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Abstract Landscape change and habitat fragmentation is increasingly affecting forests worldwide. Assessments
of patterns of spatial cover in forests over time can be critical as they reveal important information about land-
scape condition. In this study, we assessed landscape patterns across the Mountain Ash (Eucalyptus regnans) and
Alpine Ash (Eucalyptus delegatensis) forests in the Central Highlands of Victoria between 1999 and 2019. These
forests have experienced major disturbance over the past 20 years through a major fire (in 2009) and extensive
industrial logging. We found that around 70% and 65% of the Mountain Ash and Alpine Ash forest areas,
respectively, were either disturbed or within 200 m of a disturbed area. Inclusion of planned logging increased
these disturbance categories to 72% and 70%, respectively. We also found that the isolation of Mountain Ash
core areas (patches of undisturbed forest >1000 ha) increased significantly (P < 0.05) over our study period, with
the proximity between disturbed areas conversely increasing significantly (P < 0.05). This means that continued
and planned disturbance through industrial logging will have an amplified adverse effect on remaining undis-
turbed ash forest patches, which will become smaller and more dispersed across the landscape.
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INTRODUCTION

Landscape change and habitat fragmentation have
been extensively studied (Saunders et al. 1991; Lin-
denmayer & Fischer 2006; Haddad et al. 2015;
Fletcher et al. 2018) and identified as a major driver
of species loss globally (Baillie et al. 2004; Betts et al.
2017). Habitat fragmentation is increasingly affecting
forests worldwide (Kettle & Koh 2014; Watson et al.
2018) by reducing fragment size, increasing the isola-
tion of patches and creating more edge environment
(Ries et al. 2004; Lindenmayer et al. 2008). Haddad
et al. (2015) found that nearly 20% of the world’s
remaining forests are within 100 m of an edge, and
70% are within 1 km of an edge. These effects can
lead to the decline of populations, restrict animal
movement and disrupt gene flow (Crooks et al.
2017) as well as alter key ecosystem processes (Fis-
cher & Lindenmayer 2007; Watson et al. 2018).
Much of the work on landscape change and habitat

fragmentation has focused on agricultural landscapes
where the original cover often has been removed and
replaced by crops or pastures for domestic livestock
(Saunders et al. 1991; IPBES 2019). Such a focus on
agricultural landscapes is understandable given that

agricultural development is a major driver of biodiver-
sity loss globally (Maxwell et al. 2016; IPBES 2019).
However, assessments of the effects of human modifi-
cation of forest ecosystems are often more challenging
than agricultural landscapes (Lindenmayer & Fischer
2006). This is because natural forests can regenerate
after human and natural disturbance, and there can be
a less marked physical, structural and ecological con-
trast between human-modified areas and remaining
undisturbed sites than where the surrounding land-
scape is cleared for crops and pastures (Harper et al.
2005; Lindenmayer 2016).
Assessments of patterns of spatial cover in forests

can be critical as they reveal important information
about landscape condition (Franklin & Forman
1987; Li et al. 1993) as well as their ability to support
key elements of the biota (Phalan et al. 2019). In the
study reported here, we completed a detailed spatial
assessment of the Mountain Ash (E. regnans) and
Alpine Ash (Eucalyptus delegatensis) forests in the
Central Highlands of Victoria (which we collectively
refer to as ‘ash’ forests). We targeted these ecosys-
tems for analysis for several reasons. First, the Moun-
tain Ash ecosystem has been classified as critically
endangered under the formal red-listed ecosystem
approach developed by the IUCN (Burns et al. 2015)
and understanding patterns of spatial cover is impor-
tant for predicting their future ecological integrity
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(Lindenmayer & Sato 2018). Second, Mountain Ash
and Alpine Ash forests support habitat for a range of
high profile but rapidly declining populations of spe-
cies of conservation concern such as the Critically
Endangered Leadbeater’s Possum (Gymnobelideus
leadbeateri) and the vulnerable Greater Glider (Petau-
roides volans) (Lindenmayer & Sato 2018). Some of
these species are potentially vulnerable to the spatial
arrangement of suitable habitat patches in ash forests
(Possingham et al. 1994; Taylor et al. 2017). Third,
both the Mountain Ash and Alpine Ash forests have
been targeted for intensive and extensive logging for
many years by the native forest timber industry
(DCFL 1986; Flint & Fagg 2007) and there are pro-
posals to further expand the amount of forest that is
clear-cut over the next 5–10 years (VicForests
2019a). These same forests also have been subject to
large scales in the past 35 years (Cruz et al. 2012;
Lindenmayer et al. 2019b). Finally, the extent of dis-
turbance in Mountain Ash and Alpine Ash forests
has significant impacts on levels of carbon storage
(Keith et al. 2014a; Keith et al. 2014b) as well as the
production of water (Langford 1976; Langford et al.
1982; Taylor et al. 2019). Given these impacts, it is
important to quantify how past disturbances have
influenced spatial patterns of forest cover in the
region and how additional human disturbances may
further influence future patterns forest cover.
Specifically, we sought to answer several inter-re-

lated questions associated with the spatial cover in
Mountain Ash and Alpine Ash ecosystems in the
Central Highlands of Victoria using a number of
landscape metrics over a time period of 20 years.

