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Cultivation by humans is the primary mode of introduction for naturalized plants and 
an important driver of naturalization, a critical step in the invasion process. Historical 
records of cultivated plants can represent introduced species pools and propagule 
pressure, allowing for tests of how species’ traits and environmental context affect 
naturalization while accounting for human influence. Ruderal traits, which generally 
promote naturalization, may not be universally advantageous across closed versus open 
landscapes (forest versus grassland/shrubland) or different agricultural land use con-
version types, though such context dependence has not yet been demonstrated at a 
broad scale. We analyzed the naturalization of 3949 cultivated ornamental non-native 
plant taxa that were for sale in nursery and seed catalogs in the conterminous United 
States during a period over 200 years to test for context dependence between traits 
associated with ruderality (short lifespan, shade intolerance, and self-compatibility) 
and estimates of historical forest/grassland cover and agricultural land use change. We 
found that present-day naturalization was closely tied to longer cultivation duration 
and greater cultivation extent. While ruderal traits tended to promote naturalization, 
perennial lifespan and shade tolerance favored naturalization in US states with higher 
forest cover, which is consistent with an alternative invasion strategy in closed-canopy 
systems. Land use conversion to pasture and succession of abandoned agricultural land 
promoted naturalization of disturbance-adapted plants in both forest and grassland 
landscapes. Our results emphasize the central role of cultivation in plant invasion and 
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provide spatially and temporally extensive evidence that, while ruderal traits are important predictors of naturalization, they 
are dependent on the landscape context into which plants are introduced. Our work demonstrates the importance of inte-
grating historical cultivation and land use/cover data for a nuanced understanding of the ecological factors that drive plant 
naturalization.

Keywords: biological invasion, context dependence, forest/grassland landscapes, land use history, ornamental plants, ruderal 
traits

Introduction

Cultivated plants, which are planted and maintained by 
humans for food, medicine, materials, ornamental purposes, 
or other uses, are important features of human-inhabited 
landscapes, which have covered an increasingly large part of 
Earth’s surface over the past several thousand years (Ellis et al. 
2021). As long as human migration and exchange networks 
have existed, so too has the desire to cultivate plants from 
elsewhere, often distantly so (e.g. seeds were exchanged 
between societies in India and Africa by ca 2000 BCE, 
Fuller et al. 2011). Non-native plants introduced for cultiva-
tion may, however, reproduce and persist in the new habi-
tat independently of human aid, that is, they may become 
naturalized (sensu Richardson et al. 2000). In fact, cultiva-
tion, particularly for ornamental horticulture, is the primary 
mode of introduction for naturalized plants (Reichard and 
White 2001, Mack and Erneberg 2002, Lehan et al. 2013, 
van Kleunen et al. 2018). Naturalized plants can change the 
composition of resident communities and ecosystems, and 
some may become invasive, meaning they can spread widely 
into new habitats and have the potential to negatively impact 
native biodiversity and ecosystem functioning (Pyšek  et  al. 
2012).

Historical records of cultivation show which species were 
introduced into a particular region, making it possible to test 
hypotheses about why particular non-native plants naturalize 
or fail to naturalize there. First, introduction and subsequent 
cultivation can influence which species naturalize, as longer, 
more extensive cultivation history can promote naturaliza-
tion (Blackburn et al. 2020, Pyšek et al. 2020). Species that 
have been cultivated somewhere for a longer time have more 
opportunities to naturalize (Pyšek  et  al. 2015), and species 
cultivated in more places are more likely to persist (Mack 
2000, Minton and Mack 2010) and disperse more propa-
gules in the landscape (Pemberton and Liu 2009, Pyšek et al. 
2009), increasing the probability of naturalization. Despite 
the importance of accounting for cultivation history, few 
studies have included historical records of species’ intro-
duction and cultivation in analyses of invasion (Dehnen-
Schmutz et al. 2007, Hanspach et al. 2008, Diez et al. 2009, 
Kinlock et al. 2022b).

Environmental context also influences which species natu-
ralize. Disturbance, an integral aspect of land use, promotes 
naturalization generally and can favor naturalization of spe-
cies with distinct traits. Disturbance creates open physical and 
niche space with discordant abiotic and biotic conditions, 

