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but effects of fire suppression by invaders on native 
communities were ambiguous. Fire suppression and 
climate change may complicate effects of invasions 
on fire regimes directly, or indirectly through shifting 
abundances of fire prone or fire adapted native plant 
species. More research is needed to understand how 
propagule pressure, ignitions, climate, and resource 
availability affect invasion-fire cycles, and to deter-
mine relative importance of invasion-fire cycles in 
driving plant invasions and effects of invader driven 
changes to fire regimes on native communities.

Keywords  Climate · Facilitation · Fire behavior · 
Fire regime · Fire suppression · Fuels · Growth form · 
Ignitions

Introduction

Non-native invasive plants can change fuel prop-
erties and alter fire-regimes in ways that facilitate 
invader dominance through a process known as 
the invasion-fire cycle (D’Antonio and Vitousek 
1992). Invasion-fire cycles can have significant 
impacts on fires (e.g., flame heights, temperatures, 
duration), ecological communities (e.g., commu-
nity composition, structure), and ecosystem func-
tions (e.g., carbon and nutrient cycling, Mack and 
D’Antonio 1998, Simberloff 2011), and may even 
affect ecosystem provisioning services such as for-
age and timber production. Moreover, ecosystems 
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subjected to invasion-fire cycles can be difficult to 
restore, making prevention an important manage-
ment goal. However, multiple factors, including the 
ongoing introduction of non-native species globally 
(Seebens et al. 2021), climate change and its effects 
on fuels, fire regimes, and spread of invasive spe-
cies (e.g., Prichard et al. 2021), and the suppression 
of natural fires and mesophication of ecosystems 
(e.g., Alexander et al. 2021), complicate predictions 
of invasion-fire cycles. Thus, identifying ecosys-
tems vulnerable to invasion-fire cycles, and invasive 
species likely to drive alteration of fire regimes, 
remains a research priority (Gaertner et  al. 2014; 
Chambers et al. 2019).

Determining conditions required for invasion-fire 
cycles to occur and understanding underlying mech-
anisms is necessary for: (1) predicting where inva-
sion-fire cycles are likely to take place; (2) predict-
ing how invasion-fire cycles may influence invasive 
species establishment and spread; and (3) develop-
ing informed management practices that both pre-
vent development of future invasion-fire cycles and 
limit expansion of those that are already occurring 
(Zouhar et al. 2008). Generally, an invasive species 
is said to cause an invasion-fire cycle if: (1) it alters 
the flammability, continuity, bulk ratio, or amount 
of fuels within the invaded system; (2) it changes 
the frequency, extent, intensity, type, or seasonal-
ity of fire; (3) the new fire regime decreases abun-
dance of native species; and (4) the new fire regime 
increases abundance of invasive fuels that drive the 
cycle (Brooks 2008). While these steps can be used 
to identify invaders with potential to initiate inva-
sion-fire cycles, understanding drivers and mecha-
nisms of invasion-fire cycles can further allow us 
to identify habitats most susceptible to their occur-
rence and impacts.

We conducted a systematic review of peer-
reviewed literature to assess current knowledge about 
drivers and mechanisms of invasion-fire cycles. Our 
review provides a basis for assessment of how growth 
forms of invasive plant species determine underly-
ing mechanisms of invasion-fire cycles and habitats 
where invasion-fire cycles might occur. We synthe-
size our findings from literature, discuss factors that 
influence whether plant invasions result in develop-
ment of invasion-fire cycles, and highlight research 
needs to better understand causes and consequences 
of invasion-fire cycles.

Methods

We used the invasion-fire cycle (described above, 
Brooks 2008) as a basis to evaluate how and where 
non-native invasive plant species have the potential to 
initiate invasion-fire cycles by altering fuels and fire 
behavior, and to identify research gaps (James et  al. 
2016). Information was collected by conducting a 
systematic search across Web of Science and Google 
Scholar (Livoreil et al. 2017). We first searched Web 
of Science in February 2020 to locate literature on 
invasive plants with the potential to alter fuels or fire 
behavior by using the search query (TS = ((*fire* 
OR burn* OR fire regime OR fuel*) AND (plant 
invad* OR invasive plant* OR naturali* plant* OR 
establish* plant* OR alien plant* OR exotic plant* 
OR introduced plant* OR non-indigenous OR non-
native OR casual OR weed*) NOT ant* NOT “power 
plant”) AND (SU = Agriculture OR SU = Biodiver-
sity & Conservation OR SU = Environmental Sci-
ences & Ecology OR SU = Evolutionary Biology OR 
SU = Forestry OR SU = Plant Sciences)). We also 
scanned references of publications that met search 
criteria for additional literature. Finally, we searched 
Google Scholar using the search terms “fire, fire 
regime, OR fuel, OR fuel load, OR flammability, 
OR invasion, OR invasive, OR invaded, OR invader, 
OR alien, OR non-native, OR exotic, OR regime, 
OR cycle -ant, -powerplant” for additional papers. 
We focused our search on plant species that occurred 
outside their native range, excluding instances of 
encroachment by native species. In addition, our 
search was limited to the potential effects of invasive 
plants on fire, although invasive insects and patho-
gens can also impact fire regimes (e.g., Hood et  al. 
2018).

From these publications, we compiled a list of 
invasive plant species that could potentially initi-
ate invasion-fire cycles by altering fuels and/or fire 
behavior, and compiled information on how each 
species has been observed to complete each step of 
the invasion-fire cycle. We also collected informa-
tion on the fuel and fire characteristics each study 
investigated, and how they were evaluated. The com-
plete data, including separate files organized by spe-
cies and by paper, can be found at: https://​doi.​org/​10.​
5061/​dryad.​qz612​jmjz. Note that we initially sought 
to conduct a meta-analysis of invader effects on fuels 
and fire behavior across different invader growth 
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habits and ecosystems, but there was insufficient data 
to do so.

