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Ecological Processes

Non‑native plant species richness 
and influence of greenhouses and human 
populations in the conterminous United States
Brice B. Hanberry1*    

Abstract 

Background  One issue in invasive plant ecology is identification of the factors related to the invasion process that 
increase number of non-native species. When invasion by non-native species increases, so does the probability that 
some non-native species will become harmful, or classified as invasive species, which disrupt natural ecosystems with 
attendant economic and social costs. I quantified patterns of how non-native species richness varied with vegetation 
types and human populations. To evaluate the relative importance of different predictor variables for invasion path-
ways in the conterminous United States, I modeled non-native plant species richness by county compared to current 
and historical human populations; greenhouses and nurseries; railroads, pipelines, transmission lines, and oil and gas 
wells; and land covers of impervious surface, development intensity categories, agriculture, and vegetation types. I 
also modeled these variables within vegetation types, excluding vegetation variables.

Results  To summarize patterns, non-native plant species richness increased from 72 to 200 with increasing human 
population density classes. Forests and forest land use mosaics had the greatest mean number of non-native plant 
species, ranging from 121 to 166, whereas grasslands and grassland mosaics had the least number of non-native 
plant species, about 70. For modeling variable importance, all combined variables had R2 values of 56% (random 
forests regressor) and 54% (cubist regressor) for predictions of withheld observations of non-native plant species rich-
ness, with greenhouse density and percent forestlands as most influential variables. Single variables of greenhouses 
(R2 = 29%), historical and current human populations (R2 = 27% and 23%), impervious surface (25%), and medium 
intensity development (23%) were most associated with non-native plant species richness. For vegetation types, 
greenhouse and historical human population densities were influential variables particularly in forestlands, shrub-
lands, and wetlands.

Conclusions  Based on these models, human population measures and horticultural locations of greenhouses and 
plant nurseries may have stronger relationships than measures of land use disturbance and transport with non-native 
plant species richness.
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Introduction
Humans have deliberately or accidentally moved many 
species beyond their native ranges, particularly by 
importing and cultivating plants for ornamental or agri-
cultural purposes. Most plant invaders have been intro-
duced deliberately through horticulture (Reichard and 
White 2001; Liebhold et  al. 2012; van Kleunen et  al. 
2018). Imported nursery stock also is a common pathway 
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for non-native pathogen and insect introductions (Bras-
ier 2008; Liebhold et al. 2012). Selected plants are easy to 
propagate, with rapid establishment, growth, and repro-
duction under a variety of conditions (van Kleunen et al. 
2018). After human assistance to reach new locations, 
these traits position introduced species for invasion of 
ecosystems outside of controlled garden settings (Theo-
harides and Dukes 2007), albeit without a close relation-
ship between the rate of spread and traits of invading 
species (Pyšek and Hulme 2005).

Some of the non-native species become classified as 
invasive, as measured by impacts on native ecosystems 
and reduced production of ecosystem services (May-
field et  al. 2021). Invasive non-native plants directly 
out-compete native species for growing space, reduc-
ing abundance of native species and changing composi-
tion and structure of ecosystems (Pearson et  al. 2016). 
Other impacts include alterations of primary productiv-
ity, floral resources, and ecosystem processes by invasive 
plant species. Invasive plants may shift wildfire regimes 
by increasing or decreasing fire frequency and severity; 
for example, some invasive grasses increase horizon-
tal fuel continuity or become dry earlier in the season 
than native plants, increasing the chance of wildfire 
(D’Antonio and Vitousek 1992). The transformation from 
non-native species to invasive species is one active area 
of research in invasion ecology, including identification 
of the non-native species that will become harmful eco-
logically or socioeconomically, measurement of damage, 
and how climate change may activate the transformation 
from non-native species to invasive species (Clements 
and Ditommaso 2011; Courchamp et al. 2017).

Another research issue encompasses isolation of the 
factors that contribute to successful invasion by non-
native species into new areas, because eventually some 
successful non-native species will become harmful 
(Moles et  al. 2012). The invasion sequence of introduc-
tion, establishment (i.e., survival and growth), and spread 
(i.e., reproduction) is complex and unpredictable for each 
ecological context, and along the invasion sequence, non-
native plants face constraints and filters (Lockwood et al. 
2005; Von Holle and Simberloff 2005; Colautti et al. 2006; 
Pauchard and Shea 2006). Propagule pressure describes 
the number of individuals of an introduced non-native 
species (Lockwood et  al. 2005), including introductions 
directly through horticultural sources (Reichard and 
White 2001; Liebhold et al. 2012) and accidental imports 
through trade and transportation. As propagule pressure 
increases, the probability of successful establishment into 
suitable locations in time and space increases (Lockwood 
et  al. 2005). For establishment and spread, disturbances 
open growing space and provide associated resources 
necessary for survival, growth, and reproduction. Land 

uses of urbanization, agriculture, transportation, mining 
and energy development, harvesting for forest products, 
and drainage of wetlands are types of anthropogenic dis-
turbance that remove and fragment native vegetation, 
allowing opportunities for establishment of non-native 
species. Native species may provide resistance to non-
native species establishment and spread through com-
petition, herbivory, and pathogens (Mitchell et al. 2006). 
Classical invasion concepts focused on invasion facili-
tated by disturbance and inhibited by communities richer 
in species, whereas more recent evidence, including a 
meta-analysis of 56 studies, indicates the importance of 
greater propagule pressure as a consistent factor for suc-
cessful invasion of new locations by non-native species 
(Von Holle and Simberloff 2005; Colautti et al. 2006; Cas-
sey et al. 2018; Stringham and Lockwood 2021).

