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Abstract
1. Biological invasions are a major driver of ecosystem change but causes of vari-

ation in their environmental impacts over space and time remain poorly under-
stood. Most approaches used to quantify the impacts of non-native species 
assume there are interactions among per capita (i.e. individual level) effects,  
species abundance and the area occupied by the species. However, studies rarely 
evaluate these factors and their interactions and often fail to recognize that the 
magnitude of impacts can be highly context dependent. Understanding what 
drives the context dependence of non-native species impacts can improve our 
understanding and predictions of ecosystem change and better inform options 
for mitigation.

2. Conifers, especially pines, are among the most problematic non-native plant spe-
cies globally. We use Pinaceae to illustrate how context dependence in biodiver-
sity and environmental impacts of non-native plant species can be generated by at 
least four processes: nonlinear density effects; intraspecific variation in functional 
traits; shifts in impacts over time; and persistence of impacts as biological or eco-
system legacies following non-native species removal. Using this understanding, 
we develop a framework to better quantify interactions of impacts along environ-
mental gradients (e.g. soil fertility, climate, ecosystem age).

3. We demonstrate how impacts of non-native species can occur at both low and 
high density, and that failing to account for intraspecific variation in effect traits 
can lead to significant errors in the prediction of impacts. By incorporating context 
dependence in regard to density and functional traits, we can measure how the 
interaction of this context dependence will shift along environmental gradients. 
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1  | INTRODUC TION

Invasions by non-native species result in a wide range of changes 
to the functioning of ecosystems as well as their provisioning, reg-
ulating and cultural services (Castro-Díez et al., 2019; Vilà & Hulme, 
2017). Despite rapid growth in quantifying the scale and impor-
tance of invasions, the impacts of different non-native species in 
different systems remain poorly understood (Hulme et al., 2013). 
Here, we define impact as a positive or negative change in the state 
of an invaded ecosystem due to a non-native species (Jeschke et al., 
2014; Kumschick et al., 2014). We argue that impacts of non-native 
species are context dependent, with the magnitude and direction 
of impact contingent on variation in intrinsic (e.g. inter- and intra-
specific traits) and extrinsic (e.g. abiotic and biotic environment) 
factors. Understanding what drives context-dependent non-native 
species impacts can improve our ability to quantify and predict im-
pacts (Pyšek et al., 2012; Wardle & Peltzer, 2017), which will help 
optimize management efforts.

Although several frameworks for quantifying the impacts 
of non-native species have been developed (Thomsen, Olden, 
Wernberg, Griffin, & Silliman, 2011), the most widely applied frame-
work was defined by Parker et al., (1999). This framework states that 
impacts (I) depend on the interactions among A, average abundance 
of the non-native species (measured as number of individuals per m2),  
E, effect per individual (i.e. per capita or per-biomass effect) and R, 
total area occupied by the non-native species (measured as range 
size in m2). These are all linked in the formula: I = A × E × R. We use the 
term ‘density’ for abundance throughout this paper as it is per unit 
area. By including per capita effects or effects per unit biomass, the 
equation allows biomass-corrected comparisons of the impacts of a 
given non-native species across different ecosystems or locations, 
assuming equal effects in all locations. Thus, this framework does 
not explicitly incorporate context dependence. Ricciardi, Hoopes, 
Marchetti, and Lockwood (2013) identified the need for addressing 

the variability of per capita effects and of the interactions of non- 
native species with their environment, and more recent frameworks 
(e.g. Kumschick et al., 2014) have addressed the complexity of 
context dependence that involve interactions among a non-native 
species, the physicochemical environment and the recipient com-
munity. To date, there is no framework that encompasses both of 
the ideas presented by Ricciardi et al. (2013) and Kumschick et al. 
(2014).

Here, we propose a comprehensive framework (Figure 1) that 
demonstrates the context dependence of four variables that need 
to be incorporated when quantifying impacts of non-native species. 
We use Pinaceae (and particularly pines) as a case study to explore 
context dependence of both the density of non-native species and 
their per capita effects, as well as time since invasion and legacies of 
non-native species. Furthermore, our framework incorporates the 
interactions of these context-dependencies across environmental 
gradients. We focus on ecological, rather than social and economic 
non-native species impacts since these have been more frequently 
quantified (Essl et al., 2017).