Relationships between invader growth form and 
invasion‑fire cycles

In our review of the literature, we identified 114 pub-
lications (Supplemental Table  S1) with 78 species 
that were reported to affect fuels or fire behavior in 
ways that suggested they could lead to development 
of an invasion-fire cycle (Supplemental Table  S2, 
Supplemental Information 3). These species included 
13 annual grasses (five of which belong to the genus 
Bromus), 29 perennial grasses (including two spe-
cies that exhibit both grass and shrub growth forms), 
eight forbs (three annual and five perennial species), 
and 28 woody species (including seven trees, six 
shrubs, two subshrubs, two vines, and eleven species 
with dual tree and shrub growth forms; Supplemen-
tal Table S1). Most reports of invasive species affect-
ing fuels or fire behavior (anecdotal reports included) 
are of grass invasions in arid and semi-arid regions 
in the United States and Australia (Fig. 1). Available 
accounts of invasion-fire cycles could indicate that 
regional conditions dictate where invasion-fire cycles 
occur but research output could also suffer from geo-
graphic bias (Pyšek et al. 2008).

The location and reported mechanisms by which 
invasive species affected fire behavior and fire 
regimes differed among invader growth-forms (Sup-
plemental Table  S2, Figs.  2, 3). Qualitative and 
quantitative differences in fuels between pre- and 
post-invaded communities are largely responsible 
for determining how and to what extent fire regimes 
change (Brooks et al. 2004). Hence, evaluating rela-
tionships between invader functional groups and the 
habitats where invasive species have altered fuels and/
or fire behavior can provide a first step to determin-
ing where invasive plants are most likely to initiate 
invasion-fire cycles (Gaertner et al. 2014). However, 
differences in traits of introduced invaders (Divíšek 
et al. 2018), the direct and indirect effects of climate 
change (Flory et al. 2022), and land use change may 
result in occurrence of invasion-fire cycles in regions 
or habitats where they were previously thought to be 
unlikely.

Based on available evidence, we identified five 
major types of invasion-fire cycles, all of which differ 
in underlying mechanisms. The different mechanisms 

may partially dictate habitat types where each 
invader, based on its growth form, is likely to cause 
invasion-fire cycles. These five types of invasion-fire 
cycles are: pyrogenic annual grasses and forbs that 
promote fires (Supplemental Fig. S1), perennial inva-
sive grasses that promote fires (Supplemental Fig. S2, 
panel A), woody invaders that promote fires (Supple-
mental Fig. S3, panel A), perennial herbaceous invad-
ers that suppress fires (Supplemental Fig. S2, panel 
B), and woody invaders that suppress fires (Supple-
mental Fig. S3, panel B).

Pyrogenic annual grasses and forbs

Our literature review suggested that invasive annual 
grasses and forbs primarily alter fire behavior in 
fuel-limited systems that experience infrequent fires. 
Overall, nine of 13 invasive annual grasses and two 
of three annual forbs identified were reported to 
increase fine fuel loads or fuel continuity or produce 
drier fuels than native vegetation in arid to semi-arid 
deserts or shrublands (Supplemental Table S2). Only 
one annual grass with potential to initiate an invasion-
fire cycle was reported outside of the United States. 
Increased availability of fine fuels due to annual 
grass invasions is generally associated with greater 
fire frequency (e.g., Whisenant 1990; Billings 1994; 
Bradley et al. 2018; Fig. 2) and more continuous, fast-
spreading, and extensive fires (e.g., Peters and Bunt-
ing 1994; Brooks 1999; Brooks and Matchett 2006; 
Fig.  2) that theoretically exclude native vegetation 
and lead to dominance of the annual invader via an 
invasive fire-cycle (Supplemental Fig. S1).

Within shrublands and desert communities, 
increased fire frequency can deplete reserves of non-
structural carbohydrates in sprouting species (Kee-
ley and Brennan 2012) and exclude native perennial 
obligate seeders by inhibiting plants from recovering 
or reaching reproductive maturity before the next fire 
(Zedler et al. 1983; Keeley and Brennan 2012). Seeds 
of annual invasive species can be killed by hot fires 
that occur under woody species of shrubland ecosys-
tems. However, if native shrubs are excluded with fre-
quent fire events, fire intensity may be reduced and, 
consequently, survival of invasive annual seeds and 
dominance of invaders driving the altered fire-regime 
can increase (Keeley 2000).
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Examples of annual-grass fire cycles transform-
ing native communities to invasive-annual grasslands 
is primarily limited to Bromus tectorum in the west-
ern United States. In that ecosystem, invasive annu-
als infill spaces between native sagebrush, thereby 
creating continuous flammable fuel beds that persist 
late into the dry season (Davies and Nafus 2013). 
At a regional scale, areas invaded by B. tectorum 

experience more frequent fires (Whisenant 1990; Tal-
luto and Suding 2008). Sagebrush communities can 
take 35–125 years to recover from fire events (Baker 
2006), such that frequent fires can exclude native veg-
etation by preventing vegetation from recovering and 
reaching reproductive maturity before the next fire 
event (Zedler et  al. 1983; Talluto and Suding 2008; 
Keeley et al. 2005). Fire can also increase spread rate 

Fig. 1   Locations of anec-
dotal and empirical studies 
of invasive A grasses, B 
woody species (i.e., shrubs, 
trees, and woody vines), 
and C forbs that altered the 
fire regime (red points) or 
fuel bed (orange points) of 
the invaded ecosystem
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of B. tectorum invasions by increasing seed dispersal 
distances (Monty et al. 2013), and eventually B. tec-
torum can replace native vegetation lost to frequent 
fires via an annual-grass fire cycle (Supplemental Fig. 
S1).