which can then be colonized (Davis  et  al. 2000, Lake and 
Leishman 2004, Lembrechts et al. 2016). For plants, adapta-
tion to disturbance involves a suite of traits that allow spe-
cies to quickly grow and reproduce before the next round 
of disturbance, such as rapid growth rate, short lifespan, 
short-lived leaves, high resource allocation to reproduction, 
and seed bank persistence (Grime 1977, Pierce et al. 2017). 
Plants that are well-adapted to disturbance, that is, ruderal 
plants, are more likely to be capable of selfing (Munoz et al. 
2016), as self-compatibility provides reproductive assurance 
despite mate limitation and a selective advantage for indi-
viduals adapted to temporary habitats (Baker 1955, Stebbins 
1957). Shade intolerance is also common among ruderal 
species, because there is a trade-off between shade tolerance 
and growth rate in high-light environments (Valladares and 
Niinemets 2008). Ruderality has long been associated with 
the successful establishment of non-native species (Baker’s 
‘ideal weed’, Baker 1965), and broad-scale studies have 
found that plants with ruderal strategies are more likely to 
have naturalized somewhere in the world (Hamilton  et  al. 
2005, Guo et al. 2018, 2022, Montesinos 2021). Similarly, 
naturalization and invasiveness have been associated with dis-
turbance-adapted traits including rapid growth and resource 
turnover (Leishman  et  al. 2007, van Kleunen  et  al. 2010), 
short lifespan (Monnet et al. 2020, Dong et al. 2024), seed 
bank persistence (Pyšek et al. 2015), and self-compatibility 
(van Kleunen and Johnson 2007, van Kleunen et al. 2008, 
Razanajatovo  et  al. 2016) (note that traits not necessarily 
associated with ruderality have also been associated with nat-
uralization and invasiveness, e.g. dispersal ability (Richardson 
and Pyšek 2012) and clonality (Milbau and Stout 2008)). 
Global naturalization success may be higher for plants with 
disturbance-adapted traits because disturbance is so ubiq-
uitous. In particular, disturbance because of agricultural 
land use is uniquely extensive (covering more than a third 
of Earth’s ice-free land area, Ramankutty et al. 2008), inten-
sive, and leaves a long-lasting legacy (McLauchlan 2006, 
Maloney et al. 2008, Parker et al. 2010).

However, the fitness consequences of traits depend on the 
environment, and there may be no universal trait that pro-
motes naturalization (Kueffer et al. 2013). Rather, different 
traits may favor naturalization in different landscapes. Thus, 
though ruderal strategies are overrepresented among natural-
ized and invasive species, this strategy may only be effective 
in particular environments, for example, in areas with more 
frequent and intensive human-induced disturbance (e.g. agri-
cultural land use) or natural disturbance (e.g. open habitats). 
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Though forests vary considerably in composition and struc-
ture (dependent on temperature/precipitation balance, soil, 
fire, herbivory, etc.), they are generally shaded below the 
canopy. Grasslands and shrublands, while also highly varied, 
are relatively open habitats. Under similar climates, natural 
grasslands and shrublands tend to have more frequent and 
intensive natural disturbance (fire and/or grazing) than for-
ests (Nerlekar and Veldman 2020). Using a very broad lens, 
while naturalization in landscapes with more open habitats 
and more natural disturbance, like grassland landscapes, may 
favor ruderal traits that confer adaptation to disturbance, 
non-ruderal traits may be favored in landscapes with more 
closed habitats and less natural disturbance, like forest land-
scapes (note that plants may have traits conferring adaptation 
to particular disturbance agents, e.g. fire (Keeley et al. 2011) 
or flooding (Perata et al. 2011)). For example, shade toler-
ant perennial non-native plants have been known to invade 
both temperate and tropical forests (Huebner 2003, Martin 
and Marks 2006, Martin  et  al. 2009, Fridley  et  al. 2023). 
Additionally, the traits that promote naturalization under 
agricultural land use change may depend on land cover con-
text. For example, in successional environments in which 
agricultural land reverts to forest, certain shade tolerant, non-
native species can persist and even increase in abundance fol-
lowing canopy closure (Mosher et al. 2009). Also, succession 
from abandoned agricultural land to grassland in the western 
United States (US) is associated with the widespread natu-
ralization of annual non-native species (Yensen 1981, Allen 
and Knight 1984, Cox et al. 2014). Such patterns are known 
from habitat-specific research, but have not been previously 
demonstrated in a unified framework at broad spatial scales.

In order to disentangle the context dependence of the 
traits promoting naturalization in different landscape types, 
we conducted a spatially and temporally extensive analysis 
of cultivated ornamental non-native plants in the contermi-
nous US, some of which have naturalized and others which 
have not, in relation to the historical land cover and land use 
changes in the environments in which they were introduced. 
The conterminous US is an ideal region for such an analysis 
for several reasons: records of cultivation from the inception 
of the nursery industry in the 18th century are available, the 
ecological and phylogenetic patterns of the US ornamental 
nursery flora have already been characterized (Kinlock et al. 
2022a), and the US has extensive forest and grassland cover 
and distinct patterns of agricultural land use change over time 
that are relatively well described following nation formation 
(Ramankutty et al. 2010).

