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INTRODUCTION

Plant resource-use strategies involve the acquisition 
and allocation of energy and nutrients above- and be-
lowground, and are a principal driver of community 

assembly and ecosystem dynamics (Grime, 2006; 
Lavorel & Garnier, 2002; Reich, 2014). Whether such 
strategies differ between invasive species and their na-
tive competitors is a key question in the study of bio-
logical invasions, because differences in resource use 
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Abstract

Successful control and prevention of biological invasions depend on identifying 

traits of non-native species that promote fitness advantages in competition with 

native species. Here, we show that, among 76 native and non-native woody plants 

of deciduous forests of North America, invaders express a unique functional syn-

drome that combines high metabolic rate with robust leaves of longer lifespan and 

a greater duration of annual carbon gain, behaviours enabled by seasonally plastic 

xylem structure and rapid production of thin roots. This trait combination was 

absent in all native species examined and suggests the success of forest invaders 

is driven by a novel resource-use strategy. Furthermore, two traits alone—annual 

leaf duration and nuclear DNA content—separated native and invasive species 

with 93% accuracy, supporting the use of functional traits in invader risk assess-

ments. A trait syndrome reflecting both fast growth capacity and understorey per-

sistence may be a key driver of forest invasions.
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may determine the invasibility of communities and the 
impacts of invaders on ecosystem processes (Vilà et al., 
2011). For example, there is strong evidence that invad-
ers of disturbed, resource-rich habitats express func-
tional traits associated with rapid resource acquisition 
and fast life history (Baker & Stebbins, 1965; Pyšek & 
Richardson, 2007; Rejmánek & Richardson, 1996). 
Compared to co-occurring native species, invaders often 
have higher specific leaf area (SLA), photosynthetic ca-
pacity at saturating light (Asat) and leaf nitrogen (N) 
content (Grotkopp & Rejmánek, 2007; Guo, 2018; van 
Kleunen et al., 2010). These traits contribute to high 
growth capacity, an attribute commonly associated with 
a competitive advantage in disturbed habitats of high 
light and nutrient availability (Adler et al., 2014; Grime, 
2006). However, the bias towards acquisitive functional 
traits in invaders is, by itself, an unlikely explanation of 
species invasiveness in most habitats (Moles et al., 2012). 
In particular, there is increasing recognition that rela-
tively undisturbed, low-resource ecosystems are also 
susceptible to invasions (Funk, 2013; Funk & Vitousek, 
2007; Martin et al., 2009), and natural selection in these 
habitats typically favours traits that contribute to sur-
vival rather than high growth rate per se (Adler et al., 
2014; Poorter et al., 2008). Although there is some evi-
dence that such invaders express traits that facilitate 
both growth and survival advantages over native spe-
cies (Closset-Kopp et al., 2007; Martin et al., 2010), the 
basis of invader competitive advantage in low-resource 
ecosystems remains poorly understood (Funk, 2013). As 
such ecosystems often act as refuges for native biodiver-
sity (Huston, 1993), resolving mechanisms of invader 
advantage in these systems is particularly important for 
conservation (Funk et al., 2020).

A case in point is the growing threat of plant invaders 
in closed-canopy forests worldwide (Martin et al., 2009). 
Although canopy disturbance is a well-established driver 
of forest population dynamics (Canham, 1985; Pacala 
et al., 1996), many woody invaders of both temperate 
and tropical forests can establish in shade and/or per-
sist as saplings for extended periods after canopy closure 
(Closset-Kopp et al., 2007; Greenberg et al., 2001; Hoyos 
et al., 2010; Loh & Daehler, 2007; Yamashita et al., 
2003). Unexpectedly, some of these low-light invaders 
also express acquisitive leaf traits (Heberling & Fridley, 
2016) and grow faster than co-occurring native species 
in high light, such as in canopy gaps (Bellingham et al., 
2018; Herron et al., 2007; Martin et al., 2010; Yamashita 
et al., 2003). How invaders achieve this combination 
of fast growth and shade tolerance remains unknown. 
Although leaf traits associated with growth rate are rel-
atively easy to measure and widely available for native-
invader contrasts (van Kleunen et al., 2010), traits that 
contribute to stress tolerance and survival, such as leaf 
lifespan (Hallick et al., 2009; Poorter & Bongers, 2006), 
are rarely measured (Funk, 2013). Moreover, although 
theory (Givnish, 2002; Grime, 2006) predicts that leaf 

traits reflect nutrient supply rates and root foraging 
behaviour, empirical integration of above- and below-
ground functioning in invasion studies remains rare (Jo 
et al., 2015), making it difficult to interpret the signifi-
cance of leaf traits alone to invader success.

