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Significance

 The establishment of naturalized 
plant species often leads to 
invasions that change ecosystem 
functioning and associated 
ecosystem services. The traits of 
native and naturalized species 
differ, but how these differences 
shift the functional composition 
of whole plant communities 
remains unknown. Our research 
shows that across deserts, 
grasslands, and forests, plant 
communities with higher 
abundance of naturalized species 
are more acquisitive above and 
belowground, shorter, more 
shallowly rooted, and less 
dependent on mycorrhizal 
symbionts for resource 
acquisition. These functional 
shifts likely drive observed 
changes in carbon storage, litter 
decomposition, and nutrient and 
water cycling in invaded 
ecosystems. This mechanistic 
understanding of functional 
community change is a crucial 
step toward predicting and 
mitigating impacts of naturalized 
and invasive species.
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Despite decades of research documenting the consequences of naturalized and invasive 
plant species on ecosystem functions, our understanding of the functional underpin-
nings of these changes remains rudimentary. This is partially due to ineffective scaling 
of trait differences between native and naturalized species to whole plant communities. 
Working with data from over 75,000 plots and over 5,500 species from across the 
United States, we show that changes in the functional composition of communities 
associated with increasing abundance of naturalized species mirror the differences in 
traits between native and naturalized plants. We find that communities with greater 
abundance of naturalized species are more resource acquisitive aboveground and below-
ground, shorter, more shallowly rooted, and increasingly aligned with an independent 
strategy for belowground resource acquisition via thin fine roots with high specific root 
length. We observe shifts toward herbaceous-dominated communities but shifts within 
both woody and herbaceous functional groups follow community-level patterns for most 
traits. Patterns are remarkably similar across desert, grassland, and forest ecosystems. 
Our results demonstrate that the establishment and spread of naturalized species, likely 
in combination with underlying environmental shifts, leads to predictable and consistent 
changes in community-level traits that can alter ecosystem functions.

invasive plants | functional traits | invasive species impacts | community-weighted mean traits

 Over 13,000 plant species, nearly 4% of the world’s flora, have naturalized beyond their 
native ranges ( 1 ), and projections indicate novel species introductions will continue for 
decades ( 2 ). In many cases, the naturalization of introduced plant species leads to invasions 
that alter ecosystem functioning ( 3 ) and impact ecological, economic, and social systems 
( 4 ,  5 ). Plant traits (i.e., morphological, phenological, or physiological characteristics of 
plants) influence the rates at which nutrients, water, and carbon are cycled and stored 
within ecosystems ( 6 ,  7 ). Therefore, changes in ecosystem functioning resulting from the 
establishment and spread of naturalized plants are likely driven by trait differences between 
native and naturalized species. However, linking naturalized species to community-level 
trait shifts and subsequent changes in ecosystem function has been challenging because 
we do not know whether naturalized species drive predictable and consistent changes in 
the functional composition of plant communities.

