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Abstract.   Fire plays an important role in structuring vegetation in fire- prone regions world-
wide. Progress has been made towards documenting the effects of individual fire events and fire 
regimes on vegetation structure; less is known of how different fire history attributes (e.g., time 
since fire, fire frequency) interact to affect vegetation. Using the temperate eucalypt foothill 
forests of southeastern Australia as a case study system, we examine two hypotheses about 
such interactions: (1) post- fire vegetation succession (e.g., time- since- fire effects) is influenced 
by other fire regime attributes and (2) the severity of the most recent fire overrides the effect of 
preceding fires on vegetation structure. Empirical data on vegetation structure were collected 
from 540 sites distributed across central and eastern Victoria, Australia. Linear mixed models 
were used to examine these hypotheses and determine the relative influence of fire and environ-
mental attributes on vegetation structure. Fire history measures, particularly time since fire, 
affected several vegetation attributes including ground and canopy strata; others such as low 
and sub- canopy vegetation were more strongly influenced by environmental characteristics like 
rainfall. There was little support for the hypothesis that post- fire succession is influenced by fire 
history attributes other than time since fire; only canopy regeneration was influenced by anoth-
er variable (fire type, representing severity). Our capacity to detect an overriding effect of the 
severity of the most recent fire was limited by a consistently weak effect of preceding fires on 
vegetation structure. Overall, results suggest the primary way that fire affects vegetation struc-
ture in foothill forests is via attributes of the most recent fire, both its severity and time since its 
occurrence; other attributes of fire regimes (e.g., fire interval, frequency) have less influence. 
The strong effect of environmental drivers, such as rainfall and topography, on many structur-
al features show that foothill forest vegetation is also influenced by factors outside human 
control. While fire is amenable to human management, results suggest that at broad scales, 
structural attributes of these forests are relatively resilient to the effects of current fire regimes. 
Nonetheless, the potential for more frequent severe fires at short intervals, associated with a 
changing climate and/or fire management, warrant further consideration.

Key words:   Australia; eucalypt forest; fire frequency; fire regime; fire severity; habitat change; inter-fire 
interval; post-fire chronosequence; time since fire; vegetation succession.

introduction

Fire is a key driver of ecosystem change globally 
(Bowman et al. 2009). One of the strongest and most 
immediate outcomes of fire is the way it changes vegetation 
structure, and it is through such effects that fire often has 
a strong influence on other components of the biota (Hutto 

2008, Lindenmayer et al. 2008, Nimmo et al. 2014). For 
example, changes to vegetation structure after fire alter the 
availability of important habitat resources for fauna, such 
as the cover of litter and shrub layers (Fox 1982, Pons and 
Prodon 1996, Parr et al. 2004, Kelly et al. 2011). Removal 
of understorey vegetation by fire can also increase pre-
dation risk for animals in recently burnt habitats (Catling 
1991, Doherty et al. 2015). Not only does understanding 
of how fire affects vegetation structure provide important 
insights into fire–fauna relationships, such knowledge 
forms the basis for predicting the effect of planned fire on 
fuel distribution and fire risk (Fernandes and Botelho 
2003). For both reasons, empirical understanding of the 
relationship between fire regime attributes and vegetation 
structure is essential for effective fire management.
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Fire affects vegetation via the attributes of individual 
fire events, such as fire severity or time since fire; as well 
as by the sequence of fire events through time, the fire 
regime (Gill 1975, Gill et al. 2002). For example, the 
severity of fire events determines the degree to which veg-
etation structure is altered (Smucker et al. 2005). 
Following fire, vegetation then undergoes successional 
changes (Noble and Slatyer 1980), with the strength and 
temporal span of such time since fire trajectories varying 
between systems (e.g., Ferran and Vallejo 1992, Lecomte 
et al. 2006, Capitanio and Carcaillet 2008, Haslem et al. 
2011). The length of time between fires (fire interval) can 
influence the persistence of individual plant species by 
affecting whether reproductive maturity has been reached 
at the time of fire (Noble and Slatyer 1980) and cause 
major and long- lasting change to vegetation structure 
and composition (Zedler et al. 1983). Other influential 
factors include the season of a fire event, which can affect 
post- fire germination and growth (Ashton and Martin 
1996), and the fire frequency, which can influence vege-
tation composition (Kodandapani et al. 2004). While the 
effect of these factors is influenced by the characteristics 
of fire in different ecosystems, such as the degree to which 
fires are stand- replacing, their combined effects result in 
complex changes to vegetation structure that can persist 
for many decades (Lecomte et al. 2006).