Shade tolerance can be conferred on woody plants 
in temperate deciduous forests by early leaf out and/
or late leaf senescence, leading to spring and fall sub-
sidies of high rates of carbon gain that can permit tol-
erance of sites that are densely shaded in midsummer 
(Augspurger, 2008; Givnish, 2002; Lopez et al., 2008). 
Early leaf out and late senescence are both promoted by 
narrow xylem conduits that are resistant to frost-induced 
cavitation (Givnish, 2002). Deciduous forests may thus 
be especially prone to invasion if introduced species 
take advantage of early- and late-season canopy open-
ness (Donnelly & Yu, 2021; Fridley, 2012; Gallinat et al., 
2015). However, the physiological mechanisms enabling 
such extended leaf duration remain unclear. Lechowicz 
(1984) introduced the idea of phylogenetic constraints 
on xylem anatomy and freezing tolerance as a potential 
driver of spring foliar phenology, indicating evolution-
ary history may influence the phenological strategies 
of co-occurring species. A similar mechanism was sug-
gested by Zohner and Renner (2017) that invokes the role 
of historical climatic variability in the timing of spring 
budbreak, which varies across continents and may drive 
phenological differences between co-occurring native 
and invasive species (Zohner et al., 2017). On the other 
hand, phenological differences between native and in-
vasive species are often stronger in autumn than in 
spring (Fridley, 2012; Gallinat et al., 2015), and there 
are few explanations for delayed invader leaf senescence 
(Heberling et al., 2016; Yin et al., 2015). One possibility 
is that leaf phenological strategies are one component 
of whole-plant carbon and nutrient dynamics that are 
driven in part by belowground processes, including nu-
trient uptake capacity (Jo et al., 2015) and energy storage 
in the form of non-structural carbohydrates (Hinman 
& Fridley, 2018), but few if any studies have addressed 
resource-use strategies of native and invaders at the 
whole-plant scale.

We compared the functional strategies of native and 
invasive woody species present in the understorey of 
deciduous forests of North America, where non-native 
invasive shrubs and lianas pose significant threats to 
natural and managed ecosystems (Webster et al., 2006). 
Our study included 44 native species and 32 non-native, 
naturalised species, 24 of which are managed as invaders 
of rapid spread and high ecological impact (Dataset S1). 
The remaining eight non-native focal species are natu-
ralised in North America but not presently managed as 
invaders (‘naturalised-only’). We use ‘nativity’ to refer 
to contrasts of native versus all non-native species, and 
‘invasive status’ to refer to contrasts of native species 
versus only those non-native species classified as invad-
ers. Species were selected to facilitate phylogenetically 



902  |      FOREST WOODY INVADER SYNDROME

independent contrasts, with native-invader comparisons 
present across eight angiosperm genera. Trait measure-
ments were conducted in a common garden in Syracuse, 
New York (USA), with individuals planted in three rep-
licate shade structures simulating a seasonally light-
limited forest understorey. Traits (Dataset S2) included 
aspects of leaf metabolism, chemistry and morphology; 
root and stem functional traits; whole-plant attributes 
including root and shoot production, growth phenology, 
and non-structural carbohydrate dynamics; and nuclear 
DNA content, an integrative trait that is associated 
with both plant growth rate and spring foliar phenology 
(Fridley & Craddock, 2015). We addressed the follow-
ing questions: (1) What are the dominant relationships 
of traits related to resource-use strategies in decidu-
ous woody species? (2) What is the relationship of leaf 
functional traits to root and stem traits? (3) Do native 
and non-native, invasive species differ in whole-plant 
functional trait strategies—i.e. is there evidence for an 
invader trait syndrome? (4) Which traits most strongly 
discriminate between native and invasive species?

M ATERI A LS A N D M ETHODS

Focal species

Our 76 focal species (Dataset S1) were chosen to contrast 
the ecological behaviours of common woody, non-native 
invasive species of deciduous forests of North America 
(NA) with that of co-occurring native species. At the 
time of species selection (2006), few physiological studies 
had been conducted on NA native and invasive shrubs 
(Harrington et al., 1989), and we had little to no informa-
tion on leaf properties, branching strategies, xylem anat-
omy or root behaviour of our focal species. Our selection 
of woody understorey invaders includes nearly all those 
managed as high-impact invaders in the Northeast U.S. 
(Fridley, 2008). To select appropriate native species, we 
considered both their ecological importance and their 
phylogenetic relatedness to invaders, to protect against 
misinterpretation of trait differences as a result of evolu-
tionary distance alone. Although some species are clas-
sified primarily as small trees, we excluded species that 
attain canopy status because forest invasions in NA are 
strongly biased towards understorey shrubs and lianas 
(Fridley, 2008; Webster et al., 2006). Growth form clas-
sifications of all focal species therefore included ‘shrub’ 
or ‘vine’ (USDA & NRCS, 2020). The only habitat con-
sideration was that a species be documented as present 
in forests somewhere across its NA range; some species 
are more common in open habitat or forest edges but all 
are tolerant of at least partial shade. We included species 
endemic to more southern regions in NA if hardy to hor-
ticultural zone 5 of Syracuse, NY.