The Pinaceae are an ideal group for understanding plant inva-
sions (Singh et al., 2018) because they have been widely introduced 
globally (Essl, Moser, Dullinger, Mang, & Hulme, 2010) and have led to  
large scale invasions in several regions (Figure 2), where they often 
cause major ecological impacts (Nuñez et al., 2017). For example, 
Pinaceae invasions impact water availability (Le Maitre et al., 2002), 
and can transform landscapes and alter ecosystem function (Dickie 
et al., 2011). Although we focus primarily on Pinaceae, the princi-
ples developed here could potentially be applied to all non-native 
plant species. We first discuss context dependence through non-
linear density effects, per capita effects, time and legacies. This is 
followed by a quantitative example of considering multiple context- 
dependencies and we conclude with a working example of our 
framework to demonstrate how to measure fire risk impacts of 
Pinus contorta.

Moreover, disentangling the roles of species and abundance along such gradients 
will provide new insights into the net effects of both the native and non-native 
components of communities. We use a working example of our framework that 
incorporates all four processes to demonstrate how to measure fire risk impacts of 
Pinus contorta.

4. We show that ecosystem impacts of non-native tree species are not fixed but 
rather vary predictably along major environmental gradients. Moreover, removal 
of non-native species through management provides an important tool for reveal-
ing biological and ecosystem legacy effects. Although we focus here on relatively 
well-documented Pinaceae, the new insights into context dependence of impacts 
can be widely applied across species, environments and regions.

K E Y W O R D S

belowground legacies, biological invasions, ecological impacts, ecosystem processes, 
environmental gradients, plant functional traits, plant–soil feedbacks, weeds



946  |    Functional Ecology SAPSFORD et Al.

F I G U R E  1   Framework for modelling 
impacts of non-native species along 
environmental gradients. Impact is 
defined as a positive or negative change 
in the state of an invaded ecosystem 
due to a non-native species. Four 
variables (i.e. density, per capita, time 
and legacies) and their sources of context 
dependence need to be considered when 
quantifying impacts of non-native species. 
Environment can influence the direction 
and strength of the impact. Numbers in 
parentheses represent the number of 
the figure in the manuscript where the 
context dependence of that variable is 
presented. Arrows indicate direction of 
influence of one variable on another

F I G U R E  2   Many pine species are 
native to North America but have been 
introduced around the world, becoming 
non-native in many regions in a variety of 
environments. (a) A young, low density 
Pinus contorta invasion in New Zealand 
grasslands (Photo: I. A. Dickie). (b) An 
older, higher density stand of P. contorta  
in New Zealand grasslands (Photo:  
S. J. Sapsford). (c) An isolated P. contorta 
in Argentina in a high Andean ecosystem 
(Photo: M. Nuñez). (d) A higher density  
P. contorta invasion in Argentina in a high 
Andean ecosystem (Photo: M. Nuñez).  
(e) Uninvaded Brazilian Cerrado 
ecosystem (Photo: R. Callaway).  
(f) A Brazilian Cerrado ecosystem invaded 
by P. elliotii (Photo: R. Callaway)

(a) (b)

(c) (d)

(e) (f)
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2  | CONTE X T DEPENDENCE

2.1 | Context dependence through nonlinear 
density effects (A)

Impacts of non-native species will be mediated by variation in popu-
lation density (independent of per capita effects). Non-native spe-
cies may have impacts on ecosystem function that scale linearly with 
non-native species density (Figure 3a) or exhibit threshold effects 
(i.e. nonlinearities) at either low or high density (Bernard-Verdier & 
Hulme, 2019). Nonlinearities may have critical implications for un-
derstanding impacts of non-native species and for the optimal tim-
ing of non-native species management (i.e. control or eradication; 
Panetta & Gooden, 2017). Here we consider evidence for impacts 
that occur rapidly at low population densities (termed ‘low thresh-
old impacts’), at high invasion densities ('high threshold impacts'; 
Yokomizo, Possingham, Thomas, & Buckley, 2009), or impacts that 
have a unimodal relationship with density (Figure 3).