Fire–vegetation relationships have primarily been con-
sidered in relation to the influence of individual fire 
history attributes (e.g., time since fire, or fire severity, or 
fire frequency). Less is known about the degree to which 
different fire history characteristics interact to affect veg-
etation. Nonetheless, existing understanding of fire– 
vegetation relationships suggests plausible hypotheses 
about such interactions. For example, the effect of fire 
frequency on vegetation (e.g., Fisher et al. 2009) suggests 
that post- fire succession may differ between areas with 
few past fires and those burnt more regularly. Or, the 
effects of fire severity on vegetation (e.g., Smucker et al. 
2005) may override any influence of fire interval. Such 
interactions between different attributes of fire regimes 
remain poorly understood, despite having the potential 
to alter current understanding of both fire–vegetation 
and fire–fauna relationships.

Vegetation structure is also influenced by environ-
mental variation, such as soil characteristics (Motzkin 
et al. 1999), topographic features (Parker 1991), and 
rainfall gradients (Williams et al. 1996). Such environ-
mental drivers produce the natural template of vegetation 
patterns onto which the effects of disturbances like fire 
are overlaid. For example, vegetation type and topo-
graphy are known to influence the occurrence and 
severity of fire (Beaty and Taylor 2008, Leonard et al. 
2014). In systems where fire is actively managed to manip-
ulate fuel loads, an important consideration for man-
agers is the degree to which fire (i.e., management actions) 
can be expected to influence vegetation structure/fuel 
characteristics or whether factors outside management 
control (e.g., environmental gradients) have a greater 

effect on vegetation/fuel attributes. Fire management will 
be most effective in systems where vegetation/fuel is 
strongly influenced by fire events/regimes.

We investigate the strength of interactions between dif-
ferent fire history attributes, and the relative influence of 
fire and environmental drivers, by using foothill forest 
vegetation in southeastern Australia as a case study 
system. Foothill forests are temperate forests that are 
widespread across Victoria (covering ~7.5 million hec-
tares) and often occur in close proximity to human settle-
ments. While prescribed burns for fuel reduction are 
common in foothill forests, understanding of fire–biota 
relationships remains patchy. Further, understanding of 
the strength of the effect of fire on vegetation structure, 
relative to other environmental drivers (e.g., rainfall, 
topography) in this large study region, is poor. We 
examine the following questions: (1) What is the relative 
influence of fire and environmental drivers on vegetation 
structure in foothill forests?, (2) Is post- fire change in veg-
etation structure (e.g., time- since- fire effects) influenced 
by other attributes of fire regimes (e.g., severity, fire fre-
quency, fire interval)?, and (3) Does the severity of the 
most recent fire alter the effects of preceding fires (e.g., 
fire frequency, fire interval) on vegetation structure?

metHods

Study area

The study area covers approximately 156,000 km2 of 
central and eastern Victoria, Australia (Fig. 1). Climatic 
conditions in the region are temperate, with mean annual 
rainfall ranging between ~700 and 1,600 mm, predomi-
nantly falling in winter months. Native vegetation in the 
study region ranges from tall wet forests to shrublands. 
We focus specifically on vegetation communities collec-
tively termed “foothill forests” that occur on the lower 
slopes of the Great Dividing Range and Otway Ranges 
and into East Gippsland. Foothill forests are open 
eucalypt forests typically dominated by Eucalyptus 
obliqua, E. radiata, and E. dives. Understory and ground 
strata vary in density and composition, with common 
species including a range of sclerophyllous shrubs and 
perennial grasses (e.g., Poa spp., Tetrarrhena juncea) as 
well as Pteridium esculentum (Conn 1993). These forests 
exhibit both broad- scale variation (e.g., E. sieberi is 
increasingly common in the east), as well as finer- scale 
gradients related to topographic variation. Slopes and 
ridges support drier, more open vegetation whereas 
moister gullies comprise denser vegetation, including the 
canopy species E. globulus, and a diversity of broad- 
leaved shrubs (e.g., Bedfordia arborescens, Pomaderris 
aspera, Coprosma quadrifida, Olearia spp.) and tree ferns 
(Dicksonia antarctica, Cyathea spp.).