Changes to fire regimes and native community 
composition may depend on density or abundance of 
the invader or characteristics of the invaded ecosys-
tem. Non-native grasses at low abundances appear 
unlikely to alter fire regimes (Bradley et al. 2018), and 
loss of herbaceous perennial vegetation in response 
to annual invaders may not occur until the invader 
has reached more than 60% cover (Underwood et al. 
2019). While two sequential fires in arid shrublands 
or deserts may be sufficient to reduce abundance of 
native woody vegetation (Zedler et al. 1983), the fre-
quency of fires needed to exclude herbaceous vegeta-
tion is unclear.

We found only one annual species with potential to 
initiate an invasion-fire cycle within forests. Microste-
gium vimineum is a shade tolerant annual grass that 
invades the understory of deciduous forests and dis-
turbed areas in the eastern United States. It is the only 

annual species we found that has been documented to 
produce hotter fires that reduce germination of native 
trees, but the mechanism by which it enhances fire 
temperature is unclear (Emery et al. 2011). The aer-
ated fuel structure of M. vimineum may drive hotter 
fires in invaded forests, but it is also possible that it 
is invading forested habitats with particular charac-
teristics, such as higher woody fuel loads that cause 
fires to burn more intensely and for longer (Wagner 
and Fraterrigo 2015). Fire can increase M. vimineum 
establishment, likely by producing greater light avail-
ability via litter removal (Schramm and Ehrenfeld 
2010) and by reducing overstory canopy cover (Flory 
et al. 2017). However, effects of fire on M. vimineum 
vary. While M. vimineum biomass may increase 
after fires (Wagner and Fraterrigo 2015), fires also 
decrease M. vimineum soil seed banks (Emery et al. 
2011; Wagner and Fraterrigo 2015). Additionally, fire 
effects of M. vimineum may primarily be a concern 
in regions where fire is used as a management tool. 
Fires are infrequent in much of the invaded range 
of M. vimineum (e.g., the northeast and parts of the 
Midwest and southeast US) because historical fire 

Fig. 2   Number of invasive plant species, organized by growth 
habit, with empirical (darker colored arrows) or anecdo-
tal (lighter colored arrows) evidence of increasing (upward 
arrows), decreasing (downward arrows), or both increasing 
and decreasing (two sided arrows) fuel amount (fuel loads or 
combustible biomass), vertical or horizontal fuel continuity, or 

fuel flammability. Changes to fuel flammability include spe-
cies reported likely to alter probability that fuels will ignite 
and carry fire based on evidence that the invader has lower or 
higher fuel moisture than native vegetation or increases the 
abundance of dead/ dry plant material
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suppression has led to “mesophication” (i.e., replace-
ment of pyrogenic forest species with low-flammabil-
ity, fire sensitive species, Nowacki and Abrams 2008) 
of forests in those regions. Conversely, in other M. 
vimineum invaded areas, prescribed fire use has been 
more consistent over time and effects of M. vimineum 
on fire regimes may be more prevalent. Moreover, fire 
suppression or frequent prescribed fire use may lead 
to shifting dominance of fire prone and fire adapted 
species, further complicating effects of invasions on 
fire regimes. Thus, interactions among land use, cli-
mate, ignition frequency, and native species may be 
limiting factors to initiation of invasion-fire cycles 
such that, while experimentally inducible (e.g., Flory 
et al. 2017), are less predictable in nature.

Overall, we found little evidence that annual spe-
cies cause invasion-fire cycles in savannas, wood-
lands, or forests. Most current invasive species are 

shade-intolerant annuals (Sutherland 2004), hence 
site conditions, such as low light availability, could 
limit their establishment and survival in forests (Con-
nolly et al. 2017). Additionally, established invasions 
of annuals might not alter forest fuel beds enough 
to alter the fire regime. For example, in California 
woodlands, the invasive annual grass Cynosurus 
echinatus was found to have lower fuel moisture than 
native herbaceous species (Livingston and Varner 
2016), and Bromus tectorum has been observed in the 
understories of ponderosa pine forests (Keeley and 
McGinnis 2007; McGlone et al. 2009), but in neither 
case is there currently evidence that invasions have 
resulted in altered fire regimes. Regardless, climate 
change, shifting forest management practices, and 
the introduction of new annual grass and forb species 
with unique traits may result in future threats to for-
ests and other ecosystems (Kerns et al. 2020).

Fig. 3   Number of invasive plant species, organized by growth 
habit, with empirical (darker colored arrows) or anecdo-
tal (lighter colored arrows) evidence of increasing (upward 
arrows), decreasing (downward arrows), or both increasing and 

decreasing (two sided arrows) “fire intensity” or temperature, 
fire frequency, vertical fire continuity, fire spread rate, fire sea-
sonality, fire size, or the number of fires
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Pyrogenic perennial grasses

We found 26 species of invasive perennial grasses 
with the potential to initiate invasion-fire cycles by 
promoting more intense and occasionally more fre-
quent fires. The identified perennial grasses report-
edly increased fuel loading or continuity (Fig.  2), 
primarily in shrublands, savannas, and woodlands 
(n = 20), and occasionally grasslands (n = 2) and 
more closed-canopy forests (n = 8) (Supplemental 
Table  S2). Invasive perennial grasses were mostly 
associated with increased fire intensity and taller 
flames (e.g., Rossiter et  al. 2003; Schlesinger et  al. 
2013; Rossi et  al. 2014) and were occasionally 
reported to cause greater fire frequency (e.g., Smith 
and Tunison 1992; Fusco et  al. 2019; Fig.  2). The 
greater fire intensities and flame heights caused by 
perennial grass invasions could result in mortality of 
native vegetation that is then rapidly replaced by the 
invader in a perennial grass-fire cycle (Supplemental 
Fig. S2 panel A).