We treated species as non-native if they were intro-
duced to NA after 1500 C.E. Of the 32 non-native species, 

24 are managed as invaders by one or more U.S. manage-
ment agencies because they (1) have spread naturally and 
widely from points of introduction (Fridley, 2013), and 
(2) have impacted native populations (Fridley, 2008). We 
treat eight non-native focal species as naturalised rather 
than invasive, because they remain uncommon more 
than a century after introduction and have not been 
placed on management agency invasive lists. However, 
all eight naturally regenerate in NA (USDA & NRCS, 
2020). These naturalised species are from taxonomic 
groups that also contain focal native and invasive spe-
cies. The separation of non-native species as invasive 
versus naturalised-only facilitates the identification of 
traits associated with competitive ability and ecological 
impact, rather than only recruitment and persistence in 
the understorey.

Common garden

We established a common garden in 2006 on the cam-
pus of Syracuse University, Syracuse, New York, USA 
(43°39′N, 76°99′W). The garden had been maintained 
previously as lawn on pH-neutral, well-drained loamy 
soil. We planted three individuals of most species in 
2006 and 2007 in three replicate blocks, each artificially 
shaded by neutral black shade cloth (20% light transmit-
tance) from late May to late October. Seasonal light levels 
are reported in Martinez and Fridley (2018). Individuals 
were typically 1–2 years old at the time of planting and 
<50 cm tall, planted 2 m apart and sourced from the wild 
in central New York where possible or from commercial 
growers of similar latitude (Dataset S1).

Trait data

Traits are summarised in Dataset S2. Many traits used in 
the present analysis are described in prior studies (listed 
in Dataset S2); for a summary of these measurements and 
details of new trait measurements refer to Appendix S1. 
Because a given trait may have been measured in multi-
ple years, we estimated species-level trait means using a 
random effects model that included ‘species’ and ‘year’ 
effects (Appendix S1). We removed highly correlated 
variables prior to analysis and created a single spring 
‘leafout’ date variable (Appendix S1). Our final species-
trait matrix included 68 continuous traits for 76 species 
(Dataset S2). Most leaf morphology, phenology and 
photosynthetic data based on light curves were available 
for >95% of the species pool. Xylem anatomy, leaf and 
root chemistry, and DNA content were available for 75% 
or more species. Root traits, in general, were less well 
represented across species, although specific root length 
(SRL) (71%), tissue density and decomposition rate were 
available for >60%. The traits of lowest coverage were 
root production (32%), annual leaf area produced (32%) 
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and several photosynthetic parameters (Vc,max, Jmax, light 
saturation point; 40%). Thirty-seven traits showed sub-
stantial right skew and were log-transformed for analysis.

Statistical analyses

All statistical analyses were performed in R 3.6.3 for 
Windows (R Core Team, 2020). We applied phylogeneti-
cally independent contrasts using a correlation matrix 
of phylogenetic distances calculated with an aged tree 
based on the species-level phylogeny of Jo et al. (2016). Of 
our 76 focal species, 10 species were added to the Jo et al. 
(2016) phylogeny, including four (Acer spicatum, Clethra 
acuminata, Lonicera hirsuta, L. korolkowii) from the phy-
logeny of Fridley and Craddock (2015). The remaining 
six species were placed in the phylogeny using the most 
up-to-date familial/generic phylogenies, including those 
for Berberis canadensis (Kim et al., 2004), Elaeagnus and 
Shepherdia (Bartish et al., 2002; note several Elaeagnus 
species remain unresolved), Symphoricarpos album (Bell 
& Gonzalez, 2019) and Viburnum lantanoides and V. 
nudum (Clement & Donoghue, 2012).

