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ABSTRACT

Fire trails provide access into vegeta-
tion for controlled burns in fire-prone 
regions of the world.  We examined the 
ecological impacts of fire trails on 
plant assemblages in edge habitat adja-
cent to trails in eucalypt woodlands of 
World Heritage Blue Mountains Na-
tional Park, southeastern Australia.  We 
found that understory plant species 
richness, total plant density, and leaf 
mass per area (LMA) were significant-
ly higher in fire-trail edge habitat than 
in the understory of interior woodland 
habitat without fire trails.  Understory 
plant species composition also differed 
significantly between fire-trail edge 
and interior habitats.  Higher total plant 
density, higher LMA, and composi-
tional differences in understory assem-
blages of fire-trail edge habitat were 
significantly related to increases in the 
availability of photosynthetically ac-
tive radiation.  In addition, higher soil 
clay content in fire-trail edges, which is 
linked to increased soil water availabil-
ity for plant growth, was significantly 
related to higher species richness and 
compositional differences in the under-
story, as well as to compositional dif-
ferences in overstory assemblages.  
From a conservation and management 
perspective, we suggest that, although 

RESUMEN

Las sendas o “huellas” de fuego proveen de 
acceso a áreas vegetadas en distintos ecosiste-
mas del mundo propensos al fuego.  En este 
trabajo examinamos los impactos ecológicos 
de las huellas de fuego en el ensamble de plan-
tas en bordes adyacentes a estas huellas, en 
bosques de eucaliptus del “Parque Nacional de 
las Montañas Azules” del sudeste de Australia, 
declarado como Patrimonio Histórico de la 
Humanidad.  Encontramos que en el sotobos-
que de estos bordes, la riqueza de especies, la 
densidad total de plantas, y la masa de hojas 
por unidad de área (LMA), fueron significati-
vamente mayores que en áreas del sotobosque 
interior sin presencia de estas huellas.  La 
composición de especies también difirió entre 
ambos sotobosques (bordes de huellas e inte-
rior).  La mayor densidad, masa de hojas por 
unidad de área (LMA) y diferencias en la com-
posición de especies en los bordes de las hue-
llas estuvieron significativamente relacionadas 
con incrementos en la disponibilidad de radia-
ción fotosintéticamente activa.  Adicionalmen-
te, el mayor contenido de arcillas en los bordes 
de las huellas, el cual ha sido vinculado a in-
crementos en la disponibilidad de humedad 
para el crecimiento de las plantas, fue signifi-
cativamente relacionado con una mayor rique-
za y diferencias en la composición de especies 
del sotobosque, como así también en el ensam-
ble de plantas del dosel superior.  Desde la 
perspectiva de la conservación y el manejo, 
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significant ecological effects of fire 
trails on plant assemblages in edge 
habitats were detected, our work pro-
vides evidence that fire trails are un-
likely to lead to serious conservation 
issues such as local extirpations of na-
tive species or the facilitation of exotic 
plant invasion.  Nevertheless, our study 
has identified those plant species that 
are unique to, or particularly sparse or 
common in, fire-trail habitat, which 
should be prioritized for demographic 
and distributional monitoring should 
the need arise to increase the extent of 
fire trails in the future.

sugerimos que aunque los efectos ecológicos 
de las huellas de fuego sobre los ensambles de 
plantas de sus bordes fueron significativos, 
nuestro trabajo provee evidencias de que es 
improbable que estas huellas de fuego conduz-
can a serios problemas de conservación, como 
la extinción local de plantas nativas o la facili-
tación de invasión de plantas exóticas.  No 
obstante, nuestro estudio ha identificado aque-
llas plantas que son únicas, particularmente 
dispersas, o comunes en hábitats de huellas de 
fuego, que deberían ser priorizadas para su 
monitoreo demográfico y distribucional, si 
fuese necesario incrementar la extensión de es-
tas huellas de fuego en el futuro. 
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INTRODUCTION

Globally, controlled burns are strategically 
used to manage threats posed by wildfires to 
life, property, and biodiversity (Gill 2001, El-
lis et al. 2004, Penman et al. 2007, Bradstock 
et al. 2012, Spies et al. 2012, Price et al. 
2015).  Hazard reduction burns during cooler 
months of the year seek to reduce fuel loads 
before the commencement of the fire season, 
while back-burning operations create fire-
breaks that help slow the progress of wildfires.  
In fire-prone regions, fire trails (Figure 1a) are 
constructed to provide access into and 
throughout broad areas, such as national 
parks, for these fire management activities.  
With growing concern that wildfires will in-
crease in frequency and intensity under future 
climate-change scenarios (Williams et al. 
2001, Moriondo et al. 2006, Clarke 2013, 
Hughes and Steffen 2013), there is a need to 
maintain and possibly create more fire trails 
for management of fire risk.  It is thus impera-

tive that any ecological impacts of fire trails in 
wilderness areas are identified to ensure in-
formed conservation of biodiversity and fire-
risk management.

Apart from the directly observable effects 
of clearing to remove vegetation for the cre-
ation of fire trails, there is currently a paucity 
of information about the ecological impacts of 
established fire trails on plant assemblages in 
edge habitats adjacent to trails.  Previous work 
has shown that features like trails, such as 
sealed roads and walking paths that abut vege-
tation, bring about ecological changes to plant 
assemblages in edge habitats (Forman and Al-
exander 1998, Smit and Asner 2012, Neher et 
al. 2013, Ballantyne and Pickering 2015).  
Such changes include predominantly increases 
(but also decreases) in plant species richness 
and diversity (Angold 1997, Gelhausen et al. 
2000, Watkins et al. 2003, Avon et al. 2010), 
changes in plant species composition com-
pared to vegetation well away from the edge 
habitat (Karim and Mallik 2008), and increas-
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es in weed infiltration (Vakhlamova et al. 
2016).  A range of human activities have been 
linked to such alterations to plant assemblages, 
including motorized vehicles as a vector for 
the spread of weeds (Mortensen et al. 2009), 
pollution from vehicle emissions (Bignal et al. 
2007), and the effects of high-traffic roads 
(Richard et al. 2000).  Importantly, responses 
of plant assemblages in edge habitats are often 
underpinned by shifts in abiotic conditions in 
the edge habitat (Fox et al. 1997, Trombulak 
and Frissell 2000, Watkins et al. 2003, Pellisi-
er et al. 2013).  Plant assemblages directly ad-
jacent to land cleared for access routes such as 
roads and paths are typically exposed to envi-
ronmental conditions that differ from the inte-
rior of undisturbed vegetation (Matlack 1993).  

For instance, removal of canopy cover can cre-
ate brighter conditions at the interface between 
roads and forests compared with assemblages 
within forest interior (Delgado et al. 2007).  
The effects of an increased light environment 
have been well documented in these circum-
stances and include changes to both species 
richness and species composition of assem-
blages (Kupfer 1996, Gehlhausen et al. 2000, 
Avon et al. 2010, Vallet et al. 2010, Hofmeis-
ter et al. 2013, Suárez-Esteban et al. 2016).  
Additionally, erosion of road surfaces and 
deposition at road edges, as well as increased 
runoff, can increase available soil water in 
edge habitats, leading to increases in densities 
of species with a preference for moister envi-
ronments (Avon et al. 2010; Wei et al. 2015, 
2016).