Currently available evidence for perennial grasses 
affecting fire frequency is limited. Most examples of 
pyrogenic grasses that have increased fire frequency 
are from invasions of dry Hawaiian woodlands that 
seldom burned historically (e.g., Hughes et al. 1991; 
D’Antonio et  al. 2000). All available empirical evi-
dence that perennial grasses increase fire frequency 
was from a single study on invasive species effects on 
fire size, frequency, and occurrence across the entire 
range where each species was reported to occur in 
the continental United States (Fusco et al. 2019). The 
practical significance of this finding is very limited 
because information in the study were averages from 
across all habitats where each species had invaded. 
Thus, there is a critical need for additional studies to 
determine the effects of invasive perennial grasses on 
fire frequency in particular habitats.

Given the available evidence in the literature, it is 
unclear whether perennial grass invaders are appreci-
ably affecting fire frequency in habitats where fires 
are already common. Many habitats where peren-
nial grass-fire cycles are reported or studied are fire-
adapted. For example, while Imperata cylindrica can 
increase fuel loads and fuel continuity in southern 
pine savannas of the United States (Lippincott 2000), 
fires in that ecosystem already occur every 3–7 years 
(Rother et  al. 2020; Huffman 2006). Similarly, Uro-
chloa decumbens and Melinis minutiflora reportedly 

increase fuel loads in Brazilian cerrado (Silvério et al. 
2013; Rossi et al. 2014), where fires occur every 3–6 
years (Júnior et al. 2014). However, fire return inter-
vals in systems where fires are considered “com-
mon” vary widely, so invaders that increase fire from 
once every 5–10 years to once every year or two in 
those ecosystems could have profound impacts. Even 
when invasive species enhance fuel accumulation, 
fire frequency may still be limited by infrequency of 
lightning strikes and anthropogenic ignitions, both 
of which may change under future conditions with 
climate and land use change. Fire-prone communi-
ties may be resilient to increases in fire frequency, 
and frequent fires can limit fuel accumulation and 
modulate effects of fire intensity and limit fire fre-
quency (Murphy and Russell-Smith 2010; Hart et al. 
2019) but these same invaders can also suppress 
fire-dependent native species independent of fire fre-
quency (e.g., Fahey et al. 2018). Notably, interactions 
among invasions, fire, and other global change drivers 
may have negative synergistic effects on species and 
ecosystems (Flory et al. 2022), but outcomes of such 
interactions have often been difficult to predict.

Based on available empirical evidence, increased 
fire intensity followed by post-fire shading appear to 
be the primary mechanisms by which perennial grass-
fire cycles result in loss of native vegetation and dom-
inance of an invasive grass. Even fire-adapted savanna 
species that typically survive frequent, low intensity 
fires can be killed by intense perennial grass-fueled 
fires (e.g., Lippincott 2000; Setterfield et  al. 2010). 
Invasive perennial grasses often quickly resprout after 
fires, rapidly reaccumulate biomass, and shade-out 
native vegetation. Imperata cylindrica, for example, 
has been observed to re-accumulate aboveground 
biomass quickly post-fire (Lippincott 2000) and sup-
press growth of native pine tree saplings by reduc-
ing light availability (NeSmith et  al. 2018). Simi-
larly, Andropogon virginicus, Hyparrhenia rufa, and 
Melinis minutiflora can regenerate quickly post-fire 
(D’Antonio et al. 2000) and suppress growth of native 
woody species (D’Antonio et  al. 1998). The large 
amount of biomass and litter produced by M. minuti-
flora is also known to decrease seedling emergence of 
native trees in neotropical savannas (Hoffmann and 
Haridasan 2008).

Evidence of perennial grasses transforming native 
communities to invasive species dominated grass-
lands is limited to invasions in Hawaii, although 
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similar dynamics may occur elsewhere. Native spe-
cies of submontane and lowland Hawaiian wood-
lands are not fire adapted and are hence vulnerable 
to fire-induced mortality (D’Antonio et  al. 2011). 
Apart from the five species of perennial grasses that 
drive invasive grass-fire cycles in Hawaii (H. rufa, 
A. virginicus, M. minutiflora, Pennisetum setaceum, 
and Schizachyrium condensatum), five other species 
reportedly increase fire severity or increase mortality 
of native trees (Supplemental Table  S2; Ampelodes-
mos mauritanica, Arundo donax, Pennisetum ciliare, 
Imperata cylindrica, and Andropogon gayanus). Nev-
ertheless, evidence of these perennial grasses trans-
forming native communities to invasive grasslands 
via invasion-fire cycles is lacking, which illustrates 
the need for studies on effects of invader-altered fire 
regimes on native community composition and struc-
ture over time.

Pyrogenic shrubs and trees

We found 21 woody invaders that, like perennial 
grasses, were reported to increase fuel loads and flam-
mability (Fig. 2) and cause more intense fires (Fig. 3), 
mostly in forested habitats (i.e., forests, woodlands, 
and savannas, n = 16) and in shrublands (includ-
ing fynbos and steppes; n = 10), but occasionally in 
grasslands (n = 3; Supplemental Table S2). Theoreti-
cally, woody species can increase fire intensity and 
severity, resulting in mortality of native vegetation 
and increased relative abundance of the invader in an 
invasion-fire cycle (Supplemental Figure S3, panel 
A), but evidence to support this dynamic is lacking.

