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Abstract

Background: A fire management strategy of deliberate patch-mosaic burning (PMB) is postulated to promote
biodiversity by providing a range of habitat patches with different fire histories, habitat qualities, and vegetation
ages at a given scale. We investigated the response of avian fauna to fire, particularly species richness and
community composition, in a landscape composed of a diversity of vegetation ages including long-unburned
refuges (age 26 years), compared with a landscape of uniform vegetation ages recovering from an extensive and
intense fire.

Results: There was no effect of heterogeneity in vegetation age on species richness at whole forest management
block (about 6000 ha), or local (2 ha) scales. There were different responses of particular species to vegetation age.
Nine species showed responses to vegetation age at local (2 ha) scales, which is presumably a surrogate for
availability of key resources and which changes over time. Australian Pipit (Anthus australis Vieillot, 1818) were
absent from swamp vegetation <3.5 years old, while Spotted Pardalote (Pardalotus punctatus Shaw & Nodder, 1792)
were only found in forest vegetation <3.5 years old. Year-to-year changes in local assemblages were detected after
removing the effect of time since fire. There was no difference in effect of the two fire regimes on assemblage
composition or feeding-guild structure.

Conclusions: Mosaics of different vegetation ages had no net benefit for biodiversity, as measured by species
richness and assemblage composition, at the forest block management unit scale. Different responses to vegetation
age among bird species did not lead to increased bird richness at the scale of forest management block. A
potential advantage of mosaics in conservation of avian biodiversity is through preservation of patches of older
vegetation ages in the landscape, compared to the periodic extensive loss of older vegetation ages in wildfires.
However, the absence of large-scale effects of vegetation age on bird species richness, the tendency for birds to
specialize to fuel ages >5.5 years in the landscape studied, and indications of flexible responses of some species at
landscape scales allows some flexibility in fuel management strategies and the scale at which they are applied with
respect to avifauna.
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Resumen

Antecedentes: La estrategia de realizar deliberadamente quemas en parches y mosaicos (PMB), es postulada como
promotora de la biodiversidad, al proveer un rango de parches de hábitats con diferentes historias de fuego,
calidad de hábitat, y edades de vegetación a distintas escalas. Investigamos la respuesta de la fauna aviar al fuego,
particularmente la riqueza de especies y la composición de la comunidad, en un paisaje compuesto por una
diversidad de edades de la vegetación incluyendo refugios sin quemar por largo tiempo (26 años), comparado con
un paisaje de vegetación de edad uniforme recuperándose de un fuego extenso e intenso.

Resultados: No hubo efectos de la heterogeneidad en la edad de la vegetación sobre la riqueza de especies a
nivel de todo el block de manejo forestal (alrededor de 6000 ha), o a escala local (2 ha). Hubo diferentes respuestas
de especies particulares a la edad de la vegetación. Nueve especies mostraron respuestas a la edad de la
vegetación a escala local (2 ha), lo que es presumiblemente un sucedáneo para disponer de recursos clave y que
cambian en el tiempo. El bisbita australiano (Anthus australis Vieillot, 1818), estuvo ausente de la vegetación
inundable (vegas o mallines) menores de 3,5 años de edad, mientras que el pardalote moteado (Pardalotus
punctatus Shaw & Nodder, 1792) fue encontrado solo en vegetación de bosques que tenía menos de 3,5 años de
edad. Año a año, los cambios en los ensambles de aves locales fueron detectados cuando se removió en efecto
desde el evento de fuego. No hubo diferencias en efectos entre los dos regímenes de fuego en la composición de
los ensambles ni en la estructura de la distribución de la alimentación.

Conclusiones: Los mosaicos de diferentes edades de la vegetación no tuvieron un beneficio neto para la
diversidad, medida como riqueza de especies y la composición del ensamble de aves a la escala de unidad del
block de manejo forestal. Las diferentes respuestas a la edad de la vegetación entre las especies de aves no
llevaron a un aumento en la riqueza de aves a la escala de block de manejo forestal. Una ventaja potencial de los
mosaicos en la conservación de la biodiversidad de aves es a través de la preservación de parches de vegetación
más antigua en el paisaje, comparada con la perdida periódica de la vegetación por incendios. Sin embargo, la
ausencia de efectos de gran escala de la edad de la vegetación sobre la riqueza de especies de aves, la tendencia
de las aves a especializarse en combustibles mayores a los 5,5 años en el paisaje estudiado, y la indicación de las
respuestas flexibles de algunas especies a escala de paisaje, permiten cierta flexibilidad en las estrategias del
manejo de los combustibles a la escala en que son aplicados con respecto a la avifauna.

Background
A goal of managers of fire in biological conservation
areas is to maintain the capacity of managed units of
land to sustain biodiversity and to minimize the ex-
tinction risk of individual species (Department of
Parks and Wildlife 2017). A fire management strategy
of deliberate patch-mosaic burning (PMB) was postu-
lated to promote biodiversity by providing a range of
habitat patches with different fire histories, habitat
qualities, and seral stages at a given scale (Parr and
Andersen 2006; Burrows 2008).
PMB theory has its origin in the mechanism of species

coexistence described by Hutchinson (1953), whereby
catastrophic events created empty patches (“biotopes”).
Before dominant species eliminated weaker competing
species, these weaker species could colonize and occupy
the new patches. The consequences to biological diver-
sity of the scale and frequency of catastrophic events are
outlined by the Intermediate Disturbance Hypothesis
(Connell 1978). According to this hypothesis, highest di-
versity is maintained at intermediate scales of disturb-
ance. Considering disturbance frequency, where there is
frequent disturbance, only those organisms capable of