The region has been heavily cleared for human settle-
ments and land uses, and most forest vegetation has expe-
rienced timber harvesting, either clear- felling or selective 
logging (Lutze et al. 1999). Foothill forests have a long 
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history of fire (Gill and Catling 2002), with current 
regimes characterised by wildfires, as well as prescribed 
burns undertaken for fuel reduction or ecological objec-
tives (Gill 2009). Neither type of fire is stand- replacing in 
these forests because the dominant eucalypt species com-
monly survive fire and regenerate from epicormic shoots 
(Gill 1975). Nonetheless, there is much variation in the 
size and intensity of fires in foothill forests. Large (i.e., 
>10,000 ha) and intense wildfires occur periodically, the 
most recent being the Black Saturday fires of 2009 that 
burnt around 100,000 ha of foothill forests (Cruz et al. 
2012). Even within such intense wildfires, fire severity is 
variable (Leonard et al. 2014). Wildfires can also be of 
low intensity and small in size. Prescribed burns are com-
monly of lower intensity than wildfires, often being 
patchy burns that do not reach canopy strata (Cheal 
2010). There are also seasonal differences in the occur-
rence of wildfires and prescribed fires; wildfires com-
monly occur in summer, whereas prescribed fires are 
typically undertaken in autumn or spring.

Empirical datasets

This study uses empirical data on vegetation structure 
collected by five different research programs: (1) the 
Faunal Refuges Project (FRP; 190 sites surveyed in 

2010/2011); (2) the Otways Fire, Landscape Pattern and 
Biodiversity project (OFLPB; 129 sites surveyed in 
2011/2012); (3) Otways HawkEye (OH; 23 sites surveyed 
in 2012); (4) the Fire Effects Study Areas (FESA; 25 sites 
surveyed in 2012); and (5) Gippsland Retrospective and 
HawkEye (GRH; 138 sites surveyed in 2011/2012). All 
programs were undertaken within large blocks of native 
forest vegetation and sought to select sites without recent 
(i.e., <30 yr) logging activity.

Data on vegetation structure were collected by three 
programs. At FRP sites, the number of vegetation con-
tacts (live or dead) with a vertical ranging pole in five 
height- strata were recorded at 1- m intervals on a 50- m 
transect (n = 50 sample points per site). Identical infor-
mation was recorded at 3- m intervals on a 100- m transect 
at OFLPB and OH sites (n = 33 sample points per site). 
Height strata were 0–0.5 m (ground), 0.5–1 m (low), 
1–2 m (shrub), 2–4 m (sub- canopy), and >4 m (canopy). 
The proportional cover of vegetation in each height 
stratum was calculated for each site. Using these data, the 
Shannon–Wiener diversity index (H′) was also calculated 
to provide a measure of the structural diversity of 
vegetation.

All programs collected data on two key attributes of 
the ground cover at sites. Litter depth and the presence of 
bare ground were recorded at the sample points described 

Fig. 1. Location of study sites within foothill forest vegetation (gray) in Victoria, Australia.
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above for FRP, OFLPB, and OH sites. At GRH sites, 
litter depth was recorded at the end of three 50- m tran-
sects, extending at bearings of 0°, 120°, and 240° from the 
center of sites (n = 3 sample points/site). At FESA sites, 
a grid of 5–10 m spacing was used to collect 15 litter depth 
measurements. The proportional cover of bare ground 
was calculated for FRP, OFLPB, and OH sites; mean 
litter depth, averaged across sample points, was calcu-
lated for all sites.

Fire history and environmental attributes

The fire history of sites was represented by four vari-
ables derived from fire- history mapping. Fire- history 
mapping has been undertaken by the Department of 
Environment, Land, Water and Planning (DELWP) and 
covers all fires since 1900, with the accuracy and reso-
lution of mapping substantially increasing over time, 
notably >1970 (Department of Environment, Land, 
Water and Planning 2014). Time since fire (TSF) was cal-
culated as the number of years between the year of the 
most recent fire and the year of the vegetation survey. 
Time since fire was able to be calculated more accurately 
using information on fire/survey month (in addition to 
year) for sites 5 yr or younger since fire. The type of the 
most recent fire (wildfire or prescribed burn; Type) was 
used as a proxy for fire severity. Although varying in 
severity (Leonard et al. 2014), wildfires commonly are 
more intense than prescribed fires. Fire frequency 
(NumFires) was calculated as the number of fires 
occurring at sites between 1900 and time of vegetation 
assessment. Mean inter- fire interval (IFI) was calculated 
as the average number of years between successive fires at 
sites. IFI was calculated only for sites experiencing more 
than one fire. Sites with no mapped fire history were 
excluded from analyses.