• How much of the Mountain Ash and Alpine Ash
forests have been disturbed by logging and fire
over the past 20 years?

• What is the spatial extent of Mountain Ash and
Alpine Ash forest core areas?

• What is the proximity of Mountain Ash and
Alpine Ash forest core areas to each other?

• How have disturbance patterns across these forest
areas changed over the past 20 years?

• How will patterns of forest cover change if areas
currently proposed for logging are in fact logged?

We focused on the amount of forest fragmentation
across the landscape, specifically on changes in core
area size, amount of edge created and the isolation of
patches (Fahrig 2003) across Mountain Ash and
Alpine Ash forest. Increased fragmentation across the
landscape was indicated by low core area size and
increasing isolation for those areas (Wang et al. 2014)
as well as increasing size and proximity of disturbed
patches. We selected a 20-year time period for our
analysis because it provided a time period of 10 years
before and 10 years after the February 2009 fires,
which was an extensive disturbance across the region

(Cruz et al. 2012). In addition, 20 years is approxi-
mately the period of enhanced flammability of regener-
ating vegetation that has been reported by Zylstra
(2018). The landscape study presented here provided
an opportunity to analyse the flow-on effects of cumu-
lative disturbance on remaining patches of forest (Lin-
denmayer & Burgman 2005). These impacts can often
be concealed when only the area disturbed in a single
period (i.e. a given year) is reported (VAFI 2016), with
the consequence that the cumulative impacts of past
disturbance and levels of associated fragmentation are
ignored.

METHODS

Study area

Our study area focused on the ash forests within the Central
Highlands Regional Forest Agreement (RFA), located in the
Australian state of Victoria between 40 and 130 km to the
north and east of the city of Melbourne (Fig. 1). The Central
Highlands RFA area covers an area of 1.13 million ha, with
ash forests encompassing ~190 000 ha (Table 1). This
includes the largest collective area of Mountain Ash forest
remaining in mainland Australia (137 000 ha) (Fig. 2).

Land tenure analysis

The ash forests are covered by multiple land tenures,
including protected areas (in the form of dedicated
reserves) and areas available for resource extraction, such
as State Forests. The data sets underpinning our land
tenure analysis were the Collaborative Australian Protected
Areas Database (CAPAD) and forest management zones
data set (DEE 2016; DELWP 2019a). Protected areas of
Mountain Ash and Alpine Ash forests were established in
their current form when Australian and State governments
agreed to a comprehensive, adequate and representative
(CAR) reserve system (Australian Government 1992). This
system was to consist of dedicated reserves, informal
reserves and other areas on public land that were protected
by prescriptions for land-use management.

The dedicated reserve system was informed by the IUCN
Commission for National Parks and Protected Areas (CES
2018), which consists of strict nature reserves (Ia), wilder-
ness areas (Ib), national parks (II), natural monuments or
features (III), habitat or species management areas (IV),
protected landscapes/seascapes (V) and protected areas with
limited use of natural resources (VI). In Australia, a dedi-
cated reserve is an area secured under parliamentary action,
either by the Commonwealth Government or by a State
Government (JANIS 1997).

The CAR reserve system outside the formal reserve sys-
tem in State Forests is composed of informal protected
areas and areas excluded from logging (DEPI 2014a).
These areas were established under approved forest man-
agement plans as Special Protection Zones (SPZ) (DNRE
1998) and under the Code of Forest Practices for Timber
Production (which is the regulatory document to which

doi:10.1111/aec.12863 © 2020 Ecological Society of Australia

2 C. TAYLOR AND D. B. LINDENMAYER



Fig. 1. Study area and location.

Table 1. Land tenure breakdown of Mountain Ash and Alpine Ash forests across the central highlands regional forest agree-
ment area

Land Tenure Mountain Ash % of subtotal Alpine Ash % of subtotal Total % of total

Dedicated reserve 37 955 28 15 676 29 53 631 28
Informal protected area 31 991 23 14 120 26 46 111 24
Other parks 13 0 0 0 13 0
Private land – other 7024 5 454 1 7479 4
Logging permitted 60 290 44 24 633 45 84 923 44
Total 137 273 100 54 882 100 192 156 100

Fig. 2. Extent of Mountain Ash and Alpine Ash forest.
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logging in native forests must comply) as Code of Forest
Practice Exclusion zones (DEPI 2014a). However, these
zones are not considered secure because they are not
gazetted under legislation (JANIS 1997).

Forest across public land outside the CAR reserve system
is where logging is permitted under the Code of Forest
Practices for Timber Production (DEPI 2014a) and incor-
porated management standards (DEPI 2014b). This land
area is also designated State Forest, and it covers three
zones as follows: (i) General Management Zone (GMZ);
(ii) Special Management Zone (SMZ); and (iii) Historical
Reserves (DNRE 1998). Logging is generally prioritised in
General Management Zones. Special Management Zones
requires logging operations to be modified in an attempt to
conserve areas of high landscape value. However, Special
Management Zones do not constitute informal protected
areas. Logging is also permitted in Historical Reserves
(DNRE 1998).