Non-native plant species richness may increase with 
many factors related to the invasion process, represent-
ing categories of propagule sources, transport, land use 
disturbance, and ecosystem resistance, with overlap 
in categories, particularly in land use disturbance. For 
example, non-native plant species richness may increase 
along a continuum with human population density, hous-
ing, economic activity, and road density (McKinney 
2001, 2002; Gavier-Pizarro et al. 2010; Pyšek et al. 2010). 
Human population and housing measures may best indi-
cate non-native plant source introductions, such as to 
and from residential gardens (van Kleunen et  al. 2018), 
but also may indicate urbanization disturbance and asso-
ciated transport networks. However, greenhouses and 
nurseries directly represent sources of non-native plant 
material (Reichard and White 2001; Liebhold et al. 2012). 
Railways, pipelines, transmission lines, and oil and gas 
wells, which result in road networks, are transport corri-
dors with associated disturbance, primarily related to the 
energy sector (Ott et al. 2021),

Non-native plant species richness may vary by veg-
etation types and rural–urban gradients, similar to 
regional variation in non-native plant species richness 
(Allen and Bradley 2016; Fig.  1A). Variation perhaps 
reflects differences in ecosystem resistance to invasion 
by non-native species and loss of ecosystem resistance 
due to intermixing of residential land use with forested 
land cover in more heavily populated regions (Gavier-
Pizarro et al. 2010). Evidence indicates that non-native 
species abundance and richness generally increase with 
human population and housing densities in forests, but 
limited research exists about widespread differences 
in non-native plant species abundance and richness 
in other vegetation types and rural lands, particularly 
at regional scales (Bock and Bock 2009). Larger areas 
of relatively intact native ecosystems may contain lim-
ited number of non-native plant species (McKinney 



Page 3 of 14Hanberry ﻿Ecological Processes           (2023) 12:27 	

2002; Hansen et al. 2014). Conversely, land use distur-
bances of the agricultural sector and mining and energy 
extraction often are concentrated in rural locations. 
Agriculture is the dominant form of land use distur-
bance, occurring over more than a third of the terres-
trial land surface (IPBES 2019). In addition to removal 
of native plant cover for crops, livestock production 
has introduced novel herbivory regimes and non-native 
plants (Shaffer and DeLong 2019). Fast-growing non-
native forage grasses (e.g., smooth brome, Bromus iner-
mis) have been planted for forage improvement and soil 

stabilization after overgrazing (Kennedy 1899; Shaffer 
and DeLong 2019). Non-native species that are con-
sidered valuable for livestock production (e.g., smooth 
brome; Kentucky bluegrass, Poa pratensis; crested 
wheatgrass, Agropyron cristatum; Johnsongrass, Sor-
ghum halepense) have increased non-native grass spe-
cies, with presence on 55% of non-federal rangeland 
and ≥ 50% cover on 9% of area (NRCS 2018; Shaf-
fer and DeLong 2019). While areas of relatively intact 
native ecosystems have greatest richness of native plant 
and animal species, degradation of native ecosystems 

Fig. 1  Number of recorded non-native plant species by county (A Center for Invasive Species and Ecosystem Health 2020) and location of 
vegetation types used in modeling (B blank counties are complex mosaics of vegetation type; Homer et al. 2020)
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results in declines in native plants and wildlife (Shaffer 
and DeLong 2019; Hanberry et al. 2021).

Nevertheless, some land use disturbances may not be 
relevant. All land use disturbances are not applicable 
throughout the U.S., such as forest harvest in the shrub-
lands and grasslands of the western U.S. Moreover, in 
the eastern U.S., disturbances from tree removals, wild-
fire, and deer herbivory had overall negative or minimal 
relationships with non-native species richness (Hanberry 
2022a). Indeed, disturbances from fire, herbivores, and 
mechanical treatments such as mowing are treatments 
for non-native plant species removal and for native plant 
species restoration (Hanberry et  al. 2021). Effects from 
these types of disturbance regimes will vary with fre-
quency and timing, location, ecosystem, and the taxa in 
question, but changes in disturbance regimes generally 
do not explain non-native species richness (Moles et  al. 
2012).