Empirical reports of woody invaders increasing 
fire intensity are restricted to Acacia cyclops inva-
sions in South African fynbos (Jayiya et  al. 2004), 
Eupatorium adenophorum invasions in coniferous 
and broad leaf forests in China (Wang and Niu 2016), 
and three species of Pinus that invaded shrublands, 
steppes, and temperate forests in Argentina and Chile 
(Kraaij et  al. 2018; Paritsis et  al. 2018; Davis et  al. 
2019). These same species, excluding A. cyclops, 
were the only species whose effects on fire intensity 
were also reported to either increase fire severity or 
reduce vegetative cover of native species (Supplemen-
tal Table  S2). Severe fires produced by P. contorta 
can increase soil heating (Taylor et al. 2017) and have 
the potential to sterilize the upper layers of soil seed 
banks. Additionally, the species Tamarix ramosissima 

and Lantana camera are reported to increase occur-
rence of fires (Busch 1995; Priyanka and Joshi 2013, 
respectively), and common gorse (Ulex europaeus) 
was highly flammable and increased flammabil-
ity of species mixtures in a study of six native and 
four invasive species in New Zealand (Wyse et  al. 
2018). But like most instances of invader-altered 
fire regimes, evidence for consequences of altered 
fire behavior for native plant community composi-
tion and structure caused by woody invasive species 
are lacking. Moreover, current data is from a limited 
number of recipient ecosystems that could ultimately 
be affected, necessitating studies across more ecosys-
tems before reliable conclusions can be drawn.

By promoting intense or frequent fires, woody 
invasive species may create conditions that favor their 
own establishment. Promoting occurrence of intense 
fires could increase light availability and contact of 
invasive seeds with mineral soils via removal of lit-
ter and overstory cover (Gentle and Duggin 1997) and 
free-up space and resources previously monopolized 
by native species (Bullock 2009). However, Tamarix 
ramosissima and Pinus contorta were the only two 
woody invaders reported to have greater abundance 
or density in response to the fires they facilitate via an 
invasion-fire cycle (Busch 1995; Taylor et  al. 2017; 
Davis et al. 2019).

Initial invader density may determine how woody 
invaders respond to fire events. For instance, P. con-
torta was found to increase in abundance post fire 
only when its pre-fire abundance exceeded a density 
threshold. Below the threshold, vegetation of invaded 
areas responded to fire like that of uninvaded areas, 
and the density of P. contorta did not change (Tay-
lor et  al. 2017). Whether invasion-fire cycles are an 
important driver of woody plant invasions or, alterna-
tively if altered fire regimes are simply a consequence 
of high invader abundance is unclear.

Fire suppressing herbaceous perennials

Despite grass-fire cycles traditionally being asso-
ciated with greater fire frequency and sometimes 
higher fire intensity, we found papers suggesting 
that invasive perennial grasses and forbs occa-
sionally decreased intensity and continuity of 
fires, which could lead to a fire-suppression cycle 
(Figs.  2, 3; Supplemental Fig. S2 panel B). Seven 
species of perennial grasses were found to have 
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potential to suppress fires in pyrogenic habitats, 
including marshes (2), grasslands (2), annual grass-
invaded desert (1), savannas (1), and coniferous 
forests (1). Likewise, four species of forbs were 
reported to decrease flammability of native grass-
lands in New Zealand, and one species, Centau-
rea maculosa, was reported to reduce fire extent in 
Montana grasslands (Supplemental Table S2).

In the papers we examined, fire suppression by 
perennial forbs and grasses was exclusively the 
result of reduced flammability due to either greater 
fuel moisture, or an increase in the ratio of live to 
dead fuels during the dry season when native-fueled 
fires typically occur (e.g., McGranahan et  al. 2012; 
Padullés Cubino et  al. 2018; Fig.  2). Schedonorus 
arundinaceus, for example, reduced fire extent in the 
tallgrass prairies of Missouri and Iowa, likely because 
this species remains green during the summer when 
native grasses have mostly senesced (McGranahan 
et  al. 2012, 2013). The perennial grasses Arundo 
donax and Phragmites australis can decrease fire 
intensity and fire occurrence, respectively, in grassy 
riparian habitats, likely because of high fuel mois-
ture (Guthrie 2007; Fusco et al. 2019). Interestingly, 
while A. donax decreased fire intensity in Phragmites 
floodplain habitats in South Africa (Guthrie 2007), it 
increased fire intensity in the shrubby riparian areas 
of California (Bell 1997). Likewise, while Brachy-
podium sylvaticum has been observed to decrease 
severity of spring fires in coniferous forests (Poulos 
and Roy 2015), it is suspected that it may increase 
fall fire intensities (Anzinger and Radosevich 2008). 
Both examples illustrate the habitat and seasonal con-
text specificity of invasion-fire cycles and the need for 
additional research.

What fire suppression by moist perennial grasses 
and forbs might mean for the structure of native 
grasslands or floodplain communities is unclear (Sup-
plemental Fig. S2 Panel B) but the most obvious 
implication is that fire suppression could complicate 
the use of prescribed fire as a management practice 
in invaded communities (McGranahan et al. 2012). In 
theory, fire suppression by invasive perennial grasses 
and forbs could allow for encroachment of native 
woody vegetation into grassland habitats or may alter 
community composition by favoring species that are 
more competitive but less fire tolerant than native 
vegetation. However, we were unable to find evidence 
in the literature for this dynamic.