We performed a principal components analysis on a 
trait matrix of 76  species and 68 continuous variables 
with variables scaled to zero mean and unit variance. 
Missing values (29% of the trait matrix) were imputed 

using probabilistic PCA (PPCA). PPCA estimates miss-
ing values from a multivariate normal distribution fit to 
observed values, and is one of several commonly used 
multivariate imputation methods for trait data, including 
Bayesian PCA (BPCA), iterative PCA (IPCA) and joint 
modelling (JointM) (Dray & Josse, 2015; Stacklies et al., 
2007). Of these, PPCA has also been shown to perform 
without bias in sparse datasets of more than 30% missing 
values (Stacklies et al., 2007), did not require strong pri-
ors, and was stable across the optimal number of prin-
cipal components for imputation. Furthermore, because 
imputed values of PPCA are fit closer to the centre of 
the empirical distribution of each trait than the other 
methods, use of PPCA is a conservative approach that 
down-weights the importance of traits that have a high 
frequency of missing values. We performed PPCA in R 
using the package ‘pcaMethods’ (Stacklies et al., 2007), 
using the suggested optimum of two principal compo-
nents for imputation. We compared the distribution of 
each trait before and after imputation to confirm missing 
values were fit conservatively near the centre of observed 
values (Figure S1). To further confirm the robustness of 
the PPCA, we compared it to a more conservative PCA 
using a subset of 40 traits that were available for at least 
2/3 of the 68 target species, with results equivalent to 
that reported in Figure 1 (Figure S2). The distribution 
of native and non-native species, or native/naturalised/

F I G U R E  1   Principal component analysis of 68 continuous traits across 76 species, illustrating the association of forest plant invaders with 
both fast metabolism and growth rate (high values of PC axis 1) and high leaf longevity (low values of PC axis 2). (a) Vectors of 32 traits along 
the first two principal components, with traits coloured by tissue type. Traits are described in Dataset S2; those not defined in the text included 
leaf perimeter-to-area ratio (PAleaf), root tissue density (RTD), maximum rates of electron transport (Jmax) and carboxylation (Vc,max) and 
annual leaf area gain (LAgain). Traits not shown are those that did not rank in the top 10 loadings on either axis or were not among the top 20 
distinguishing native and invasive species; relationships of all 68 traits are shown in Figure S4. (b) Species’ scores along with axis quartile and 
range distributions of native (blue, N = 44), naturalised (purple, N = 8) and invasive (red, N = 24) species. Species names are listed in Figure 3
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invasive groups, along PCs 1 and 2 were contrasted 
with ANOVAs, and the overall separation of groups in 
trait space was tested with PERMANOVA of a Gower-
based distance matrix using the adonis function of the 
R package ‘vegan’ (Oksanen et al., 2019), after ensuring 
multivariate homogeneity of group dispersions using 
the vegan betadisper function. Use of Gower distance 
allowed a conservative approach to testing multivariate 
group differences because it is robust to missing values 
and thus did not require the use of imputed trait values.

We estimated the mean effect size of nativity on each 
trait in phylogenetic generalised least squares (PGLS) re-
gression. We conducted PGLS with the gls function in the 
R ‘nlme’ package (Pinheiro et al., 2020), using a correlation 
matrix derived from species’ phylogenetic distances from 
the aged phylogeny, assuming a Brownian motion model of 
evolutionary change. We also estimated phylogenetic signal 
(Pagel's λ) for each trait, from 0 (phylogenetic independence) 
to 1 (traits evolve according to Brownian motion), using 
the ‘phylosig’ function of the R ‘phytools’ library (Revell, 
2012; note the estimation of Pagel's λ is zero for those few 
traits of N < 30, suggesting a potential artefact of analysis). 
We compared PGLS effect sizes to those of ordinary least 
squares regressions that ignore phylogenetic autocorrela-
tion (Figure S3). We performed tests with and without the 
eight naturalised-only species. We report mean effect sizes 
along with 95% confidence intervals for linear models using 
coefficient standard errors. Significance tests of pairwise 
comparisons of trait values across native and non-native (or 
native and invasive) species were corrected for multiple test-
ing following Benjamini and Hochberg (1995).

To find a small number of potentially interactive traits 
that best discriminated between native and invasive species, 
we used boosted regression tree (BRT) analysis in the R 
packages ‘dismo’ (Hijmans et al., 2017) and ‘gbm’ (Greenwell 
et al., 2019). We followed Elith et al. (2008) with a bag frac-
tion of 70%, a slow learning rate (0.005) and a convergence 
number of trees over 1000, and we chose a low complexity 
parameter that conservatively allowed for only 2-way inter-
actions. We simplified a fitted model that included all 68 
traits by means of cross-validation, using the gbm.simplify 
function of ‘dismo’, as described by Elith et al. (2008).