In our study, we determined the ecological 
effects of established fire trails on plant assem-
blages in edge habitats adjacent to fire trails in 
woodlands in Blue Mountains National Park 
(BMNP).  This region in southeastern Austra-
lia is one of the most fire-prone regions in the 
world (Hammill and Tasker 2010).  With its 
large number of endemic species and high bio-
diversity value, it has been named a United 
Nations Educational, Scientific and Cultural 
Organization World Heritage Area (Hammill 
and Tasker 2010).  As a fire-prone area of 
World Heritage significance, the BMNP pro-
vides insights into the ecological impacts of 
fire management activities that are potentially 
valuable in the management of fire-prone sys-
tems across the world.  A key difference be-
tween our study and previous research on 
roads and other transport corridors is the low 
amount of vehicle traffic that fire trails receive, 
with fire trails often permanently closed to the 
public and used only during active fire fighting 
or hazard-reduction activities.  This not only 
lowers vehicular damage to road surfaces and 
adjacent vegetation, but considerably reduces 
the impacts of vehicles as a vector of weed 
dispersal.  Furthermore, during hazard-reduc-
tion burning, fires are initially set in vegetation 

Figure 1.  Examples of fire-trail (a) and interior (b) 
habitats in fire-prone woodland.  Faulconbridge, 
NSW, Australia, 2014.
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alongside fire trails before being directed into 
the vegetation interior.  Thus, the relative in-
tensity of fire experienced in fire-trail edge 
habitats may be lower than that experienced in 
the interior of vegetation.

Based on previous findings for other types 
of edge habitats, we predicted that plant as-
semblages on the edges of fire trails (defined 
here as the area where vegetation begins on 
the side of the trail up to 2 m into woodlands 
immediately adjacent to the trail) would differ 
from assemblages not exposed to the influence 
of fire trails.  We compared plant assemblage 
structure (species richness, total plant density), 
species composition, and functional traits (leaf 
mass per area, plant height, and seed mass) be-
tween edge habitat adjacent to fire trails (here-
after referred to as fire-trail habitat) and habi-
tat in the interior of woodland vegetation well 
away from fire trails (referred to as interior 
habitat) to detect fire-trail impacts.  We ex-
plored the effects of fire trails both at the level 
of the whole plant assemblage as well as the 
understory and overstory levels.  We compared 
a range of environmental attributes related to 
light and soil environments shared between 
fire-trail and interior habitats to determine 
whether any observed differences in plant as-
semblages were linked to variation in environ-
mental conditions.  The findings from this re-
search will be useful for land managers plan-
ning new trail construction, or wherever there 
is a need to understand potential impacts to 
vegetation by existing trails.  For researchers, 
relationships emerging between measured 
functional traits and environmental attributes 
will contribute to trait-based ecology and pro-
vide a broadly applicable model of how this 
type of habitat disturbance might affect plant 
species based on their functional traits.

We addressed a series of predictions about 
the effects of fire trails on plant assemblages in 
edge habitats.  Compared to interior habitat, in 
fire-trail habitat there should be: 

(1) higher plant species richness and high-
er total plant density in response to the 
brighter conditions on edges (Avon et 
al. 2010, Suárez-Esteban et al. 2016); 

(2) differences in species composition of 
assemblages concentrated in the under-
story, where changes to the light envi-
ronment are greatest (Karim and Mal-
lik 2008); 

(3) higher leaf mass per area, which is a 
characteristic ecophysiological re-
sponse of species to brighter conditions 
(Ackerly et al. 2002, Nardini et al. 
2012); 

(4) reduced plant height, as the need to in-
vest resources in vertical growth to 
compete for light is lessened (Givnish 
1982); and 

(5) smaller seed mass as the smaller re-
sources provided by lighter seeds 
(Moles and Westoby 2004) are offset 
by the greater available light for seed-
ling growth, making smaller seeds 
more competitive. 

METHODS

Study Region

The study was conducted in World Heri-
tage BMNP (New South Wales, Australia), sit-
uated 60 km west of Sydney in southeastern 
Australia.  The region experiences moderate 
temperatures throughout the year (mean annu-
al temperature = 22 °C) with warm summers 
(mean 27 °C) and cool winters (mean 17 °C).  
Annual mean rainfall is 1090 mm.  The BMNP 
was selected for this study due to its ecological 
importance in the region and its fire-prone na-
ture.  The region supports 20 endangered plant 
species, eight endangered animal species, and 
eight endangered ecological communities 
(Blue Mountains City Council 2014).  Wild-
fires occur at 10 yr to 30 yr intervals, with haz-
ard-reduction activities (≥5 yr intervals) usual-
ly restricted to slopes surrounding homes.  To 
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manage wildfire risk, fire trails have been con-
structed on ridgetops throughout the area to al-
low access for fire crews to perform prescribed 
burns.  Fire trails throughout the region are 
typically unpaved, graded beds of compacted 
naturally occurring sand and exposed bedrock, 
with prohibitions on public vehicle, domestic 
animal, and agricultural animal access.  Pre-
scribed burns of sclerophyll woodlands on 
ridgetops can take place 7 yr to 10 yr since the 
vegetation was last burned (C. Brown, Rural 
Fire Service, Blaxland, New South Wales, 
Australia, personal communication).  This sit-
uation provided for selection of study sites lo-
cated in large areas of contiguous and other-
wise undisturbed woodlands to examine the 
impacts of fire trails on native woodland plant 
assemblages in the region. 

Study Sites

We established a total of 72 study sites 
across a 12 km2 region of Sydney Sandstone 
Complex Woodland in typical mid-mountains 
vegetation in two areas, Faulconbridge 
(33°41′S, 150°32′E) and Linden (33°42′S, 
150°29′E).  In each area, we performed vege-
tation surveys at 36 sites.  In both Faulcon-
bridge and Linden, the 36 sites consisted of 18 
sites in fire-trail habitat (Figure 1a) and 18 
sites in interior habitat (Figure 1b).  All 72 
sites were 20 m long by 2 m wide (i.e., the di-
mensions of the sampling quadrat in which 
vegetation surveys were conducted; see the 
section on vegetation surveys below) and were 
located within vegetation that had not been 
burned for at least 10 years, which standard-
ized all sites as established sclerophyllous 
woodland vegetation (sensu Murray et al. 
1999).  All sites were situated at least 200 m 
from any other site, public road, or built-up 
area, and lacked public mechanical vehicle ac-
cess.  We also avoided selecting sites that were 
near drainage ditches, composed of large areas 
of exposed rock, or on steep slopes without 
substantial vegetation.  Fire-trail sites were se-

lected where fire trails (mean width = 6 m) had 
not been regraded within the last 10 years and 
where more than 20 years had passed since the 
construction of fire trails (Blue Mountains City 
Council 2014).  Interior sites were situated on 
adjacent ridgetops without fire trails but of 
similar topographic position to ridges with fire 
trails.  Sydney Sandstone Complex Woodland 
in the region is characterized by perennial eu-
calypt trees (e.g., Corymbia gummifera, Euca-
lyptus piperita), shrubs (e.g., Grevillea seri-
cea, Dillwynia retorta, Acacia suaveolens, 
Hakea dactyloides) and herbs and grasses 
(e.g., Lomandra glauca, Entolasia stricta).