Fire suppressing trees and shrubs

We found nine woody species with the potential to 
suppress fires in savannas (1), woodlands, (2), for-
ests (4), grasslands or sedge meadows (4), and fyn-
bos or shrublands (3). As fire-suppressing trees and 
shrubs invade, they shade-out native vegetation in 
the understory, reducing abundance of fine-flamma-
ble fuels (Fig. 2; Supplemental Fig. 3 panel B; e.g., 
Braithwaite et al. 1989; Heneghan et al. 2004). Like 
perennial grasses that suppress fire, flammability of 
some invasive trees and shrubs themselves are often 
exceptionally low, further inhibiting ability of fires 
to ignite and carry across invaded areas (Van Wil-
gen and Richardson 1985; Braithwaite et al. 1989). 
Theoretically, invasions of non-pyrogenic shrubs 
and trees could lead to complete fire exclusion and 
formation of a closed invasive plant canopy (Fig. 3 
panel B), but such dynamics would depend on traits 
of the recipient ecosystem, including species com-
position and underlying abiotic conditions.

Invasions of fire-suppressing trees and shrubs 
have been associated with instances of anthropo-
genic fire suppression (Loope and Dunevitz 1981; 
Converse 1984). Species responsible for fire sup-
pression are sometimes fire- sensitive such that their 
ability to initiate an invasion- fire suppression cycle 
may depend on extended fire-free periods during 
which the invader establishes and becomes abun-
dant enough to survive subsequent fires (Stevens 
and Beckage 2009). Hence, whether some fire-sup-
pressing invaders can establish and spread without 
the initial aid of anthropogenic fire suppression is 
unclear and requires further study.

Rather than decreasing fuel-loads, invasive spe-
cies can also suppress fires by producing fuel-
beds with high bulk densities and high fuel mois-
tures. For example, in South Africa the Australian 
shrubby trees Hakea sericea and Acacia saligna 
both increased fuel loads, but the high moisture 
content of A. salinga and high-bulk density of H. 
sericea decreased the extent and intensity of fires in 
invaded fynbos (Van Wilgen and Richardson 1985). 
Under historical weather parameters, H. sericea and 
A. saligna suppress fire but under extreme weather 
conditions, such as predicted with climate change, 
abundant fuel beds of both species could increase 
fire intensity.
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Factors affecting occurrence of invasion‑fire cycles

Where and when a plant invasion induces an inva-
sion-fire cycle depends on more than the flammabil-
ity, abundance, and structure of fuels within invaded 
landscapes (Brooks 2008). Other factors that influ-
ence fire behavior, such as climate and ignitions, can 
play an important role in determining the probability 
that a fire event will occur (Keeley and Syphard 2018) 
and responses of invasive species to fire. Factors that 
independently are known to affect the distribution 
and abundance of invasive species, such as prop-
agule pressure (Simberloff 2009) and resource avail-
ability (Mata et  al. 2013), can also limit the effects 
of invasion-drive fires on invasive plant abundance 
and spread. To better predict where invasive species 
are likely to cause invasion-fire cycles, a better under-
standing of the relationships among invasive-fueled 
fires and climatic, anthropogenic, and environmental 
factors is needed. Here we provide a brief discussion 
of how ignitions, propagule pressure, and resources 
and climate may influence invasion-fire cycles.

Ignitions

Anthropogenic ignitions play a large role in occur-
rence of wildfires and may be an important driver of 
invasion-fire cycles. Throughout the United States, 
humans are responsible for starting more than 80% 
of wildfires, which accounts for nearly half of the 
total land area burned (Balch et  al. 2017). As such, 
in many areas where there is substantial evidence of 
invasion-fire cycles, anthropogenic ignition sources 
are also prevalent. For example, in California, areas 
dominated by grasses, which may include inva-
sive annual grasses in the genera Bromus, Avena, 
and Schismus, tend to burn more frequently than 
other landcover types (Syphard et  al. 2017). How-
ever, most fires in California are caused by humans 
(Syphard et al. 2007), meaning that frequent fires in 
areas invaded by annual-invasive grasses are poten-
tially dependent on prevalence of human ignitions. 
Similarly, Hawaii wildfires are most likely to occur 
in areas dominated by invasive grasses, but expansion 
of these grasses via an invasion-fire cycle is likely 
dependent on occurrence of anthropogenic ignitions 
that are responsible for nearly all wildfires in the state 
(Trauernicht et  al. 2015). Although unburned native 
Hawaiian vegetation can still be invaded by invasive 

perennial grasses without fire (e.g., Goergen and Dae-
hler 2001), reducing anthropogenic ignitions would 
likely also reduce occurrence of perennial grass-fire 
cycles and hence the rate of invader spread and loss 
of native canopy trees and shrubs. If ignition sources 
are limited, an invasion-fire cycle may be unlikely 
to develop. However, once an invasion-fire cycle is 
established, chances are higher that any ignition will 
result in a fire.

Propagule pressure

Whether an invasive species will increase or decrease 
in abundance post-fire may depend largely on prop-
agule pressure of both the invader and co-occurring 
native species and hence any factors (such as resource 
availability) that limit seed production or propagule 
growth may influence post-fire plant community 
dynamics. Many invasive annual grasses and forbs 
that facilitate frequent and extensive fires produce 
small, light-weight seeds that can be killed by hot-
burning fires. Hence, these species often depend on 
propagule dispersal into burned patches to colonize 
post-fire rather than establishment from the seed 
bank. Without sufficient availability of propagules, 
invaders may either decrease in abundance or be 
eliminated by fire events. For example, fires in chap-
arral communities in California burn hot, and invasive 
annual grasses and their seeds cannot survive those 
fires (Keeley 2000). However, if abundant invasive 
annual species are located outside of the burned area 
and disperse readily, invaders may quickly recolonize 
and lead to more fires by increasing availability of 
fine flammable fuels (Keeley 2000). When invasions 
of species with heat sensitive seeds are small and 
localized, prescribed burns may reduce or eradicate 
the invader if surrounding populations are not avail-
able to recolonize the burned area. More research is 
needed to determine how invader propagule pressure, 
fire tolerance, dispersal ability, and other traits con-
tribute to invasion patterns across variable landscapes 
after fires.