We used historical records of ornamental plant cultiva-
tion from conterminous US nurseries and seed houses paired 
with historical estimates of forest and grassland land cover 
and agricultural land use conversion to test five hypotheses: 
1) species cultivated for longer are more likely to naturalize, 
2) species cultivated in more places, i.e. available in more 
historical nursery/seed catalogs, are more likely to naturalize, 
and 3) traits that favor naturalization are dependent on land 
cover and land use context. We selected a small set of dis-
turbance-adapted traits that are binary (short lifespan, shade 

intolerance, and self-compatibility) in order to facilitate the 
interpretation of interactions between traits and land cover. 
Specifically, we hypothesized that: (3a) short lifespan, shade 
intolerance, and self-compatibility promote naturalization in 
areas with higher grassland cover, while long lifespan, shade 
tolerance, and self-incompatibility promote naturalization 
in areas with higher forest cover; (3b) short lifespan, shade 
intolerance, and self-compatibility promote naturalization in 
areas with more conversion to agricultural land use; and (3c) 
transition from agricultural land back to grassland favors nat-
uralization of short-lived, shade intolerant, or self-compatible 
species in grassland landscapes, while transition from agricul-
tural land to forest favors naturalization of long-lived, shade 
tolerant, or self-incompatible species in forest landscapes.

Material and methods

Cultivated species pool
Our pool of cultivated taxa comprised ornamental vascu-
lar plants listed in 319 US nursery catalogs, seed catalogs, 
and newspaper advertisements published between 1719 and 
1946, compiled for the book Restoring American Gardens 
(Adams 2004). The data were subset to include only taxa 
non-native to the conterminous US (including intraconti-
nental non-native taxa, which are native to part of the con-
terminous US but have been introduced to other parts of the 
country where they are not native). The total pool comprised 
3949 cultivated ornamental non-native taxa available in his-
torical US nursery/seed catalogs (3498 species-level and 451 
infraspecific-level taxa, hereafter referred to as species for 
simplicity). Native status was determined using the Biota of 
North America Program (BONAP) database (Kartesz 2018). 
Present-day naturalization status in conterminous US states 
came from the Global Naturalized Alien Flora (GloNAF) 
database, ver. 2 (van Kleunen et al. 2019, Davis et al. 2024), 
which includes data compiled from the BONAP database, 
http://www.cabi.org/isc/, Weber (2017), Jones et al. (2019), 
and Fehr et al. (2020). Naturalization status in each state was 
a binary variable indicating whether non-native species have 
established self-sustaining populations, including both non-
invasive and invasive naturalized species. For intracontinental 
non-native species, naturalization status was only included 
for states in which they were not native.

Trait data compilation and imputation
Trait data on lifespan, in which plants were categorized as 
short-lived (annual or biennial) or long-lived (perennial), 
came from Cullen  et  al. (2011), the World Checklist of 
Vascular Plants (WCVP) database (Govaerts et al. 2021), the 
GIFT database (Weigelt et al. 2020), and https://www.gar-
den.org. Trait data on shade tolerance, in which plants were 
categorized as partial/full shade tolerant or shade intolerant 
(primarily based on the environmental conditions in which 
species grew well), were compiled from Hill  et  al. (1999), 
Ellenberg et al. (2001), Böhling et al. (2002), Pignatti et al. 
(2005), Niinemets and Valladares (2006), Humbert  et  al. 

http://www.cabi.org/isc/
https://www.garden.org
https://www.garden.org
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(2007), Landolt (2010), Guarino et al. (2012), Chytrý et al. 
(2018), Domina  et  al. (2018), Jones  et  al. (2019), 
Szakacs  et  al. (2022), https://pfaf.org, https://www.garden.
org, https://davesgarden.com, and http:​//nav​igate​.bota​nicga​
rdens​.org. Self-compatibility data, in which plants were cat-
egorized as self-compatible, i.e. reproducing sexually or apo-
mictically as an individual, or self-incompatible, came from 
Fryxell (1957), Clements et al. (2004), Cullen et al. (2011), 
Razanajatovo  et  al. (2016), Grossenbacher  et  al. (2017), 
Moeller et al. (2017), Walas et al. (2018), Jones et al. (2019), 
and Wang  et  al. (2021). Lifespan data were available for 
94.8%, shade tolerance data for 80.9%, and self-compatibility 
data for 23.7% of the cultivated species pool. Further details 
about compiling trait data are in the Supporting information. 
Taxon names from all sources were standardized according 
to the WCVP taxonomic backbone (Govaerts  et  al. 2021) 
via the ‘rWCVP’ R package (Brown et al. 2023). Synonyms 
from Adams (2004) or the GBIF backbone taxonomy (GBIF 
Secretariat 2023) were included to replace incorrect fuzzy 
matches or missing matches. Only taxon names that were 
matched in the WCVP backbone were retained.

We imputed missing trait data using nonmissing trait data 
and the phylogenetic relationships among species in order to 
avoid reducing statistical power and biasing parameter esti-
mates (Nakagawa 2015). We pruned a megaphylogeny of vas-
cular plants from Zanne et al. (2014) and Smith and Brown 
(2018) to the cultivated species pool using the ‘U.Phylomaker’ 
R package (Jin and Qian 2023). In the resulting phylogeny, 
94% of genera and 71% of species from our dataset were 
present. Species and genera that were missing were attached 
to the nearest genus or family branch under Scenario 3 in 
‘U.Phylomaker.’ Missing trait data were imputed by fitting a 
restricted maximum likelihood evolutionary model assuming 
Brownian motion to estimate phylogenetic trait covariance 
via the ‘Rphylopars’ R package (Goolsby et al. 2016).