 Plant functional strategies can be characterized by a species’ position along four key 
gradients of trait variation: 1) the aboveground and belowground conservation gradient, 
which contrasts fast-growing and resource-acquisitive leaves and roots with those that are 
slow-growing and long-lived; 2) the belowground collaboration gradient, which contrasts 
plants that acquire soil resources independently via thin roots with high specific root 
length (SRL) with those that outsource resource acquisition to mycorrhizal symbionts; 
and two independent size gradients, 3) one for maximum plant height and 4) one for 
maximum rooting depth ( 8 ). Native and naturalized species exhibit considerable differ-
ences in traits associated with several of these axes ( 9 ,  10 ). Numerous studies have docu-
mented higher specific leaf area (SLA) and leaf nutrient concentrations and lower leaf dry 
matter content (LDMC) of naturalized compared to native species ( 9   – 11 ). These differ-
ences position naturalized species on the fast, or acquisitive, end of the leaf economics 
spectrum ( 8 ,  12 ). Findings related to the belowground conservation gradient remain 
inconclusive: Studies have found higher ( 13 ,  14 ), similar ( 15 ), and lower ( 16 ,  17 ) root N 
and higher ( 17 ), similar ( 16 ,  18 ), and lower ( 14 ) root tissue density (RTD) in naturalized 
compared to native species. Despite these mixed results, general trends for higher nutrient 
uptake in naturalized compared to native species ( 18 ,  19 ) and coordination between 
aboveground and belowground resource acquisition traits ( 8 ,  20 ,  21 ) suggest that D
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naturalized species align with the acquisitive end of the below-
ground conservation gradient. Naturalized plant species also tend 
to have higher SRL and thinner root diameters ( 16 ,  17 ,  19 ,  22 ,  23 )  
than natives, placing naturalized species on the do-it-yourself (i.e., 
less reliance on mycorrhizae) end of the belowground collabora-
tion gradient ( 8 ). How naturalized species compare to native spe-
cies in terms maximum height and maximum rooting depth also 
remains uncertain, with results that vary by region. For example, 
invasive species across European grasslands and forests tend to be 
taller than co-occurring natives ( 24 ), and some naturalized species 
in Mediterranean systems of California have deeper roots than 
co-occurring natives ( 25 ). However, short, shallow-rooted, annual 
species are common invaders across many western United States 
ecosystems that were historically dominated by taller, 
deeper-rooted, perennial grasses and shrubs ( 26 ,  27 ), and short 
understory plants often invade US forest ecosystems ( 28 ). These 
conflicting results may arise because most studies compare size 
traits of native and naturalized species from similar functional 
groups or among closely related taxa ( 9 ,  10 ). This helps control 
for the influence of phylogenetic similarities among species but 
may minimize realistic and relevant differences in size traits that 
likely contribute to invasions and their impacts.

 Invasion ecologists have also started to ask how functional traits 
of nonnative species drive ecosystem changes observed in commu-
nities undergoing colonization and invasion by introduced plants ( 17 , 
 29 ,  30 ). Among other impacts, naturalized species have been shown 
to alter nutrient ( 31   – 33 ), carbon ( 34 ,  35 ), and water ( 32 ,  36 ,  37 )  
cycles, change ecosystem productivity ( 4 ,  5 ), and modify decompo-
sition patterns ( 38 ,  39 ). Such ecosystem impacts are likely under-
pinned by changes in the functional composition of plant 
communities resulting from the colonization and proliferation of 
naturalized species. Several studies have demonstrated predictable 
changes in functional composition along gradients of introduced 
species abundance ( 40       – 44 ). However, because these studies have 
focused on individual species and sites, it remains unclear to what 
extent trait differences between naturalized and native species scale 
up to the community-level, and whether changes in functional com-
position are consistent across habitats.

 Here, we combined large datasets of plant abundance and func-
tional traits to provide a general picture of how naturalized species 
alter trait distributions of plant communities in six distinct ecore-
gions in the United States: Eastern Temperate Forests, Great Plains, 
Mediterranean California, North American Deserts, Northern 
Forests, and Northwestern Forested Mountains ( 45 ). We developed 
several overarching predictions about how community functional 
composition would change in relation to naturalized species abun-
dance based on documented differences between native and natu-
ralized species. Where previous studies conflicted, we specify lower 
confidence in those predictions. Specifically, we predicted that 
communities with greater abundance of naturalized species would 
be associated with the fast end of the aboveground (higher confi-
dence) and belowground (lower confidence) conservation gradient, 
the do-it-yourself end of the root collaboration gradient (higher 
confidence), and the short/shallow ends of the height and rooting 
depth gradients (lower confidence;  Fig. 1 ).        

 To test these predictions, we integrated compositional data from 
over 75,000 vegetation monitoring plots across the continental 
US from the Standardized Plant Community with Introduced 
Status database (SPCIS hereafter; ref.  46 ) with species-level trait 
data to determine how naturalized species alter the functional 
composition of plant communities. The SPCIS database includes 
plots that span a gradient of no or low invasion to high or complete 
dominance by naturalized plants from areas with varied degrees 
of disturbance which could affect naturalized species abundance 
( 46 ,  47 ). We used leaf, root, and size trait data from several data-
bases (Methods  for details) and published literature to estimate 
species-level trait values, community weighted mean (i.e., CWM) 
trait values for each plot, and abundance-weighted trait values of 
native and naturalized species in plots where both occurred.