Vegetation Surveys

A 20 m long by 2 m wide sampling quadrat 
was placed at each site to record plant species 
richness, the density of each species (mea-
sured as number of individuals), total plant 
density (which provided a measure of plant 
productivity), and plant species composition.  
At fire-trail sites, the 20 m side ran parallel to 
the bearing of the fire trail along the ridgetop.  
The 2 m distance into vegetation, immediately 
adjacent to fire trails, was employed to capture 
impacts of fire trails on immediately adjacent 
plant assemblages as this is the leading-edge 
distance where any effects on plant species are 
typically greatest (Watkins et al. 2003, Avon et 
al. 2010).  Quadrats at interior sites were simi-
larly orientated lengthwise along the bearing 
of the ridge on which they were situated.  All 
vascular plant species were identified using 
Robinson (2003) and Fairley and Moore 
(2010) as taxonomic sources.  Species density 
was recorded as the count of discrete individu-
als (plant density).  In total, 138 species (refer-
ring to both species and infra-species) were re-
corded across the habitats (Appendix 1).  All 
species that we found were native to the re-
gion, with no exotic invasive or native inva-
sive species recorded at any of the sites. 
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Plant Functional Traits

We quantified leaf mass per area (LMA), 
plant height, and seed mass for each species.  
At all sites, we collected five leaves (one from 
each of five individuals) per species.  If fewer 
than five individuals of a species were present 
at a site, some individuals provided more than 
one leaf to reach a maximum of five leaves.  
Healthy, fully developed leaves with a com-
plete perimeter, still attached to sections of 
stem were detached from plants (Perez-Har-
guindeguy et al. 2013).  Leaves were wrapped 
in wet tissue paper and placed in sealed plastic 
bags to minimize dehydration.  Surface area of 
leaves was measured using ImageJ V1.48 
(Schindelin et al. 2015).  Leaves were then ov-
en-dried at 80 °C for 48 hr and then weighed in 
groups of five leaves.  The total weight of five 
leaves was divided by the summed surface 
area of the five leaves to determine LMA.  Pet-
ioles were left attached to all leaves after re-
moval from the stem at the natural abscission 
point for both scanning and weighing.  Leaves 
of species arising from below ground level 
were cut at ground level.  Ferns were pro-
cessed by removing five individual (non-fer-
tile) pinnae from the rachis.  We used sin-
gle-sided leaf area (two-dimensional cross-sec-
tional area) as the projected area for species 
with terete leaves.  Plant height measurements 
of five individuals of each species were re-
corded at each site by randomly selecting indi-
viduals from within the quadrat.  If fewer than 
five individuals were encountered, all individ-
uals of a species were measured for height.  
Height was measured to the nearest centimeter 
for plants up to a height of 5 m and a Haglöf 
EC II clinometer (Haglöf Sweden, Långsele, 
Västernorrland, Sweden) for plants more than 
5 m in height.  Data for seed mass for each 
species were collected from available sources 
including the Royal Botanic Gardens Kew 
(2014) and Murray (1997).

To determine assemblage-level values for 
each of the three functional traits at each site, 

we calculated community-weighted means 
(CWM).  A CWM is a mean trait value across 
all species for a site, with each species’ trait 
value weighted by the density of that species 
(Lavorel et al. 2008, Ricotta and Moretti 2011, 
Kleyer et al. 2012).  The CWMs were calcu-
lated by applying the formula: 

,                  (1)

where pi is the density of a species, and xi the 
trait value for species i, calculated for i to j 
species (Ricotta and Moretti 2011). 

Environmental Attributes

Photosynthetically active radiation.  Fire 
trails are associated with reduced canopy cov-
er and thus there is the potential for an increase 
in light availability for plants in fire-trail habi-
tat.  We measured both direct and diffuse 
transmitted photosynthetically active radiation 
(PAR) within the sampling quadrat at each site 
(referred to as above direct PAR and above 
diffuse PAR, respectively).  We also measured 
direct and diffuse transmitted PAR within a 
quadrat on the fire trail itself (adjacent to each 
edge habitat survey quadrat) and within a 
woodland quadrat (adjacent to each interior 
survey quadrat) to capture the contrasting 
neighboring light conditions (referred to as 
neighbor direct PAR and neighbor diffuse 
PAR, respectively).  This allowed us to deter-
mine any relative effects of light source (i.e., 
above or neighboring) on plant assemblages. 

Hemispheric photographs were taken to 
quantify light conditions using a 4.5 mm F2.8 
Ex Sigma circular fish eye lens (Sigma Corpo-
ration, Kawasaki, Kanagawa Prefecture, Ja-
pan) and Canon Eos 500D digital camera 
(Canon Inc., Ōta, Tokyo, Japan) mounted on a 
tripod.  The lens was positioned approximately 
1 m above ground level, pointed directly up-
ward, with the top of the camera oriented to 
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magnetic north.  Photography was performed 
only on uniformly overcast days to ensure no 
overexposure of photos that would give false 
measures of canopy coverage during analysis.  
Three photographs were taken within each 
quadrat at 5 m, 10 m, and 15 m as measured 
from the corner of the quadrat along the 20 m 
side and 1 m from the edge of the 2 m side.  
Gap Light Analyser (GLA) V2 (Cary Institute 
of Ecosystem Studies, Millbrook, New York, 
USA) was used to analyze the canopy photo-
graphs.  This program determined direct and 
diffuse light at the point at which the image 
was taken (i.e., 1 m above ground).  Data for 
total extra-terrestrial radiation and the monthly 
cloudiness index for the region (Australian 
Bureau of Meteorology 2014) were used to 
calculate the spectral fraction (the percentage 
of all solar radiation falling at ground level 
that is photosynthetically active) and the beam 
fraction (the percentage of direct and diffuse 
light as modified by clouds) as described in 
Frazer et al. (1999).  These data, along with 
the mean elevation and the approximate center 
co-ordinate of all sites, were entered into the 
GLA program to calculate the incoming PAR 
at each site.  The GLA software allows a us-
er-defined setting of the color threshold when 
converting to black and white.  For this reason, 
all images were converted into black and white 
within the program using the same threshold 
setting of 220, chosen subjectively to best 
match the unmodified photographs, and used 
for all photographs for consistency between 
analyses.

Soil clay content.  Soils of fire-trail and in-
terior ridgetop sites were all sandy loams (Krix 
2014).  Sandy loam soils with higher clay con-
tent have higher water-holding capacity (Gupta 
and Larson 1979, Dexter 2004) and provide for 
increased water availability for plants (Kramer 
and Boyer 1995).  We measured the percentage 
of soil clay content at each site to quantify 
comparative differences in soil water availabil-
ity for plant growth.  A 55 mm diameter circu-

lar plastic tube was inserted into soils to a 
depth of 10 cm after clearing away leaf litter.  
Three soil sub-samples within each quadrat 
were collected.  Soil samples were air dried for 
a minimum of three days.  After passing 
through a 2 mm sieve, the sieved sub-samples 
for each site were bulked on an equal weight 
basis to form the samples used in subsequent 
analyses.  Approximately 0.75 g of sample was 
sonicated in water for 5 minutes prior to analy-
sis to break up conglomerated particles.  A 
Malvern Mastersizer 2000 (Malvern Instru-
ments, Malvern, Worcestershire, England, 
United Kingdom) was used to analyze the soil 
particles, with clay determined as the percent-
age of particles <2 μm for each sample.  Mean 
percentage soil clay content for a site was de-
termined from five separate measurements. 

Soil nutrients.  The three soil sub-samples 
described above were used to measure soil 
phosphorus (P) and soil potassium (K) as rep-
resentative soil nutrients; we did not include 
soil nitrogen as it is not a limiting nutrient in 
Australian soils (Lambers et al. 2008).  Two 
sub-samples of 0.5 g from the sieved and 
bulked samples were digested in nitric acid 
(HNO3) using a method adapted from Krish-
namurty et al. (1976).  Samples were placed in 
a beaker and 5 ml of 70 % analytical grade 
HNO3 added, then covered with a watch glass 
and allowed to reflux for several hours until 
the digest was complete.  After digestion, 30 % 
hydrogen peroxide (H2O2) was added to oxi-
dize any remaining organic material.  The 
sample was filtered into volumetric flasks and 
an aliquot drawn off for analysis via inductive-
ly coupled mass spectrometry.  Results were 
adjusted for the initial weight of soil used in 
the digest and a mean for each quadrat was 
calculated.