Forest and disturbance input data

We used several data sets to calculate the extent of distur-
bance in Mountain Ash and Alpine Ash forests. We
sourced data on the extent of ash forests from the State
Forest Resource Inventory (SFRI) (DSE 2007b), Mel-
bourne Water Vegetation mapping (Mackey et al. 2002)
and Ecological Vegetation Class data sets (DELWP
2019b). The most detailed forest data set is the SFRI,
which mapped forest type at a stand level or at the scale of
1:25 000. The SFRI provided a standardised statement of
the Victoria’s State Forests and has been used for forecast-
ing wood yields, strategic planning and a range of other
investigations, such as old growth mapping (DSE 2007b).
We extracted data on the extent of Mountain Ash, Alpine
Ash and Shining Gum (Eucalyptus nitens) from this data set.
We combined Shining Gum with the Alpine Ash forest
type, because this forest occurs as smaller patches adjacent
to Alpine Ash forest.

SFRI data have been compiled only for State Forests and
do not include dedicated reserves or private land. We
sourced vegetation mapping data for the dedicated reserve
system from Melbourne water vegetation mapping (Mackey
et al. 2002) and the ecological vegetation class data set
(DELWP 2019b). The Melbourne Water forest mapping
focused on the Maroondah and O’Shannassy water catch-
ments, which are located in the Yarra Ranges National
Park. For remaining parts of the dedicated reserve system
and areas of forest on private land, we sourced forest type
data from the EVC data set, which describes broad Ecolog-
ical Vegetation Class groups and subgroups (DELWP
2019b). The layer was designed for use at a large scale
(1:25 000 to 1:100 000). We used the EVC subgroups of
Wet Forests and Montane Wet Forests because these EVCs
aligned with the extent of Mountain Ash and Alpine Ash
forests, respectively.

Disturbance data focused on clear-fell logging, forests
where high-severity fires occurred, cleared areas designed
to act as fire fuel breaks and main roads. We sourced data
on the extent of roads and tracks from the VicMap Trans-
port Road Network (DELWP 2019c). This data set fea-
tured the state-wide road network, including roads,

highways, freeways and tracks. We focused on major road
networks and access roads, including highways, freeways,
sealed roads and unsealed access roads exceeding seven
metres in width. We cross-checked each road and track
against recent Landsat satellite imagery (USGS 2019). We
excluded smaller tracks, such as minor 4 9 4 tracks and
walking tracks as these could not be mapped reliably using
Landsat Satellite imagery. Around 600 km of fire fuel
breaks were cut following the 2007s (DSE 2007a). These
were established around the water catchments for Mel-
bourne and expanded a comparatively smaller existing net-
work of fuel breaks previously cut following the 1939
wildfires. We sourced data on the extent of fuel breaks
across the study area from a proposal published by the then
Department of Sustainability and Environment in 2007
(DSE 2007a) and cross-validated this extent with Landsat
imagery dated 18 October 2018 (USGS 2019).

We sourced data on the areas disturbed by logging from
a Logging History data set, which represented the spatial
extent of the most recent logging activity recorded for any
given area within state forest (DJPR 2019). This data set
stored details of the last time a forest was known to be
logged, the tree species logged and the logging method
used. It represented a consecutive overlay of all years, from
1961–1962 to the most recent logging seasons. We focused
our analysis on the most intensive logging methods of
‘Clear-felling’, ‘Clear-felling Salvage’, ‘Seed Tree’ and
‘Regrowth Retention Harvesting’, of which the first three
have been used extensively throughout the ash forests of
Victoria (Squire et al. 1991; Lutze et al. 1999).