 Another open question is the degree to which trait shifts depend 
on changes in functional group composition. Invasions in some 
ecosystems are characterized by shifts in dominance of functional 
groups, whereas in other ecosystems, key invaders belong to the 
same functional group as dominant natives. For instance, herba-
ceous grass and forb species commonly invade shrubland ecosys-
tems throughout the western US ( 26 ) while woody trees and 

Leaf economic and root conserva�on gradient

HYPOTHESIZED SHIFTS IN COMMUNITY MEAN TRAITS

Root collabora�on gradient

Slow Fast

Outsourcing Do-it-yourself
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Fig. 1.   Expectations for community-level shifts in traits associated with dominant axes of plant functional variation. We expect that increasing abundance of 
naturalized species will shift community functional composition toward the fast end of the aboveground and belowground conservation gradient, the do-it-
yourself end of the collaboration gradient, and the short/shallow ends of the height and rooting depth gradients. Native species are shown in shades of green, 
whereas naturalized species are shown in black.D
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shrubs are common invaders in eastern US forests ( 28 ). We 
assessed how abundance and traits of herbaceous and woody spe-
cies change along gradients of naturalized species abundance to 
help clarify to what extent trait shifts at the community-level are 
caused by shifts in functional group composition or by shifts in 
traits within functional groups.

 Environmental conditions resulting from disturbance or other 
perturbations can promote the proliferation of species with specific 
traits, regardless of whether the species are native or not ( 48 ,  49 ). 
Because of this, environmental effects on overall functional com-
position may result from compositional changes in both native 
and naturalized species ( 47 ,  50 ). To disentangle the effects of nat-
uralized species themselves and underlying environmental condi-
tions on overall changes in functional composition, we examined 
differences between abundance-weighted traits of co-occurring 
naturalized and native species in the same sites. These analyses 
provide insight into whether trait differences between co-occurring 
native and nonnative species could account for community-level 
trait shifts. In addition, we assessed how abundance-weighted trait 
means of native and naturalized species change in relation to nat-
uralized species abundance to determine whether traits of the two 
groups respond similarly to underlying environmental gradients.

 Our data integration efforts resulted in over 50% of all species in 
SPCIS having available trait data (i.e., 5,757 of 11,258 species had 
associated data for at least one trait). However, global patterns of 
bias in trait availability were apparent in our dataset with high cov-
erage of vegetative height (i.e., 3,958 species) and leaf economic traits 
(e.g., 3,513 species had SLA values) and considerably lower coverage 
of root traits (e.g., 1,409 species had rooting depth values). Because 
of these differences, only plots that had trait data available for species 
comprising at least 80% of the plot’s abundance were included in 
analyses ( 51 ) (SI Appendix, Figs. S1 and S2 ). Our core analyses 
assessed how CWM traits of whole communities (i.e., including 
both native and naturalized species) changed along gradients of nat-
uralized species abundance. In addition, we analyzed differences 
between abundance-weighted traits of co-occurring naturalized and 
native species within communities and trait shifts within native and 
naturalized species along gradients of naturalized species abundance. 
We also assessed how the proportion of herbaceous and woody spe-
cies changed in relation to naturalized species abundance and how 
the abundance-weighted trait means of these two functional groups 
changed along gradients of naturalized species abundance. 

Results

Shifts in Functional Composition. Across six distinct ecoregions 
spanning deserts, grasslands, and forests, plant communities with 
higher abundance of naturalized species were more acquisitive 
above and belowground, shorter, more shallowly rooted, and 
aligned with a do-it-yourself strategy for belowground resource 
acquisition (Figs. 2 and 3 and SI Appendix, Table S1). Differences 
between abundance-weighted traits of naturalized and native 
species within communities where they co-occurred were similar 
to patterns found along gradients of abundance; compared to co-
occurring native species, naturalized species had more acquisitive 
leaf traits, were shorter and more shallowly rooted, and had higher 
SRL (Figs. 2 and 3 and SI Appendix, Table S2). Most abundance-
weighted traits of naturalized and native species exhibited different 
mean values (Figs. 2 G–L and 3 E–H) and divergent relationships 
with naturalized species abundance (SI Appendix, Fig. S3). Further, 
increasing abundance of naturalized species was associated with 
greater proportions of herbaceous species (Fig. 4A). However, the 
abundance-weighted trait means of both woody and herbaceous 
species changed in similar directions to whole community shifts 

along gradients of naturalized species abundance for most traits 
(Fig. 4 B–G and SI Appendix, Fig. S4).