Statistical Analyses

We compared environmental attributes (re-
sponse variables in the form of continuous 
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data) between fire-trail and interior habitats 
using separate general linear mixed models 
(univariate LMM, normal error structure, and 
identity link).  We compared plant species 
richness and total plant density (response vari-
ables in the form of count data) between habi-
tats using generalized linear mixed models 
(univariate GLMM, Poisson error structure, 
and log link).  We included an observation-lev-
el random effect term in models to avoid 
over-dispersion in each GLMM (Bolker et al. 
2009).  Plant functional traits (leaf area, plant 
height, seed mass) were compared between 
fire-trail and interior habitats using univariate 
LMM (normal error structure and identity 
link), with seed mass requiring log-transfor-
mation prior to analysis.  We fitted GLMM 
and LMM models using the Laplace approxi-
mation (Wolfinger 1993) and restricted maxi-
mum likelihood, respectively (with Satterth-
waite approximation of degrees of freedom 
[Schaalje et al. 2002]).  Habitat (fire trail, inte-
rior) was a fixed explanatory variable in mod-
els.  Location (Faulconbridge, Linden) and a 
habitat x location interaction term were ran-
dom control variables included in models to 
account for variation between locations.  For 
all non-permutational analyses, P was set to 
alpha level of 0.05.

We employed partial redundancy analysis 
(multivariate RDA), a constrained ordination 
technique using plant density data, to examine 
differences in plant species composition be-
tween the two habitats.  A Hellinger transfor-
mation (Legendre and Legendre 2012) was ap-
plied before analysis and location was includ-
ed as a conditioning term.  Site was the level 
of replication in all analyses.  The marginal 
significance of model terms was tested using a 
permutational ANOVA (9999 permutations).

We separately tested for habitat differences 
in the understory (defined as small shrubs, 
herbs, and grasses with foliage height <1 m) 
and the overstory (tall shrubs and trees with 
foliage height ≥1 m) when a significant effect 
of habitat emerged across the whole plant as-

semblage for species richness and plant densi-
ty (GLMM), plant functional traits (LMM), 
and assemblage composition (RDA).  This de-
termined which stratum (or strata) generated 
significant habitat differences observed across 
the whole assemblage.

We built minimum adequate models 
(MAM) to relate those environmental attri-
butes that differed significantly between habi-
tats to each plant assemblage attribute (e.g., 
richness, composition) that also differed sig-
nificantly between habitats (Crawley 2013).  
In each MAM, we first fitted a maximal model 
that included all environmental attributes and 
a habitat term (fire trail, interior) as explanato-
ry variables.  We tested the significance of 
each explanatory variable when removed from 
the maximal model.  The variable with the 
lowest non-significant change in deviance was 
dropped and a reduced model was fitted with 
all remaining variables.  This procedure was 
continued until a subset of explanatory vari-
ables was obtained, each producing a signifi-
cant change in deviance when removed from a 
reduced model.  If the habitat term was not re-
tained in a MAM, then the other explanatory 
variables retained in that MAM captured the 
most important environmental differences be-
tween the two habitats for the univariate re-
sponse variable (or species composition in the 
multivariate analysis).  In contrast, if the habi-
tat term was retained in a model, then varia-
tion in the response variable (or species com-
position) could be explained by other, unmea-
sured environmental attributes that differed 
between fire-trail and interior sites.

To distinguish differences in species com-
position between habitats with respect to spe-
cies patterns, we first determined the number 
of species in common between the habitats.  
Second, we determined whether most species 
in assemblages were in significantly higher or 
lower density in fire-trail habitat compared 
with their density in interior habitat.  To do 
this, we used paired sample t-tests that com-
pared the total density of each species between 
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fire-trail and interior habitats, with one test for 
the understory and one for the overstory.  
Third, we identified those species that were lo-
cally abundant or locally sparse in fire-trail 
habitat by calculating and plotting the total 
density of each species in fire-trail habitat 
against its total density in interior habitat.  If a 
species had a density ratio >2:1 (i.e., twice as 
abundant in fire-trail compared with interior 
habitat), it was categorized as locally abun-
dant.  Species with a ratio <1:2 (i.e., twice as 
abundant in interior compared with fire-trail 
habitat) were categorized as locally sparse.  Fi-
nally, we identified unique species, which 
were those species occurring exclusively in ei-
ther fire-trail or interior habitats.  These rela-
tive attributions of locally abundant, sparse, 
and unique allowed us to identify which spe-
cies were responding most notably to the pres-
ence of fire trails. 

All univariate, multivariate, and graphical 
analyses were performed using R version 3.2.0 
(R Core Team 2015), with the packages bean-
plot (Kampstra 2008) for bean plot creation, 
lme4 (Bates et al. 2014) for LMM and GLMM 
modelling, lmerTest (Kuznetsova et al. 2014) 
for significance testing of LMM and GLMM 
models, TeachingDemos (Snow 2013) for gen-
eral plotting functions and vegan (Oksanen et 
al. 2015) for RDA. 

RESULTS

Environmental Attributes

We found that above direct PAR (t1,70 = 
2.09, P = 0.04; Figure 2a), neighbor direct 
PAR (t1,69 = 6.18, P < 0.001; Figure 2b), neigh-
bor diffuse PAR (t1,69 = 6.35, P < 0.001; Figure 
2c), and soil clay content (t1,69 = 2.62, P = 0.03; 
Figure 2d) were all significantly higher in fire-
trail habitat than in interior habitat.  No signifi-
cant differences were found for above diffuse 
PAR (t1,69 = 0.94, P = 0.35), soil P (t1,2 = −0.97, 
P = 0.43), or soil K (t1,2 = 0.12, P = 0.91). 

Species Richness and Total Plant Density

We found that plant species richness (z1,67 
= 3.88, P < 0.001; Figure 3a) and total plant 
density (z1,67 = 2.20, P = 0.03, Figure 3b) were 
significantly higher in fire-trail compared with 
interior habitat.  These differences were gener-
ated by significantly higher richness (z1,67 = 
4.21, P < 0.001; Figure 3c) and plant density 
(z1,67 = 2.80, P = 0.005; Figure 3d) in the un-
derstory, but not in the overstory (richness: z = 
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Figure 2.  Beanplots of environmental attributes (a 
= above direct PAR, b = neighbor direct PAR, c =  
neighbor diffuse PAR, d = soil clay percentage) 
compared between interior (red) and fire-trail 
(blue) habitats.  Estimated kernel densities with 
median values (thick black horizontal lines) and 
observations (thin black horizontal lines), with 
lengths proportional to number of observations).  
Horizontal width of the shaded area is proportional 
to the estimated density of the distribution at a giv-
en value of the attribute. 
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−0.15, P = 0.88; plant density: z = −0.12, P = 
0.91).  We found that higher understory rich-
ness (estimate = 0.04 ± 0.02 SE, z2,66 = 2.52, P 
= 0.01) and plant density (estimate = 0.14 ± 
0.03 SE, z2,66 = 5.02, P < 0.001) were signifi-
cantly related to higher soil clay content in 
fire-trail habitat.  In addition, higher understory 
plant density was significantly related to higher 
neighbor diffuse PAR in fire-trail habitat (esti-
mate = 0.10 ± 0.03 SE, z2,66 = 3.51, P < 0.001).  
The MAM for understory richness retained the 
habitat term (estimate = 0.23 ± 0.06 SE, z2,66 = 
3.59, P < 0.001), demonstrating that other, un-
measured attributes of fire-trail habitat contrib-

uted to higher understory richness.  The habitat 
term was not retained in the MAM for under-
story plant density, with higher soil clay con-
tent and neighbor diffuse PAR capturing the 
most important environmental drivers of habi-
tat differences in understory plant density.