dispersing, colonizing, and reproducing within the dis-
turbance interval will flourish. As the interval increases,
diversity increases as more species are able to colonize
and reproduce. At longer intervals, diversity decreases as
competition between species becomes important, and
certain species dominate or competitively exclude other
species. Species richness is positively related to increas-
ing spatial heterogeneity in habitat through the effects of
amount, complexity, and variety of different habitats.
Species richness is dependent on the provision of a va-
riety of suitable shelter and refuges for species (Stein
et al. 2014). Considering fire as a disturbance leading to
habitat diversity for birds, the different requirements of
different species are met by shifts and differences in the
available quantity and range of required resources across
seral stages after fire (Pons and Clavero 2010; Swan
et al. 2018). Unburned patches also provide refuges dur-
ing and after fire, retain propagule sources, and provide
stepping stones for recolonization of burned areas after
fire (Robinson et al. 2013; Sitters et al. 2015).
In general terms, the responses of bird species to fire

are to severity and extent of fire (Barton et al. 2014;
Lindenmayer et al. 2014; Berry et al. 2015b); the timing
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of fire in relation to vegetation succession, and structural
and floral maturation processes (Pons and Clavero 2010;
Watson et al. 2012b; Chalmandrier et al. 2013); and the
spatial arrangement and contrast of vegetation ages in
landscapes (Sitters et al. 2015; Sitters et al. 2016). Thus,
the passage of time and recurrence of fire render
mosaics of different vegetation ages as dynamic entities,
and species diversity and community composition re-
sponses to them are also likely to be dynamic (e.g.,
Tingley et al. 2016).
The premise that mosaics of vegetation ages might

lessen the extent and severity of unplanned fires while
promoting biodiversity prompted the Department of
Conservation and Land Management in Western
Australia to investigate the feasibility of employing
frequent applications of fire to construct a fine-scale,
vegetation age mosaic across an entire forest block of
several thousand hectares, and to examine effects on
particular taxa, including avifauna (Burrows and
Wardell-Johnson 2004).
This study investigated the response of avian fauna to

fire, particularly species richness and community com-
position, in a landscape composed of a diversity of vege-
tation ages, including vegetation ages from unburned
patches to 26 years, compared with one of extensive uni-
form vegetation ages (ages 1.5 and 9.5 years) recovering
from an intense fire. We considered variation in species
richness and community composition with time since
last fire, and across land systems that are surrogates for
broad vegetation units (Mattiske and Havel 1998, 2000).
We tested the hypotheses that: (1) individual bird species
are more common in particular post-fire vegetation ages;
and (2) a fine-grain vegetation age mosaic induced by
frequent introduction of fire under mild conditions of-
fers an advantage, in terms of maintenance of, or in-
crease in, species richness, over a vegetation age
succession initiated by a single extensive fire event. We
considered the effects of the different fire regimes on
local species richness at 2-hectare sample points, as well
as species richness at the scale of forest blocks across
~6000 ha. We considered the implications of responses
of individual bird species, feeding and nesting guilds,
species richness, and assemblage composition to vegeta-
tion age and heterogeneity in vegetation age with respect
to fire planning and management.

Methods
Overview
The study was conceived as a repeated measures fac-
torial design of two forest blocks (subjected to differ-
ent fire regimes) by three vegetation units by two
replicates of sample points, which were sampled in
2004, 2008, and 2012. In 2008, sampling was com-
pleted only in one forest block, leading to incomplete

replication over time and compromising the original
design. The landscape was sampled with a stratified
random design with repeated measures. Sample grids
were stratified by forest block and vegetation unit,
but there was a random element of placement within
vegetation units. Our goals were to test for forest
block, vegetation unit, and temporal effects on local
(~2 ha) species richness, assemblage composition, and
feeding-guild composition. In addition, we wished to
document changes in species richness at the forest-
block scale (6000 ha) over time.

Study area
The study was conducted at London and Surprise forest
blocks, 30 km northeast of Walpole in south-western
Australia (Fig. 1). Surprise forest block consists of two
sub-blocks: Surprise East and Surprise West. The cli-
mate of the region is mediterranean with cool, wet win-
ters and warm, dry summers (Gentilli 1989). Mean
annual rainfall was ~1100 mm, predominantly over the
winter months. Mean monthly temperatures ranged
from 15 °C to 26.7 °C (Bureau of Meteorology 2016).
The soils and landforms of the study area were derived

from granitic gneiss material (Churchward et al. 1988).
Landforms form a catena of well-drained ridge and hill-
slope units (named Collis and Lindesay, respectively)
and poorly drained swampy slopes, plains, and drainage
floors named Caldyanup (Churchward et al. 1988). Vege-
tation on the Collis and Lindesay landform units is com-
posed of an open eucalypt (Eucalyptus spp. L’Hér.)
forest to 30 m tall dominated by jarrah (Eucalyptus mar-
ginata Donn ex Sm.) and marri (Corymbia calophylla
[Lindl.] K.D. Hill & L.A.S. Johnson), and having a dense
shrubby understory to 2 m tall (Mattiske and Havel
1998, 2000). A variety of vegetation is associated with
the Caldyanup landform unit, ranging from sedge-
dominated seasonal wetlands to heathlands of myrta-
ceous shrubs to 2 m tall.

Fire treatments
Surprise and London forest blocks differed in the fire
regimes imposed on them. London block, an area of
~5000 ha, was burned prior to the study by a low-
intensity fire in spring 1997. Further fire was intro-
duced into London block: prescribed fire in spring
2002, wildfire in summer 2003, prescribed fire in au-
tumn 2005, prescribed fire in autumn 2006, and pre-
scribed fire in spring 2008. Introducing these fires
was an attempt to create a fine-scale mosaic of small
patches of vegetation at different ages since last fire
(seral, or growth stages). By 2012, there were patches
of vegetation from a few to several hundred hectares
ranging from relatively recently burned to long un-
burned (Burrows and Middleton 2016). Heterogeneity
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in vegetation ages occurred at scales within sample points
(meters to tens of meters) and between sample points
(hundreds of meters to kilometers) (Table 1). Surprise for-
est block (~6700 ha), which adjoins London forest block
to the north, was burned in one single fire event by an in-
tense wildfire in March 2003 (Wittkuhn and Hamilton
2010). Forest blocks to the west, north, and east were con-
sumed in the same fire. The 2003 fire was intense enough
to cause spalling of exposed granite and complete com-
bustion of crown foliage.