Non-native plant species richness has not been 
assessed with comprehensive coverage at a national scale 
to summarize how non-native plant species richness var-
ies by vegetation types and human population density 
classes and whether non-native plant species richness 
is associated with potential pathways of invasion. Few 
studies have estimated non-native plant species rich-
ness across urban gradients (Cadotte et al. 2017). There-
fore, my objective was to to characterize patterns and 
associations of non-native plant species richness in the 
conterminous U.S. Based on current evidence, I hypoth-
esized that non-native species richness will increase with 
greater human densities and cover of forested vegeta-
tion, and non-native species richness will be associated 
human population measures and number of greenhouses 
and nurseries, which represent propagule pressure. At 
the scale of U.S. counties, my research questions were: 
(1) how does non-native plant species richness vary with 
vegetation types and human population density classes 
and (2) which proxies related to propagule sources, trans-
port, and land use disturbances best predict non-native 
plant species richness. I modeled non-native plant spe-
cies richness by county for the conterminous U.S. and 
vegetation types compared to several metrics that may 
represent invasion categories of propagule sources, 
transport, and land use disturbance, with some overlap 
in categories: current and historical human populations; 
greenhouses and nurseries; railroads, pipelines, trans-
mission lines, and oil and gas wells; and land covers of 
impervious surface, development intensity categories, 
agriculture, and vegetation types. I also modeled these 
variables within vegetation types, excluding vegetation 
variables. These results will expand limited research 
about differences in non-native plant species richness in 
rural–urban gradients at regional scales and contribute 

to evidence about potential pathways of invasion by non-
native plant species.

Methods
Study area
The conterminous United States consists of contiguous 
land area, excluding the states of Hawaii and Alaska, cov-
ering about 8 million km2 (Fig. 1). Vegetation types con-
sist of primarily forests in the eastern U.S., grasslands in 
the central U.S., and shrublands in the western U.S. with 
forests in wetter coastal or higher elevation locations 
(Fig.  1; Homer et  al. 2020). Precipitation generally fol-
lows a gradient that decreases from the east to the west, 
with more wetlands in the eastern half of the U.S. than 
the western half. Historical grasslands, wetlands, and for-
ests (i.e., open forests of savannas and woodlands) have 
been converted to crops and pastures, and grasslands and 
savannas have become forests over time, due to changed 
disturbance regimes. Populations generally are greater in 
coastal regions than in interior grasslands, shrublands, 
and croplands (Fig. 2).

Data sets
Regarding data sets, non-native plant species occurrences 
were from the EDDMapS database (Early Detection 
and Distribution Mapping System; Center for Invasive 
Species and Ecosystem Health 2020). For EDDMapS, 
non-native species occurrences are aggregated from 
databases, organizations, as well as citizen observers, 
but frequently reported by U.S. county, with > 6.6 million 
county records and > 5.3 million point records. There-
fore, the EDDMapS database is suited for county-scale 
analysis, and I summarized the number of non-native 
plant species records by county for the conterminous 
U.S. (Fig. 1A, all maps produced with ArcGIS, ESRI, Red-
lands, CA).

Caveats for this data set include that survey effort likely 
is imbalanced, similar to other landscape studies. Formal 
or informal vegetation surveys may occur in areas that 
are accessible to human population centers. However, 
offsetting the survey effort related to human popula-
tion density, public lands, which typically are rural, may 
receive a disproportional number of surveys and obser-
vations and also remote counties may be larger in area; 
larger areas tend to contain larger numbers of species. 
Following Gavier-Pizarro et  al. (2010:1914–1915), non-
native plant species richness and county area for the U.S. 
and vegetation types did not have a relationship, with the 
exception of shrublands. For modeling in shrublands, I 
adjusted non-native plant species counts to densities.

Predictor variables for modeling represented categories 
of propagule sources, transport, land use disturbance, 
and ecosystem resistance. Propagule sources were human 
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population variables of year 2015 human population 
count (resolution of 30 arc second or < 1  km grid cells; 
2015 LandScan, Bright et  al. ) that I converted to mean 
values by U.S. county and 1790–2010 human population 
count (1 km grid cells; Fang and Jawitz 2018), converted 
to density by county. Propagule sources also were green-
house and plant nurseries (30,400 locations, restricted 
access to these data; Homeland Infrastructure Founda-
tion-Level Data 2021), converted to densities by county. 
Transport variables, with associated land use disturbance 
primarily from energy extraction, were railroads (km), 
pipelines (km), transmission lines (km), and oil and gas 
wells (number; Homeland Infrastructure Foundation-
Level Data 2021), converted to densities by county. 

Disturbance by agriculture included agriculture mean 
percent area by county during 1850–1987 (Maizel et  al. 
1998) and cover of croplands and cover of pasture dur-
ing 2016 (30 m grid cells from the National Land Cover 
Database; Homer et  al. 2020), converted to percentage 
area by county. I described the built environment with 
2016 development intensity classes, which represent both 
propagule sources and land use disturbance (open, low 
density, medium density, high density; Homer et al. 2020) 
and 2016 percent impervious surfaces, which represent 
invasion categories of propagule sources, transport, and 
land use disturbance (i.e., commingling of roads, core 
urban areas, and energy production sites; Homer et  al. 
2020); I converted these variables to percentage area by 

Fig. 2  Human population count (A) and number of greenhouses and nurseries (B) by county



Page 6 of 14Hanberry ﻿Ecological Processes           (2023) 12:27 

county. For a coarse measure of ecosystem resistance 
(that is, simply presence of the ecosystem type), I used 
2016 cover of forest, grassland, shrubland, wetland, and 
combined wildlands (i.e., forest, grassland, shrubland, 
wetland; Homer et  al. 2020), converted to percentage 
area of each vegetation type by county (Fig. 1B). The pri-
mary vegetation type was assigned based on vegetation 
types > 50% of wildland vegetation.