Naturalized Species Lead to More Acquisitive Communities. 
Consistent with our predictions, communities with higher 
abundance of naturalized species exhibited higher CWM SLA 
(Fig.  2A), leaf N (Fig.  2C), and lower LDMC (Fig.  2B). This 
general shift toward the acquisitive and fast end of the aboveground 
conservation gradient was also found within co-occurring native 
and naturalized species (SLA: Fig. 2G; LDMC: Fig. 2H; leaf N: 
Fig. 2I and SI Appendix, Table S2) and was remarkably consistent 
across ecoregions (SI Appendix, Tables S1 and S2), and within 
both woody and herbaceous functional groups (Fig. 4 B and C 
and SI  Appendix, Fig.  S4A). Patterns were similar in direction 
but nonsignificant for leaf P (Figs. 2D and 3J and SI Appendix, 
Fig. S4B). Mirroring aboveground patterns, communities with 
higher abundances of naturalized species exhibited higher CWM 
root N (Fig. 2E) and lower RTD (Fig. 2F), shifting functional 
community composition toward the acquisitive end of the 
root conservation gradient. However, these patterns were not 
consistent within communities or within woody and herbaceous 
functional groups. No differences between co-occurring native 
and naturalized species root N and RTD were observed (Fig. 2 
K and L). Root N increased within both woody and herbaceous 
functional groups (Fig.  4D), but RTD decreased only within 
herbaceous species (SI  Appendix, Fig.  S4C) with increasing 
naturalized species abundance.

Naturalized Species Lead to Communities that are Shorter, 
Shallower, and Aligned with an Independent Strategy for 
Belowground Resource Acquisition. Communities with higher 
abundance of naturalized species exhibited higher SRL (Fig. 3A) 
and lower root diameter (Fig.  3B). Within communities, 
naturalized species had higher abundance-weighted SRL than 
co-occurring natives (Fig. 3E) but did not differ in root diameter 
(Fig. 3F). SRL of both woody and herbaceous species increased 
with naturalized species abundance (Fig. 4E), but root diameter 
only decreased among herbaceous species (SI Appendix, Fig. S4D). 
We found that as the abundance of naturalized species increased, 
communities had shorter maximum height (Fig.  3C) and 
shallower maximum rooting depth (Fig.  3D). Similar patterns 
were present within communities: Compared to co-occurring 
natives, naturalized species were shorter (Fig.  3G) and more 
shallowly rooted (Fig. 3H) on average. Woody and herbaceous 
species showed opposite patterns in relation to aboveground and 
belowground size gradients; maximum height and rooting depth 
of woody species decreased whereas maximum height and rooting 
depth of herbaceous species increased with increasing abundance 
of naturalized species (Fig. 4 F and G).

Discussion

 Our results demonstrate that differences between traits of native 
and naturalized species lead to predictable and consistent func-
tional trait shifts in plant communities. Changes in environmental 
conditions caused by disturbances likely set the stage for altered 
community composition ( 52 ), but two key findings indicate that 
naturalized species drive changes in community-level functional 
traits: 1) substantial differences in abundance-weighted trait means 
of co-occurring naturalized and native species, and 2) unique 
changes in abundance-weighted trait means of native and natu-
ralized species along gradients of naturalized species abundance. 
These shifts may underpin many of the impacts naturalized species 
have on ecosystem functions ( 3 ).D
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 Like patterns found at individual sites ( 40       – 44 ), we show that the 
establishment and proliferation of naturalized species with acquisitive 
leaf and root traits results in communities that align with the fast end 
of the aboveground and belowground conservation gradient. These 

results fit with previous observations of acquisitive traits among nat-
uralized species ( 9   – 11 ,  20 ) and may arise from biases in the types of 
species that people tend to introduce, such as those associated with 
agriculture or other human-modified landscapes ( 53 ). The 