Sample design
A network consisting of 12 permanently marked sample
points was established in 2004 in the three major land sys-
tems described above in both London (six sample points,
two replicates of each vegetation unit) and Surprise West
forest blocks (six sample points, two replicates of each
vegetation unit) (Table 1). The six points on London were
sampled in 2008 and 2012. No sample points were sam-
pled in Surprise West in 2008, but sample points in
Surprise West were sampled in 2012 (Table 1). Later than

Fig. 1 Location of the study area and sample points on London and Surprise West forest blocks in south-western Australia. (A) Overview
map showing location of sites in relation to nearest town and the Western Australian Capital city. (B) Location of sample points in
Surprise and London forest blocks in south-western Australia sampled in 2004, 2008, and 2012. Access track dividing Surprise West from
Surprise East sub-blocks is shown as Tracks in legend. Vegetation complexes are those of Mattiske and Havel (1998, 2000) and
abbreviated names for complexes are as per those authors. For simplicity, Lindesay complexes Lg and Lp are shaded the same green and
referred to as Lindesay in Methods. Collis 1 is referred to as Collis in the Methods. Sample points established in Surprise East forest block
were not considered in this study

Table 1 Vegetation units (Collis, Lindesay, or Caldyanup) and time since fire (years) up to 100 m from sample points on London and
Surprise forest blocks in south-western Australia sampled for birds in spring of 2004, 2008, and 2012. Times since fire of multiple-age
sample points are in parentheses; single-age sample points contain only one value (boldface) within parentheses. The predominant
time since fire within multiple-age sample points used in analyses are in boldface. There are up to three vegetation ages (three ages
within a set of parentheses) at a sample point

Time since fire on sample point (yr)

Forest block Sampled Dec 2004 Sampled Sep 2008 Sampled Nov 2012

London forest block (mosaics of single-age and multiple vegetation-age sample points)

Collis (2 sample points) (18, 2); (18, 2) (22, 6.5, 3); (3) (26, 6, 4.5); (6)

Lindesay (2 sample points) (2); (2) (22, 3); (3) (26, 6, 4.5); (6)

Caldyanup (2 sample points) (2); (2) (6.5); (6.5) (4.5); (4.5)

Surprise West forest block (single-age sample points)

Collis (2 sample points) (1.5); (1.5) No samples (9.5); (9.5)

Lindesay (2 sample points) (1.5); (1.5) No samples (9.5); (9.5)

Caldyanup (2 sample points) (1.5); (1.5) No samples (9.5); (9.5)
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2014, other planned fire treatment overlaid the mosaic of
ages on London forest block, ending the process of main-
taining the fine-grain mosaic.

Bird survey method
Transect and area search methods are the two most
widely used procedures for survey of birds in Australia
(Pyke and Recher 1983). The point-count (Abbott et al.
2009), a variation on the transect count, was used due to
the dense vegetation of the kind encountered on Collis
and Lindesay units. The same experienced observer
made each count and five counts were carried out in
each sample point on consecutive days during each cen-
sus period. Following a one-minute rest on arrival at the
sample point, each bird seen or heard during a five-
minute interval at each point was counted and the
horizontal distance to its location when first detected
was estimated within one of six distance categories
(0 to 5 m, 5 to 10 m, 10 to 20 m, 20 to 30 m, 30 to
60 m, over 60 m). Thus, there were 25 minutes of
observation over ~2 ha around each sample point.
The survey technique is certain to suffer the short-
comings of incomplete sampling, due firstly to lim-
ited sampling time as identified by Loyn (1986), and
also to that associated with repeated transects identi-
fied by Watson (2004). We made no tests or correc-
tions (cf. Wintle et al. 2004) for potential differences
in detectability between species. However, we
attempted to sample all points on the same morning,
within the constraints of the number of points and
travel time between them. All counts were carried
out in spring (Table 1) within four hours of sunrise,
and the time of detection recorded as minutes after
sunrise. Conditions of wind speed >10 km hr−1 and
rain were avoided. Our intention was to minimize
the effects of variability in sampling conditions on
the detection of birds (Ellis and Taylor 2018), while
allowing an exploration of forest block, vegetation,
and temporal effects on bird richness and assem-
blage compositions. Thus, richness and abundances re-
corded were an index of richness and abundance rather
than an absolute measure (Gregory et al. 2004). Avian
nomenclature follows that described by Johnstone and
Darnell (2018) (Additional file 1).

Analysis
Hypothesis: Fire regime, or vegetation unit, or time since
fire affect species richness at local or forest-block scales
There are many measures of biodiversity (Heip et al.
1998), but the meaning and utility of the concept of di-
versity as expressed by some of these measures based on
entropy formulae were questioned by Hurlbert (1971). It
has been argued that reporting a spectrum of measures
gives a more informed view of diversity responses to

anthropogenic factors (Morris et al. 2014). For simplicity
we opted for species richness (S) at sample point
(SPOINT) and forest block (SBLOCK) scales and separately
considered community compositions (assemblages and
abundances of species within assemblages). Data used to
calculate SPOINT for each year were species occurrences
on London mosaics including points sampled in 2004,
2008, and 2012, and Surprise West age 1.5 yr and age
9.5 yr. Due to the incomplete replication in 2008, and
the small sample sizes, we relaxed the analytical de-
sign to conduct Kruskal-Wallis analyses (Corder and
Foreman 2009) on SPOINT values as follows: five
“blocks” of these data corresponding to two forest
blocks and their years sampled, of three vegetation
units with their two replicate sample points, were
subjected to a 1-way analysis comparing “blocks.”
Similarly, a 1-way analysis comparing vegetation units
was conducted. The χ2 approximation was used to as-
certain significance at α = 0.05 with number of
groups minus one degree of freedom.