Low threshold impacts may be particularly common when im-
pacts are a function of non-native species presence, rather than local 
abundance (Figure 3b). These impacts are best documented where 
co-invasion occurs, or multiple-species interactions are involved. For 
example, pines frequently co-invade with non-native ectomycorrhizal  
fungi (Nuñez & Dickie, 2014). Once present, these fungi can facilitate 
the establishment of additional ectomycorrhizal non-native plants. 

This effect depends on proximity to an established tree rather than 
tree density, thus mycorrhizal inoculum potential saturates quickly 
with increasing tree density (Dickie, Schnitzer, Reich, & Hobbie, 
2005). Losses of soil carbon and total nitrogen (Figure 3b), increases 
in labile inorganic phosphorus levels, and declines in soil mite and 
plant-associated nematode richness all show low threshold impacts 
(log-linear changes) as a function of Pinus nigra density (Dickie et al., 
2011). The log-linear response of these variables may reflect the 
introduction of novel enzymatic pathways due to changes associ-
ated with a shift from arbuscular mycorrhizal- to ectomycorrhizal- 
dominated systems (Nuñez & Dickie, 2014) or changes in quality of 
litter inputs such as the return of recalcitrant pine needles.

High threshold impacts occur when impacts ensue only once a 
critical density or biomass is reached (Figure 3c). For example, young 
or low-density pine invasions do not significantly alter wildfire fuel 
loads; however, in older or denser invasions, fuel loads and fuel spa-
tial continuity increase rapidly (Figure 3c, where there is a strong 
increase in total fuel in older invasions), which can result in altered 
fire behaviour and fire effects (Davis, Maxwell, Caplat, Pauchard, & 
Nuñez, 2019; Paritsis et al., 2018). High threshold impacts may also 
occur with litter accumulation, where large amounts of litter bury 
native vegetation (Brewer, Souza, Callaway, & Durigan, 2018). High 
threshold impacts can be difficult to predict because they have min-
imal effect initially; however, these types of impacts occur rapidly 
once a threshold is crossed which leads to tipping points of rapid 

F I G U R E  3   Examples of linear and 
nonlinear impacts of non-native pine 
species in response to density. (a) A linear 
response of soil carbon to nitrogen ratio 
to density of Pinus nigra (Dickie et al., 
2011). (b) A low threshold response of 
total soil nitrogen to density of P. nigra 
(Dickie et al., 2011). (c) A high threshold 
response of total fuel loads to time since 
invasion of Pinus contorta (Taylor et al., 
2017). (d) A unimodal response of plant 
species richness in response to density of 
P. nigra (Dickie et al., 2011)
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ecosystem change and potentially high resistance to restoration 
(Scheffer, Carpenter, Foley, Folke, & Walker, 2001).

In a few cases, unimodal relationships of impacts with pine in-
vasion density have been observed (Figure 3d). An initial increase in 
plant diversity observed in some invasions (Dickie et al., 2011) may 
be explained by individual trees ameliorating microclimatic stress, po-
tentially facilitating other plant species and increasing spatial environ-
mental heterogeneity. As pine density increases, however, competition 
becomes the dominant interaction, resulting in an eventual decline in 
plant diversity. Although Taylor, Maxwell, Pauchard, Nuñez, and Rew 
(2016) suggested this decline was linear, a re-analysis of their data sup-
ports a unimodal response (albeit lacking an initial increase in diversity; 
see Appendix S1, Figure S1). Other unimodal responses could be those 
linked to leaf area index (LAI) of the non-native species: LAI shows a 
strong linear increase at very low densities of pine but declines pre-
cipitously once tree canopies begin to overlap, reflecting predictable 
shifts in canopy development and form from sparse open-canopy to 
closed-canopy stands (Dickie et al., 2011).