Fig. 2.   Communities become more acquisitive as the abundance of naturalized species increases. Panels (A–F): In plots (points) with greater relative abundance of 
naturalized species, CWM traits shift toward the fast and acquisitive end of the leaf and root conservation gradients (colored lines show model predictions for EPA Level 
1 ecoregions, black lines show model predictions across all ecoregions, and gray ribbons show prediction intervals for the overall relationship across all ecoregions). 
In plots where they cooccur, naturalized species have more acquisitive abundance-weighted leaf and root traits than native species (panels G–L). Small points show 
within-plot differences between abundance-weighted traits of naturalized and native species, large black points show the mean difference between the groups (±2 SD).
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replacement of native species that have long-lived conservative leaves 
by naturalized species that have short-lived acquisitive leaves likely 
contributes to observed trends of increased nutrient cycling, litter 

decomposition, and aboveground net primary production in com-
munities dominated by naturalized plant species ( 29 ,  33 ,  34 ,  39 ). 
Although research on root traits is more scarce, similar dynamics may 

Fig. 3.   Communities become shorter, more shallowly rooted, and aligned with the do-it-yourself end of the root collaboration gradient as the abundance of 
naturalized species increases. Panels (A–D): In plots (points) with greater relative abundance of naturalized species, CWM traits shift toward the do-it-yourself end 
of the root collaboration gradient and the short/shallow ends of the height and rooting depth gradients (colored lines show model predictions for EPA Level 1 
ecoregions, black lines show model predictions across all ecoregions, and gray ribbons show prediction intervals for the overall relationship across all ecoregions). 
In plots where they cooccur, naturalized species have higher SRL, are shorter, and more shallowly rooted than native species (panels E–H). Small points show within-
plot differences between abundance-weighted traits of naturalized and native species, large black points show the mean difference between the groups (±2 SD).
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Fig. 4.   With increasing abundance of naturalized species, communities become increasingly dominated by herbaceous plants and traits of both woody and 
herbaceous species shift, often in similar directions. Panel (A): In plots (points) with greater abundance of naturalized species, herbaceous species become 
more dominant (colored lines show model predictions for EPA Level 1 ecoregions, black lines show model predictions across all ecoregions, and gray ribbons 
show prediction intervals for the overall relationship across all ecoregions). Panels (B–E): Abundance-weighted means traits of woody species (brown points) 
and herbaceous species (green points) respond similarly to gradients of naturalized species abundance for (A) specific leaf area, (B) leaf nitrogen concentration, 
(C) root nitrogen concentration, and (D) specific root length. Panels (F and G): As the abundance of naturalized species increases, woody species (brown points) 
become shorter and more shallowly rooted whereas herbaceous species (green points) become taller and more deeply rooted.D
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occur belowground: naturalized plants with high root nitrogen con-
centrations and low root tissue densities likely promote rapid nutrient 
cycling and decomposition ( 54 ).

 Our work supports emerging evidence that naturalized species, 
and the communities they dominate, are positioned toward the 
do-it-yourself end of the root collaboration gradient. Trait values 
associated with this independent strategy of resource acquisition 
have been documented for naturalized species established in desert 
( 19 ,  22 ), grassland ( 23 ,  55 ,  56 ), and forest ( 16 ,  17 ,  57 ) commu-
nities across the continental United States. Where community-level 
functional composition has been assessed, researchers have found 
increased CWM SRL and reduced CWM root diameter with 
increasing abundance of naturalized species ( 58 ). Further, exper-
imental and synthesis research has found that invasive species often 
benefit less from mycorrhizal symbionts than natives ( 57 ,  59 ). 
Our findings provide additional support for the notion that dif-
ferences in root collaboration traits between native and natural-
ized species scale to the community level and may result in plant 
assemblages with reduced dependency on mycorrhizal symbionts. 
These community-level shifts may help explain the myriad effects 
naturalized species have on the diversity of soil biota ( 60 ) and 
associated soil processes ( 54 ).

 Higher proportions of herbaceous species likely contribute to 
the trend of highly invaded communities being shorter and more 
shallowly rooted than communities with low abundance of natu-
ralized species (see additional discussion below). Short, shallowly 
rooted invasive species commonly invade deserts and shrubland 
ecosystems ( 26 ,  27 ,  57 ) and understory grasses, forbs, and shrubs 
that are shorter and more shallowly rooted than dominant trees, 
are common invaders in eastern forests ( 28 ). Given that nutrient, 
water, and carbon cycling are influenced by numerous below-
ground traits ( 54 ), shifts in belowground functional composition 
may lead to myriad widespread impacts. For instance, increased 
establishment of short, shallow-rooted naturalized species likely 
contributes to reductions in carbon storage documented in 
invaded systems throughout western US rangelands ( 35 ) and east-
ern US forests ( 61 ) and may drive observed trends of increased 
water utilization in upper soil layers ( 36 ) and reduced nutrient 
utilization in deep soil layers ( 32 ) in grassland systems.