The clear-felling method involves the removal of almost
all the commercial trees from a coupe in one integrated
operation (Flint & Fagg 2007). Remaining forest debris is
burnt in an intense planned fire and the seeds of the com-
mercially preferred eucalypt trees are then dropped onto
an ash bed (Florence 1996). Clear-felling with seed trees
involves retaining a selected number of trees, around 10%
of the total initial basal area, on a logging coupe to pro-
vide a seed source (Flint & Fagg 2007). This method has
been used primarily where sufficient trees can be retained
to reseed the entire coupe (Florence 1996). Similar to
clear-felling, a high intensity planned burn is applied to
the logged site (Flint & Fagg 2007). The sizes of clear-
felled coupes and areas cut by clear-felling with seed tree
retention are generally up to 40 ha in size and can be
aggregated up to 120 ha over five years (DEPI 2014b).
Clear-felling salvage is conducted in forest previously burnt
in a fire (VicForests 2018). Coupe sizes range up to
120 ha in Alpine Ash or Mountain Ash dominated forest,
and no size restrictions apply to aggregates (DEPI 2014b).
‘Regrowth Retention Harvesting’ or variable retention is
where patches of forest are retained within the forest area
being logged (Lindenmayer et al. 2019a). The intent of
variable retention across ash forests is to maintain an aver-
age of 30+% (by area) of tree cover across gross coupe
area where possible, retain >10 habitat trees per hectare
where possible, and/or ensure gaps between retained vege-
tation do not exceed 150 m (VicForests 2019b). We
excluded less intensive logging methods from our analyses
such as ‘single tree selection’ and ‘thinning’. This was
because they do not create edges in a manner similar to
clear-fell logging.
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For ash forests burned by wildfires, we focused on the
highest severity wildfire classes: crown-consuming and
crown-scorching fires (Taylor et al. 2014). Crown-consum-
ing fires are those where 70–100% of the canopy is burnt
and consumed in a fire. Crown-scorching fires are those
where 60–100% of eucalypt and non-eucalypt canopies are
scorched, but the leaves remain on the branches immedi-
ately following the fire (DELWP 2019d). We deemed these
two classes to be ‘high-severity’ fire as they often result in
tree death in ash forests (see Smith & Woodgate 1985;
Vivian et al. 2008; Bowman et al. 2016). These high fire
severity impacts can create edges between areas of fire-
killed ash forest and those areas sustaining lower severity
impacts or ash forest remaining unburnt. Similar impacts
have been observed in North America across conifer forests
burnt in mixed-severity fires (Lentile et al. 2005; Donato
et al. 2009). We extracted data on the spatial distribution of
the high fire severity classes from Victorian Bushfires Sever-
ity Map 2009 (Taylor et al. 2014; DELWP 2019d). We did
not include lower severity fires as trees can survive them.

Spatial analysis

We used the Euclidean distance tool within ArcGIS 10
(ESRI 2011) to generate distance raster grids across the
study region and calculate the distance of a cell from its
nearest edge (Joppa et al. 2008; Crooks et al. 2017). We
generated six Euclidean distance rasters detailing the dis-
tance from disturbed area boundaries for the years 1999,
2004, 2009, 2014, 2019 and 2019 inclusive of the current
timber release plan (TRP) which details planned logging
(VicForests 2019a). We generated the rasters beyond our
study area boundary to ensure the edge of our analysis
boundary did not influence distance from a disturbed area
edge in the ash forests of our study area. We then clipped
each Euclidean distance raster to include only the Moun-
tain Ash and Alpine Ash forests within the Central High-
lands RFA area to create two separate input rasters for
each forest type.

Our analysis of Mountain Ash and Alpine Ash forest
fragmentation used the landscape metrics of core areas, dis-
turbed area edge and proximity index. As the Euclidean
distance rasters generated were continuous, we grouped the
distances into four proximity groups: (i) site of disturbance;
(ii) <200 m from disturbance; (iii) <1000 m from distur-
bance; and (iv) >1000 m from disturbance. The 1000 m
threshold was determined to be the minimum distance
from disturbance needed for the persistence of the Criti-
cally Endangered Leadbeater’s Possum (Lindenmayer et al.
1993; Lindenmayer et al. 2013). We classified locations
>1000 m from a disturbance as ‘core areas’. We selected a
threshold distance of 200 m to reflect current government
policy of excluding logging by 200 m from locations where
Leadbeater’s Possum had been detected (LPAG 2014).

We used the program FRAGSTATS (McGarigal &
Marks 1995; McGarigal 2015) to calculate the length of
disturbed forest edge and proximity index. FRAGSTATS
provides a choice of landscape metrics to compute categori-
cal map patterns. We calculated a disturbed forest edge
length for locations where disturbed ash forest adjoined
non-disturbed ash forest. We did not include boundary

edges of the Mountain Ash and Alpine Ash forests extent.
This was because these boundaries adjoined other forest
types, such as mixed species forest and cool temperate rain-
forest (Lindenmayer et al. 2015), which were not part of
our analysis. As the distribution of ash forest can occur in
patches interspersed with other forest types, we used a
mean proximity index (Gustafson & Parker 1992) for each
proximity group area to measure the relative isolation of
patches over time in response to disturbance. The index
was calculated using the relationship:

PXi ¼
X sk

nk
(1)

where PXi is the proximity index for focal patch i
within a specified search distance, sk is the area of
patch k within the search areas and nk is the nearest
neighbour distance between a grid cell of the focal
patch and the nearest grid cell of patch k (Turner &
Gardner 2015). The mean proximity metric provides
a dimensionless index, and it was used here as a
comparison between analysis years. A low value for
the index indicated ash forest patches of a specific
proximity group were relatively isolated from other
ash forest patches of the same group. This means
that patches were comparatively distant from each
other. High index values indicated that patches were
relatively close to other similar patches within the
specified search distance. We set the search radius to
1000 m to align with the foraging range of the Lead-
beater’s Possum (Lindenmayer et al. 2013).