Hypothesis: Individual species are more abundant at
particular vegetation ages
At least some species were expected to be more
common in particular vegetation ages after fire. To
determine vegetation age effects, we compared abun-
dance of each species per sample point when paired
observations within sample points from youngest vegeta-
tion (age <3.5 years) and oldest vegetation (age >5.5 years)
were available from 2004, 2008, and 2012 data. Differences
in raw abundance were tested with Wilcoxon paired-
sample tests (Sokal and Rohlf 1981). Potential patch size
and edge effects were unavoidable due to the necessity to
combine London and Surprise West data for all vegetation
units to provide a sufficient number of pairs. Using
the same data, we identified species with exclusive
vegetation unit preferences (Caldyanup or forest)
and tested for age preferences using occurrence of
samples that encountered particular species. We con-
structed contingency (2 × 2) tables describing num-
bers of samples by presence and absence, and in
each of the youngest vegetation age (<3.5 years) and
oldest vegetation age (>5.5 years) class and tested for
independence between vegetation age and occurrence
using Fisher Exact tests (Sokal and Rohlf 1981).

Hypothesis: Particular feeding or nesting strategies are
more common at particular vegetation ages
Different species have different ecological require-
ments in terms of what they feed upon, where they
feed, and where they nest. Different ecological re-
quirements might be expected at different vegetation
ages after fire. To determine the association between
ecological requirements and vegetation ages after fire,
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we derived feeding and nesting strategies for each
species from Abbott (1999) and Birdlife Australia
(2018). Feeding strategies considered were: omnivore,
carrion scavenger, vertebrate predator, insectivore
general, insectivore ground, insectivore foliage, insect-
ivore trunk or bark, insectivore aerial, nectar feeder,
fruit eater, seed eater, and cambium feeder. Many
species have multiple feeding strategies. Nesting loca-
tion categories were: ground, understory, mid story,
and overstory.
For each species we calculated the log10-transformed

abundances in each sample and calculated mean differ-
ence between pairs of observations taken 1.5 and 9.5
years after fire. We calculated mean differences using
only pairs of data for which the species were observed in
one or both samples of the pair. We used the means to
assign species as increasing in abundance, or decreasing
in abundance between 1.5 and 9.5 years after fire. We
tested for independence between apparent vegetation
age preferences and feeding strategies, and apparent age
preferences and nesting strategies, using Fisher Exact
tests on numbers of species in categories in a similar
manner to that described above. We confined compari-
sons to the Surprise West sample points to avoid poten-
tial patch size effects inherent in the London mosaic
sample points.

Hypothesis: Fire regime, vegetation unit, or time since fire
affect feeding the guild composition of bird assemblages
We derived a matrix of feeding strategies by species
from the above feeding strategies. We obtained a species
similarity matrix using Gower’s coefficient (Clarke and
Gorley 2006). Feeding guilds were delineated from this
similarity matrix using a complete linkage CLUSTER
analysis with SIMPROF tests (Clarke and Gorley 2006;
Both et al. 2011). Eighteen entities were identified. After
combining two categories of nectar feeders, two categor-
ies of foliage insectivores, and two categories of fruit and
seed feeders, we used 13 guild categories for further
analysis (Additional file 2). We summed abundances
within these 13 guild categories for each sample point.
Feeding-guild compositional similarities between sample
points, according to vegetation age and vegetation type
on London sample points from 2004 and 2012, and Sur-
prise West sample points from 2004 and 2012 (see Table
1), were visually presented in a non-metric Multidimen-
sional Scaling (nMDS) ordination derived from Bray-
Curtis dissimilarities between sample points (Clarke and
Gorley 2006). Data used were log10 (guild abundance
+1) on London 2004 and 2012, and Surprise West 2004
and 2012. We used permutational Multivariate Analysis
of Variance (PerMANOVA; Anderson 2017) on the
same Bray-Curtis dissimilarity matrix to examine vegeta-
tion age, forest block, vegetation, and year of

measurement effects on similarities in feeding-guild
composition between sample points. The covariate
“years since fire” was fitted first. The age of greatest area
was used when there were multiple ages on sample
points (oldest ages were usually of smallest area after
multiple fires at sample points). Type I sums of squares
were used and restricted permutation of raw data with
9999 permutations allowed.

Hypothesis: Fire regime, vegetation unit, or time since fire
affect bird community composition
Relative avian community compositional similarities be-
tween sample points, according to vegetation age and
vegetation type on London sample points from 2004 and
2012 and Surprise West sample points from 2004 and
2012 (Table 1), were visually presented in an (nMDS) or-
dination derived from Bray-Curtis dissimilarity between
measurement sample points using species log10 (species
abundance +1). We then used PerMANOVA to examine
years since fire, forest block, vegetation, and year of meas-
urement effects on Bray-Curtis dissimilarity between sam-
ple points. The covariate “years since fire” was fitted first,
as above. Type I sums of squares were used and restricted
permutation of raw data with 9999 permutations allowed.
Data used were log10 (species abundance +1) on London
sample points from 2004 and 2012, and Surprise West
sample points from 2004 and 2012 (Table 1).

Results
Effects of vegetation and forest block on species richness
At the 2-hectare scale, separate 1-way Kruskal-Wallis
analyses (Sokal and Rohlf 1981) revealed no effects of
vegetation unit or “block” (forest block, vegetation age
and vegetation age heterogeneity, and sample year) on
SPOINT ranges and medians. Ranges and medians in
SPOINT values were similar between vegetation units and
between “Blocks” (Tables 2 and 3). Species richness was
similar at whole forest-block scale for London block mo-
saics and Surprise West single vegetation ages (Table 3).

