetic tree reconstruction
	Phylogenetic signals and structure

	Results
	Relationships between traits and species nativity
	Phylogenetic signals and structure

	Discussion
	Conclusions
	Data availability
	Acknowledgements
	References