RESU LTS

Whole-plant trait relationships

We found two primary axes of trait variation that ex-
plained 1/3 of the overall variance of 68 traits across 
76 species (principal components analysis, Figure 1a and 

Figure S4; eigenvalues for PC1 and 2, 18% and 14% re-
spectively; trait loadings in Dataset S2). PC1 reflected 
traits associated with the instantaneous rate of carbon 
(C) gain, including high photosynthetic rate (Asatmass, 
Asatarea) and leaf nutrient content (Nmass, Chlmass), along 
with the rate of leaf production (LeafRatemax). PC2 sep-
arated species of large (Massleaf), thin (high SLA) and 
short-lived leaves from those of thick (Thickleaf), long-
lived (Lifespanleaf) leaves of high energy and nutrient 
investment per unit area (construction cost, CCarea; C 
and N content, Carea, Narea). Primary trait axes were also 
associated with growth phenology and xylem anatomy. 
The size of metaxylem vessels (Metaxylemdiam), which 
support the first cohort of leaves in spring, was posi-
tively associated with PC1, while the size of xylem ves-
sels created in summer and autumn (Earlywooddiam, 
Latewooddiam) was associated with large-leaved spe-
cies of high PC2 values. In addition, species that scored 
high on PC1 showed indeterminate (i.e. continuous) leaf 
growth (high EmergeDuration values) and a short du-
ration of leaf senescence (FallDuration), while species 
scoring low on PC2  showed late autumnal senescence 
(median date of leaf loss, LeafFall50; date of 50% chlo-
rophyll loss, Chl_shade50) and a long annual period of 
C gain (LeafDuration, the number of days of live leaves 
per year). Thus, across all species in our analysis, we 
found a high degree of coordination of aboveground 
traits conferring high growth rate, associated with PC1, 
that were independent of leaf lifespan and construction 
cost (PC2). Root traits were not among those that loaded 
strongly on PC axes 1 or 2, although this may be due to 
their overall smaller sample size (max N = 54, for specific 
root length [SRL]).

Trait differences between native and 
invasive species

Native and invasive species occupied different regions 
of trait space (PERMANOVA F  =  6.24 on 1, 66 df; 
p < 0.0001; Figure 1b). Non-native species overall, as well 
as only those managed as invaders, were strongly skewed 
along both primary trait axes (Figure 1b, p < 0.0001 in 
separate ANOVAs for PC1 and PC2). Naturalised-only 
species were intermediate along PC1 and grouped statis-
tically with invaders on PC2 (Tukey HSD tests, p < 0.05 
for naturalised-native contrasts). No invasive species oc-
cupied the region of trait space representing slow growth 
potential and short leaf lifespan that characterised the 
majority of native species. We found a significant but 
weak negative correlation of PC1 and PC2  scores for 

F I G U R E  2   Traits associated with invasiveness in woody understorey species of North America. Bars indicate mean + 95% CI standardised 
effect size of nativity on each trait, with filled bars indicating higher values for non-native species. Traits (see Dataset S2) are grouped 
according to tissue type. Text columns indicate the number of species measured for each trait and the trait's phylogenetic signal (Pagel's λ). 
Symbols indicate the p value associated with the null hypothesis of no difference in trait means across native and non-native species, adjusted 
for multiple testing (***p < 0.001, **p < 0.01, *p < 0.05, †p < 0.01). Effect sizes for trait contrasts between native species and invasive species 
(excluding 8 naturalised-only species) are shown in Figure S5
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native species (OLS regression, p  =  0.055, t  =  −1.97 on 
42 df, R2 = 8%), but no such relationship for non-native 
or invasive species (p = 0.20, 0.17, resp.). Examined on a 
trait-by-trait basis with post-hoc corrections for multi-
ple testing, about a fourth of the 68 traits showed a sig-
nificant discrimination by both nativity (Figure 2) and 
invasive status (Figure S5). These included phenology 
variables (LeafDuration, LeafFall50), many leaf attrib-
utes associated with both PC1 and PC2 (photosynthetic 
parameters, N content, leaf mass, lifespan), root traits 
(annual root production [NPProot], specific root length 
[SRL]) and late-season xylem vessel size (Latewooddiam).

Although phylogenetic relationships were associated 
with functional trait differences across species, they 
did not change our characterisation of how non-native 
or invasive species differ from native species. Species’ 
scores for both PC1 and PC2 showed a significant phy-
logenetic signal (λ = 0.61, 0.55, resp., p < 0.001; Figure 3), 
and we found a weak but significant correlation of over-
all trait and phylogenetic dissimilarity (trait Gower 
distance, Mantel r = 0.16, p < 0.001). However, of those 
traits significantly associated with nativity, in only 
three cases (leaf size [Massleaf], nuclear DNA content, 
Latewooddiam) were effects sensitive to phylogenetic au-
tocorrelation (Figure S3), and neither nativity (p = 0.07) 
nor invasive status (p = 1.00) showed significant phylo-
genetic signal.