RESULTS

Land tenure allocation

Mountain Ash and Alpine Ash forest comprise
~137 000 and 55 000 hectares, respectively in our
study area (Table 1; Fig. 3). Approximately 44% and
45% of Mountain Ash and Alpine Ash forest, respec-
tively, occurs in land tenures where logging is permit-
ted (General Management Zones, Special
Management Zones and Historic Reserves). The area
of Mountain Ash and Alpine Ash forest assigned to
State Forests, which also includes informal protected
areas, is 67% and 71%, respectively. The areas of
Mountain Ash and Alpine Ash forest assigned dedi-
cated reserves are 28% and 29%, respectively.

Disturbed areas and edges

Clear-fell logging across the ash forests of the Central
Highlands RFA area steadily increased from 1999 to
2019 (Fig. 4). Between 1960 and 1999, 19 714 and
5206 ha of Mountain Ash and Alpine Ash forest
were clear-felled, respectively, equating to around
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14% and 9% of the total respective forest areas. By
2019, 32 276 and 11 716 ha of Mountain Ash and
Alpine Ash forest had been clear-fell logged
(Table 2), equating to around 24% and 22% of the
total respective forest areas. For Mountain Ash, most
of the logging occurred between 1982 and 2015.
Annual areas of clear-fell logging in Alpine Ash
increased steadily from 1962, peaking at 789 ha
being cut in 2015 and then declined.

A total of 21 132 ha of Mountain Ash and
7969 ha of Alpine Ash forest was burned at high
severity in the 2009 wildfires. This equated to around
16% and 15% of Mountain Ash and Alpine Ash for-
est areas, respectively. Overlapping areas of high-
severity wildfire and clear-fell logging consisted of
5313 and 2552 ha for Mountain Ash and Alpine Ash
forest, respectively. By 2019, around 48 095 and
17 133 ha or 35% and 31% of Mountain Ash and

Fig. 3. Land tenure across the ash forests for the Central Highlands RFA area.

Fig. 4. Trends for areas clear-fell logged across Mountain Ash and Alpine Ash forests in the study area since 1960.
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Alpine Ash forest, respectively, had been impacted by
a high-severity disturbance either through clear-fell
logging or by the 2009 wildfires (Table 2).
An extensive network of roads and fuel breaks has

been constructed in Mountain Ash and Alpine Ash
forests. We identified approximately 715 km of major
roads, including highways, sealed roads and unsealed
roads exceeding seven metres in width across Moun-
tain Ash and Alpine Ash forests. Some of these roads
align with an extensive network of fuel breaks, most
of which were cut following the 2007 and 2009 wild-
fires. These were between 20 and 40 m wide, and
the combined total distance of these fuel breaks
across the ash forest area was 185 km.
Inclusive of clear-fell logging, roads, fuel breaks

and fire, the length of edge between disturbed and
non-disturbed areas across Mountain Ash and Alpine
Ash forests doubled between 1999 and 2019 (Fig. 5).
In 1999, the length of edge was 4661 and 1360 km

for Mountain Ash and Alpine Ash forest, respec-
tively. By 2019, this length of edge had increased to
8752 and 3190 km for Mountain Ash and Alpine
Ash forest, respectively. Inclusive of the 2019 TRP,
the length of edge will increase to 9282 and 3441 km
for Mountain Ash and Alpine Ash forest, respec-
tively. The largest increase in the length of edge was
a result of the 2009 wildfires, which along with con-
tinued logging, increased the length of edge by 2697
and 1129 km between 2004 and 2009 for Mountain
Ash and Alpine Ash forest, respectively.

Spatial and temporal distribution of fragmented
forest areas

We calculated large areas of Mountain Ash forest
were within close proximity of disturbed areas. In
1999, 60 958 ha or 44% of Mountain Ash forest was

Table 2. Extent of high-severity disturbance across Mountain Ash and Alpine Ash forest areas by 2019

Disturbance category
Mountain Ash

area (ha)
% of Mountain

Ash area
Alpine Ash
Area (ha)

% of Alpine
Ash area

Total area
(ha)

% of total
area

Clear-fell logging 26 963 20 9165 17 36 127 19
Clear-fell logging and

high-severity fire
5313 4 2552 5 7865 4

High-severity Fire 15 819 12 5417 10 21 235 11
Subtotal of high-severity

disturbance
48 095 35 17 133 31 65 228 34

Remainder 89 178 65 37 749 69 126 928 66
Total 137 273 100 54 882 100 192 155 100

Fig. 5. Distance of disturbed area edge, including edge of high-severity fire impact areas, roads, fuel breaks and clear-fell
logged areas.
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either disturbed or within 200 m of a disturbed area.
By 2019, this increased to 94 058 ha or nearly 70%
of the total Mountain Ash forest area. Inclusive of
the 2019 TRP, the amount of directly disturbed for-
est and forest within 200 m of a disturbed area will
increase to 98 590 ha or 72% of the total Mountain
Ash forest area. Conversely, there was a decline in
the core areas (i.e. those places >1000 m from a dis-
turbed area), from 29 614 ha in 1999 to 9382 ha by
2019, a decrease of 68%. Planned logging under the
TRP will further decrease core areas of Alpine Ash
forest to 8000 ha.
In 1999, 18 475 ha or 34% of Alpine Ash forest was