Plant Functional Traits

We found no significant differences in 
CWM plant height (t1,70 = −1.04, P = 0.30) or 
CWM seed mass (t1,70 = −0.98, P = 0.51) be-
tween fire-trail and interior habitats.  However, 
CWM LMA was significantly higher in fire-
trail habitat (t1,70 = 2.66, P = 0.01; Figure 4a), 
generated by higher CWM LMA in the under-
story (t1,70 = 2.93, P = 0.005; Figure 4b), but 
not in the overstory (t1,70 = −0.90, P = 0.37).  
We found that understory CWM LMA was 
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Figure 3.  Beanplots of species richness (number 
of species) and plant abundance (plants m-2) com-
pared between interior (red) and fire-trail (blue) 
habitats for the whole plant assemblage (a, b) and 
understory (c, d).  Estimated kernel densities with 
median values (thick lines) and observations (thin 
lines, lengths proportional to number of observa-
tions).  Horizontal width of the shaded area is pro-
portional to the estimated density of the distribu-
tion at a given value of the attribute.
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Figure 4.  Beanplots of CWM LMA (leaf mass per 
area) compared between interior (red) and fire-trail 
(blue) habitats for the whole plant assemblage (a) 
and understory (b).  Estimated kernel densities 
with median values (thick lines) and observations 
(thin lines, lengths proportional to number of ob-
servations).  Horizontal width of the shaded area is 
proportional to the estimated density of the distri-
bution at a given value of the attribute.
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significantly related to both soil clay content 
(estimate = −0.004 ± 0.001 SE, t3,68 = −3.56, P 
< 0.001) and above direct PAR (estimate = 
0.01 ± 0.005 SE, t3,68 = 2.22, P = 0.03).  The 
MAM for understory CWM LMA retained the 
habitat term (estimate = 0.02 ± 0.005 SE, t3,68 = 
3.42, P = 0.001), demonstrating that other, un-
measured attributes contributed to habitat dif-
ferences in understory CWM LMA.

Plant Species Composition

Plant species composition differed signifi-
cantly between fire-trail and interior habitats 
(RDA: F1,69 = 2.61, P < 0.001; Figure 5a), un-
derpinned by significant compositional differ-
ences in both the understory (RDA: F1,69 = 
2.78, P < 0.001; Figure 5b) and overstory 
(RDA: F1,69 = 1.79, P = 0.03; Figure 5c).  Soil 
clay content (RDA: variance = 0.03, F3,67 = 
4.42, P < 0.001) and neighbor direct PAR 
(RDA: variance = 0.01, F3,67 = 2.00, P = 
0.007) were significantly related to variation 
in understory composition, while soil clay 
content (RDA: variance = 0.03, F1,69 = 4.01, P 
< 0.001) was significantly related to variation 
in overstory composition.  The MAM for un-
derstory composition retained the habitat term 
(RDA: variance = 0.01, F3,67 = 2.17, P = 
0.003), demonstrating that other, unmeasured 
attributes contributed to habitat differences in 
understory composition.  The habitat term was 
not retained in the MAM for overstory com-
position, with variation in soil clay content 
emerging as the most important environmen-
tal driver of habitat differences in overstory 
composition. 

Species Driving Compositional Differences 
between Habitats

Overall, a reasonably large number of spe-
cies were found to be in common across habi-
tats (109 of 139 species, 78 %), in both the un-
derstory (65 of 81 species, 80 %) and the over-
story (44 of 58 species, 76 %).  There were 
significantly higher plant densities within spe-

cies in the understory of fire-trail habitat com-
pared with their densities in interior habitat (t80 
= 2.15, P = 0.02), a pattern not repeated in the 
overstory (t57 = 1.49, P = 0.07).  We identified 
a number of plant species that were either 
comparatively locally abundant (n = 30) or lo-
cally sparse (n = 17) in fire-trail habitat for 
both the understory and the overstory (Figure 
6, Table 1).  Furthermore, 13 understory and 
four overstory species were found only in fire-
trail habitat, while three understory and nine 
overstory species were found only in interior 
habitat (Table 2).  Comparing numbers of lo-
cally abundant and locally sparse species in 
fire-trail habitat (Figure 6, Table 1), there were 
approximately equal numbers of shrub species 
(locally abundant n = 15, locally sparse n = 
12), tree species (both n = 2), and graminoids 
(locally abundant n = 3, locally sparse n = 1).  
Forbs showed the strongest pattern with eight 
forb species recorded as locally abundant and 
no species recorded as locally sparse in fire-
trail habitat.

DISCUSSION

The findings of this study demonstrate that 
plant assemblages in edge habitat adjacent to 
fire trails differ from assemblages within simi-
lar woodland interior habitat that lack fire 
trails.  We found that understory species rich-
ness, total plant density, and LMA were all 
significantly higher in fire-trail habitat com-
pared with interior habitat.  Furthermore, both 
understory and overstory species composition 
differed significantly between fire-trail and in-
terior habitats.  Observed increases in rich-
ness, density, and species composition were 
consistent with previous work in the area of 
edge ecology (e.g., Gelhausen et al. 2000, 
Avon et al. 2010).  Given that most studies 
find significant weed infiltration in association 
with edge habitats that lead to increases in 
species richness (Suárez-Esteban et al. 2016), 
our results show that such increases at edges 
are possible among native plant species alone.  
We detected significant differences in PAR 
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Figure 6.  Total fire-trail density of species plotted against total interior density for understory (a, b, c) and 
overstory (d, e, f).  Demarcated left corners of graphs are expanded for legibility.  The 1:1 line represent-
ing equal density in both habitats is presented along with the 2:1 (above) and 1:2 (below) ratio lines.  Spe-
cies labeled above the 2:1 line are locally abundant, and below the 1:2 line are locally sparse, in fire-trail 
habitat (see Table 1). 
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Functional 
group Family Species

Density (n)
Fire-trail Interior

U
nd

er
st

or
y

L
oc

al
ly

 a
bu

nd
an

t

shrub Fabaceae Acacia myrtifolia 34 3
forb Apiaceae Actinotus helianthi 5 1
shrub Rutaceae Boronia floribunda 12 5
shrub Fabaceae Bossiaea obcordata 45 14
shrub Polygalaceae Comesperma ericinum 16 3
graminoid Cyperaceae Cyathochaeta diandra 323 120
forb Phormiaceae Dianella prunina 13 2
graminoid Poaceae Entolasia stricta 193 86
shrub Dilleniaceae Hibbertia rufa 7 1
forb Anthericaceae Laxmannia gracilis 84 32
fern Lindsaeaceae Lindsaea linearis 46 12
forb Lomandraceae Lomandra cylindrical 86 42
forb Lomandraceae Lomandra multiflora 31 10
forb Lomandraceae Lomandra obliqua 462 76
forb Loganiaceae Mitrasacme pilosa 26 7
forb Iridaceae Patersonia glabrata 97 40
shrub Rutaceae Philotheca hispidula 246 81
shrub Thymelaeaceae Pimelea linifolia ssp. linifolia 169 56
fern Dennstaedtiaceae Pteridium esculentum 17 8
graminoid Cyperaceae Schoenus villosus 3 1
shrub Elaeocarpaceae Tetratheca rupicola 956 332