Data analysis
I performed summary statistics of non-native plant spe-
cies richness for counties by human population density 
classes and vegetation types (Fig. 1B). For human popu-
lation counts (from 2015 LandScan, Bright et al. 2016), I 
determined density by dividing counts by cell area (in the 
GCS WGS 1984 geographic, or longitude and latitude, 
coordinate system), and then quantified mean density 
by county, which I grouped into five human population 
density classes ranging from rural at < 15 humans per km2 
to combined suburban and urban at ≥ 550 humans per 
km2, with intermediate exurban classes (Fig. 4; Hanberry 
2022b). Vegetation types were 2016 cover of forest, grass-
land, shrubland, wetland, and combined land cover and 
land use mosaics (30 m grid cells from the National Land 
Cover Database; Homer et  al. 2020), converted to per-
centage area of each vegetation type or land use mosaic 
by county. The primary vegetation type was assigned 
based on vegetation types > 50% of wildland vegetation 
(i.e., forest, grassland, shrubland, wetland land cover 
rather than land use) by county, but cropland and urban 
could be the predominant land cover. Combined crop 
and pasture were assigned as crop if these land covers 
were > 50% of area by county. Combined medium density 
and high density development were assigned as urban if 
these land covers were > 50% of area by county. I matched 
these land uses with the primary vegetation type, result-
ing in a mosaic of agricultural or urban land use and 
wildland land cover.

For modeling relationship between variables and non-
native plant species richness, because this is not a con-
trolled experiment particularly suited for inferential 
statistics and relationships are not always linear for com-
plex data sets, I applied a machine learning or algorithm 
modeling approach with two ensemble models based on 
decision trees or rule sets, the random forests and cub-
ist regressors (Breiman 2001; Bzdok et al. 2018). Machine 
learning encompasses a variety of different algorithms 
to solve data problems (Sarker 2021). The main char-
acteristics that differentiate these two algorithms from 
other machine learning options are the ability to perform 
regression analysis for a numerical response rather than 
a class response and use of ensemble models of decision 
trees with resampling methods. Ensemble models use 

results of many decision trees or rule sets to output the 
most optimal result, helping to minimize the influence of 
error. Each ensemble model applies unique  algorithms. 
Random forests develop regression trees in parallel from 
bootstrap samples, or random samples with replacement, 
by selecting the best split among a randomly selected 
subset of  different predictors tested at each node, and 
averages results of all individual trees (Zhou et al. 2019; 
Sarker 2021). The cubist regressor is a rule-based model 
that develops a series of trees comprised of linear regres-
sion models and corrects (boosts) trees using informa-
tion from prior trees, but averages results of all individual 
trees rather than weighing results based on performance 
(Zhou et  al. 2019). Random forests is widely used, at 
least as a classifier, and both regressors, cubist particu-
larly, have been documented to have better performance 
overall than generalized linear models for 83 data sets 
(Fernández-Delgado et  al. 2019). I applied both algo-
rithms to provide dual lines of support for results. If both 
algorithms select the same important variable, then the 
variable is more likely to be important than if only one 
algorithm selects the variable as important.

Correlated variables can make it challenging to meas-
ure the influence of variables. Typically, ensemble models 
are relatively robust in isolating influence of redundant, 
highly correlated predictors, compared to linear mod-
els (Kuhn and Johnson 2019). That is, ensemble models 
distinguish important predictor variables that improve 
model accuracy, as opposed to splitting the explanatory 
value of correlated strong predictors into intermedi-
ate importance, whereas omission of relevant correlated 
variables reduces accuracy (Hanberry 2023). I examined 
model influence of paired variables with the Pearson’s 
correlation coefficient.

For the twenty predictor variables and number of 
non-native plant  species by county in the contermi-
nous United States, I applied random forests and cubist 
nonlinear regressors in the caret package (Kuhn 2008; 
R Core Team 2021) to train the model and then predict 
to withheld testing data (i.e., 30% of 3110 counties) to 
determine R2 values for predicted richness of non-native 
plants (Fig.  3). The caret package automatically chooses 
values for the necessary parameters associated with the 
best model fit (i.e., model tuning) based on resampling, 
in this case tenfold cross-validation repeated three times, 
with default values for parameters that do not require 
tuning (e.g., Probst and Boulesteix 2017). Importance of 
variables is based on the contribution of each variable 
to model accuracy, with importance values scaled up to 
100. To isolate the influence of single variables, I modeled 
each variable alone.

In addition to modeling for the conterminous U.S., 
I modeled non-native plant species richness by four 
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vegetation types and two land use mosaics, but exclud-
ing predictor variables of the six vegetation types (i.e., 
percent area of forest, grassland, shrubland, wetland, and 
percent area of croplands and percent area of pasture). 
Vegetation types were forestlands, grasslands, shrub-
lands (adjusting number of non-native plant  species to 
number of non-native plant species per km2 for this veg-
etation type), and wetlands. Land use mosaics were crop 
and pasture with primarily grassland vegetation and crop 
and pasture with  primarily forest or wetland vegetation 
(Fig.  1B). Modeling within smaller extents of vegetation 
types reduces variation compared to differences across 
the conterminous U.S.