Propagule pressure, rather than fire, may even be 
the primary driver of invader distribution and abun-
dance. For example, Pennisetum ciliare, an invasive 
perennial grass, was found to increase fuel loading, 
and hence fire intensity in the regions it invades (But-
ler and Fairfax 2003). Pennisetum ciliare also has 
been reported to as much as double in abundance 
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in burned areas (Butler and Fairfax 2003) and was 
reported to increase fire severity for native trees 
(Schlesinger et al. 2013). However, in a correlational 
analysis, researchers found that abundance of P. cili-
are does not depend on fire but is instead driven by 
abundance of seed sources bordering burned patches 
(Fensham et  al. 2013). Desert communities can also 
be transformed into invasive grasslands by P. ciliare 
without altering the overall fire regime (Olsson et al. 
2012). Hence, while invasive species might alter fire 
regimes, propagule pressure rather than fire may be 
driving the invasion. Ultimately, invasive species that 
produce copious seeds may be more likely to alter 
fire behavior or be abundant after fire events. Native-
seeding efforts after fire events can help restore areas 
degraded by invasive species but the success of resto-
ration efforts depends on many factors, including tol-
erance of native and invasive species to fire, diversity 
and abundance of the native seedbank, and abiotic 
and biotic characteristics of the ecosystem (see e.g., 
D’Antonio and Meyerson 2002; Davies et al. 2019).

Resource availability and climate

Resource availability can prevent invasive spe-
cies from gaining an advantage over native species 
through fire events fire due to its effects on propagule 
pressure, invader establishment, and competition 
with native flora. For example, in the western United 
States, Avena barbata has been observed to increase 
in abundance post-fire (Lambert et  al. 2010) but 
low-nutrient availability in Western Australian mal-
lee habitats seems to limit the ability of the species 
to benefit from fire events (Gosper et al. 2011), per-
haps by limiting propagule availability or establish-
ment of invasive seedlings. Across the Great Basin 
of the western United States, B. tectorum cover is 
highly correlated with preceding wet years (Pilliod 
et  al. 2017). However, B. tectorum may not respond 
positively to fire in sagebrush communities that expe-
rience high rainfall during summer months, possi-
bly because summer rainfall increases competitive-
ness of native perennials (Taylor et al. 2014). In the 
North American Great Plains, precipitation occurs 
predominantly during the summer (Lauenroth and 
Burke 1995) and fires do not increase B. tectorum 
abundance in this region (Porensky and Blumenthal 
2016). Alternatively, B. tectorum does not respond 
positively to fire in very dry regions (Larson et  al. 

2017), illustrating that climatic conditions that limit 
resource availability and influence competitive out-
comes may inhibit invaders benefiting from the fires 
they facilitate.

Anthropogenic climate change may also be con-
tributing to occurrence of invasion-fire cycles by 
directly influencing patterns of precipitation and tem-
perature that affect distribution of invasive species, 
as well as the flammability and abundance of fuels. 
Drought events and warmer temperatures resulting 
from climate change can increase fuel flammability 
and hence the risk of fires (Littell et  al. 2016). Cli-
mate change is also predicted to increase frequency 
of lightning in parts of North America and Europe 
but decrease frequency of lightning in the tropics 
and across most of Africa (Finney et al. 2018), which 
may affect the probability of fire occurrences across 
the globe. Evaluating relationships among ranges of 
invasive species, climatic conditions, and resource 
availability across landscapes could help us better 
determine which factors are most influential to devel-
opment of invasion-fire cycles and to identify vulner-
able regions and habitats.

Research priorities

Here, we outlined some patterns and mechanisms of 
invasion-fire cycles based on the currently available 
literature, but overall, we found that empirical evi-
dence for invasion-fire cycles is limited, especially 
given the potential scale of the problem across many 
ecosystems. Thus, although it is clear that invasive 
plants can initiate invasion-fire cycles that have pro-
found effects, less well known is what factors deter-
mine where invasion-fire cycles occur, how climate 
change will alter effects of invaders on fire, and what 
their long-term effects on ecosystems will be. To bet-
ter understand invasion-fire interactions and how they 
drive changes in native plant communities and eco-
systems, and to take a precautionary approach against 
initiation of invasion-fire cycles, we highlight the fol-
lowing research needs:

1.	 Long-term effects of invader-driven fires on 
native communities

There are many examples of invasive species causing 
changes to fuels and fire behavior, but there is a 
dearth of evidence that these changes are sustained 
over time and eventually lead to transformation 
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of native communities to alternative, invader-
dominated states. Only 22 of the 79 invasive spe-
cies we identified were reported to increase fire 
severity or generally reduce native species cover 
via their effects on fire behavior (Supplemental 
Table  2), and an additional four invasive species 
were associated with reduced native species cover. 
However, whether this pattern was caused by fire-
effects is unclear. Surprisingly, only five studies 
reported on long-term impacts of an invasion-fire 
cycle on native community composition over a 
timespan longer than 3 years (i.e., Billings 1994; 
Talluto and Suding 2008; D’Antonio et  al. 2011; 
Ellsworth et  al. 2014; Underwood et  al. 2019), 
although the dearth of research on longer-term 
impacts of invaders is known to be a general issue 
(D’Antonio and Flory 2017). Reported impacts of 
invader-fueled fires also tended to focus on only a 
few target native species opposed to overall com-
munity composition and structure. Likewise, only 
22 of the 79 invasive species we identified were 
empirically reported to increase in cover, density, 
biomass, or their rate of spread in response to 
the fire conditions they facilitated (Supplemental 
Table 2). Three of the invasive species we identi-
fied are unlikely to cause invasion-fire cycles as 
they decreased in abundance post-fire (Tveten and 
Fonda 1999; Radford et al. 2008; McDonald and 
McPherson 2011b).