L
oc

al
ly

 sp
ar

se

shrub Euphorbiaceae Amperea xiphoclada ssp. xiphoclada 15 36
shrub Rutaceae Boronia ledifolia 2 13
shrub Fabaceae Bossiaea heterophylla 25 51
shrub Ericaceae Brachyloma daphnoides 14 81
subshrub Goodeniaceae Dampiera purpurea 10 27
shrub Myrtaceae Euryomyrtus ramosissima 3 91
shrub Dilleniaceae Hibbertia obtusifolia 2 13
shrub Myrtaceae Leptospermum arachnoides 1 2
shrub Myrtaceae Leptospermum parvifolium 1 9
graminoid Restionaceae Lepyrodia scariosa 22 131
shrub Picrodendraceae Micrantheum ericoides 16 39
shrub Xanthorrhoeaceae Xanthorrhoea minor 9 18

O
ve

rs
to

ry
L

oc
al

ly
 a

bu
nd

an
t

shrub Fabaceae Acacia terminalis 20 9
shrub Proteaceae Conospermum longifolium 17 3
shrub Fabaceae Daviesia corymbosa 194 47
shrub Sapindaceae Dodonaea triquetra 34 8
tree Myrtaceae Eucalyptus agglomerata 27 12
tree Myrtaceae Eucalyptus punctata 18 5
shrub Ericaceae Leucopogon muticus 20 6
shrub Ericaceae Leucopogon setiger 13 4
shrub Fabaceae Pultenaea scabra 87 25

Lo
ca

lly
 sp

ar
se shrub Fabaceae Acacia oxycedrus 7 15

tree Proteaceae Banksia serrata 7 17
tree Myrtaceae Eucalyptus burgessiana 2 6
shrub Proteaceae Hakea sericea 6 13
shrub Xanthorrhoeaceae Xanthorrhoea media 3 10

Table 1.  Locally abundant and locally sparse species in fire-trail habitat.  Density measured as total num-
ber of individuals in each habitat. 
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Functional 
group Family Species Total density

Fi
re

-t
ra

il 
ha

bi
ta

t

U
nd

er
st

or
y

shrub Fabaceae Acacia gordonii 3
shrub Myrtaceae Baeckea brevifolia 2
shrub Lamiaceae Chloanthes stoechadis 5
forb Droseraceae Drosera peltata 23
shrub Proteaceae Grevillea mucronulata 16
shrub Myrtaceae Harmogia densifolia 1
shrub Dilleniaceae Hibbertia empetrifolia ssp. empetrifolia 14
shrub Dilleniaceae Hibbertia riparia 4
shrub Malvaceae Lasiopetalum ferrugineum var. cordatum 8
fern Lindsaeaceae Lindsaea microphylla 6
shrub Rubiaceae Pomax umbellata 3
shrub Phyllanthaceae Poranthera corymbosa 11
forb Goodeniaceae Scaevola ramosissima 7

O
ve

rs
to

ry shrub Casuarinaceae Allocasuarina distyla 1
shrub Ericaceae Epacris microphylla var. microphylla 1
shrub Ericaceae Leucopogon lanceolatus 1
shrub Proteaceae Xylomelum pyriforme 2

In
te

ri
or

 h
ab

ita
t

U
nd

er
-

st
or

y shrub Rhamnaceae Cryptandra amara 6
graminoid Cyperaceae Lepidosperma concavum 13
shrub Rutaceae Zieria laevigata 9

O
ve

rs
to

ry

shrub Fabaceae Acacia obtusifolia 5
graminoid Cyperaceae Caustis pentandra 3
tree Myrtaceae Corymbia eximia 5
shrub Myrtaceae Eucalyptus sp. 26
shrub Myrtaceae Leptopermum squarrosum 1
shrub Myrtaceae Leptospermum polygalifolium 3
shrub Myrtaceae Leptospermum sp. 5
shrub Ericaceae Leucopogon esquamatus 3
shrub Ericaceae Woollsia pungens 102

Table 2.  Unique species occurring exclusively in fire-trail or interior habitats.  Total density is the total 
number of individuals across all sites in each habitat by stratum combination. 

and soil clay content between fire-trail and in-
terior habitats that were significantly related 
to the habitat differences that we observed in 
the plant assemblages.

High understory species richness and total 
plant density were significantly related to high 
soil clay content in fire-trail habitat.  Increased 
clay content at the trail−vegetation interface is 
most likely a result of trail surface erosion and 
fine particle deposition (Akbarimehr and 
Naghdi 2012, Wade et al. 2012).  We suggest 
that the increase in the availability of soil wa-
ter for plants in fire-trail habitat, via increased 
clay content (Gupta and Larson 1979, Kramer 

and Boyer 1995, Dexter 2004), relaxes below-
ground competition for water as a limiting re-
source, thus permitting a higher richness of 
understory species to persist in higher density.  
Evidence for a link between soil water avail-
ability and plant density can also be seen in the 
moderate (but significant) negative relation-
ship that we detected between CWM LMA 
and soil clay content, as comparatively lower 
LMA species tend to be more prevalent in 
moist environments at local scales (Ackerly et 
al. 2002).  Interestingly, overstory species 
richness and density did not respond to in-
creased soil water availability.  The lack of re-
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sponse could be due to the localized nature of 
deposition of fine particles from fire trails in 
the upper region of the soil profile.  This type 
of deposition would limit increases in soil wa-
ter availability to smaller, shallower rooted 
species in the understory, relative to the deeper 
rooted overstory species.  Larger, longer-lived 
species may also be slower to respond to the 
disturbance.  In this context, any explanation 
for a lack of effect of increased soil water 
availability on overstory richness and density 
must account for the fact that soil clay content 
was a significant factor linked to composition-
al differences in overstory assemblages be-
tween the two habitats.

We found that high total plant density and 
compositional differences in understory as-
semblages were significantly related to high 
neighbor diffuse PAR in fire-trail habitat.  This 
relationship emerged in part as a result of an 
increase in light availability lowering abo-
veground resource competition, with the 
brighter conditions in fire-trail habitat provid-
ing a means for understory species to achieve 
higher densities.  The relationship between 
density and diffuse neighbor PAR is important 
here, because not only does diffuse PAR pene-
trate deeper into canopies than direct PAR (Ur-
ban et al. 2007), it also raises photosynthetic 
rates in leaves above those of direct PAR 
(Healey et al. 1998, Broderson et al. 2008).  
Interestingly, higher above direct PAR was 
significantly associated with higher CWM 
LMA.  The shift to higher values of this func-
tional trait in fire-trail habitat indicates that 
species with higher LMA are taking advantage 
of the brighter conditions, as their leaves are 
capable of greater photosynthetic rates in high 
light conditions (Poorter et al. 2009).