Historical land cover data
Modeled annual historical land cover data in the contermi-
nous US starting in 1770 came from Meiyappan and Jain 
(2012), which incorporated data from multiple sources, 
including a potential vegetation map in the absence of human 
land use from Ramankutty and Foley (1999), historical wood 
harvest data from Hurtt et al. (2011), historical urban land 
area data from Klein Goldewijk et al. (2010), and historical 
cropland and pasture land use cover data from Ramankutty 
and Foley (1999) (note that land use estimates relied on his-
torical US governmental sources and thus underestimated 
indigenous American agricultural land use, Doolittle 2004). 
Land cover data were area fractions of 28 land cover types and 
92 land use transition types in 0.5° × 0.5° grid cells. We con-
structed ecologically relevant groupings from the land cover 
types: 1) forest, which included all forest land cover types; 2) 
grassland, which included natural grassland and shrubland 
land cover types (and savanna, which was uncommon in our 
region); 3) cropland; and 4) pasture. In the Meiyappan and 
Jain (2012) model, pasture land cover is characterized by land 
use involving grazing of domestic animals, while grassland 

land cover is dominated by herbaceous plants in the absence 
of human activities. We used this same classification to 
recategorize land use transition types into forest–cropland, 
forest–pasture, cropland–forest, grassland–cropland, grass-
land–pasture, cropland–grassland, and pasture–grassland 
transitions (pasture–forest transitions were not incorporated 
in the model). There were some unrealistic nonzero estimates 
of pasture conversion from before 1870 in the western US 
(noted also by Pongratz et al. 2008). Therefore, we replaced 
estimates of grassland and pasture percent cover in New 
Mexico before 1870 with estimates from Arizona and esti-
mates in Wyoming before 1860 with estimates from Utah, 
both analogous states with similar initial grassland percent 
cover. To smooth estimates of land use transitions, 10-year 
windowed means were calculated. The coarse resolution of 
the historical land cover estimates necessitated that we con-
duct the analysis at the present-day state-level scale, but note 
that states were annexed and borders shifted during the study 
period. We calculated the land cover fractions of forest, grass-
land, and land use transitions for each year in each state using 
the ‘terra’ (Hijmans 2022) and ‘exactextractr’ R packages 
(Baston 2022). Because we used coarse-grained cumulative 
estimates of land cover in states, our land cover metrics reflect 
the probability that plant populations encountered particu-
lar land cover types and land use transitions. Present-day 
state boundaries came from the ‘USAboundaries’ R package 
(Mullen and Bratt 2018). All previously described analyses 
were carried out in the R environment, ver. 4.4 (www.r-proj-
ect.org).

Statistical analyses
We modeled the naturalization status of all 3949 species in 
each of the 48 conterminous US states where they were not 
native as a Bernoulli response variable (outcomes Y = 0 or 1) 
in a generalized additive mixed model (GAMM) with a logit 
link function for a total of 182  348 species × state observa-
tions. This assumes that all species available in nursery/seed 
catalogs had the chance to naturalize in all US states, rep-
resenting a high degree of connectivity within the nursery 
industry (historically, species were available extra-regionally 
via traveling nursery agents or mail, Lyon-Jenness 2004, Burd 
2019). Explanatory variables included minimum time in cul-
tivation (MTC), estimated as the number of years since the 
species’ first appearance in a nursery/seed catalog in the con-
terminous US; the total number of historical nursery/seed 
catalogs listing the species (‘Cat’, natural log transformed 
to improve linearity); the interaction between MTC and 
the log number of catalogs; imputed traits (‘T’), including 
shade tolerance (whether the species is shade intolerant), 
lifespan (whether the species is short-lived), and self-com-
patibility (whether the species is self-compatible); land use/
cover characteristics of the state at the time of the species’ 
first appearance in catalogs, including the proportion of land 
cover (‘LC’) and the proportion of cover undergoing land 
use transitions (‘LU’); and the interactions between traits 
and land cover variables. To account for shared variation, we 
included species identity as a simple scalar random effect. 

https://pfaf.org
https://www.garden.org
https://www.garden.org
https://davesgarden.com
http://navigate.botanicgardens.org
http://navigate.botanicgardens.org
http://www.r-project.org
http://www.r-project.org
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To account for spatial autocorrelation, we fitted a Markov 
random field (MRF) smoother to the adjacency matrix of 
US states via the smooth.construct function in the ‘mgcv’ R 
package (basis dimension = 11), and then included the result-
ing basis functions in the models (Wood 2017). To focus on 
land cover and trait interactions, we fitted six separate mod-
els for each combination of land cover type (forest versus 
grassland) and trait. The model can be expressed generally 
using Wilkinson notation as logit−1(Y) ~ 1 + MTC ∗ Cat + T 
∗ LC + T ∗ LU + (1|Sp) + f(St), where (1|Sp) is the species’ 
random effect and f(St) is the MRF smoother of US states 
(see the Supporting information for more details). Land 
cover variables were not strongly correlated with one another 
within models (all Pearson’s correlation coefficients r < 0.37). 
For the 38 species with first appearances in catalogs before 
1770, land cover estimates were assumed to be equal to their 
values in 1770, the first year with available data. All continu-
ous variables were centered and standardized by two standard 
deviations to facilitate comparison with binary trait variables 
(Gelman 2008).