To examine the effect of fire history over a shorter/
more recent period of time on vegetation structure, an 
alternate measure of NumFires was quantified to rep-
resent the number of fires occurring within 15 yr of vege-
tation assessments at sites. Mapping of these recent fires 
is more reliable than earlier fires (e.g., <1970), and it was 
also considered possible that such fires will have a 
stronger effect on vegetation than older fires. Univariate 
generalized linear mixed models including the different 
versions of NumFires were compared for each response 
variable. In all cases, results showed both variables 
affected vegetation structure in a similar way. Akaike’s 
information criterion (AIC; corrected for small sample 
sizes, AICc) was used to select the version of NumFires 
with greatest support, and results were equivocal (i.e., 
models had AICc values within two points of each other; 
Burnham and Anderson 2002). Given similar conclu-
sions, and the lack of consistently strong support for the 
variable calculated over the shorter period of time, 
NumFires quantified using the full fire history (described 
previously) was used in all analyses. Such comparisons 
were not possible for IFI due to the reduced dataset and 

IFI range when this variable was calculated using only 
fires occurring within the last 15 yr.

Four variables were selected to represent key environ-
mental characteristics of potential influence on vege-
tation structure. Mean rainfall in July (Rain, based on an 
ANUCLIM model applied to a digital elevation model; 
Houlder et al. 2003) was used to represent broad climatic 
patterns across the region. Finer- scale moisture availa-
bility was based on a digital elevation model which also 
incorporated some information on topography (Wetness; 
Schmidt and Persson 2003). A digital elevation model 
quantifying the proportion of sky visible from a given 
location was used to represent topographic position 
(Topo). Sites in gullies had less visible sky; those with 
more visible sky were located on slopes or ridges (Böhner 
and Antonic 2009). Broad vegetation type at a site was 
based on existing vegetation maps produced by DELWP 
(Department of Environment, Land, Water and Planning 
2014), with the original classes combined into three cate-
gories on the basis of structural and environmental simi-
larities: Driest (including Grassy/Heathy Dry Forest, 
Tall Mixed Forest), Dry (Foothills Forest, Forby Forest), 
and Mesic (Moist Forest, Riparian (or Higher Rainfall)).

Data analyses

Two types of mixed models were used to assess the rel-
ative influence of fire history (n = 4 variables) and envi-
ronmental attributes (n = 4) on vegetation structure (the 
response variables, n = 8). First, generalized additive 
mixed models (GAMMs) were used to identify non- linear 
relationships between predictor and response variables. 
If non- linearity was detected using exploratory GAMMs, 
then predictor variables were transformed prior to further 
analyses. Transformations included natural logarithm 
and 1/natural logarithm (see Fig. 2). Second, all predictor 
variables (transformed if necessary, based on GAMM 
results) were included in a single additive (i.e., no inter-
action terms) global generalized linear mixed model 
(GLMM). Standardized parameter estimates, and asso-
ciated standard errors, were used to compare effect sizes 
between predictor variables.

To assess whether post- fire change in vegetation 
structure is influenced by other fire regime attributes, 
GLMMs with and without selected interaction terms 
were compared for each response variable. Such compar-
isons were undertaken for interactions between TSF (rep-
resenting post- fire change) and all other fire history 
attributes (Type, NumFires, IFI). AICc values were used 
to assess the strength of support for interaction terms. 
Strong support was identified when the AICc value of the 
model with the interaction term was more than two 
points lower than the model without the interaction term 
(Burnham and Anderson 2002).