Indicator traits of invader syndrome

To identify a small set of traits that best discriminated 
between native and invasive (or all non-native) species, 
we used all 68 traits in a boosted regression tree (BRT) 
analysis. Best-fit BRT models separated native and 
non-native species with 95% accuracy (N  =  76; cross-
validation AUC score = 0.912), and natives and invaders 
with 93% accuracy (N = 68; cv AUC = 0.964), using only 
two traits: annual leaf duration and DNA content. The 
effect of both traits was nonlinear: nearly all invaders 
had live leaves present over 190 days per year, and typi-
cally contained less than 2 pg DNA (2C value) (Figure 4).

DISCUSSION

Our results point to a consistent ‘invader syndrome’ for 
introduced woody species in North American deciduous 
forests, independent of phylogeny. This syndrome is as-
sociated with a rapidly growing but shade-tolerant phe-
notype of resource use and C gain that combines rapid 
instantaneous growth potential—high C gain and leaf 
production when resources are abundant, particularly 
in spring—with a long duration of C gain per resource 
invested (leaf C, N), particularly late in the season from 
small, long-lived, N-rich leaves. Invasive understorey 

plants in our study combine fast growth potential and 
a long growing season in a combination that does not 
occur in any of the 44 native species we examined. Early 
leaf out and late leaf senescence should enhance shade 
tolerance in woody plants in temperate forests and 
permit high rates of photosynthesis based on adapta-
tion to high light levels before and after canopy closure 
(Givnish, 2002; Lopez et al., 2008). Furthermore, leaf 
traits of invaders appear to be integrated with stem and 
root traits that enable both an extended growing sea-
son and rapid spring growth. For example, metaxylem 
vessels in invaders are large enough to support high 
stomatal conductance in spring leaves, while latewood 
vessel diameter in these same species is relatively nar-
row to protect against freezing-induced embolisms in 
late autumn (Yin et al., 2015). Similarly, although late 
autumnal C gain in invaders induces significant leaf N 
losses due to lower leaf resorption (Nlitter), the strong 
association of higher SRL and fine root production 
(NPProot) in invaders may support higher rates of N up-
take (Jo et al., 2015, 2017). In contrast, it remains unclear 
whether any of the functional traits we've measured to 
date would suggest a growth or survival advantage for 
native species in any ecological context. One potential 
fitness cost in invaders is their tendency to store less C 
in the form of non-structural carbohydrates (NSCs), 
particularly soluble sugars (SSroot; Figure 2), but their 
functional role remains unknown (Hinman & Fridley, 
2018). Furthermore, although some of our focal invad-
ers are tolerant of very low light levels (Heberling & 
Fridley, 2016; Xu et al., 2007), it is likely that some of the 
native species at the conservative ends of our primary 
trait axes maintain a survival advantage over invaders 
in conditions of extreme shade (e.g. <3% sun; Martin 
et al., 2010).

Non-native invaders as a group exhibit leaf traits that, 
relative to native species, offer competitive advantages 
in both high-light (spring, open-canopy) and low-light 
(summer, closed-canopy) environments. Although we 
did not detect trait-based evidence for strong growth-
survival trade-offs within native species, the absence of 
any native species expressing both fast growth and a long 
growing season as a result of high leaf investment begs 
explanation. One possibility is that the environmental 
history of North America has selected against deciduous 
lineages of long leaf duration as a result of unpredict-
able spring and autumn climate compared to much of 
Eurasia (Zohner & Renner, 2017), a hypothesis borne out 
in greater chilling requirements for budbreak in North 
American species (Zohner et al., 2017). Many Eurasian 
temperate forests also experience longer growing sea-
sons as a result of maritime influences such as the Gulf 
Stream (Palter, 2015) that may predispose Eurasian lin-
eages to extended leaf display. Second, an extension of 
the annual frost-free period for many regions of North 
America that has accompanied global climate change 
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F I G U R E  3   Phylogenetic distribution of primary trait axes 1 and 2 from principal components analysis, including native (blue), naturalised 
(purple) and invasive (red) species