We fitted models by maximum likelihood using the 
‘MixedModels’ package, ver. 4.33 (Bates et al. 2023) in the 
Julia programming language, ver. 1.10 (Bezanson et al. 2017). 
Model fit was assessed by comparing models with and with-
out land cover and trait variables using Akaike’s information 
criterion (AIC) and the marginal and conditional coefficients 
of determination (R2) (using distribution-specific variance, 
Nakagawa et al. 2017). Coefficient estimates were maximum 
likelihood estimates and their standard errors with Wald-type 
95% confidence intervals (CIs). Significance was evaluated 
using Wald Z-tests with a significance threshold of 0.05. We 
assessed spatial autocorrelation of mean state-level deviance 
residuals using a permutation test of Moran’s I statistic (9999 
permutations) via the moran.mc function in the ‘spdep’ R 
package (Bivand 2022). Models fitted with the subset of spe-
cies that had nonmissing trait data showed similar parameter 
estimates to models fitted with all species (mean difference 
in parameter estimates = 0.10; Supporting information), and 
we show results only for analyses with the entire cultivated 
species pool.

Results

Of the 3949 non-native ornamental plant species introduced 
into the US for cultivation, 1603 (40.6%) have naturalized 
somewhere in the conterminous US, with higher instances in 
the northeastern US and the Pacific West and lower instances 
in central and non-coastal western regions (Fig. 1A). Species 
with earlier initial appearances in a nursery/seed catalog (i.e. 
longer MTCs) and species that were available in more his-
torical nursery/seed catalogs were significantly more likely to 
naturalize (Fig. 1B–C).

The influence of traits on naturalization was context 
dependent, meaning that there were significant interac-
tions between species’ traits and the land cover and land use 
transitions that they experienced at the time they were first 

Figure 1. The influence of cultivation history on ornamental plant 
naturalization in the conterminous US. (A) Map showing locations 
of historical nurseries/seed houses whose catalogs were used to com-
pile the introduced species pool. Point color shows the earliest year 
a catalog was published at that location. State shade represents the 
proportion of the total introduced plant species pool that natural-
ized. (B, C) Naturalization probability in US states as a function of 
(B) minimum time in cultivation (MTC, in years) and (C) number 
of nursery/seed catalogs in which a species was available (back-
transformed from natural log) from models including only these 
main and interaction effects. Relationships with MTC are shown 
for three different numbers of nursery/seed catalogs, and relation-
ships with number of nursery/seed catalogs are shown for three dif-
ferent MTC values. Lines are means and bands are Wald-type 95% 
CIs of partial regression estimates. Tukey-style boxplots of the dis-
tribution of the data are at the bottom, with outliers shown as verti-
cal stripes.
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available in nursery/seed catalogs. In forest cover models, spe-
cies were more likely to naturalize in states with proportion-
ally higher forest cover, and this relationship was significantly 
stronger for shade tolerant or long-lived species (Fig. 2A). 
The relationship between forest conversion to agriculture 
and naturalization depended on species’ traits and agriculture 
type (Fig. 2B). Specifically, in states with proportionally more 
forest to pasture transitions, shade intolerant or short-lived 

species were more likely to naturalize. In contrast, species 
were generally less likely to naturalize in states with more for-
est to cropland conversion. Land use transition from agri-
culture to forest favored species with ruderal traits, meaning 
that though species were generally less likely to naturalize in 
states with more land use transitions from cropland to forest, 
the negative relationship was significantly weaker for shade 
intolerant, short-lived, or self-compatible species (Fig. 2C).

Figure 2. The effects of non-native cultivated ornamental species’ traits on naturalization probability in US states depends on forest land 
cover fractions in states at the time species first appeared in historical nursery/seed catalogs. Lines are means and bands are Wald-type 95% 
CIs of partial regression estimates. Traits include shade tolerance, lifespan, and self-compatibility. Land cover fractions include (A) forest 
land cover, (B) land use transition from forest to agriculture (pasture and cropland), and (C) transition from agriculture to forest. Significant 
effects of traits (T), land cover (LC), or interaction effects (T × LC) are indicated with an asterisk. Minimum time in cultivation (MTC) 
and log number of nursery/seed catalogs are set to their mean values. Species’ random effects and the Markov random field smoother func-
tion are set to zero.
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In grassland cover models, species were less likely to nat-
uralize in states with proportionally higher grassland cover 
at the time they were first available in nursery/seed catalogs, 
mostly independently of traits (Fig. 3A). The relationship 
between agricultural disturbance in grassland and naturaliza-
tion depended on species’ traits. Land use transitions both 
from grassland to agriculture and from agriculture back to 
grassland tended to favor species with disturbance-adapted 
traits, meaning that in states with proportionally more agri-
cultural land use transitions, shade intolerant, short-lived, or 
self-compatible species were more likely to naturalize (Fig. 3B, 
C). This pattern was stronger and more consistent for conver-
sion from grassland to pasture rather than to cropland.