Individual species responses to vegetation age
Responses to vegetation age, regardless of vegetation
type, were identified for individual species from their

Table 2 Species richness at sample-point scale (SPOINT) within
vegetation units. Equivalent sampling intensity (10 samples)
applies for each vegetation unit. Samples are from London,
Surprise East, and Surprise West forest blocks northeast of
Walpole, Western Australia, from 2004 and 2012

Vegetation unit Median SPOINT SPOINT range Mean SPOINT SE

Caldyanup 16.0 11 to 22 16.0 1.1

Lindesay 18.5 15 to 20 18.2 0.5

Collis 19.0 12 to 22 18.3 1.1
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abundances on ages >5.5 or <3.5 years. Of the 18 species
encountered in enough samples to be testable using
Wilcoxon paired-sample tests (Sokal and Rohlf 1981;
Table 4), only three species showed responses to vegeta-
tion age using this method: Red Wattlebird preferred
younger vegetation while Grey Fantail and White-
browed Scrubwren preferred older vegetation. Using
presence−absence data, five species were responsive to
vegetation age in Caldyanup or forest vegetation units
(Table 5). Spotted Pardalote (Pardalotus punctatus
Shaw & Nodder, 1792) preferred forest units of young
vegetation age. Western White-naped Honeyeater
(Melithreptus chloropsis Gould, 1844) and White-
breasted Robin (Eopsaltria georgiana Quoy &
Gaimard, 1830) preferred forest units of older age.

Brown Songlark (Megalurus cruralis Vigors and Hors-
field, 1827) tended to prefer young ages in Caldyanup
while Australian Pipit (Anthus australis Vieillot, 1818)
tended to prefer older ages in Caldyanup. Tree Martin
(Petrochelidon nigricans Vieillot, 1817) showed large dif-
ferences in forest block-scale distribution according to
vegetation age. They showed no response to vegetation
age on Caldyanup sample points yet were absent from for-
est sample points <3.5 years after fire.

Composition of feeding and nesting guilds on sample
points
The nMDS of sample points by feeding-guild com-
position (Fig. 2) revealed separation of Caldyanup sam-
ple points from forest sample points. There was no

Table 3 Species richness at sample-point scale (SPOINT) within forest blocks and total richness at whole forest-block scale (SBLOCK).
Equivalent sampling intensity (six samples) applies for London and Surprise West forest blocks. Samples are from London and
Surprise West forest blocks northeast of Walpole, Western Australia, from 2004, 2008, and 2012

Forest block Vegetation age (yr) Sample year Median SPOINT SPOINT range Mean SPOINT SE SBLOCK

London Mosaic 2004 17.5 11 to 20 16.7 1.38 35

London Mosaic 2008 18.0 11 to 22 17.5 1.57 33

London Mosaic 2012 18.5 16 to 22 18.8 0.83 34

Surprise West 1.5 2004 16.0 12 to 19 15.7 1.23 35

Surprise West 9.5 2012 19.0 14 to 22 18.8 1.14 33

Table 4 Species with responses to vegetation age as detected by Wilcoxon paired-sample tests on differences in abundance
without regard to vegetation units. The ranges of vegetation ages are: Young = 1.5 to 3 years, and Old = 6 to 9.5 years. Probability
of a smaller Wilcoxon T statistic (2-tail) ≤0.05 indicated by an asterisk (*), P > 0.05 indicated by ns. Dashes (-) indicate no apparent
vegetation age preference. Refer to Additional file 1 for species names. Samples are from London and Surprise West forest blocks
northeast of Walpole, Western Australia, from 2004, 2008, and 2012

Common name Number of sample pairs
Mean difference in abundance
(birds per sample point) P of smaller T Vegetation age preference

Tree Martin 7 5.5 ns -

Baudin’s Cockatoo 10 4.8 ns -

Red Wattlebird 8 2.0 * Young

Western Rosella 10 1.6 ns -

Western Gerygone 7 1.4 ns -

Australian Ringneck 7 0.9 ns -

Western Spinebill 10 0.3 ns -

Grey Currawong 7 −0.1 ns -

Western Golden Whistler 10 −0.4 ns -

Laughing Kookaburra 10 −0.5 ns -

Australian Raven 8 −0.5 ns -

Black-faced Cuckoo-shrike 10 −0.6 ns -

Striated Pardalote 8 −0.6 ns -

Fan-tailed Cuckoo 7 −0.9 ns -

Horsfield’s Bronze-Cuckoo 7 −1.0 ns -

Grey Fantail 9 −1.3 * Old

Inland Thornbill 10 −1.5 ns -

White-browed Scrubwren 7 −4.1 * Old
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apparent separation of forest blocks. PerMANOVA with
“years since fire” as a covariate revealed vegetation unit
(Pseudo-F2,12 = 4.6751, Pperm = 0.0001), and sample year
(Pseudo-F1,12 = 3.1369, Pperm = 0.016), but not “years
since fire” (Pseudo-F1,12 = 2.1096, Pperm = 0.09), or age het-
erogeneity–forest block (Pseudo-F1,12 = 1.7165, Pperm = 0.16)
effects on guild composition. Caldyanup had different com-
position compared to Collis (t = 2.5653, Pperm = 0.0003) and
Lindesay (t = 2.0432, Pperm = 0.006), while Collis and Linde-
say had similar compositions (t = 1.5029, Pperm = 0.073).
Certain bird-feeding strategies favored either youn-

ger or older vegetation ages after intense wildfire.
Species more abundant at vegetation age 1.5 yr had a
greater number of feeding strategies than species
more abundant at age 9.5 yr (mean of 2.3 yr versus
mean of 1.5 yr, respectively; Mann-Whitney U = 285,
df = [20, 19], P1-tail ≤ 0.005 [Zar 1974]). Seed feeder
and fruit eater strategies were more common among
species that were more abundant at age 1.5 yr than
species more abundant at age 9.5 yr (9 of 19 species
versus 1 of 20 species, Fisher Exact [1-tail] P = 0.003;
6 of 19 species versus 1 of 20 species, P = 0.04, re-
spectively). Note that most fruit feeders were also
consuming the seeds within the fruit.