2.2 | Context dependence in per capita effects (E)

Per capita effect, or the effect size per individual, is mediated by the 
effect traits of the species in question (Hulme et al., 2013; Ricciardi 
et al., 2013; Suding et al., 2008) and intraspecific variation in those 
traits. Plant traits typically fall along two main axes: one reflecting 
a trade-off between species height, stem specific density and seed 
size and the other describing whether a species has an exploitative 
(nitrogen-rich, short-lived tissues) or conservative (nitrogen-poor, 
long-lived tissues) resource use strategy (Díaz et al., 2016). These 
traits are strongly linked to the effect of species on ecosystem prop-
erties. For example, variation in traits related to resource use strat-
egy (e.g. specific leaf area [SLA] and leaf nitrogen [N] concentration) 
strongly determines rates of litter decomposition (Cornwell et al., 
2008), and variation in stem density affects carbon storage, hydro-
logical functions (Matheny, Mirfenderesgi, & Bohrer, 2017) and tree 
flammability (Frejaville, Curt, & Carcaillet, 2013).

The quantification of per capita effects typically assumes 
that an individual's effect will be the same regardless of context. 
Because of this, the traits used to assess ecological impacts have 
traditionally focused on species level variation. However, substan-
tive intraspecific variation has been found for many traits (Hulme 
& Bernard-Verdier, 2018). For example, variation in SLA, leaf N 
concentration and wood density of 30 Pinaceae across seven 
genera can be an order of magnitude greater within species than 
among species or genera (Figure 4a; Appendix S2 for methods; 
Kattge et al., 2011). Moreover, for some species this intraspecific 
variation encompasses a significant proportion of the global range 
of these traits (Figure 4b; Figure S2; Pérez-Harguindeguy et al., 
2013). This is the case for Pinus halepensis and highlights that such 
high levels of variation within species should translate to signif-
icant variation in impacts (Pyšek et al., 2012; Wardle, Bardgett, 
Callaway, & Van der Putten, 2011). A lack of consideration of 

intraspecific trait variation when quantifying impacts could there-
fore lead to significant errors. For example, wood density is mul-
tiplied by stem volume to provide an estimate of aboveground 
carbon storage. Based on the over twofold difference in density 
observed in P. halepensis and Pinus sylvestris (Figure 4b), the actual 
carbon storage in a system could range from 54% lower to 31% 
higher than estimates calculated using these species’ mean wood 
density values.

Variation in plant functional traits can be driven by species den-
sity, genetic, ontogenetic and environmental factors (e.g. soil fer-
tility, water availability). For example, tree density has been shown 
to modify productivity, transpiration rates and water use efficiency 
(Eastham, Rose, Charles-Edwards, Cameron, & Rance, 1990). The 
extent to which such intraspecific variation reflects genotype or 
environment interactions remains unclear, but progeny trials using 
Pinus species confirm that several traits, including wood density  

F I G U R E  4   Intraspecific variation in plant traits. (a) Proportion of 
variance in specific leaf area (SLA), leaf nitrogen (N) concentration, 
and wood density of non-native Pinaceae explained by genus, 
species within genus and observations within species, plus residual 
error. (b) Variation in wood density illustrated for 23 species across 
6 genera. For each boxplot, the median value is represented by a 
horizontal line, the first and third quartiles by boxes and values 
outside the quartiles by whiskers. Outliers are values >1.5 times the 
interquartile range. Data for (a) and (b) are from the TRY database 
and associated references; see Table S2.1 (n = 99 observations in 
total). For (b), each focal species in these six genera is non-native in 
at least two global regions (Essl et al., 2010; see Table S2.1 for the 
complete species list)
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(Lin et al., 2014) and leaf N concentration (Reich, Oleksyn, & Tjoelker, 
1996), have a strong genetic component at the within-species level. 
Different genotypes of the same species of Pinus might therefore 
have quite different effects even in similar environments. The vari-
ability of observed impacts across a species’ introduced range may 
also increase due to genotype by environment interactions that 
amplify intraspecific trait variation and can lead it to increase over 
time. Understanding both the drivers and consequences of trait 
variation within non-native species (and thereby, potentially, their 
per capita effect) may therefore enable more accurate predictions 
of their impacts in new sites and on the communities to which they 
are introduced.