Models including only MTC, log number of catalogs, and 
their interaction had moderate explanatory power (marginal 
R2 = 0.131, Table 1). Adding trait and land use/cover vari-
ables greatly improved model fit (ΔAIC ≥ 215) and slightly 
increased explanatory power (marginal R2 ranged between 
0.136 and 0.189, Table 1). Species-specific random effects 
were large in magnitude and added explanatory power (con-
ditional R2 ranged between 0.477 and 0.517, Table 1). There 
was no significant spatial autocorrelation in the residuals for 
all models after including the spatial basis functions (Table 1).

Discussion

We found that cultivation history was tied to the naturaliza-
tion of non-native plants introduced into the US for cultiva-
tion as ornamentals; plants that were cultivated longer or were 
for sale in more historical nursery/seed catalogs were more 
likely to naturalize, corroborating hypotheses (1) and (2). 
This suggests that patterns of ornamental plant naturaliza-
tion across the conterminous US can be traced to the increase 
in the diversity of nursery offerings and the proliferation of 
nurseries and seed houses from the late 18th to the early 
20th century (Kinlock  et  al. 2022a). This adds to mount-
ing evidence of the close relationship between cultivation 
and naturalization and emphasizes the need to account for 
human cultivation in ecological studies of invasion (Dehnen-
Schmutz  et  al. 2007, Hanspach  et  al. 2008, Maurel  et  al. 
2016, Kinlock et al. 2022b). We found that the number of 
catalogs in which a species was for sale, a proxy of histori-
cal propagule pressure, had particularly strong effects, which 
aligns with the findings of a recent study of ornamental plant 
naturalization in the US (Fertakos and Bradley 2024).

The land cover and land use context dependence of spe-
cies’ traits with naturalization success was apparent in our 
analysis even after accounting for cultivation duration, 
propagule pressure, and taxonomic and spatial dependencies. 
Ours is one of few studies investigating context dependence 
in trait–naturalization relationships (Pearson  et  al. 2023). 
We found that ruderal traits conferring adaptation to dis-
turbance, including shade intolerance, short lifespan, and 
self-compatibility, were positively associated with naturaliza-
tion in some, but not all, landscape contexts. When natural 
grassland cover was high – suggesting open landscapes with 

relatively frequent and intensive natural disturbance – short-
lived, shade intolerant non-native species were more likely 
to naturalize, as expected. In contrast, when forest cover was 
high – suggesting closed landscapes with relatively lower 
natural disturbance – shade tolerant, long-lived non-native 
species were increasingly likely to naturalize, supporting 
hypothesis (3a). This is consistent with an alternative inva-
sion strategy in forests necessitated by canopy shading, as has 
been observed in smaller-scale studies in US forests (Huebner 
2003, Martin and Marks 2006, Gavier-Pizarro et al. 2010, 
Kuhman  et  al. 2011, Matlack and Schaub 2011). Beyond 
the small set of binary traits we analyzed, a recent review of 
highly invasive forest species hypothesized that invasiveness in 
forests involves a combination of shade tolerance, high maxi-
mum growth rate, and high fecundity (Fridley et al. 2023). 
Contrary to our expectations, we found that self-compatible 
species had lower naturalization in states with high grassland 
cover. This may be because open habitats like grasslands have 
higher pollinator diversity (Grundel et al. 2010) and are more 
conducive to wind pollination (wind-pollinated species have 
either low or high selfing rates, Culley et al. 2002), both of 
which could favor self-incompatible non-native species.

Non-native species richness and abundance tend to be 
higher in areas with frequent or more intensive disturbance, 
particularly agricultural disturbance (Chytrý  et  al. 2008, 
Polce et al. 2011, Jauni et al. 2015). In our study, the rela-
tionship between disturbance and naturalization depended 
on non-native species’ traits and the type of agricultural dis-
turbance. We found that land use conversion to agriculture 
favored the naturalization of ruderal species when land was 
converted to pasture, but not necessarily when land was con-
verted to cropland, providing mixed evidence for hypothesis 
(3b). Pasture itself provides suitable habitat for disturbance-
adapted species, which may be lacking when land is con-
verted to cropland (particularly in the eastern forests of North 
America, which may lack native grassland-adapted species, 
Marks 1983). Pasture may have the optimal intensity and 
frequency of disturbance for naturalization, in contrast to 
crop cultivation involving more intensive tilling (Holmes and 
Matlack 2019), and ruderal non-native species may be better 
able to take advantage of this optimal disturbance regime. 
Also, non-native grassland species were historically seeded 
for fodder in both the eastern and western US (sometimes 
unintentionally via seed contamination), providing addi-
tional propagule sources of ruderal non-native species (Mack 
1986, 2003). The ability to naturalize in landscapes with high 
cropland conversion may instead depend on traits we did not 
analyze, such as dispersal ability, which has been recognized 
as a key factor in explaining post-agricultural forest species 
composition (Matlack 1994, Bellemare et al. 2002).