Community composition
The nMDS of assemblage composition revealed clear
visual separation of Caldyanup from the forest vegeta-
tion units Collis and Lindesay, but weaker separation of
the forest units from each other (Fig. 3). Clines in vege-
tation age were readily apparent in the arrangement of
ages within vegetation units within the nMDS. Separ-
ation of sample years was also apparent while there was
no apparent separation of forest blocks.

PerMANOVA with “years since fire” as a covariate
revealed “years since fire” (Pseudo-F1,12 = 3.9275,
Pperm = 0.0008), vegetation unit (Pseudo-F2,12 = 8.1974,
Pperm = 0.0001), and sample year (Pseudo-F1,12 = 4.825,
Pperm = 0.0001), but not age heterogeneity–forest block
(Pseudo-F1,12 = 1.613, Pperm = 0.14) effects on bird
community composition. Caldyanup had different com-
position compared to Collis (t = 3.485, Pperm = 0.0001)
and Lindesay (t = 3.051, Pperm = 0.0001), while Collis and
Lindesay had similar compositions (t = 1.399, Pperm = 0.057).

Discussion
Spatial scale and effects of fire heterogeneity on species
richness
Effects of fire heterogeneity on biodiversity need to be
considered in the context of their spatial scale (Kotliar and
Wiens 1990) and the unit of biodiversity measure (Morris
et al. 2014). Species richness (S) at the sample point (2 ha,
mean SPOINT of 15.7 to 18.8 species) and forest block
(thousands of hectares, SBLOCK ranging from 33 to 35 spe-
cies) scales observed in this study were consistent with,
although less than, expectations from a meta-analysis by
Abbott (1999). His Figure 14 predicted SPOINT at ~22 and
SBLOCK at ~44 species, but edge effects related to fragment
size might have been important in his data.
Recovery in species richness after wildfire can be rapid

(Christensen et al. 1985). Lack of significant difference in
SPOINT on Surprise West forest block between 1.5 years
and 9.5 years after fire, and similarity to SPOINT on the
mosaics that included older vegetation ages, suggest rapid
recovery of species richness after wildfire. However, fire
intensity and extent can have sustained effects on species
richness at a local scale in eastern Australian Eucalyptus
forest (Lindenmayer et al. 2014), while lack of response to

Table 5 Species with preferences for particular vegetation ages in vegetation types. Young vegetation (Young) ranges from 1.5 to 3
years old, while older vegetation (Old) ranges from 6 to 9.5 years old. Total number of samples in Caldyanup = 4: total number of
samples in forest units = 6. Samples are from London, Surprise East, and Surprise West forest blocks northeast of Walpole, Western
Australia, from 2004, 2008, and 2012

Common name
Young vegetation
(count of samples)

Old vegetation
(count of samples) Fisher Exact probability (1-tail) Vegetation age preference

Species preferring either young or old vegetation age and found only in forest (Collis or Lindesay)

Spotted Pardalote 4 0 0.03 Young

Western White-naped Honeyeater 1 5 0.04 Old

White-breasted Robin 1 6 0.008 Old

Species with indications of preference (significant at α = 0.10) for either young or older vegetation age and found only in Caldyanup

Brown Songlark 3 0 0.07 Young

Australian Pipit 0 3 0.07 Old

Species with contrasting preferences for vegetation age between Caldyanup and forest vegetation units

Tree Martin (Caldyanup) 3 2 0.5 No preference

Tree Martin (forest) 0 4 0.03 Old
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fire spatial structure in species richness at larger
scales concurrent with responses in species richness
at finer scales has been found elsewhere in Eucalyptus
forest (Sitters et al. 2015).
There were no clear effects of spatial heterogeneity in

terms of disposition of spatial structure of different vege-
tation ages since fire on SPOINT or SBLOCK detected in
the present study. We have some evidence of spatial
variability in fire intensity within the same fire in the
mosaic from satellite imagery of London forest block
(see Ward et al. 2017: Figure 2), although fires on
London block were generally milder in intensity than
the wildfire on Surprise forest block. We cannot separate
fire heterogeneity effects in terms of intensity from for-
est block-level effects within forest blocks. We presume
heterogeneity in fire intensity would have been greater
on London forest block. However, we detected no forest
block effects in any of the analyses. Thus, the hypothesis

that fire mosaics promote biodiversity as measured by
bird species richness at these scales is not supported. At
best, effects of mosaics on richness appear to be neutral
in relation to a wildfire.

Responses in bird community composition
Particular bird species were more abundant in particular
vegetation ages. However, a potential consequence of
this—that there will be greater species richness at forest-
block scale in a vegetation-age mosaic—was not sup-
ported. We found no effect of vegetation age heterogen-
eity on avian assemblage composition at forest-block
scale once vegetation age effects were removed. That is,
there were apparently neither effects of patch size on as-
semblage composition (cf. Berry et al. 2015b) nor effects
of juxtaposition of different patch ages (cf. Sitters et al.
2015). Bird species are mobile in the landscape and ex-
hibit preferences that vary across time according to

Fig. 2 Non-metric multidimensional scaling (nMDS) ordination of sample points on London and Surprise West forest blocks in south-western
Australia measured in 2004 and 2012 based on Bray-Curtis dissimilarity between sample points in feeding-guild compositions. The same
ordination is coded for forest block in (A) and vegetation unit in (B). MDS1 and MDS2 are without units and are measures of relative similarity
between data points. Numeric labels on data points are the predominant vegetation ages of the sample points
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available resources within the landscape, resulting in
changes in species assemblage composition. Species rich-
ness at local and forest-block scales is relatively stable.
There were vegetation age effects on community com-

position and there is evidence of species ecological traits
driving these differences. “Years since fire” was a signifi-
cant covariate affecting assemblage compositions on
sample points. Swan et al. (2015) demonstrated that
vegetation age is a surrogate for effects of underlying
changes in availability of key resources with time since
fire. While vegetation age is a surrogate for changes in
resource distribution and abundance, rather than being a
poor predictor of community composition in a heteroge-
neous landscape as predicted by Swan et al. (2015),
“years since fire” as a covariate provided significant ex-
planation of variation in bird community compositions
in the Caldyanup, Collis, and Lindesay catenary land-
scape of the present study.