2.3 | Context dependence in time

Time is an important driver of context dependence (Figure 1) 
through its influence on non-native species biomass, density and 
age (and thus per capita effects), as well as on changes in biotic 
and abiotic variables (Strayer, Eviner, Jeschke, & Pace, 2006) and, 
in the longer term, evolution. Invasion impact trajectories over 
time can be predictable, with an acute phase of impacts that 
occur immediately or shortly after non-native species arrival fol-
lowed by a chronic or lag phase that occurs after ecological and 
evolutionary processes have progressed (Strayer et al., 2006). The 
main challenge with discerning time-related context dependence 
is that most studies are either short-term (<5 years duration) or 
conducted well after the initial invasion started (≥50 years post-
invasion; D'Antonio & Flory, 2017). Space-for-time substitutions 
(comparison of invaded to uninvaded sites) can overcome this 
challenge, in part. However, combining a time approach (pre- vs. 
post-invasion comparisons) with a space-for-time substitution can 
more accurately predict non-native species impacts (see frame-
work by Thomaz et al., 2012; and experimental design proposed 
by Kumschick et al., 2014).

Biotic and abiotic interactions formed over the time of an inva-
sion can influence impacts of non-native species. Pathogen accumu-
lation on non-native species over time may reduce non-native plant 
fitness (Diez et al., 2010), whereas increasing the risk of pathogen 
spill-over or spill-back (Dickie et al., 2017). Such negative plant–
soil feedbacks may reverse initial negative impacts of a non-native 
species on native species and result in coexistence between native 
and non-native plant species (Dostál, Müllerová, Pyšek, Pergl, & 
Klinerová, 2013). Similarly, inputs of non-native species to soil chem-
ical and organic pools may accumulate over time. Pine invasions into 
grasslands are associated with initial losses of soil carbon pools 
(Chapela, Osher, Horton, & Henn, 2001). Over time, the continual 
input of pine litter to these soils is likely to increase carbon pools, 
leading to high organic matter soils typically associated with pine in 
its native range. Similarly, soil pH under Pinus radiata shows a grad-
ual decrease with time (estimated at 0.3 units/year over 11 years; 
Parfitt & Ross, 2011), potentially leading to threshold responses of 
soil nutrient availability and biota.

Pre-introduction evolutionary history, such as eco-evolutionary 
experience, can play a major role in impacts of non-native species 
during the acute phase of invasion (Zenni, Dickie, et al., 2017). For 
example, greater impacts are seen in regions where there are no na-
tive equivalents of the invading non-native species (Davis, Callaway, 
et al., 2019). As such, non-native P. contorta has greater impacts in 
the Southern Hemisphere where there are no native Pinus spp. com-
pared to its impact in the Northern Hemisphere where other Pinus 
spp. do occur (Davis, Callaway, et al., 2019).

In later phases of an invasion, post-introduction evolution can 
contribute to an increase in a plant's impact and alter evolutionary 
responses of native species through a variety of processes includ-
ing local adaptation, drift and phenotypic plasticity (Zenni, Dickie, 
et al., 2017). For a native species, such processes allow species to 
adapt in response to an invasion (Hulme & Le Roux, 2016). For a non- 
native species, such processes contribute to local adaptation and 
range expansion (Colautti & Barrett, 2013). For example, evolution-
ary changes (through the process of rapid evolution) in plant growth 
rate and leaf traits in non-native Pinus taeda have been shown to 
be correlated with greater rates of its spread just 40 years after its 
introduction to southern Brazil (Zenni, Cunha, & Sena, 2016). Being 
aware of these various mechanisms of context dependence in time 
and implementing both time and space-for-time approaches are im-
portant for improving predictions of non-native species impacts.

2.4 | Legacies

We define legacies as effects of non-native species that remain after 
the species has been removed through changes in soil biological, 
chemical or physical conditions and subsequent plant communi-
ties (Corbin & D'Antonio, 2012). Legacies can be difficult to reverse 
and can make restoration of an ecosystem difficult or unattainable 
(Wardle & Peltzer, 2017). The context-dependent nature of legacy 
effects is often related to non-native species density and net per 
capita effect at the time of removal (Figure 1). Management involv-
ing removal of the invader also has the potential to influence legacy 
effects via non-target impacts of the removal method (e.g. via clear 
felling, fire or herbicide sprays for non-native pines).