Plant assemblages in fire-trail and interior 
habitats were remarkably similar in composi-
tion, with a high percentage of species in com-
mon (78 % for the whole assemblage).  The 
significant difference that emerged in under-
story species composition between the two 
habitats was due to higher species richness 

and shifts to higher density in most species in 
fire-trail habitat.  Further contributing to com-
positional differences in the understory and 
overstory were the species we identified as lo-
cally abundant and locally sparse in fire-trail 
habitat (Table 1), as well as the unique species 
in the two habitats (Table 2).  Locally abun-
dant and unique species in fire-trail habitat are 
particularly able to take advantage of in-
creased light and water availability, as evi-
denced by the significant relationships that 
emerged between species composition and 
both soil clay content and neighbor direct 
PAR.  Importantly, none of the locally abun-
dant species or unique species in fire-trail hab-
itat are recognized as “native weeds,” so at 
this stage we suggest that their presence and 
increase in dominance is unlikely to lead to 
problems linked to overabundance as seen in 
other native species such as Pittosporum un-
dulatum Vent. and Acacia baileyana F.Muell.  
Locally sparse species in fire-trail habitat and 
unique species in interior habitat appear less 
able to respond to the altered conditions asso-
ciated with established fire trails.  None of the 
locally sparse species or unique species in 
woodland interior, however, are listed as 
threatened, and it is unlikely that fire trails 
present a serious threat to the persistence of 
these species.  Based on these patterns that we 
observed, we recommend that the locally 
abundant, locally sparse, and unique species 
identified in this study are those most deserv-
ing of monitoring should the need arise to 
construct more fire trails, increasing the over-
all area of fire-trail habitat throughout the 
woodlands.

Our approach of using minimum adequate 
models that included a habitat term enabled us 
to determine that there were attributes that we 
did not measure that contributed to higher spe-
cies richness in the understory in fire-trail hab-
itat, as well as to differences in understory spe-
cies composition between fire-trail and interior 
habitats.  These unmeasured attributes may in-
clude higher air and soil temperatures, or dif-
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ferences in vapor pressure deficit in fire-trail 
habitat (Matlack 1993, Gelhausen et al. 2000).  
We targeted two critical soil nutrients (P and 
K), and found that they neither differed signifi-
cantly between the habitats nor contributed to 
between-habitat differences in plant assem-
blages.  Indeed, we did not expect soil nutri-
ents to differ between the two habitats, as it is 
unlikely that there is a mechanism by which 
fire trails expose vegetation at the trail inter-
face to substantial increases or decreases in 
soil nutrient supply.  Nevertheless, we includ-
ed soil P and K as representative soil nutrients, 
given their importance for plant growth and 
because previous work has correlated variation 
in soil nutrients with vegetation gradients in 
woodland vegetation of eastern Australia (Le 
Brocque and Buckney 1994, King and Buck-
ney 2002).  The total lack of exotic plant spe-
cies that we observed in fire-trail habitat is 
most likely because fire trails do not bring 
about substantial nutrient disturbance.  In nu-
trient impoverished Australian soils, exotic 
plant species tend to occur where urban or ag-
ricultural runoff leads to considerable nutrient 
enrichment (Riley and Banks 1996, King and 
Buckney 2000). 

We focused our study on vegetation imme-
diately adjacent to fire trails, extending 2 m 
into woodland, to reveal a number of ecologi-
cal effects of established fire trails.  Previous 
work in the region has shown that edge effects 
associated with other disturbances including 
housing development, urban parks, and sealed 
roads can penetrate up to 60 m into woodland 
vegetation in the region (Anderson and Burgin 
2002, Smith and Smith 2010).  Fire trails are 

much less pronounced in terms of their intru-
siveness when compared to these other distur-
bances, in that a much smaller amount of plant 
canopy cover is removed.  While we would 
probably not expect edge effects of fire trails 
to extend as far as 60 m, an important next 
step in quantifying fire-trail impacts will be to 
assess just how far the changes that we ob-
served in plant assemblages extend from fire 
trails into woodland vegetation. 

CONCLUSION

Our study has shown that established fire 
trails alter environmental conditions related to 
light and water availability for plants at trail−
vegetation interfaces.  We determined that 
these environmental changes are correlated 
with shifts in species richness, plant density, 
plant functional traits, and the composition of 
plant assemblages when compared with as-
semblages within woodland interior that lack 
fire trails.  Although we report significant eco-
logical effects of fire trails on plant assemblag-
es at trail−vegetation interfaces, close inspec-
tion of our findings suggest that these effects 
of fire trails, based on their current distribution 
and maintenance, are unlikely to cause prob-
lematic shifts in plant assemblages leading to 
conservation issues linked to local extirpations 
of plant species or management issues tied to 
the overabundance of native plant species.  
Further, our study recorded no evidence of the 
penetration of exotic plant species into any of 
the fire-trail sites, indicating that fire trails do 
not appear to be acting as conduits for the 
spread of exotic plants.
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Appendix 1.  All plant species and infra-species recorded across the 72 sites and their occurrence (number 
of occupied quadrats out of 36) within fire-trail and interior habitats.

Family Species or infra-species Fire-trail Interior

U
nd

er
st

or
y 

st
ra

tu
m

Fabaceae Acacia echinula (DC.) Pedley 4 3
Fabaceae Acacia gordonii (Tindale) Pedley 1 0
Fabaceae Acacia myrtifolia (Sm.) Willd. 3 1
Apiaceae Actinotus helianthi Labill. 2 1
Apiaceae Actinotus minor (Sm.) DC. 10 10
Euphorbiaceae Amperea xiphoclada ssp. xiphoclada (Spreng.) Druce 4 9
Myrtaceae Baeckea brevifolia (Rudge) DC. 1 0
Pittosporaceae Billardiera scandens Sm. 10 6
Rutaceae Boronia floribunda Sieber ex Spreng. 3 3
Rutaceae Boronia ledifolia (Vent.) J.Gay ex DC. 2 4
Fabaceae Bossiaea ensata Sieber ex DC. 22 18
Fabaceae Bossiaea heterophylla Vent. 10 14
Fabaceae Bossiaea obcordata (Vent.) Druce 4 1
Ericaceae Brachyloma daphnoides (Sm.) Benth. 6 17
Cyperaceae Caustis flexuosa R.Br. 34 32
Lamiaceae Chloanthes stoechadis R.Br. 1 0
Polygalaceae Comesperma ericinum DC. 1 1
Rhamnaceae Cryptandra amara Sm. 0 1
Cyperaceae Cyathochaeta diandra (R.Br.) Nees 22 13
Goodeniaceae Dampiera purpurea R.Br. 2 1
Goodeniaceae Dampiera stricta (Sm.) R.Br. 25 22
Phormiaceae Dianella caerulea Sims 2 2
Phormiaceae Dianella prunina R.J.F.Hend. 6 1
Droseraceae Drosera peltate Thunb. 3 0
Poaceae Entolasia marginata (R.Br.) Hughes 5 3
Poaceae Entolasia stricta (R.Br.) Hughes 16 12
Myrtaceae Euryomyrtus ramosissima (A.Cunn.) Trudgen 2 4
Haloragaceae Gonocarpus teucrioides DC. 9 4
Goodeniaceae Goodenia bellidifolia Sm. 8 9
Goodeniaceae Goodenia decurrens R.Br. 10 8
Proteaceae Grevillea mucronulata R.Br. 6 0
Proteaceae Grevillea sericea (Sm.) R.Br. 3 9
Myrtaceae Harmogia densifolia (Sm.) Schauer 1 0
Dilleniaceae Hibbertia aspera ssp. aspera DC. 3 1
Dilleniaceae Hibbertia empetrifolia ssp. empetrifolia (DC.) Hoogland 1 0
Dilleniaceae Hibbertia obtusifolia DC. 1 6
Dilleniaceae Hibbertia riparia (R.Br. ex DC.) Hoogland 1 0
Dilleniaceae Hibbertia rufa N.A.Wakef. 3 1
Dilleniaceae Hibbertia serpyllifolia DC. 8 4
Fabaceae Hovea linearis (Sm.) R.Br. 18 21
Malvaceae Lasiopetalum ferrugineum var. cordatum Benth. 2 0
Anthericaceae Laxmannia gracilis R.Br. 13 4
Cyperaceae Lepidosperma concavum R.Br. 0 1
Cyperaceae Lepidosperma laterale R.Br. 7 4
Myrtaceae Leptospermum arachnoides Gaertn. 1 1
Myrtaceae Leptospermum parvifolium Sm. 1 1
Restionaceae Lepyrodia scariosa R.Br. 4 10
Ericaceae Leucopogon appressus R.Br. 1 1
Ericaceae Leucopogon ericoides (Sm.) R.Br. 5 6
Ericaceae Leucopogon microphyllus var. microphyllus (Cav.) R.Br. 1 2
Lindsaeaceae Lindsaea linearis Sw. 3 1