Results
The non-native plant data set had 2253 unique spe-
cies or subspecies. Non-native plant species richness in 
the United States was greatest along the western coastal 
region and in the northeastern region (Fig.  1A). Non-
native plant species richness steadily increased with 
increasing human population densities, from 87 non-
native plant species at the lowest density (in 1450 coun-
ties) to about 225 non-native plant  species in the two 
greatest human population density classes (98 and 102 

counties; Fig. 4). For vegetation types or land use mosa-
ics, the forest vegetation type and land use mosaics with 
primarily forest vegetation had the greatest mean num-
ber of non-native plant  species (Fig.  5). The forest and 
urban mosaic (65 counties) had a mean value of 166 
non-native plant  species, forest (1299 counties) had a 
mean value of 137 non-native plant  species, and forest 
with crop and pasture (455 counties) had a mean value of 
121 non-native plant species. In contrast, grasslands and 
grassland land use mosaics had the least number of non-
native plant species. Grasslands (258 counties) and grass-
lands with crop and pasture (178 counties) had a mean 
value of 73 and 70 non-native plant species, respectively. 
Wetlands (159 counties) had a mean value of 121 non-
native plant species and wetlands with crop and pasture 
(168 counties) had a mean value of 96 non-native plant 
species. Shrublands (244 counties) had a mean value of 
95 non-native plant species. Crop and pasture (68 coun-
ties) had a mean value of 83 non-native plant species.

Fig. 3  Modeling steps for the conterminous U.S. and six vegetation types or land use-vegetation type mosaics

Fig. 4  Mean number of recorded non-native plant species by county 
and number of counties for increasing human population density 
classes

Fig. 5  Mean number of recorded non-native plant species by county 
and number of counties by vegetation type
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For the conterminous U.S., the full model with all 20 
variables had R2 values of 56% (random forests regres-
sor) and 54% (cubist regressor) for predictions of with-
held observations of non-native plant species richness 
(Table  1). The most influential variables included 
greenhouse and plant nursery density and percentage 
forestlands for both regressors. The single variable of 
greenhouse and nursery density had the greatest R2 value 
of 29%, modeled by the cubist regressor, with slightly 
lower R2 values for historical human population densi-
ties (27%), impervious surface (25%), and current human 
population and medium intensity development (23% for 
both variables), and low and high intensity development 
(21% and 20%, respectively). Railways had the greatest R2 
value (11%) of the transport category and forests had the 
greatest value (9%) of the vegetation types. The random 
forests regressor identified similar importance of vari-
ables, but with weaker R2 values.

For the six vegetation types or land use mosaics, these 
same variables of greenhouse and nursery density, cur-
rent and historical human population measures, devel-
opment, and impervious surfaces generally were most 
related to non-native species richness. In particular, 
non-native plant species richness was most related to 
greenhouse and historical human population densities 
in vegetation types of forestlands, shrublands, and wet-
lands. Non-native plant species richness was most asso-
ciated with low intensity development and impervious 
surfaces in the crop landscapes. The exception was in 
grassland landscapes, where pipeline density was most 
related to number of recorded non-native species. The 
R2 values were lower for vegetation types than for the 
conterminous U.S. (31–50% by vegetation type with the 
cubist regressor and 28–51% by vegetation type with the 
random forests regressor). The two regressors generally 
identified similar importance of variables.

With correlated predictor variables, strong predictors 
can end up with lower importance values than if all but 
one correlated variable were excluded from modeling. 
Equally, correlated variables can confound distinguishing 
which of the individual factors is important. All the vari-
ables were relevant and Pearson’s correlation coefficients 
showed that out of 190 unique pairwise correlations for 
the 20 variables, only 12  had r values greater than 0.7. 
The two human population measures are relatively inter-
changeable variables despite different sources and time 
intervals, with an r = 0.98, and likewise, impervious sur-
faces and medium intensity development had an r = 0.97. 
Otherwise, the maximum r values were 0.70 and 0.76 
between either historical human population densities or 
current human population, respectively, and greenhouse 
densities. These variables were identified as relatively 
influential for the conterminous U.S., and I isolated their 

Table 1  Modeling results of most important variables, 
importance value (value) and R2 (predictions of withheld 
samples) for cubist and random forests regressors of non-
native plant species richness in the conterminous United 
States and by different vegetation types (pop = population, 
dev = development intensity), and with results of single variable 
models in the United States