Short-term observations on effects of invader-altered 
fire behavior on native and invader abundance 
is problematic as these changes can be ephem-
eral (e.g., Vilà et al. 2001; Flory et al. 2017) and 
there may be time lags between fire events and 
invasion. Longer-term studies on how altered fire 
regimes driven by invasive species affect native 
communities can provide greater evidence that 
invasion-fire cycles occur and help us identify 
which communities are most vulnerable to being 
transformed by invasion-fire cycles. When histor-
ical data are available, retrospective studies can 
be used to detect long-term trends in cover types 
and fire regimes (e.g., Talluto and Suding 2008).

2.	 Testing steps of the invasion-fire cycle over inva-
sion gradients and across invader genotypes

How invasive species change fuel properties and 
consequently fire behavior has been generally 
described (Brooks et al. 2004), but the extent by 
which fuels, and resultant fire behavior must be 

altered by invasive species to lead to loss of native 
vegetative cover and diversity is an unexplored 
topic. Low levels of invasion may be unlikely 
to alter fire regimes (Bradley et  al. 2018), and 
a threshold of invader cover might need to be 
reached before native vegetation is lost (Under-
wood et  al. 2019). Additionally, invasive species 
may not drastically alter fire regimes until they 
are already abundant (Taylor et al. 2017) at which 
point native vegetation may have already been lost 
to competitive exclusion. It is likely that studies of 
invasion-fire cycles are conducted where highly 
abundant invaders have already been observed to 
affect fire regimes, thus producing a bias towards 
positive results. Such practices also likely lead 
researchers to draw conclusions at the species 
level when in fact, abundance of many invaders 
can vary widely among sites, which can affect 
fuel loads and fire behavior (Dillon et  al. 2021). 
Moreover, traits of invasive species that might 
affect invasion-fire cycles (e.g. biomass, Hiatt and 
Flory 2020) can vary among populations or geno-
types of invasive species, but to our knowledge 
the role of invader intraspecific trait variation on 
fire effects has not been explored.

Field studies that evaluate the relationship between 
fuel properties, fire behavior, and native com-
munity composition over an invasion gradient 
and with different invader source populations or 
genotypes would help us understand mechanisms 
of invasion-fire cycles and could allow us to iden-
tify communities that are most vulnerable to their 
consequences. Such studies could also be used 
to improve fire behavior models used to predict 
potential impacts of invasive species and different 
invasive species genotypes on fire-regimes.

3.	 Relationships among factors affecting occurrence 
of invasion-fire cycles

Climate, ignitions, and other factors can drive and 
inhibit occurrence of invasion-fire cycles by 
modulating the probability that fuels will ignite, 
while propagule pressure, resource availability, 
and climate can modulate occurrence of invasion-
fire cycles by affecting responses of invasive and 
native species to fire events. In some instances, 
anthropogenic fire suppression or anthropogenic 
ignitions may be the underlying driver of initial 
invader dominance and spread (e.g., Xanthopou-
los 1986; Stevens and Beckage 2009), indicat-
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ing that changes in fire management could help 
restore or prevent further loss of native commu-
nities affected by invasion-fire cycles. Under-
standing the relationship among these variables 
(and others) could also be used to identify where 
invasion-fire cycles are more likely to occur and 
how distribution of susceptible habitats and loca-
tions might be altered by climate change, land 
use change, and other anthropogenic influences.

4.	 Effects of altered fire-regimes on native plant 
communities

While intense fires caused by plant invasions can 
suppress seed and bud banks via increased soil 
heating (Tomat-Kelly et al. 2021), it is unknown 
whether this is a potential mechanism of inva-
sion-fire cycles. Additionally, while greater fire 
frequency might exclude slow-to-recover native 
vegetation, and increased fire intensity can kill 
native vegetation (Flory et al. 2017), it is unclear 
how altered fire regimes influence competitive 
interactions between invasive and native species. 
Instead of altered-fire regimes directly exclud-
ing or killing native plant species, the altered fire 
regime may reduce competitive ability of native 
vegetation that would otherwise be able to com-
pete with the invader. Understanding what factors 
determine if invasion-fire cycles lead to loss of 
native vegetation and greater dominance of the 
invader, be it via soil heating, post-fire competi-
tion, propagule pressure, or some other mecha-
nism, would help managers formulate restoration 
plans by informing whether efforts such as broad-
cast seeding or fuel reduction would aid in restor-
ing areas affected by invasion-fire cycles.

Conclusion

We found that the growth form of invasive species 
has influenced the mechanisms and locations where 
invasion-fire cycles have been documented to occur, 
but more research is needed to predict which spe-
cies are most likely to cause invasion-fire cycles and 
to identify communities that are most vulnerable to 
their occurrence. Moreover, because many studies 
have focused on specific invaders suspected of caus-
ing invasion-fire cycles, the role of recipient eco-
system characteristics in invasion-fire cycles is not 
well understood. Management of invasive species 

that cause invasion-fire cycles is critical for prevent-
ing large-scale degradation of native ecosystems and 
reducing the need for costly restoration efforts, as 
is evident from the story of Bromus tectorum in the 
western United States and perennial grass invasions 
in Hawaii. Ultimately, focusing research efforts on 
identifying factors that affect the occurrence of inva-
sion-fire cycles, and the mechanisms by which they 
occur, can help prevent large-scale consequences of 
invasion-fire cycles and improve understanding of 
biological invasions.
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