Appendix 1 continued on page 118.
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Lindsaeaceae Lindsaea microphylla Sw. 1 0
Lomandraceae Lomandra cylindrica A.T.Lee 11 5
Lomandraceae Lomandra glauca (R.Br.) Ewart 33 27
Lomandraceae Lomandra longifolia Labill. 5 5
Lomandraceae Lomandra multiflora (R.Br.) Britten 11 5
Lomandraceae Lomandra obliqua (Thunb.) J.F.Macbr. 25 10
Proteaceae Lomatia silaifolia (Sm.) R.Br. 2 4
Picodendraceae Micrantheum ericoides Desf. 2 2
Fabaceae Mirbelia rubiifolia (Andr.) G.Don 15 8
Loganiaceae Mitrasacme pilosa Labill. 4 4
Ericaceae Monotoca scoparia (Sm.) R.Br. 14 14
Malvaceae Patersonia glabrata R.Br. 13 7
Malvaceae Patersonia sericea R.Br. 27 25
Rutaceae Philotheca hispidula (Spreng.) Paul G.Wilson 29 20
Phyllanthaceae Phyllanthus hirtellus F.Muell. ex Müll.Arg. 25 19
Thymelaeaceae Pimelea linifolia ssp. linifolia Sm. 31 23
Apiaceae Platysace linearifolia (Cav.) C.Norman 36 36
Poaceae Poa sp. L. 6 5
Rubiaceae Pomax umbellate (Geartn.) Sol. ex A.Rich. 1 0
Phyllanthaceae Poranthera corymbose Brongn. 3 0
Pteridaceae Pteridium esculentum (G.Forst.) Cockayne 3 2
Goodeniaceae Scaevola ramosissima (Sm.) K.Krause 5 0
Cyperaceae Schoenus imberbis R.Br. 21 23
Cyperaceae Schoenus villosus R.Br. 1 1
Stylidiaceae Stylidium graminifolium Sw. 8 10
Elaeocarpaceae Tetratheca rupicola Joy Thomps. 22 14
Xanthorrhoeaceae Xanthorrhoea minor R.Br. 3 6
Apiaceae Xanthosia pilosa Rudge 16 25
Apiaceae Xanthosia tridentata DC. 10 6
Rutaceae Zieria laevigate Bonpl. 0 3
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Fabaceae Acacia brownii (Poir.) Steud. 4 5
Fabaceae Acacia linifolia (Vent.) Wiild. 6 3
Fabaceae Acacia obtusifolia A.Cunn. 0 2
Fabaceae Acacia oxycedrus Seiber ex DC. 3 7
Fabaceae Acacia suaveolens (Sm.) Wiild. 17 13
Fabaceae Acacia terminalis (Salisb.) J.F.Macbr. 7 6
Fabaceae Acacia ulicifolia (Salisb.) Court 15 12
Casuarinaceae Allocasuarina distyle (Vent.) L.A.S.Johnson 1 0
Proteaceae Banksia ericifolia L.f. 2 1
Proteaceae Banksia serrata L.f. 5 8
Proteaceae Banksia spinulosa Sm. 21 17
Fabaceae Bossiaea rhombifolia Seiber ex DC. 22 19
Cyperaceae Caustis pentandra R.Br. 0 2
Cunoniaceae Ceratopetalum gummiferum Sm. 3 2
Proteaceae Conospermum longifolium Sm. 4 1
Myrtaceae Corymbia eximia (Schauer) K.D.Hill & L.A.S.Johnson 0 1
Myrtaceae Corymbia gummifera (Gaertn.) K.D.Hill & L.A.S.Johnson 31 31
Fabaceae Daviesia corymbosa Sm. 27 15
Fabaceae Dillwynia elegans Endl. 22 10
Fabaceae Dillwynia retorta (J.C.Wendl.) Druce 22 26
Sapindaceae Dodonaea triquetra J.C.Wendl. 4 1
Ericaceae Epacris microphylla var. microphylla R.Br. 1 0
Ericaceae Epacris pulchella Cav. 13 12

Appendix 1, continued.  All plant species and infra-species recorded across the 72 sites and their occur-
rence (number of occupied quadrats out of 36) within fire-trail and interior habitats.

Appendix 1 continued on page 119.
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Myrtaceae Eucalyptus agglomerate Maiden 12 6
Myrtaceae Eucalyptus burgessiana L.A.S.Johnson & Blaxell 2 3
Myrtaceae Eucalyptus piperita Sm. 10 10
Myrtaceae Eucalyptus punctate DC. 8 5
Myrtaceae Eucalyptus sp. L’Hér 0 7
Myrtaceae Eucalyptus sparsifolia Blakely 10 8
Fabaceae Gompholobium grandiflorum Sm. 16 11
Fabaceae Gompholobium latifolium Sm. 2 1
Proteaceae Grevillea phylicoides R.Br. 16 12
Proteaceae Hakea dactyloides (Geartn.) Cav. 16 11
Proteaceae Hakea laevipes Gand. 7 7
Proteaceae Hakea sericea Schrad. & J.C.Wendl. 5 4
Dilleniaceae Hibbertia bracteata (R.Br. ex DC.) Benth. 4 2
Proteaceae Isopogon anemonifolius (Salisb.) Knight 13 13
Proteaceae Lambertia formosa Sm. 16 15
Malvaceae Lasiopetalum ferrugineum var. ferrugineum Sm. 4 2
Cyperaceae Lepidosperma filiforme Labill. 3 2
Cyperaceae Lepidosperma viscidum R.Br. 1 0
Myrtaceae Leptospermum polygalifolium Salisb. 0 1
Myrtaceae Leptospermum sp. J.R. Forst. & G. Forst. 0 1
Myrtaceae Leptospermum squarrosum Geartn. 0 1
Myrtaceae Leptospermum trinervium (Sm.) Joy Thomps. 32 34
Ericaceae Leucopogon esquamatus R.Br. 0 1
Ericaceae Leucopogon lanceolatus R.Br. 1 0
Ericaceae Leucopogon muticus R.Br. 3 5
Ericaceae Leucopogon setiger R.Br. 5 2
Proteaceae Persoonia levis (Cav.) Domin 7 7
Proteaceae Petrophile pulchella (Schrad. & J.C.Wendl.) R.Br. 19 18
Fabaceae Pultenaea scabra R.Br. 9 2
Fabaceae Pultenaea tuberculata Pers. 9 2
Myrtaceae Syncarpia glomulifera (Sm.) Nied. 3 1
Ericaceae Woollsia pungens (Cav.) F.Muell. 0 7
Xanthorrhoeaceae Xanthorrhoea arborea R.Br. 1 1
Xanthorrhoeaceae Xanthorrhoea media R.Br. 3 5
Proteaceae Xylomelum pyriforme (Geartn.) Knight 2 0

Appendix 1, continued.  All plant species and infra-species recorded across the 72 sites and their occur-
rence (number of occupied quadrats out of 36) within fire-trail and interior habitats.