either disturbed or within 200 m of a disturbed area
(Fig. 6). By 2019, this increased to 35 447 ha or 65%
of the total Alpine Ash forest area. Inclusive of the
2019 TRP, the disturbed area and forest within 200 m
from a disturbed area will increase to 38 472 ha or
70% of the total Alpine Ash forest area. Conversely,

there was a decline in the core areas, from 14 773 ha
in 1999 to 4830 ha by 2019, a decrease of 67%.
Planned logging under the TRP will further decrease
core areas of Alpine Ash forest to 4287 ha.
We found evidence of significant (P < 0.05)

changes in the isolation and proximity across all
patch types for both Mountain Ash and Alpine Ash
forest (Appendix S1). In 1999, the mean proximity
index was 1265 for core areas of Mountain Ash. This
value had declined to 156 by 2019 (Fig. 7). This
means that the isolation of remaining core areas of
Mountain Ash forest has increased significantly
(P < 0.05) over the past 20 years. In contrast, the
mean proximity index for disturbed areas increased
significantly (P < 0.05) (Appendix S2) from 52 in
1999 to 835 in 2019, and 1059 under logging associ-
ated with the 2019 TRP. This means that the prox-
imity between logged and burnt patches of Mountain
Ash has increased between 1999 and 2019.

Fig. 6. The location of disturbed areas and the proximity to disturbance in Mountain Ash and Alpine Ash forests.

doi:10.1111/aec.12863 © 2020 Ecological Society of Australia
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For Alpine Ash forest, the mean proximity index
for core areas declined from 385 in 1999 to 303 in
2019 (Fig. 7). We detected no significant changes
(P < 0.05) across this proximity group
(Appendix S3). This means that the proximity
between core areas of Alpine Ash has remained lar-
gely consistent. However, we detected significant
changes (P < 0.05) in mean proximity for the <200
and <1000 m proximity groups from disturbed areas.
For the <1000 m proximity group, the mean proxim-
ity index had decreased from 255 in 1999 to 103 by
2019. It further decreased to 90 with the inclusion of
the 2019 TRP. We detected significant changes in
the proximity index between 1999 and 2009
(Appendix S4), meaning that the isolation of patches
of Alpine Ash <1000 m from disturbance has
increased. For the <200 m proximity group, the
proximity index decreased from 680 in 1999 to 439
by 2019. It will further decrease to 196 with the
inclusion of the 2019 TRP. We detected significant
(P < 0.05) changes between 1999 and 2009
(Appendix S5), meaning that the proximity between
areas of Alpine Ash <200 m from disturbed areas has
increased significantly (P < 0.05) over the past two
decades. The mean proximity index for disturbed
areas also increased significantly (P < 0.05)
(Appendix S6) for Alpine Ash forest from 1999
(when it was 30) to 772 by 2019. The inclusion of
the 2019 TRP will result in a further increase to this
index to 1020. This means that the proximity
between disturbed patches across Alpine Ash forest
will increase.

Disturbance of ash forest by tenure

We found that the evidence of disturbance across the
ash forest was greatest in land tenures where logging
is permitted (Fig. 8) and least within the dedicated
reserve system. In 1999, disturbed areas across land

tenure where logging is permitted were 20 371 ha or
24% of the total ash forest (i.e. for both Mountain
Ash and Alpine Ash forests) for this tenure. For the
same year, 47 871 ha or 56% of the total forest was
disturbed or within 200 m of disturbance. The extent
of core areas was limited to 7131 ha or 8% of the
ash forest. By 2019, the area of disturbance increased
to 46 344 ha or 51% of the ash forest where logging
is permitted. Around 72 361 ha or 85% of the total
forest was disturbed or within 200 metres of distur-
bance. The extent of core areas decreased to 1529 ha
or 2% of the total ash forest within tenure where log-
ging is permitted. Inclusive of the 2019 TRP, our
analyses indicated that: (i) core areas will comprise
just 583 ha or <1% of the total ash forest, (ii) the
extent of disturbed areas will increase to 55 511 ha
or 65% of the total ash forest and (iii) 76 792 ha or
90% of the total forest logging tenure area will be
either disturbed or within 200 m of a disturbance.
The area of disturbance across informal protected

areas and dedicated reserves increased between 1999
and 2019. For dedicated reserves, the disturbed area
increased from 611 to 10 215 ha between 1999 and
2019. This increase was a result of the 2009 wild-
fires. For informal protected areas, the area of distur-
bance increased from 4839 ha in 1999 to 10 216 ha
by 2019. This increase was a combination of the
2009 wildfires and previously logged areas being
added to the informal protected area network as a
result of 200 m exclusion zones established following
detections of Leadbeater’s Possum across land
tenures previously allocated to logging.