By incorporating density, per capita and time effects, we can 
determine if and how long legacy effects remain after non-native 
species removal (Figure 5). At any point in time, impacts of a 
non-native species may increase or decrease as a function of 
density and per capita effects (see quantitative example in 
Section 3.1). Impacts can have nonlinear responses to density, 
and density at the time of removal (i.e. management in Figure 5) is 
therefore an important determinant of the context dependence 
of legacy effects. This might be especially important for low 
threshold impacts such as losses of soil carbon and total nitro-
gen (Figure 3b; Dickie et al., 2011), which might thus translate 
into legacy effects even if removal is undertaken at relatively low 
densities. In other cases, early removal of small, sparse individu-
als may limit legacies because there is little opportunity for the 
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species to impact the ecosystem irrespective of their per capita 
effects (Dickie et al., 2014). In contrast, older and larger estab-
lished invasions can impact ecosystems by replacing communi-
ties of native plant species, insects and birds (Daniel & Williams, 
1984; Howell & McAlpine, 2016). As depicted in Figure 5, after 
management, we may see a restoration lag, where dissipation of 
a non-native species’ impact and subsequent ecosystem resto-
ration requires a certain period of time. However, in many cases 
where legacies exist, restoration fails (i.e. due to a change from a 
reference state; Figure 5).

The method of non-native species removal can also have un-
intended or deleterious outcomes resulting in management im-
pacts (Figure 5). Management of non-native pines spans a range 
of spatial scales and intensities from the mechanical removal of 
small individuals through to relatively large-scale application  
of non-selective herbicides (Nuñez et al., 2017). Management of 
large individual trees or closed-canopy stands can involve clear 
felling, which rapidly alters the abundance of the non-native spe-
cies. In these large-scale management practices, most native veg-
etation is also removed. This may result in a management impact 
that increases the impact of a non-native species on an ecosystem, 
possibly lengthening the restoration lag and increasing the like-
lihood of restoration failure (Figure 5). Additional restoration or 

secondary management for reestablishment of native communi-
ties may be required. For example, following P. contorta removal, 
native seedling establishment has been shown to be higher in 
areas where seeds were sown in comparison to those where seeds 
were not added (McAlpine, Howell, & Wotton, 2016). In some 
cases, removal of one non-native species is followed directly by in-
vasion of others. Such secondary invasions are widespread (Corbin 
& D'Antonio, 2012), and some evidence suggests that removal of 
non-native pines can facilitate secondary invasion by grasses or 
other woody non-native species (Dickie et al., 2014). Knowledge 
of management legacies is thus an important aspect of the con-
text dependence of non-native species impacts and is critical for 
informing decisions on both management effectiveness in mitigat-
ing invasion impacts, and on whether additional activities such as 
active restoration following removal of the non-native species are 
needed (Wardle & Peltzer, 2017).

3  | MULTIPLE CONTE X T-DEPENDENCIES

3.1 | Quantitative example

The ‘total’ impact of a non-native species can be quantified by com-
bining density, per capita, time and legacy effects and accounting for 
their context dependencies (Figure 1). Impact can also be expressed 
as a change from a reference state (Figure 5) and vary along environ-
mental gradients (e.g. soil fertility, climate, ecosystem age). For sim-
plicity, we provide a quantitative example of measuring non-native 
species impacts along an environmental gradient as the product of 
two variables within our framework: density and per capita effects 
(Figure 6; see Kardol, Fanin, & Wardle, 2018 for an empirical exam-
ple; Appendix S3 for quantitaive methodology).

The impact of a species as a product of density (number of indi-
viduals) and per capita (effect of each individual) can vary across an 
environmental gradient. Shifts in the density of individual species 
along environmental gradients is relatively easily characterized and 
well-studied (Lomolino, 2001). In contrast, the influence of envi-
ronmental factors on per capita effects is less well understood, but 
recent studies demonstrate that species’ effects vary among ecosys-
tems (e.g. Isbell et al., 2017). For example, as ecosystem productiv-
ity increases, individual trees can increase their height and allocate 
relatively more biomass to wood, thus returning less leaf and fine 
root litter to the ecosystem per unit biomass (e.g. Poorter, Lianes, 
Moreno-de las Heras, & Zavala, 2012). Here we have assumed, for 
simplicity, that both density and per capita effects follow a normal 
distribution along a gradient (Figure 6a; Appendix S3). In our ex-
ample, maximum tree density is derived empirically from a P. nigra 
invasion in New Zealand (Dickie et al., 2011), and corresponds to 
c. 4 trees (>2.5 cm diameter at 1.35 m height) per m2 (Figure 6a). 
Impacts mediated by density do not necessarily scale linearly; as 
we discussed in Section 2.1, some impacts can display either low 
and high threshold responses or unimodal responses (Figure 6b; 
Appendix S3). Similarly, the height of the per capita curve changes 