Variables Value R2 Variables Value R2

Cubist Random forests

United States

 Forest 100 0.54  Greenhouse 100 0.56

 Greenhouse 80  Historical pop 68

 Shrub 65  Forest 41

 Current pop 61  Shrub 32

 Historical pop 61  Crop 24

 Crop 60  Current pop 24

United States—single variable models if R2 > 0.01

 Greenhouse 0.29  Greenhouse 0.20

 Historical pop 0.27  Historical pop 0.11

 Impervious 0.25  Impervious 0.11

 Current pop 0.23  Current pop 0.12

 Dev med 0.23  Dev med 0.12

 Dev low 0.21  Dev low 0.09

 Dev high 0.20  Dev high 0.07

 Dev open 0.14  Dev open 0.05

 Railway 0.11  Railway 0.05

 Forest 0.09  Forest 0.02

 Grassland 0.07  Grassland 0.01

 Powerline 0.06  Powerline 0.02

 Shrub 0.04  Shrub 0.01

 Crop 0.03  Crop 0.00

Forests

 Historical pop 100 0.45  Historical pop 100 0.41

 Greenhouse 100  Greenhouse 76

 Dev med 71  Wildland 22

Shrublands

 Greenhouse 100 0.42 Historical pop 100 0.51

 Historical pop 100 Greenhouse 76

 Wells 83 Dev high 74

Grasslands

 Pipeline 100 0.43  Greenhouse 100 0.38

 Impervious 88  Pipeline 91

 Greenhouse 63  Current pop 82

Wetlands

 Historical pop 100 0.32  Greenhouse 100 0.45

 Greenhouse 100  Current pop 88

 Dev low 0  Historical pop 65

Crop and pasture with grasslands

 Dev low 100 0.50  Impervious 100 0.43

 Greenhouse 59  Dev low 95

 Impervious 59  Dev open 87

 Railroad 59  Railroad 78
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influence as single variable models (Table  1). Moreover, 
when excluding the current or historical human popula-
tion measures, impervious surfaces, or medium inten-
sity development, R2 values remained nearly identical 
for both regressors and the most influential variables 
retained the same importance value rank. That is, both 
regressors were able to correctly distinguish importance 
of strong predictor variables.

Discussion
Propagule pressure is an important predictor for suc-
cessful invasion (Von Holle and Simberloff 2005; Colautti 
et  al. 2006) and the major source of non-native plant 
propagules is ornamental horticulture, including domes-
tic gardens (van Kleunen et al. 2018). The models in this 
study highlight the spatial relationship of increased num-
ber of non-native plant  species with propagule sources 
from greenhouses and plant nurseries, human popula-
tions, and the associated built environment of develop-
ment and impervious surfaces, rather than transport 
or land use disturbance from agriculture and energy 
extraction. Medium intensity development of primarily 
single-family housing, and the highly correlated imper-
vious surfaces, represent the building infrastructure for 
the human populations, although these predictors also 
contribute to land use disturbance and transport. Mod-
els were consistent for both regressors and a range of 
vegetation types and human population settings, from 
western shrublands in rural counties to eastern forest-
lands in urbanized counties. The findings from these 
models, as well as elevated non-native plant species rich-
ness with greater population densities, align with existing 
research. Disturbance and change in disturbance regime 
were weak predictors of non-native species richness, in 
a global meta-analysis of 200 sites (Moles et al. 2012). In 
contrast, the connection between non-native plants and 
horticulture and human activity has been well-developed 
(Reichard and White 2001; Liebhold et  al. 2012; van 
Kleunen et  al. 2018). Similarly, urban areas, and related 
measures of human populations, housing, and impervi-
ous surfaces, are becoming recognized as key locations 
for non-native species invasion and richness (Bock and 
Bock 2009; Gaertner et al. 2017).

Greenhouse and nursery density logically is related to 
human populations. However, the correlation between 
greenhouse density and current and historical human 
population measures (r = 0.70 and 0.76; Fig.  2) may be 
different enough to indicate two different yet critical 
pathways of propagule pressure. That is, the horticultural 
industry is providing a direct stream of non-native plant 
products to consumers, who are vectors of non-native 
plant spread (Gaertner et  al. 2017; van Kleunen et  al. 
2018). Humans in addition are accidently introducing 
new non-native plants through urban trade and transport 
hubs and roads connecting buildings in towns and cities 
(Gaertner et al. 2017).

Forests, moreover, were distributed, where human pop-
ulation densities and number of greenhouses and nurser-
ies were greater. This meant that forests contained more 
non-native plants than other vegetation types (Fig.  5). 
The northeastern region in particular is an intermix of 
forest cover and higher density human populations, with 
numerous horticultural locations. However, forestland 
alone was not a good predictor of non-native species, due 
to the southeastern U.S., which also is forested but with 
lesser non-native plant species richness.

Some locations, concentrated in the southeastern 
U.S., had moderate to high human population densities 
(years 1790–2010) and greenhouses and nursery densi-
ties yet lower non-native plant species richness (< 100 
non-native plant species; Fig. 6). Time lags do not seem 
a likely explanation for why the southeastern region did 
not conform to the trend because of the long history of 
global trade in the Southeast. These mismatches are 
important locations for additional study to determine if 
these primarily are measurement errors of omission due 
to sampling bias and if not, which factors may be affect-
ing ecosystem invasibility and resistance to invasion. 
To speculate on factors, the southeastern and central 
regions of the U.S., which both have lower non-native 
species richness, have at least two characteristics in 
common. They have an abundance of herbaceous spe-
cies and both are agricultural centers, either for crops 
and pasture or agroforestry of intensively managed pine 
plantations. Perhaps biotic resistance combined with her-
bicide applications provide additional protection against 
spread of non-native plants. Conversely, some regional 
studies have found that native biodiversity is correlated 
with non-native biodiversity (Stohlgren et al. 2003; Frid-
ley et  al. 2007; Moles et  al. 2012). Other options worth 
considering for regional differences encompass success 
of programs for invasive species eradication, biocontrol, 
and port detection programs.