DISCUSSION

Several major studies have highlighted the critical
importance of intact forests for biodiversity conserva-
tion and the maintenance of key ecological processes
such as carbon storage and water production (Gibson

Fig. 7. Mean proximity indices for forest patches of Mountain Ash (left) and Alpine Ash (right) forests.
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et al. 2011; Watson et al. 2018). Conversely, biodi-
versity can be threatened and key ecological pro-
cesses impaired in highly disturbed forests
(Lindenmayer & Fischer 2006; Haddad et al. 2015;
Phalan et al. 2019). Spatial analyses of patterns of
natural and human disturbance can provide an indi-
cation of the extent to which forests remain intact or
are disturbed (McGarigal 2015). In the study
reported here, we quantified the extent of forest dis-
turbance resulting from logging and fire in the ash
forests of the Central Highlands of Victoria.
Our spatial analyses underscore the very high levels

of disturbance in both Mountain Ash and Alpine Ash
forests. Indeed, 70% of the Mountain Ash ecosystem
was either disturbed or within 200 m of a disturbed
area. Similar patterns characterise the Alpine Ash
ecosystem with 65% of the forest either disturbed or
within 200 m of a disturbed area (Fig. 9). This
impact has been compounded by the isolation of
remaining Mountain Ash forest core areas. As core
areas of Mountain Ash forest have decreased in size,
they have become increasingly isolated. Furthermore,

proximity between disturbed areas has increased for
both Mountain Ash and Alpine Ash forest, which
means that disturbed areas are becoming more con-
centrated and extensive. Notably, our analyses also
indicated that significant disturbance has occurred in
the past ten years (Appendix S2 and S6) and there-
fore since the 2009 wildfires. This is due to wide-
spread industrial clear-felling. We discuss these and
other findings in the remainder of this section and
conclude with some key recommendations for man-
agement.

The extent of disturbance and forest
fragmentation

The high levels of disturbance that characterise the
Mountain Ash and Alpine Ash forests was expected
given the extent of the 2009 wildfires (see Cruz et al.
2012; Taylor et al. 2014). What was unexpected,
however, was the large amounts of logging-related
disturbance that had occurred in the decade since

Fig. 8. Disturbance category for ash forest (Mountain and Alpine Ash forest) across dedicated reserves (top left), informal
protected areas (top right) and where logging is permitted (bottom).
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the 2009 wildfires. These are primarily clear-felled
logging coupes that have been planned and logged
under successive Timber Release Plans (e.g. VicFor-
ests 2017; VicForests 2019a). These human-gener-
ated disturbances have meant that the levels of
disturbance in forest areas within 200 m of distur-
bance in Mountain Ash and Alpine Ash forest have
increased by 9014 and 7309 for Mountain Ash and
Alpine Ash, respectively, since 2009. Notably, during
this time, there has been limited fire-related distur-
bance.
The extent of disturbance in Mountain Ash and

Alpine Ash forest has important implications for for-
est biodiversity and ecological processes. First, addi-
tional logging and additional fire in Mountain Ash
and Alpine Ash forest increases the landscape-level
dominance of young regenerating forest which is, in
turn, prone to additional high-severity disturbance
such as crown-scorching (Taylor et al. 2014; Zylstra
2018). Fires can have significant negative impacts on
a range of elements of the biota including arboreal
marsupials (Lindenmayer et al. 2013) and birds (Lin-
denmayer et al. 2019b) as well as on populations of
large old trees (Lindenmayer et al. 2018a) and soil
microbiomes (Bowd et al. 2019). Second, further dis-
turbances such as additional logging in Mountain
Ash and Alpine Ash forests will drive a decline in
ecosystem integrity; for example, additional logging
coupes in wood production landscapes accelerate
rates of decay and collapse of large old trees in
remaining uncut areas (Lindenmayer et al. 2018b).
This will, in turn, have negative effects on species
that are dependent on such trees such as hollow-us-
ing vertebrates, many of which are already exhibiting
marked patterns of population decline (Lindenmayer
& Sato 2018).
Advocates for ongoing widespread logging of

Mountain Ash and Alpine Ash forests claim that a

large amount of the forest outside of the dedicated
reserve system remains unlogged and therefore cur-
rent off-reserve management is sufficient for conser-
vation. Our analyses have empirically demonstrated
the heavily disturbed and highly fragmented nature of
the forest estate outside the dedicated reserve system.
The wood production landscape is comprised pri-
marily of relatively narrow filter strips and streamside
reserves (typically 40 m in width) between otherwise
clear-felled areas, as well as small patches of uncut
forest on steep and rocky terrain. While it is impor-
tant that these areas remain uncut, they are unlikely
to support viable areas of habitat for some elements
of the biota. For example, narrow retained linear
strips are unsuitable habitats for some species of
arboreal marsupials (Lindenmayer et al. 1993) and
steep and rocky areas and gullies are avoided by
some species of birds (Lindenmayer et al. 2009).
Conversely, recent analyses show that areas that are
currently being logged, or proposed for logging in
the next few years under the TRP, have high conser-
vation value for the 70 threatened forest-dependent
species in Victoria (Taylor & Lindenmayer 2019).
Therefore, additional logging-related disturbances in
wood production Mountain Ash and Alpine Ash for-
ests will have amplified the negative impacts on bio-
diversity in these ecosystems (Taylor & Lindenmayer
2019). Clear-fell logging not only directly increasing
disturbed area, but also of increasing the likelihood
of disturbance by fire. That is, it has a double distur-
bance effect. Moreover, the influence of more flam-
mable young post-logging regenerating patches in the
landscape (see Zylstra 2018) is non-additive. It is
characterised by a threshold where fragmentation
with flammable patches tips the entire landscape into
a more flammable state (Tiribelli et al. 2018). An
important caveat with the work reported in this study
is that we have not connected the forest

Fig. 9. Disturbance category distributions for Mountain Ash (left) and Alpine Ash (right) forests.
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fragmentation metrics to biodiversity responses. That
is, we have not quantified the responses of various
elements of the biota to temporal changes in spatial
patterns of forest landscape cover. Such work was
beyond the scope of this study, but it will be an
important complementary investigation to the one
reported here.