In our study, land use transitions following the aban-
donment of agricultural land tended to favor disturbance-
adapted traits in both forest and grassland landscapes. This is 
in contrast to our expectation (hypothesis 3c) that the traits 
favored by succession were dependent on land cover context. 
In forest landscapes, succession after abandonment of crop-
land is accompanied by a relatively long old field period, an 
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Figure 3. The effects of non-native cultivated ornamental species’ traits on naturalization probability in US states depends on grassland land 
cover fractions in states at the time species first appeared in historical nursery/seed catalogs. Lines are means and bands are Wald-type 95% 
CIs of partial regression estimates. Traits include shade tolerance, lifespan, and self-compatibility. Land cover fractions include (A) grassland 
land cover, (B) land use transition from grassland to agriculture (pasture and cropland), and (C) transition from agriculture to grassland. 
Significant effects of traits (T), land cover (LC), or interaction effects (T × LC) are indicated with an asterisk. Minimum time in cultivation 
(MTC) and log number of nursery/seed catalogs are set to their mean values. Species’ random effects and the Markov random field 
smoother function are set to zero.
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open habitat with colonization-driven dynamics that may 
be ideal for the naturalization of disturbance-adapted spe-
cies (Bartha et al. 2003, Von Holle and Motzkin 2007), but 
which was not explicitly included in the land use transition 
model we used. Most forest succession occurred in the eastern 
US after forests that had been converted to agricultural land 
in the 18th–19th century were abandoned in the 19th–20th 
century (Supporting information). Much of the eastern US 
has had no native grassland analog to act as a species source 
pool, meaning that non-native disturbance-adapted species 
would be most likely to colonize the newly open habitat (as 
has been observed in a long-term study of forest succession 
in New Jersey, e.g. Meiners et al. 2002). The environmental 
legacy of intensive agriculture is prolonged, promoting the 
persistence of established species after canopy closure, well 
after cultivation or pasturing has ended (Dupouey et al. 2002, 
Parker et al. 2010, Holmes and Matlack 2019, Holmes et al. 
2021, 2022). It should also be noted that US forests are not 
uniformly shaded (open forests were once common through-
out the eastern US and remain common in the southeastern 
Coastal Plain, Hanberry et al. 2020), and therefore shade tol-
erance is likely not uniformly adaptive in US forests.

In the grassland landscapes of the central and western US, 
pasture was being abandoned at the same time as grassland 
was being converted to pasture during the late 19th–20th 
centuries (Supporting information), suggesting a mosaic of 
open habitats with different histories of abandonment and 
current land use. Disturbance-adapted species are best able to 
take advantage of open space (Tognetti et al. 2010), and can 
benefit from the spatial and temporal heterogeneity in the 
landscape (Cousins 2009, Reitalu et al. 2012). Current issues 
with the invasion of non-native annuals in the western US 
have previously been attributed to the widespread abandon-
ment of pasture in the late 19th and early 20th centuries (in 
response to unsustainable fluctuations in cattle populations 
permitted by the US Homestead Acts and exacerbated by 
overgrazing and drought events, Svejcar 2015, Svejcar et al. 
2017). Non-native annuals, which had been introduced for 
forage sometime after livestock pasturing was introduced 
to the region in the mid-19th century, were able to capital-
ize on the sudden land use shifts (Allen and Knight 1984, 
Inouye et al. 1987, Davies et al. 2021; though a more recent 

increase in nitrogen deposition is also influential, Concilio 
and Loik 2013). Though most of the serious invasive annu-
als in the western US have been non-ornamental grasses 
(and thus not included in the dataset used in this study), the 
broad-scale pattern of increased non-native ruderal plant nat-
uralization with succession of agricultural land to grassland 
that we demonstrate is consistent with this well-documented 
regional observation.

We found a significant relationship between self-compati-
bility and cropland abandonment, but not pasture abandon-
ment, which may relate to historical patterns of cropland 
abandonment in the US. Grassland in the Great Plains was 
converted to agricultural land extensively following the US 
Homestead Act of 1862; at first, cropland, pasture, and 
remnant grassland coexisted in a patchy landscape, but in 
the early 20th century, grassland that was initially deemed 
unsuitable was converted to cropland to meet high demand 
brought about by World War I (Fite 1977, Samson  et  al. 
2004). After cropland abandonment in the 1930s, which was 
caused by drought and unsustainable agricultural practices 
(Fite 1977), the limited distribution of remaining natural 
grassland and limited availability of native grassland species’ 
propagules may have made self-compatibility a particularly 
effective strategy for establishment of non-native species to 
isolated successional patches (Baker 1955, Stebbins 1957).