The same approach was taken when determining 
whether fire severity alters the effect of preceding fires on 
vegetation structure. Here, GLMMs with and without 
interaction terms between Type (representing fire 
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severity) and attributes of preceding fire history (Num-
Fires, IFI) were compared. To ensure results were not 
influenced by systematic variation in the fire- age of sites, 
TSF was also included in these models for response vari-
ables that showed a strong relationship with TSF in 
global models. AICc values were again used to determine 
whether fire type overrides the effect of preceding fires on 
vegetation structure (i.e., by identifying strong support 
for the model with the interaction term).

Environmental variables were included in all inter-
action models to ensure comparisons accounted for the 
effect of these potentially influential attributes. In 
addition, datasets were limited to ensure equivalent 
ranges of predictor variables across interacting variables, 
so that results were not influenced by the spread/values of 

interacting variables (box/bar plots of interacting vari-
ables are included in Appendix S1: Fig. S1). In datasets 
with fewer than four mapped fires (e.g., NumFires <4), 
NumFires was modelled as a categorical term with each 
value being a different category. Similarly, IFI was 
included as a categorical term with two levels (e.g., short 
mean IFI/long mean IFI; see Appendix S5: Table S1 and 
Appendix S7: Table S1 for details) in interaction models.

Predictor variables were standardized prior to analysis 
and assessed for collinearity (all r < 0.7, the level at which 
collinearity can seriously affect model results; Dormann 
et al. 2013). Measures of inter- fire interval and fire 
 frequency are often highly, sometimes completely, col-
linear. Here, the correlation between IFI and NumFires 
was reduced because of the extended period of fire history 

Fig. 2. Parameter estimates (±95% confidence intervals) from generalized linear mixed models for the relationship between 
environmental (squares) and fire history (triangles) drivers and different attributes of vegetation structure. Solid symbols indicate 
parameter estimates for which the 95% confidence intervals do not include zero, with black indicating the variable with the largest 
parameter estimate (i.e., strongest effect on associated response variable).
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over which these variables were calculated (i.e., >100 yr). 
In our datasets, for example, for sites with two fires these 
occurred between 1 and 72 yr apart, while the mean 
interval between fires for sites affected by three fires 
ranged between 5 and 36 yr.

All models were fitted with a random term representing 
geographic region to account for non- independence due 
to broad spatial patterns, as well as differences in field 
methods between programs (different programs were 
generally undertaken in different regions). Response var-
iables representing the proportional cover of vegetation 
in different height strata were modelled using a binomial 
error distribution; these models included an additional 
observation- level random term to account for overdis-
persion (Zuur et al. 2012). Litter depth and structural 
diversity were modelled using a Gaussian error dis-
tribution. All analyses were undertaken in R v.3.0.2 
(R Development Core Team 2013) using the following 
packages: lme4 v.1.0- 4 (Bates et al. 2013), mgcv v.1.7- 24 
(Wood 2011), MuMIn v.1.9.13 (Barton 2013), and 
AICcmodavg v.1.31 (Mazerolle 2013).

results

Results of global models showed that both fire and 
environmental drivers affect vegetation structure in 
foothill forests (Fig. 2). Fire history attributes were the 
strongest driver of litter depth, the proportional cover of 
bare ground, and shrub (1–2 m) and canopy (>4 m) 
strata. Litter depth and canopy cover increased with time 
since fire; the cover of bare ground decreased (the trans-
formation of TSF [1/ln] in the bare ground model reflects 
a negative relationship, despite the positive parameter 
estimate in Fig. 2). Shrub (1–2 m) cover decreased with 
fire frequency. Additional fire effects were also identified. 
Fire type affected the cover of low (0.5–1 m), shrub 
(1–2 m), and canopy (>4 m) vegetation; wildfire led to 
greater cover of low and shrub vegetation, and less 
canopy cover, relative to prescribed fire. Canopy cover 
increased with IFI, and structural diversity increased 
with TSF (Fig. 2). Appendix S2: Fig. S1 includes pre-
diction plots of these relationships.

Environmental drivers had the strongest influence on 
vegetation cover in ground (0–0.5 m), low (0.5–1 m), and 
sub- canopy (2–4 m) strata, as well as overall structural 
diversity. All response variables were influenced by at 
least one environmental variable, with Rain and vege-
tation type having a strong effect in most models. In both 
cases, relationships with these variables were consistently 
positive, indicating that vegetation is denser (in asso-
ciated strata) and more structurally diverse in areas of 
higher mean rainfall, and in Mesic and/or Dry vegetation 
types relative to the Driest vegetation type (Fig. 2).