Elevated land use disturbances of agriculture and 
energy extraction do not seem to be influential for num-
ber of non-native plant species. Models did not identify 

Table 1  (continued)

Variables Value R2 Variables Value R2

 Wildland 59  Dev high 74

Crop and pasture with forest or wetlands

 Dev low 100 0.31  Impervious 100 0.28

 Wells 56  Dev low 91

 Agriculture 51  Dev med 89
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the influence of the dominant form of disturbance in 
agriculture and aspects of energy extraction and associ-
ated transport networks (pipelines, transmission lines, 
and oil and gas wells) that occur throughout the U.S. 
Other lines of evidence support limited importance of 
disturbance on non-native species richness (Moles et al. 
2012). Tree harvest, either due to current tree removals 
or resulting from the intensive and extensive clearcut era 
of Euro-American settlement (circa 1880 to 1920), has 

not increased non-native plant species in the forested 
southeastern U.S. relative to other regions (Fig.  1; Han-
berry 2022a). Nonetheless, the southeast region has the 
most frequently disturbed forests in the U.S., according 
to tree age and harvest of plantations every 20–30 years 
(Pan et al. 2011). Core areas of vegetation without roads 
and other transport corridors are not abundant, even in 
heavily forested, rural landscapes (Hanberry et al. 2013). 
Likewise, fewer non-native plant species occurred in the 

Fig. 6  Counties with < 100 non-native plant species and moderate to high historical human population densities (A) and ≥ 5 greenhouses and 
nurseries (B) by county
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agricultural central region of the U.S., where intense land 
use disturbance occurs even at low human population 
densities. It may be that most regions have a saturated 
amount of land use disturbance and additional stressors. 
Consequently, more disturbance beyond a certain thresh-
old does not result in more invasion, even if non-native 
species are a symptom of disturbance. This would require 
an appropriate study design to be tested.

Gaertner et  al. (2017) expressed that one obstacle for 
studying invasions in urban settings was the lack of glob-
ally applicable, urban definitions. However, I applied 
globally applicable, human population density class defi-
nitions (Hanberry 2022b). These classifications demon-
strated that non-native plant species richness steadily 
increased with increasing human population density 
classes, from 87 non-native plant  species at the lowest 
human population density class to about 225 non-native 
plant species in the two greatest human population den-
sity classes (Fig.  4). Use of global human population 
models or percent urban land cover may help standard-
ize urban definitions to fill the research gap of limited 
studies that estimate non-native plant species richness or 
abundance along human population gradients (Cadotte 
et al. 2017).

The implication of a strong link between propagule 
sources and invasion, relative to rural disturbance and 
transport, is that reducing propagule pressure through 
prevention of non-native species introduction may be a 
more beneficial and cost-effective strategy than reduc-
ing disturbance for lessening number of non-native 
plant  species (Reaser et  al. 2008; Liebhold et  al. 2012). 
Reducing land use disturbance may be desirable for 
numerous other reasons. Nevertheless, it is straightfor-
ward to focus on sources of the introduction, although 
choice of the most efficient management strategy 
depends on the context, stage of invasion, scale, and 
management objectives (Simberloff et  al. 2013). Inva-
sions are governed by a complex hierarchy of processes 
occurring simultaneously at various spatiotemporal 
scales, which requires evaluation of the cost-effectiveness 
of control methods. Non-native species cost the U.S. 
economy an estimated US$120 billion annually, which 
increases with every additional invasive species (Pimentel 
et al. 2005). Despite economic and ecological costs due to 
non-native ornamental plants and associated species, lit-
tle regulation of plant introduction occurs (Reichard and 
White 2001; Brasier 2008; Liebhold et al. 2012).

General approaches to limit invasion are prevention 
of non-native species introduction as the most immedi-
ate possible intervention, monitoring for early detection, 
prioritization of harmful species for management, rapid 
response to treat species using integrated pest manage-
ment techniques, and restoration of native ecosystems 

to prevent invasion (Hulme 2006). In addition, outreach 
and coordination among agencies, the horticultural 
industry, and landowners; availability of native horticul-
tural options; and federal or state regulations including 
restrictions, quarantines, weed-free certifications, and 
prohibition of selling invasive species will help reduce 
introduction and spread (Peterson and Diss-Torrance 
2012). Public transparency of biosecurity breaches and 
cost-sharing with the horticultural industry are addi-
tional strategies (Brasier 2008). Municipalities, communi-
ties, associations, or other local networks can encourage 
greater invasive species control by sharing information 
and providing support to landowners (Graham 2013).