There are several caveats that must be considered when 
interpreting our results. First, our study involves simpli-
fying generalizations – we used a coarse spatial grain that 
averaged over heterogeneous land cover (necessary because 
high-resolution land cover estimates are not available for 
time periods predating satellite technology), and we consid-
ered only binary species’ traits, simplifying complex aspects 
of plant life history and physiology. Despite these generaliza-
tions, we found broad-scale context dependence in the traits 
that were associated with naturalization under different land 
cover types. If our study were carried out at a finer grain or 
with more complex traits, we would expect that heteroge-
neity would be better accounted for and thus the estimated 
probabilities of naturalization (which are currently small, i.e.  
≤ 0.04) would be larger under certain combinations of vari-
ables. Second, we did not account for species’ spread from 
one state to another. This was because historical data on 

Table 1. Metrics from models of non-native cultivated ornamental plant naturalization in US states, including degrees of freedom (df), AIC, 
marginal and conditional R2, species’ random effect variance (σ2), and Moran’s I test for residual spatial autocorrelation. All models included 
a species’ random effect and all except the null model included a Markov random field spatial smoother for states. Cultivation history vari-
ables were minimum time in cultivation (MTC) and log number of nursery/seed catalogs in which species were for sale (Cat). Trait variables 
were shade tolerance (ST), lifespan (LS), and self-compatibility (SC). Land cover variables were forest or grassland cover and associated 
agricultural land use transitions.

Model df AIC marg. R2 cond. R2 σ2 Moran’s I P(I)

Null   2 57675 ​ ​ 5.400 0.488 0.0001
MTC, Cat 15 55894 0.131 0.477 2.176 −0.064 0.6580
MTC, Cat, Forest, ST 24 55113 0.174 0.514 2.307 −0.135 0.8909
MTC, Cat, Forest, LS 24 55141 0.149 0.496 2.264 −0.154 0.9261
MTC, Cat, Forest, SC 24 55198 0.189 0.517 2.230 −0.132 0.8820
MTC, Cat, Grassland, ST 26 55553 0.144 0.491 2.236 −0.103 0.8013
MTC, Cat, Grassland, LS 26 55269 0.166 0.504 2.247 −0.167 0.9408
MTC, Cat, Grassland, SC 26 55679 0.136 0.486 2.242 −0.170 0.9457



Page 10 of 14

non-native species’ spread are limited, making it impossible 
to incorporate a process-based model of species’ spread into 
our observational model. It is thus likely that some of the 
patterns we observed relate to species’ spread from another 
region in which it is already naturalized rather than indepen-
dent naturalization from cultivation. Last, we did not incor-
porate climate in our analyses, which has a foundational role 
in structuring the distribution of ecoregions (Mucina 2019). 
Accordingly, we found that naturalization probability was 
higher in states with higher forest cover, which may partly be 
because forest ecoregions tend to receive more precipitation 
than grasslands or shrublands. Also, we observed patterns of 
naturalized cultivated plant diversity similar to previously 
described patterns of native and non-native plant diversity in 
the US (Jarnevich et al. 2006, Stohlgren et al. 2006), which 
suggests that the climatic drivers of native plant diversity 
can influence cultivated plant naturalization directly and/or 
indirectly (i.e. by supporting human settlement, Luck and 
Smallbone 2010). Though including climatic variables could 
reduce the unexplained variation in our models, we inten-
tionally focused on a small set of trait–land cover interactions 
to characterize context dependence in naturalization.

Conclusions

Key species’ traits influencing ruderal life history strate-
gies are important predictors of naturalization. We showed 
that the tendency for disturbance-adapted traits to promote 
naturalization depended on land cover, specifically whether 
landscapes were relatively closed with lower natural distur-
bance (forests) or more open with higher natural disturbance 
(grasslands/shrubland), and the agricultural land use context 
into which plants were introduced and cultivated. We found 
that shade tolerant, non-native species were more likely to 
naturalize in US states with higher forest cover at the time of 
their introduction into the nursery industry, which provides 
broad-scale evidence supporting observations of shade toler-
ant, non-native species invading landscapes dominated by 
closed-canopy forests (in the northeastern US, Martin et al. 
2009; and in the tropics, Fine 2002). We also showed that 
land use conversion between pasture and grassland favored 
the naturalization of disturbance-adapted species, which is 
consistent with the observation that naturalized and invasive 
annual species, especially annual grasses, have transformed 
a large portion of the western US (Davies  et  al. 2021). 
Historical cultivation records are a valuable tool to establish 
which species were present in the historical landscape in order 
to test for the influences of cultivation history and environ-
mental context in shaping present-day patterns of plant natu-
ralization. Characterizing environmental context dependence 
is essential to move beyond unified descriptions of naturaliza-
tion and to understand alternative naturalization strategies.
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