Variables representing fire and environmental 
attributes accounted for a relatively limited amount of 
variation in response variables. The highest marginal R2 
value (representing the influence of fixed effects only) for 
any global model was 16% (Table 1). Conditional R2 
values (representing both fixed and random terms) were 
often markedly higher, explaining 28–60% of variation in 
the data. Appendix S3: Table S1 and Appendix S4: Fig. 
S1 provide details of the predictor variables included in 
global models.

There was clear support for an interaction between 
post- fire change (TSF) and fire severity (Type) for canopy 
(>4 m) cover (Appendix S5: Table S1). Canopy cover 
increased with time since wildfire but showed no dis-
cernible change with time since prescribed burn (Fig. 3). 
The AICc values of comparison models also indicated 
support for an interaction between TSF and IFI for 
shrub (1–2 m) cover and structural diversity (Appendix 
S5: Table S1). However, prediction plots from the inter-
action models revealed that time- since- fire relationships 
for these variables were very similar for sites with short 
and with long inter- fire intervals (Appendix S6: Fig. S1). 
Thus, these interactions are not considered ecologically 
meaningful.

The severity of the most recent fire (Type) did not alter 
the effect of preceding fires (NumFires, IFI) on any 
attribute of vegetation structure examined (Appendix 
S7: Table S1). However, our capacity to examine this 
question adequately was limited because NumFires and 
IFI did not have a strong effect in any model; measures 
of preceding fires must affect vegetation structure for 

tABle 1. Number of sites included in generalized linear mixed models relating attributes of vegetation structure to fire and 
 environmental drivers, and an estimate of how much variation models explain.

Vegetation attribute Number sites (regions) Marginal R2 (%) Conditional R2 (%)

Litter depth (sqrt)† 378 (5) 15.8 66.2
Bare ground cover‡ 276 (2) 10.6 44.8
Ground cover (0–0.5 m)‡ 276 (2) 2.2 37.3
Low vegetation cover (0.5–1 m)‡ 276 (2) 5.6 28.1
Shrub cover (1–2 m)‡ 276 (2) 5.0 43.4
Sub- canopy cover (2–4 m)‡ 276 (2) 7.3 50.3
Canopy cover (>4 m)‡ 276 (2) 12.7 43.1
Structural diversity† 276 (2) 16.0 50.4

Notes: Marginal R2 values indicate variation explained by the fixed effects in models (i.e., fire and environmental drivers); 
 conditional R2 values indicate variation explained by fixed and random effects.

†Random effect is region.
‡Random effects are region and observation- level term.
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their effects to be altered by fire type. The only exception 
to this was the negative relationship between NumFires 
and canopy (>4 m) cover identified in the additive model 
(i.e., no interaction term; Appendix S7: Table S1). This 
finding shows that the type of the most recent fire did not 
override the (negative) effect of NumFires on canopy 
cover.

discussion

The structure of foothill forest vegetation is influenced 
by both fire history and environmental characteristics, 
with the relative strength of these drivers differing 
between structural attributes. Fire exerted the strongest 
influence on half of the measures of vegetation structure 
we examined; environmental factors had the strongest 
effect on the other half. However, while all vegetation 
measures were affected to some extent by environmental 
variables, two of eight did not respond to fire history. 
Understanding whether forest structure is driven by pro-
cesses amenable to management (e.g., fire) or factors 
outside of human control (e.g., environmental gradients) 
is informative, particularly in systems where processes 
such as fire are actively managed to achieve specific goals. 
Our results highlight that in foothill forests, where pre-
scribed burns are regularly applied, fire is only one of 
many processes to shape forest structure. This has impli-
cations for the use of prescribed burns as a management 
tool to alter vegetation structure/fuel availability. Some 
fuel types (e.g., “elevated” fuels <4 m) are influenced pri-
marily by environmental gradients and will show a 
weaker response to the effects of prescribed burns.