Vegetation units differed in their avian community
compositions. Broad characteristics of feeding guilds
were likely to contribute to these differences in bird
community composition as the communities in
Caldyanup and forest vegetation units had differing
compositions of feeding guilds. Presence of canopy
nesters in Caldyanup units that had no trees indi-
cated utilization of multiple vegetation units by some
species. Habitat specialization evidenced by some
species such as Spotted Pardalote, a species sensitive
to vegetation age boundaries and fire patchiness
(Watson et al. 2012a), contributed to different as-
semblage compositions in each vegetation unit.
In south-west Western Australia, as in other ecosys-

tems within mediterranean climates, fire plays a key role
in modifying vegetation: as a selection process at millen-
nial and geological time scales (Burrows and Wardell-
Johnson 2003; Hopper 2003; He et al. 2011); in

Fig. 3 Non-metric multidimensional scaling (nMDS) ordination of main sample points on London and Surprise West forest blocks in south-
western Australia measured in 2004 and 2012 based on Bray-Curtis dissimilarity between sample points in community composition. The same
ordination is coded for forest block in (A) and vegetation unit in (B). MDS1 and MDS2 are without units and are measures of relative similarity
between data points. Numeric labels on data points are the predominant vegetation ages of the sample points
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redistributing nutrient resources (Hingston et al. 1989);
and through competition between plant species (Pekin
et al. 2012a, 2012b). While bird species richness at both
forest-block and sample-point scales was relatively un-
affected by vegetation age, species composition appar-
ently reflected the response of the bird community to
understory regeneration, maturation, and senescence at
local scales. These vegetation changes were a result of
shifts in post-fire competition between the upper canopy
and understory, and the senescence of seed-regenerating
species (Pekin et al. 2012a, 2012b; Burrows et al. 2019).

Responses of individual species
Mosaics were advantageous at a 2 ha scale for those spe-
cies with populations most affected by particular vegeta-
tion ages. These included species favored by young
vegetation ages such as Brown Songlark in Caldyanup
units, as well as those favored by older vegetation ages
such as White-breasted Robin in forest units. White-
breasted Robin is a species identified by others as possibly
responsive to post-fire conditions (cf. Wooller and
Brooker 1980; Wooller and Calver 1988), and with co-
operative breeding and persistent breeding territories
(Russell and Brown 2004) that may be affected by fire.
Of note in the present study are the landscape-scale

responses of Tree Martin, which apparently selected the
landscape vegetation units it exploited depending on
vegetation age. Additionally, the responses of Australian
Pipit, more common at vegetation ages >5.5 years in the
Caldyanup units, are contrary to expectations from ob-
servations elsewhere (Burbidge 2003). Local assemblage
compositions also varied from year to year independent
of changes in vegetation age.
These responses indicate that species responses to fire may

be contextual. Some argue that individual species conform to
one or other of a relatively narrow set of responses to time
since fire when other relevant variables are accounted for
(e.g., Smucker et al. 2005; Watson et al. 2012b). However,
Burbidge (2003) reviewed Western Australian studies of sev-
eral species that showed that species may respond differently
to fire at different sites or under different fire conditions at
the same site, possibly indicating sentient decisions and flex-
ible behavior within limits in response to fire and the choices
that fire creates in landscapes (Kaplan 2015; Serong and Lill
2016). Such responses may drive changes in assemblage
composition within forest blocks and yet result in stable spe-
cies richness at forest-block and local scales.

Responses of feeding and nesting guilds
The degree of specialization to particular food prefer-
ences may be a behavioral adaptation to post-fire con-
ditions in fire-prone landscapes (Pausas and Parr
2018). For example, species with unspecialized and
multiple feeding strategies are favored early post fire

(Prowse et al. 2017) when novel and windfall food
sources may be more abundant and specialized
sources temporarily scant (Woinarski 1999). In the
present case, species more abundant 1.5 years after
wildfire have on average more feeding strategies than
species more abundant 9.5 years after fire. The ob-
served population responses of fruit and seed feeders
most likely indicate responses to flowering by about
70% of plant species in jarrah forest within 20 months
of fire (Burrows and Wardell-Johnson 2003), and a
pulse of fire-stimulated flowering, fruiting, and seed
set by many understory species (Burrows and
Wardell-Johnson 2003; Koch et al. 2010).

Retention of older vegetation ages in the mosaic
landscape
Deliberate frequent introduction of fire led to the cre-
ation of a mosaic of vegetation of different ages. The
mosaic formed through feedback loops under the influ-
ence of natural conditions such as differentials in mois-
ture and topographic conditions (e.g., Wood et al. 2011),
as well as the frequency of reintroduction of fire that led
to spatial variability in the ability of fuels to carry fire, a
characteristic also exploited by indigenous peoples to
protect and maintain a variety of biotic and cultural as-
sets (Kimmerer and Lake 2001; Russell-Smith et al.
2009). Patches of vegetation within the mosaic could be
considered as refuges from active fire, as well as provide
resources for recovery of bird populations after fire
across the mosaic depending on post-fire vegetation age
(Meddens et al. 2018). The mosaic included ephemeral
and persistent refuges over the period of reintroduction
of fire, which provided resources for species specialized
to particular seral stages (Tables 4 and 5) or spatial
scales in the disposition of these resources.
There is evidence that recolonization by bird species