F I G U R E  5   Theoretical effects of management on legacies: 
over a period of time, impacts (change from a reference state) of 
non-native species within an ecosystem may increase or decrease 
as a function of impact-associated traits, population density and 
environment. Specifically, nonlinear effects of density can occur 
where an impact demonstrates a unimodal response to density 
(given the assumption that density will increase over time), a low 
threshold response, a linear response or a high threshold response. 
At some point, management is applied which could result in 
various trajectories. The effects of removal may not be observed 
immediately and thus there may be a restoration lag. Depending on 
the management type used, management itself may have an impact 
(i.e. management-specific legacies). Management may also fail to 
fully remove impacts, resulting in partial or complete restoration 
failure (i.e. difference measured from reference state [black 
horizontal axis]). How these different legacy scenarios relate to  
pre-management density/impact trajectories remains unknown
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along the environmental gradient because species trait expression 
changes along the gradient (Figure 6b; due to factors discussed in 
Section 2.2). Whether the magnitude or importance of intraspecific 
trait variation shifts predictably along environmental gradients is lit-
tle understood. Exploring trait variation along environmental gradi-
ents will be necessary in confirming the importance of this variable 
in predicting impacts of non-native species.

To measure impact (density × per capita) for a non-native species 
in the field, we can quantify the mean per capita effects of a species 
on a response variable (Dickie et al., 2011) and multiply that by the 
population density to generate the impact for that position along an 
environmental gradient. Removal experiments can be used to gen-
erate a reference state (Peltzer et al., 2009), whereby the difference 
in a response variable between the invaded and non-invaded treat-
ments can be used to quantify impact; these types of experiments 
would also incorporate legacy effects. Such experiments can be rep-
licated along an environmental gradient to compare impacts along 
the gradient, as shown by Kardol et al. (2018) and Fanin et al. (2019). 
These experimental approaches can also be applied to multiple spe-
cies along a gradient. One potential complication of this approach 

is that synergistic or antagonistic interactions among species may 
occur rather than simply additive effects. However, removal exper-
iments have been shown to be successful in comparing the impact 
of three coexisting species, and of interactive effects among these 
three species on a suite of ecosystem properties along an environ-
mental gradient (Kardol et al., 2018). Furthermore, differences in im-
pacts along environmental gradients can elucidate the level of biotic 
resistance of communities of non-native species.

3.2 | Working example of framework: Increased 
fire risk

One of the most problematic and widespread non-native pine spe-
cies, P. contorta, has been shown to alter fuel loads and structure, 
which is likely to increase fire spread and severity (Cóbar-Carranza, 
García, Pauchard, & Peña, 2014; Paritsis et al., 2018; Taylor et al., 
2017). Specifically, P. contorta may also increase landscape flamma-
bility through differences from native tree species in key functional 
traits such as foliar moisture content (ignitability), crown bulk den-
sity (sustainability), heat and volatile content (combustibility) and 
fine fuel proportion (consumability; Cóbar-Carranza et al., 2014). 
Taking these specific functional traits into consideration, we work 
through an example of how the four variables in the framework pre-
sented in Figure 1 (i.e. density, per capita, time and legacies) could 
be applied to assess the impact of increased fire risk from a non-
native species.

First, total fuel loads demonstrate a nonlinear response to time 
since invasion of P. contorta: as P. contorta invasions age and become 
more dense, the total fuel load increases, and this has been observed 
in invaded regions in Chile, Argentina and New Zealand (high thresh-
old response Figures 1 and 3c; Taylor et al., 2017). Second, functional 
traits that drive flammability and crown fire potential also have key 
context dependencies. Crown bulk density varies with stand density 
and across sites (Reinhardt, Scott, Gray, & Keane, 2006), whereas  
foliar moisture content and heat content can vary over time (Figure 1; 
Qi, Jolly, Dennison, & Kropp, 2016). Third, legacies of P. contorta can 
also affect fire risk: if individuals are felled but not removed from the 
area, a large amount of biomass (and thus fuel) remains close to the 
soil surface where it can increase soil heating and cause stronger fire 
effects on native vegetation (management impacts in Figures 1 and 5; 
Holmes, Richardson, Van Wilgen, & Gelderblom, 2000; Taylor et al., 
2017). In comparison, if felled trees are removed, the fire risk is greatly 
reduced. The effects of time can influence density, per capita and  
legacy effects.