Time since fire was of particular importance in influ-
encing the structure of foothill forests. In addition, the 
severity of the most recent fire (represented by fire type) 
affected the cover of vegetation in some strata. These 
findings add to the body of research identifying that fire 
has important effects in temperate eucalypt forests (e.g., 

Gill 1975, Collins et al. 2012, Aponte et al. 2014, Sitters 
et al. 2014), with potential flow- on effects for other 
attributes of the biota (e.g., York 1999, Nugent et al. 
2014). In our analyses, time since fire and fire type both 
represented attributes of the most recent fire. In contrast, 
it was less common for measures of preceding fires 
(NumFires, IFI) to have a strong effect on vegetation 
structure. This differs from some other forested systems 
where fire frequency has a strong effect on vegetation 
structure (Spencer and Baxter 2006, Collins et al. 2012). 
Our contrasting results are likely to be related to differ-
ences in fire history characteristics (e.g., Spencer and 
Baxter 2006; sampled sites burnt more frequently and at 
shorter intervals than ours) or the spatial extent of inves-
tigation (e.g., Collins et al. 2012; see below).

Previous work in this system has shown that repeated 
prescribed burns over a 27- yr period substantially 
reduced coarse woody debris, an important habitat 
resource in foothill forests (Aponte et al. 2014). Thus, 
while current results suggest that measures of vegetation 
structure are most strongly influenced by characteristics 
of the most recent fire, the availability of individual 
habitat features that provide key resources for fauna 
(e.g., large logs, hollow- bearing trees) must also be con-
sidered, and these may be strongly influenced by fire fre-
quency and interval (Banks et al. 2011, Aponte et al. 
2014). Fire regimes characterized by different sequences 
of past fires (e.g., more frequent and/or severe fires, 
shorter inter- fire intervals) may also have a stronger 
effect on vegetation structure. For example, repeated 
severe wildfires within a short (~10 years) period of time 
in foothill forest can result in the loss of canopy eucalypts 
(M. Clarke, personal observation), thus substantially 
altering vegetation structure.

The impact of fire on vegetation structural features has 
ramifications for other components of biodiversity in 
foothill forests. The strong effect of time since fire on 
ground and canopy layers has implications for the suita-
bility of habitat for associated fauna. For example, 
increased abundances of both ground-  and canopy- 
foraging bird species in unburnt patches of foothill forest, 
relative to surrounding recently burnt vegetation, is likely 
related to the food resources provided by older habitat 
(Robinson et al. 2014). Our results show older vegetation 
has deeper leaf litter (and less open ground), more well- 
developed canopy layers, and greater structural diversity. 
Such features are likely to result in greater diversity/
abundance of invertebrates, flowering/fruiting plants, 
and foraging substrates. Similarly, fire severity influences 
the occurrence of the superb lyrebird Menura novaehol-
landiae via effects on low and shrub vegetation. The 
dense cover of regenerating vegetation <2 m promoted 
by severe wildfire provides unsuitable foraging habitat, 
whereas superb lyrebirds do forage in more open vege-
tation resulting from less intense fires (Nugent et al. 
2014). The value of insights provided by fire–vegetation 
relationships for understanding and predicting how fire 
will affect animal species has been emphasized by 

Fig. 3. Predicted time- since- fire relationships for canopy 
cover (>4 m) following fires of high severity (black, wildfire) and 
low severity (gray, prescribed burn). Predicted values are plotted 
for Dry vegetation; dashed lines show the 95% confidence 
intervals of predictions.
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previous work in this (Sitters et al. 2014) and other (Parr 
et al. 2004) fire- prone systems.

A key objective of this study was to examine the 
potential interaction between characteristics of the most 
recent fire event and other attributes of fire regimes, in 
terms of their effects on vegetation structure. There was 
some evidence of support for our first hypothesis: 
post- fire succession is influenced by measures of the fire 
regime other than time since fire. Our results showed that 
the type/severity of the most recent fire influenced 
post- fire canopy regeneration. Prescribed/low severity 
burns in foothill forests rarely affect canopy strata while 
more severe wildfires regularly remove canopy vege-
tation, which then regenerates from surviving live trees 
(Cheal 2010). Thus, this result is related to the different 
starting points in canopy cover that result from low and 
high severity fires. This highlights the importance of 
ensuring equivalent baseline (time- zero) states across 
replicates; a critical consideration for fire research 
employing a chronosequence approach (Turner et al. 
1998, Gill and Catling 2002). Importantly here, attri-
butes of past fires, rather than environmental character-
istics (e.g., Nimmo et al. 2014, Brown et al. 2015), 
determined successional pathways. Previous work has 
similarly identified an effect of fire severity on post- fire 
succession in forest vegetation (Ashton and Martin 
1996, Díaz- Delgado et al. 2003, Kuenzi et al. 2008, Shive 
et al. 2013), with the strength of such interactions in 
coniferous forests indicating that multiple successional 
pathways are required to understand long- term change 
after fire (Lecomte et al. 2006).