from ex-situ source populations is an important process
in post-fire recovery (Mallee shrublands, Watson et al.
2012a; Mediterranean forest, garrigue, or maquis,
Brotons et al. 2005). In the present study, we detected
no ongoing loss of species richness 1.5 years after in-
tense wildfire, implying rapid recolonization of the 6000
ha forest block from ex-situ sources, and similar in
rapidity to recolonization of the mosaic forest block
where there were unburned refuges. However, we did
not control for edge effects in the positioning of sample
points on the wildfire forest block, which may have led
to apparently rapid recolonization in our results.
Relatively greater benefits of mosaics of any scale may

be provided through retention of habitat as a source for
recolonization of burned areas by fire-responsive species
whose populations are greater in large continuous tracts
of unburned vegetation at older ages, compared with
provision of a variety of ages including young vegetation
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ages (Berry et al. 2015b). Sitters et al. (2015) suggested
that the open understory conditions post fire were tran-
sient and uncommon in eucalypt forest with long fire re-
turn intervals, providing little or no selection pressure
for specialization into that forest habitat. Elsewhere for
Eucalyptus forest and woodlands and shrublands, others
have argued that vegetation ages much older than 10
years should be favored vegetation age classes for birds
in mosaics of different times since fire (Taylor et al.
2012; Di Stefano et al. 2013; Berry et al. 2015b; Kelly
et al. 2015; Davis et al. 2016). Edge effects disappeared
by six years after fire in the mallee shrubland study by
Watson et al. (2012a). In montane Californian forests,
mosaics of different times since fire take time to mature
to support greatest bird diversity (Tingley et al. 2016).
We suggest that the foregoing supports retention of
vegetation ages later than about six years in mosaics of
vegetation ages for the purposes of maximizing avian
biodiversity in Collis and Lindesay jarrah forest.
A consequence of maintaining extensive areas of

older vegetation ages in jarrah forest is that their
fuel loads lend to predisposition for wildfires (Gould
et al. 2007), which, when they inevitably occur, re-
sult in low spatial heterogeneity in time since fire
and a period of extensive young ages within forest
management blocks (e.g., Leonard et al. 2014). A
drawback of mosaics of different vegetation ages as
established in the present case is that patches of old
age tend to be small and therefore potentially of less
value for biodiversity conservation than large patches
(Berry et al. 2015b). In addition, the distribution of
vegetation ages is likely to be sensitive to the relative
burn area of periodically reintroduced fire, poten-
tially leading to relatively small areas of older vege-
tation ages at low (3 to 5% yr−1 of total available
area) relative burn areas (Connell et al. 2019).

Implications of avian responsiveness to vegetation age
management
Responses of bird communities to vegetation growth
stage (for which vegetation age is a surrogate) provide
at least a theoretical possibility that growth stage
optimization (GSO) modeling of vegetation growth
stage dynamics and bird species responses can provide
prescriptive goals for fire managers that potentially re-
sult in optimal biodiversity outcomes (Swan et al.
2015, Sitters et al. 2018: Swan et al. 2018). Modeled
optimal growth stage mosaics have been demonstrated for
bird communities in Eucalyptus forests of eastern Australia
(Sitters et al. 2018; Swan et al. 2018). Such models consider
habitat specialization and requirements of species and pre-
dict an optimal availability of stages and fire severity in the
landscape that meets those requirements to maximize pop-
ulations for the most species. The suite of preferences

among species determines the bird community responses
to the suite of stages available in the landscape, to their ex-
tent in the landscape, and to the spatial characteristics and
arrangement of different vegetation age units (Di Stefano
et al. 2013; Kelly et al. 2015; Sitters et al. 2018; Swan et al.
2018). Whereas the “humans as controlling engineers” nar-
rative (e.g., Craig 2015, with respect to climate) underlies
the methodology for GSO development and implementa-
tion, translation of modeled goals into outcomes remains
vulnerable to the extent of knowledge, happenstance, and
chance elements in human management of fire in the land-
scape (the counter narrative of nature as a “trickster,” a
source of surprises).

Conclusions
The fine-grain mosaics created in this study were not
created to a prescribed set of growth stages. Rather,
they were created according to the flammability of
landscape in the context of frequent introduction of
fire under mild conditions to create and maintain
spatial heterogeneity in vegetation ages. Such a fire
regime is likely to be more expensive in time and
cost than the prescribed fires of forest-block scale
currently implemented in jarrah forest. In addition,
implementing the mosaic requires favorable fuel mois-
ture and weather conditions, elements subject to in-
complete knowledge and chance.
In weighing the benefits of the fine-grain mosaics cre-

ated, the effects of fine-grain mosaics of different times
since fire were expressed in the effects of vegetation age
on populations of particular species at local (2 ha) scales.
Bird species of management priority might benefit from
mosaic-inducing fire regimes, depending on the eco-
logical requirements of the species. There are limitations
to successful implementation of fire mosaics with re-
spect to priority species. Firstly, there is the consider-
ation of conditions leading to the ephemeral versus
persistent nature of fire refuges within a given location
under global change (Berry et al. 2015a). Secondly, there
is the need to sufficiently inform the presence, life his-
tory characteristics, and responses of the priority species
in areas subject to these mosaics (Driscoll et al. 2010).
While there was support for differences among species

in abundance according to vegetation ages, there was no
net benefit of fire mosaics compared to a wildfire as
measured by species richness and assemblage
composition at local (2 ha) and forest management block
(6000 ha) scales. The absence of large-scale effects of
vegetation age on bird species richness, the tendency for
birds to specialize to fuel ages >5.5 years in the land-
scape studied, and indications of flexible responses of
some species at forest-block scales allows some flexibility
in the return cycle of fuel management strategies and
the scale at which they are applied with respect to the
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avifauna. The range of variation in the current pre-
scribed fire regimes in jarrah forest and their scale of ap-
plication (Burrows and McCaw 2013; McCaw 2013) do
not appear inimical to the persistence of the suite of bird
species encountered in the present study.
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