 Trait differences between native and naturalized species likely 
account for much of the shift in community-level traits, but envi-
ronmental gradients that select for specific functional strategies in 
both native and naturalized species pools likely also contribute to 
community-level changes in functional composition. For example, 
acquisitive leaf traits underpin abundance increases of both native 
and naturalized species responding to nutrient enrichment ( 49 ). 
Our results suggest that naturalized species can both drive and 
respond to ecological change ( 47 ). Naturalized species appear to 
drive shifts in community-level leaf traits including SLA, LDMC, 
leaf N, and leaf P (SI Appendix, Fig. S3 A–﻿D ) but underlying 
environmental gradients appear to select for similar root N and 
RTD in both native and naturalized species (SI Appendix, Fig. S3 
﻿E–﻿F ). As in other continental scale analyses ( 50 ,  62 ), we could 
not fully account for the role of local disturbances and environ-
mental conditions. Data on human disturbance ( 63 ) and changing 
environmental conditions ( 64 ) at local scales are essential to more 
accurately quantify the interactive effects of invasive species and 
environmental conditions on changing plant communities and 
ecosystems.

 Trends in functional composition also appear to be influenced 
by two mechanisms: 1) a general shift toward herbaceous-dominated 
communities ( 52 ) and 2) trait shifts within woody and herbaceous 
functional groups. Many of the naturalized species documented 
in SPCIS are herbaceous ( 46 ). For example, nonnative annual 

grasses are ubiquitous invaders in arid and semiarid shrublands of 
the western US ( 26 ). Other common herbaceous species in the 
database include Alliaria petiolata  (i.e., garlic mustard) and 
﻿Microstegium vimineum  (stiltgrass), which are highly abundant in 
forests in the eastern US ( 65 ). These and other key invaders drive 
general shifts toward herbaceous-dominated communities, which 
contributes to changes in functional community composition and 
shifts the structure of the ecosystems toward lower-stature vege-
tation. However, trait shifts within woody and herbaceous func-
tional groups also contributed to functional composition at the 
community level. For example, increases in root N were observed 
within both herbaceous and woody species, suggesting that 
community-level shifts can be attributed primarily to trait shifts 
within functional groups. Our results indicate that both mecha-
nisms drive community-level functional change but their impor-
tance varies by trait.

 Clarifying the consequences of species introductions on 
community-level traits is a critical first step toward linking changes 
in community composition to changes in ecosystem function. 
Our results demonstrate that shifts in functional composition 
stemming from trait differences between native and naturalized 
species are widespread and consistent across several ecosystem 
types. As a consequence of these trait shifts, changes to ecosystem 
functions are likely also widespread. Being able to identify such 
shifts in community composition may provide new and efficient 
means for anticipating whether invasion by specific species will 
lead to associated changes in ecosystem function. Detecting these 
shifts in community functional composition from local to regional 
scales would advance our ability to conserve and manage commu-
nities and ecosystem functions threatened by naturalized and 
invasive species.  

Methods
The SPCIS database (46) combines and harmonizes compositional data from over 
80,000 vegetation monitoring plots from the United States and Puerto Rico. It 
integrates the National Ecological Observatory Network (66–68) data, Bureau 
of Land Management Assessment and Monitoring data, the Forest Inventory 
and Analyses data along with other smaller datasets. In addition to comparable 
information on occurrence and abundance, the database also provides native 
status of species; 10,227 species are listed as native and 1,235 species are 
listed as introduced/naturalized. We chose to work with plots from the follow-
ing six well-represented, EPA Ecoregions (i.e., Eastern Temperate Forests, Great 
Plains, Mediterranean California, North American Deserts, Northern Forests, and 
Northwestern Forested Mountains) and excluded plots from Puerto Rico and 
Alaska. This resulted in 75,287 plots for which we gathered associated species-
level trait data.