There was limited capacity to examine our second 
hypothesis, that the type/severity of the most recent fire 
overrides the influence of preceding fires, due to minimal 
effects of preceding fires on vegetation structure. 
Nonetheless, the influence of fire frequency (NumFires) 
on canopy cover was not found to be overridden by the 
type of the most recent fire; canopy cover decreased with 
the number of past fires at sites. These findings highlight 
that even though attributes of individual fire events 
appear to have the dominant effect on vegetation 
structure in this system, the potential influence of other 
aspects of fire regimes cannot be dismissed. Further evi-
dence for this comes from Aponte et al. (2014), who 
detected an effect of fire frequency on logs in foothill 
forests. The degree to which fire severity alters the 
influence of preceding fires may also be contingent on 
environmental conditions. For example, in the current 
study region, Bassett et al. (2015) found that severe wild-
fires obscured the effect of preceding fires (in this case, 
previous time since fire of burnt vegetation) on logs and 
dead trees on slopes but not in gullies.

These findings must be considered in light of two 
important factors. First, fires in foothill forests are not 
stand- replacing; canopy species survive even severe indi-
vidual wildfires and regenerate post- fire from epicormic 
buds (Gill 1975). This contrasts with some other fire- 
prone systems, including parts of the boreal forests 

(Lecomte et al. 2006) and semi- arid mallee vegetation 
(Haslem et al. 2011), where fires commonly reset succes-
sional pathways. The retention of key forest attributes 
such as canopy trees, which represent important bio-
logical legacies (Foster et al. 1998), may reduce the like-
lihood of detecting a strong fire- related signature on 
vegetation structure. However, the timeframe over which 
fire responses are considered may be influential: long- term 
changes to fire regimes have resulted in marked changes 
to the structure of forests dominated by ponderosa pine 
Pinus ponderosa var. scopulorum, a species known to 
survive surface fires, in parts of the USA (Brown 2006). 
Nonetheless, variation in the magnitude of changes to 
vegetation structure following fire has flow- on effects for 
the degree to which associated faunal species are resilient 
to fire (Barrow et al. 2007).

Second, empirical data employed in these analyses 
were collected over a large geographic area. Consequently, 
it is to be expected that broad environmental gradients, 
notably annual rainfall and vegetation type, will influence 
patterns of vegetation structure across sites. Other 
research into fire–vegetation relationships across large 
areas has similarly identified an overriding effect of 
broad- scale geographic gradients (Turner et al. 1997). 
The importance of considering environmental drivers in 
fire- prone systems is further emphasized by work in tall 
wet forests: abiotic factors such as topography exerted a 
substantial influence on bird occurrence following a 
large, stand- replacing wildfire, despite major changes to 
vegetation structure (Lindenmayer et al. 2014).

conclusion

Fire history attributes had complex effects on the 
structure of foothill forest vegetation. Ground vegetation 
(0–0.5 m) and sub- canopy (2–4 m) cover were not affected 
by fire history whereas other strata, notably ground cover 
and canopy layers, showed stronger relationships with 
fire history measures. Particularly important were 
attributes of the most recent fire, both its type/severity 
and the length of time since its occurrence. Other 
attributes of fire regimes (inter- fire interval, fire fre-
quency) exerted lesser influence on vegetation structure. 
While the relatively weak effects of fire on some vege-
tation attributes may be related to the characteristics of 
fire in this system, or the large study area, they indicate 
that at broad scales, structural attributes of foothill forest 
vegetation appear relatively resilient to the effects of 
current fire regimes. However, fire management for 
hazard reduction may result in more extreme fire regimes 
than examined here (notably higher fire frequencies, 
shorter inter- fire intervals), and such conditions are likely 
to have more marked effects on foothill forest vegetation. 
Further work is required to determine whether these 
results are observed at the more localized scales at which 
fire management is often undertaken, and the ramifica-
tions of fire- related vegetation change for other compo-
nents of the biota of foothill forests, notably fauna.
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