Native
Naturalized
Invasive

Lindera benzoin − LIBE
Calycanthus floridus − CAFL
Berberis canadensis − BECA
Berberis vulgaris − BEVU
Berberis thunbergii − BETH
Berberis koreana − BEKO
Hydrangea arborescens − HYAR
Cornus florida − COFL
Cornus amomum − COAM
Cornus alternifolia − COAL
Clethra acuminata − CLAC
Viburnum lantanoides − VILAN
Viburnum nudum − VINU
Viburnum lantana − VILA
Viburnum lentago − VILE
Viburnum prunifolium − VIPR
Viburnum sieboldii − VISI
Viburnum rafinesquianum − VIRA
Viburnum dentatum − VIDE
Viburnum opulus − VIOP
Viburnum edule − VIED
Viburnum setigerum − VISE
Viburnum dilatatum − VIDI
Viburnum acerifolium − VIAC
Sambucus racemosa − SARA
Sambucus nigra − SANI
Symphoricarpos albus − SYAL
Lonicera reticulata − LORE
Lonicera hirsuta − LOHI
Lonicera sempervirens − LOSE
Lonicera periclymenum − LOPE
Lonicera standishii − LOST
Lonicera fragrantissima − LOFR
Lonicera oblongifolia − LOOB
Lonicera canadensis − LOCA
Lonicera villosa − LOVI
Lonicera involucrata − LOIN
Lonicera japonica − LOJA
Lonicera xylosteum − LOXY
Lonicera ruprechtiana − LORU
Lonicera maackii − LOMA
Lonicera korolkowii − LOKO
Lonicera xbella − LOBE
Lonicera morrowii − LOMO
Lonicera tatarica − LOTA
Diervilla rivularis − DIRI
Diervilla lonicera − DILO
Hamamelis virginiana − HAVI
Rosa multiflora − ROMU
Rhamnus davurica − RHDA
Rhamnus cathartica − RHCA
Rhamnus alnifolia − RHAL
Frangula caroliniana − FRCA
Frangula alnus − FRAL
Shepherdia canadensis − SHCA
Shepherdia argentea − SHAR
Elaeagnus umbellata − ELUM
Elaeagnus pungens − ELPU
Elaeagnus multiflora − ELMU
Elaeagnus commutata − ELCO
Elaeagnus angustifolia − ELAN
Euonymus obovatus − EUOB
Euonymus americanus − EUAM
Euonymus phellomanus − EUPH
Euonymus hamiltonianus − EUHA
Euonymus europaeus − EUEU
Euonymus bungeanus − EUBU
Euonymus atropurpureus − EUAT
Euonymus alatus − EUAL
Celastrus scandens − CESC
Celastrus orbiculatus − CEOR
Dirca palustris − DIPA
Zanthoxylum americanum − ZAAM
Ptelea trifoliata − PTTR
Acer spicatum − ACSP
Acer pensylvanicum − ACPE
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(Linderholm, 2006) has likely benefited invaders of 
long leaf duration more than native species (Mulder & 
Spellman, 2019; Wolkovich et al., 2013). However, as 
most of the invaders in our study have spread for over a 
century, recent climate change is unlikely to be the driver 
of the functional differences we document here. Third, if 
invaders lack specialist enemies from their native ranges, 
they may have reallocated some defensive resources to-
wards growth while maintaining high investments in leaf 
structure. Although there is some evidence supporting 
release from predation by specialist insects in our target 
species (Lieurance & Cipollini, 2013; Schierenbeck et al., 
1994), we are unaware of evidence suggesting recent se-
lection towards longer leaf display or lifespan in North 
American invaders. Finally, by chance, we may have 
failed to include native species that express both fast 
growth and long leaf duration. Although we cannot ex-
clude this possibility, we suspect the native-invader trait 
differences we report are general, as both higher produc-
tivity and extended foliar phenology of invaders relative 
to co-occurring natives has been reported across mesic 
North America (Morris et al., 2002; Mulder & Spellman, 
2019; Xu et al., 2007).

Non-invasive, ‘naturalised-only’ non-native species 
were a relatively small component of our study species 
(N = 8). Nonetheless, they expressed a consistent pheno-
type that supports the hypothesis that understorey inva-
siveness requires both shade tolerance and the capacity 
for rapid growth. Like invaders, naturalised-only spe-
cies had longer-lived leaves and higher leaf investment 
than natives, as is typical for shade-tolerant understorey 
species (Hallik et al., 2009). However, unlike invaders, 
the traits of naturalised-only species associated with 
growth- and metabolic rates along PC1 were not signifi-
cantly different from those of native species (Figure 1b). 
Although it is difficult to quantify historical introduction 
efforts of these species with current data, it is notable 

that each has been present in North America for over a 
century (Dataset S1; Rehder, 1940). In contrast, many of 
the invasive species in our study escaped cultivation to 
become locally dominant in forests within a few decades 
of their introduction (Fridley, 2013). The lack of spread 
and slower growth capacity of naturalised-only species 
suggests that other more recently introduced species that 
share these traits may also have low invasive potential, 
but this pattern should be confirmed with similar trait 
measurements across a larger pool of non-invasive spe-
cies of similarly long residence times.