Lastly, the environment into which these trees are invading can 
influence the impact of P. contorta on fire risk (Figures 1 and 6). If 
the environment spans an area from wet to arid, one would expect 
individuals within the arid zone may pose a greater threat by con-
tributing fuel to a fuel-limited system (Krawchuk & Moritz, 2011). 
Similarly, the surrounding resident community could also increase or 
decrease the magnitude of the impact. For example, if P. contorta in-
vades a resident community with low canopy bulk density or higher 

F I G U R E  6   Quantifying impacts of non-native species as a 
function of density (number of individuals per m2) and per capita 
effects (effect per individual) across an environmental gradient.  
(a) Both the density (max = 4 trees/m2) of a species and its 
per capita effects (proportion of maximum) can vary along 
environmental gradients. Common gradients include stand age 
or stage of development, elevation, soil fertility or ecosystem 
age. (b) Net impacts of a species across the gradient for each 
of four varying responses (linear, low threshold, high threshold 
and unimodal) to density of a non-native species (see Figure 2), 
displayed as different coloured functions. At each position along 
the gradient, the impact is a product of density and per capita 
effect (see Appendix S3 for methods)
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foliar moisture, fire risk may be low, especially at early stages of in-
vasion (Cóbar-Carranza et al., 2014). By taking all the components 
of the framework (i.e. density, per capita, time and legacies) into 
consideration, it would be possible to accurately predict the impact  
P. contorta has on fire risk in a community, ecosystem or region. By 
taking a similar approach as above, this framework can be applied 
to other non-native species by measuring each variable within our 
framework for the species in question.

4  | FUTURE DIREC TIONS

We have demonstrated that impacts of non-native plant species 
on ecosystems are highly context dependent through nonlinear 
responses to density, intraspecific variation in per capita effects 
and temporal legacies. By including these context dependencies, 
we have developed a framework to model impacts of non-native 
species across environmental gradients. However, we suggest  
several further directions that stem from our proposed framework 
and that will serve to further improve predictions of non-native 
species impacts.

First, the extent to which our framework can be extrapolated to 
other non-native taxa (such as other plant species but also animals) 
that occupy a range of environmental conditions or that occur across 
broad environmental gradients needs to be explored. Second, there 
is a need to apply this framework to a broader (e.g. global) scale. 
As many non-native species occur over broad geographic ranges 
(Seebens et al., 2018), comparing a species’ impacts across regions 
or continents would inform predictions of its impacts over these 
larger scales. For example, non-native pines have been shown to 
shift towards faster growth rates, greater reproductive efforts and 
higher rates of establishment in their introduced compared to na-
tive ranges (Davis, Callaway, et al., 2019). Third, there is a need to 
determine if our framework can be used in conjunction with other 
species data to predict future impacts of newly arrived or potential 
invaders. Fourth, it is important to determine whether the context 
dependence of a non-native species impacts in its native range can 
suggest its likely impacts in its invaded range (Kumschick et al., 
2014). Finally, in some cases multiple species simultaneously invade 
an area, and it is therefore necessary to better understand the ex-
tent to which impacts from multiple non-native species are additive 
versus synergistic.

Furthermore, a focus is needed on the effects of time, relation-
ships with antagonists and mutualists and legacies on the impacts of 
non-native species to improve our ability to predict the consequences 
of different types of context dependence on non-native species im-
pacts. Taking such variables into consideration is critical for refining 
decisions on both management effectiveness in mitigating invasion 
impacts, and whether additional activities such as active restoration 
following non-native species control are needed to achieve desired 
outcomes. Through this work, we will be better placed to identify 
critical points or tipping points resulting from an invasion and act 
before recovery of an ecosystem becomes unattainable.
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