Sampling unit size and shape selection is a problem for 
all studies, resulting in the modifiable areal unit prob-
lem, whether at stand (Greig-Smith 1952) or landscape 
scales (Jelinski and Wu 1996). Continuous grids (Greig-
Smith 1952) or basic ecological entities (Jelinski and Wu 
1996) are solutions to the problem. The spatial unit for 
this study was dictated by the non-native species data 
set, because over half of the reporting for non-native spe-
cies was by U.S. county. However, counties are similar to 
continuous grids, albeit with some randomness in sizes 
and shapes. Typically, randomness in incorporated into 
studies to avoid inadvertently matching patterns. County 
area and non-native plant species richness for the U.S. 
and different vegetation types did not have a relation-
ship (R2 values ranging from 0 to 8%), excepting shrub-
lands (R2 values of 33% and 62%). Nevertheless, western 
shrublands, with larger counties (mean = 8185 km2), had 
the same important variables as for eastern forests, and 
their smaller counties (mean = 1813 km2). Furthermore, I 
did not perform conventional significance testing, which 
is very sensitive to the modifiable areal unit problem 
(Jelinski and Wu 1996). In any event, the county scale is 
a relevant scale for non-native species management, as 
evidenced by the reporting scale, and modeling produces 
valid associations for the size and shape of the modeled 
spatial units (Hanberry 2013).

Spurious correlations likewise can occur for any study 
and a total weight of evidence is necessary for assess-
ment. One correlative study does not establish causa-
tion or cover all complexities. However, results from 
this study aligned with research that establishes human 
activities and horticulture as primary sources of non-
native species, and consequently of non-native species 
invasion (Reichard and White 2001; Liebhold et al. 2012; 
van Kleunen et  al. 2018), with limited influence by dis-
turbance (Moles et  al. 2012). Other factors, resolutions, 
and scales are important for spread of non-native species 
(Pyšek and Hulme 2005; Pauchard and Shea 2006; Theo-
harides and Dukes 2007; Cadotte et al. 2017), as indicated 
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by the importance of pipelines for the grassland vegeta-
tion type.

Furthermore, I examined only number of non-
native species, which was most relevant for invasion 
pathways, but impact resulting from invasive species 
is another issue that probably is related to different 
variables (Theoharides and Dukes 2007). For exam-
ple, western shrublands may be the ecosystem in the 
U.S. most affected by non-native plant species, due 
to abundance of cover rather than number of non-
native plant species (Poessel et  al. 2022; Chambers 
et  al. 2023). Invasive annual grasses, including cheat-
grass (Bromus tectorum), red brome (Bromus rubens), 
and medusahead rye (Taeniatherum caput-medusae), 
that burn repeatedly are changing shrublands to non-
native grasslands, which is challenging for manage-
ment of native plants and wildlife, such as the greater 
sage-grouse (Centrocercus urophasianus; Poessel et al. 
2022). While this transition is complex, factors may 
include the non-native ecological context relative to 
the native context, such as disturbance regimes (i.e., 
levels of livestock grazing relative to historical levels of 
grazing by native large herbivores; fire regimes), dis-
turbance responses of native and non-native plants, 
and alteration of disturbance regimes by non-native 
plants (Porensky 2021). That is, classical invasion con-
cepts focused on invasion facilitated by disturbance 
and traits of non-native species and inhibited by native 
species may inform transformation from non-native 
species to invasive species.

Specific caveats exist for these models. Non-native 
species survey effort may increase closer to urban 
areas, but plant surveys occur in rural locations, away 
from urban and developed environments with limited 
vegetation. Particularly, public lands that are tour-
ist locations appear to receive greater survey effort 
and may help balance survey effort between urban 
and rural lands. The tested variables did not account 
for all variation. However, the invasion sequence of 
non-native species is complex and idiosyncratic, with 
random components, and non-native plant species 
richness is not at equilibria. Overlap existed among 
propagule source, transport, and disturbance pathways 
of the predictor variables. I did not examine all pos-
sible predictors, including roads due to the nuances 
involved. Roads on the surface appear to be primarily 
a transport variable, yet they also will increase with 
human population densities and also energy extrac-
tion, confounding what they represent and may be 
misinterpreted. Roads also have a hierarchy from 
dirt roads to controlled access highways. The influ-
ence of ecosystem resistance may have been limited 
in the models, because I only approximated ecosystem 

resistance with the proportion of wildland types per 
county; nonetheless, the majority of native biota rely 
on and occur in natural habitats (Cadotte et al. 2017).

Conclusions
The major pathway of non-native plant propagules 
flows through the horticultural trade to domestic gar-
dens. Supporting the larger context of already exist-
ing studies, greater human population densities and 
greenhouse and nursery densities as propagule sources 
of non-native plants appeared to have a stronger spa-
tial relationship with the number of non-native spe-
cies than proxies of disturbance or transport. Caveats 
for this modeling include that survey effort likely is 
imbalanced in terms of population densities; formal or 
informal vegetation surveys may occur in areas that are 
accessible to population centers. Equally, one correla-
tive study cannot establish causation or incorporate all 
spatiotemporal complexities in predictive factors and 
scales for analysis. Characterizing variation in non-
native species richness is challenging. However, results 
from this study were consistent with research that con-
nects human activities and horticulture with number 
of non-native species. Both transport corridors and 
disturbance from land use already may be saturated 
in most regions, so these may not be limiting factors 
of dispersal and establishment. Therefore, preven-
tion of introduction sources may be the most effective 
approach to invasive species management, including 
working with the horticultural industry to prevent ini-
tial introduction.

Abbreviation
EDDMapS	� Database early detection and distribution mapping system
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