Our study supports the use of functional traits in in-
vasive species risk assessment. We identified two traits 
that, together, distinguished native and invasive species 
with over 90% accuracy. The result is notable because is 
it based only on resource-use traits, which typically play 
a minor role in invader risk assessments (Herron et al., 
2007; Křivánek & Pyšek, 2006; Reichard & Hamilton, 
1997). In our study, leaf duration is associated with 
greater annual carbon gain for invaders, which for woody 
species in North America has been more strongly linked 
to extended leaf function in autumn than spring (Fridley, 
2012; Gallinat et al., 2015; but see O’Connell & Savage, 
2020). As to the functional role of nuclear DNA con-
tent in predicting invasiveness, we suggest it is two-fold. 
Because our focal species included only two polyploids 
(Lonicera sempervirens and L. periclymenum), DNA con-
tent was driven by variation in genome size, which is a 
robust predictor of invasiveness across the plant king-
dom, in part because selection for fast growth limits the 
accumulation of non-coding DNA (Suda et al., 2015). In 
seasonal habitats where the timing of spring emergence 
influences annual C gain, DNA content also has a pos-
itive association with fitness relating to cell size and the 
potential for rapid leaf expansion (Fridley & Craddock, 
2015). Here, DNA content complements leaf duration in 
the prediction of invasiveness because it separates out 

F I G U R E  4   Leaf duration and DNA content distinguish native and invasive species. Boosted regression tree (BRT) partial dependence 
plots show the probability that a species is classified as invasive for a given value of leaf duration (days of live leaves per year) or DNA content 
(2C pg), averaging over effects of the other variable (N = 68). Distributions of each variable are shown at the top (blue = native, red = invasive). 
BRT relative importance is the number of times the variable is selected for splitting, weighted by the improvement in model fit with each split 
and averaged over all trees
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those native species that have long leaf duration from 
early budbreak (high DNA content) rather than late 
autumnal senescence due to long leaf lifespan (Fridley, 
2012; Fridley & Craddock, 2015). Thus, for woody de-
ciduous species, DNA content integrates trait strategies 
along both growth rate (low DNA) and leaf investment 
(low DNA and long leaf duration) trait axes. Because the 
DNA effect is nonlinear it is not associated with primary 
trait axes (Figure 1a); furthermore, its strong phyloge-
netic signal (λ = 0.94) and lack of significance as a pre-
dictor of invasiveness in phylogenetic regression stems 
from high values for native species in our study that were 
taxonomically distant from invaders. Nonetheless, our 
analysis supports both DNA content and leaf duration 
as leading candidates for low-cost screening of the inva-
sive potential of new introductions.

Our study is based on the ecology of temperate de-
ciduous species, but several lines of evidence suggest 
the ‘fast-but-steady’ functional syndrome we document 
here is a common feature of forest invasions across 
temperate and tropical biomes. First, the combina-
tion of fast growth and long leaf lifespan is advanta-
geous in both deciduous and evergreen forests due to 
the association of leaf lifespan with shade tolerance 
(Hallik et al., 2009; Poorter & Bongers, 2006). Second, 
although trait comparisons involving leaf lifespan are 
often lacking, many of the world's most aggressive for-
est invaders combine fast growth potential with high 
recruitment and persistence in the shade of an intact 
canopy (Martin et al., 2009); examples include woody 
invaders of mature tropical forests (Miconia calvescens, 
Meyer & Florence, 1996; Psidium cattleianum, Loh & 
Daehler, 2007; Spathodea campanulata, Larrue et al., 
2014; Pittosporum undulatum, Bellingham et al., 2018), 
temperate and subtropical forests of South America 
(Ligustrum lucidum, Hoyos et al., 2010; Hovenia dulcis, 
Dechoum et al., 2015) and Asia (Bischofia javanica, 
Yamashita et al., 2003), and forests of central Europe 
(Prunus serotina, Closset-Kopp et al., 2007; Quercus 
rubra, Major et al., 2013). Third, despite the expecta-
tion of reduced investment in leaf structure or defence 
between home and away ranges (Müller-Schärer et al., 
2004), some forest invaders in their away range build 
more robust leaves without apparent loss of photo-
synthetic or growth potential (Heberling et al., 2016; 
Shouman et al., 2017).

CONCLUSION

Our results support a prevention strategy for forest inva-
sions worldwide based on the screening of traits related 
to both growth capacity and leaf longevity. As the trait 
syndrome we document for North American invaders 
is consistent with growth and survival advantages of 
many global forest invaders in both temperate and tropi-
cal habitats, a general understanding of forest invasions 

may rest on identifying physiological mechanisms by 
which invaders are able to avoid apparent growth-
survival trade-offs commonly invoked for native woody 
species (Martin et al., 2010; Pacala et al., 1996). Because 
the spread of plant invaders in shaded habitats has gen-
erally lagged behind those of more disturbed ecosystems 
(Martin et al., 2009), the use of trait-based syndromes to 
reduce understorey invasions presents a significant op-
portunity to protect global forest biodiversity (Novoa 
et al., 2020).
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