The extent of the road network

Our spatial analyses have revealed that large parts of
the Mountain Ash and Alpine Ash ecosystems are
heavily roaded. The wood production forests were
characterised by 715 km of primary roads and a fur-
ther 1418 km of smaller, secondary roads. Roads can
have a range of negative impacts in forest environ-
ments (Forman 2002; Laurance & Arrea 2017),
including acting as point sources of fire ignitions
(Collins et al. 2015), providing a conduit for the
movement of feral animals (such as introduced
predators), and being a source of weeds (‘the car-
borne flora’ (Wace 1977)). Of course, a large road
network is required to transport pulpwood and saw-
logs from the forest to mills. In addition, there are
extensive lengths of tracks created within logged
areas such as snig trails and boundary tracks around
cutblocks and these can lead to suppressed levels of
growth of regenerating forest after logging operations
have been completed (Rab 1998).

Management implications and
recommendations

Our findings have at least three significant implica-
tions for forest management. First, given the high
level of disturbance that has already occurred in the
Mountain Ash and Alpine Ash ecosystems, it is
critical to reduce any further disturbances. We
argue there is strong evidence to remove any further
logging in forests dominated by Mountain Ash and
Alpine Ash. Notably, this recommendation is con-
sistent with that made by the Australian Govern-
ment’s Threatened Species Scientific Committee
that there should be no further logging in montane
ash forests, given its impacts on the Critically
Endangered Leadbeater’s Possum. This is also con-
sistent with recommendations about ecosystem vul-
nerability and boosted levels of protection, given a
formal IUCN assessment of the Mountain Ash
ecosystem as being critically endangered made
through the red-listed ecosystem process (Burns
et al. 2015). Removal of logging is also important
given the high levels of impact proposed cutting
under the Timber Release Plan would have on
areas of high conservation value, including on

threatened forest-dependent species (Taylor & Lin-
denmayer 2019).
A second important implication of our analyses is

the need for strengthened protection of the Alpine
Ash ecosystem in the Central Highlands of Victoria
which is almost as heavily disturbed as the Mountain
Ash ecosystem. The importance of greater protection
is emphasised by the fact that many areas of Alpine
Ash elsewhere in Victoria have been subject to
repeated fires in recent decades (Bowman et al.
2014) and are at risk of collapse with further reburn-
ing (Zylstra 2018). Finally, given the extent of the
road network in wood production areas, we argue
that consideration is given to removing some roads
and rehabilitating the forest. This will require trade-
off analysis to determine the disadvantages of
reduced access for fighting fires relative to the bene-
fits of reduce ignition points for arson.

CONCLUSIONS

The Mountain Ash and Alpine Ash forests of the
Central Highlands Regional Forest Agreement area
have undergone significant disturbance and fragmen-
tation in the past 20 years, with further disturbance
and fragmentation inevitable under planned logging
operations. By 2019, approximately 70% and 65% of
the Mountain Ash and Alpine Ash forest areas,
respectively, were either disturbed or within 200 m
of a disturbed area. Inclusion of planned logging
increases these disturbance categories to 72% and
70%, respectively. Disturbance and proximity to dis-
turbance increased significantly between 1999 and
2019. Core areas of Mountain Ash have become
fragmented, as indicated by a significant increase
(P < 0.05) in the isolation of remaining patches over
the study time period. In contrast, proximity between
disturbed areas has increased significantly (P < 0.05)
for both Mountain Ash and Alpine Ash forests. The
inevitable consequences of continued logging will
amplify the adverse impact on the remaining undis-
turbed ash forests.
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online in the supporting information tab for this
article.

Appendix S1. Tukey’s HSD for Proximity Index
in Mountain Ash Core Areas (>1000 m from dis-
turbed areas).

Appendix S2. Tukey’s HSD for Proximity Index
in disturbed Mountain Ash Areas.

Appendix S3. Tukey’s HSD for Proximity Index
in Alpine Ash Core Areas (>1000 m from disturbed
areas).

Appendix S4. Tukey’s HSD for Proximity Index
in Alpine Ash Forests (<1000 m from disturbed
areas).

Appendix S5. Tukey’s HSD for Proximity Index
in Alpine Ash Forests (<200 m from disturbed
areas).

Appendix S6. Tukey’s HSD for Proximity Index
in disturbed Alpine Ash Forests.
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