We integrated SPCIS community compositional data with leaf, root, and size 
traits from several databases (69–71). We obtained observation-level values for 
SLA, LDMC, leaf N, leaf P, and height from TRY (69). Species-level root diameter, 
root N, RTD, and SRL data were obtained from the Global Root Trait (GRooT) data-
base (70), and data for rooting depth were obtained from GRooT and the Root 
Systems of Individual Plants Database (RSIP) (71). For all trait values obtained 
from the TRY database besides maximum plant height, we first calculated 
study-level means for each species and then calculated species-level means 
using study-level means. Maximum height and maximum rooting depth were 
estimated as the 97.5% quantile of all available values in the databases for each 
species to avoid the effects of outliers. For species that occurred in over 5,000 plots 
but had less than three associated values for a specific trait available in databases, 
we extracted additional values from published literature, which resulted in the 
addition of 72 trait values for 28 species to our dataset.

To quantify shifts in functional composition with increasing abundance of natu-
ralized species, we calculated CWM traits for plots that had trait data available for 
species comprising at least 80% of the plot’s abundance (51). CWM traits for each plot 
were calculated as the mean species-level trait value weighted by species’ relative 
abundances. For plots with greater than 80% but less than 100% trait coverage, we D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 S

T
A

N
FO

R
D

 U
N

IV
E

R
SI

T
Y

 o
n 

Se
pt

em
be

r 
12

, 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
12

8.
12

.1
23

.3
6.

http://www.pnas.org/lookup/doi/10.1073/pnas.2403120121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2403120121#supplementary-materials


8 of 9   https://doi.org/10.1073/pnas.2403120121� pnas.org

relativized CWM to include only those species for which trait data were available. 
This resulted in different numbers of plots used for specific trait analyses. Nearly 
46,000 plots were included in analyses of maximum height but only 3,300 plots 
were included in analyses for root tissue density. The number of plots included in 
each analysis are provided in all figures, supplementary maps (SI Appendix, Figs. S1 
and S2) and in supplementary tables (SI Appendix, Tables S1 and S2). We used linear 
mixed-effects models to assess relationships between naturalized species abundance 
and CWM traits. In these models, CWM traits were included as response variables, 
the scaled proportion of naturalized species was included as a fixed effect, EPA Level 
1 ecoregions (n = 6) were included as random effects with varying intercepts and 
slopes, and EPA Level 4 ecoregions (n = 748) were included as random intercepts. We 
included these smaller EPA Level 4 ecoregions in our models to account for variation 
arising from differences in ecosystem type.

To compare the average traits of co-occurring native and naturalized 
species, we calculated abundance-weighted traits for native and natural-
ized species from within the same communities. We did this by weighting 
species-level trait values by species’ relative abundances for each of the two 
groups. The difference in these values was used as the response variable 
in mixed effects models that included native status as a fixed effect, and a 
random effect of EPA Level 4 ecoregions nested within EPA Level 1 ecoregion 
(SI Appendix, Table S2). We used linear mixed effects models to assess rela-
tionships between naturalized species abundance and abundance-weighted 
means of woody and herbaceous species, and abundance-weighted means 
of native and naturalized species. Only plots with both native and natural-
ized species or both woody and herbaceous species present were included 
in these analyses. In these models, abundance-weighted means of specific 
groups (i.e., woody or herbaceous species, native or naturalized species) were 
included as response variables, the scaled proportion of naturalized species 
was included as a fixed effect, and EPA Level 1 ecoregions and EPA Level 4 
ecoregions were included as random effects.

CWM values and abundance-weighted traits for SLA, leaf N, leaf P, maximum 
height, maximum rooting depth, root diameter, SRL, and root N concentration 
were log-transformed prior to all analyses. All data integration, statistical analyses, 
and data visualization were performed using R (72) v. 4.0.0 and the following 

R packages: TNRS (73), lme4 (74), lmerTest (75), MuMIN (76), merTools (77), 
ggplot (78), and cowplot (79). All data and code used for analyses can be found 
in the associated Figshare repository (80).

Data, Materials, and Software Availability. Data have been deposited in 
Figshare (10.6084/m9.figshare.25215338) (80). Previously published data were 
used for this work (46, 69-71).
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