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Executive summary

Forests provide the ecosystem service of storage and sequestration of carbon. The stock of carbon is
stored in natural, self-regenerating ecosystems that can be considered permanent, in the sense that
a carbon stock will always exist in the natural ecosystem although the actual carbon atoms will cycle
through the biosphere. The climate mitigation value of the forest carbon stock is derived from (i)
avoided emissions by not harvesting timber and pulpwood, and (ii) sequestration by allowing the
forest to continuing growing.

Carbon stocks were quantified in the forest ecosystems in the catchments supplying water to
Melbourne (Maroondah, O’Shannassy, Upper Yarra, Cement Creek, Armstrong, Starvation Creek,
McMahon’s Creek, Thompson stages 1, 2, and 3, Tarago) within the Central Highlands of Victoria. The
objective was to evaluate impacts of management activities and disturbance regimes. The forest
consists mainly of Eucalyptus regnans (Mountain Ash) and E. delegatensis (Alpine Ash), as well as
minor eucalypt species, and is referred to as montane ash forest. Carbon stocks were measured in all
ecosystem components: living and dead biomass, coarse woody debris and litter. Soil carbon stocks
(excluding belowground biomass) were estimated from the Australian soils map (Mckenzie et al.
2005). Data from two sets of sites were used in the analysis to provide both intensive and extensive
information across the study region. These sets of sites were: (i) 54 sites from the ANU network of
monitoring sites in different stand age and fire severity categories, and (ii) 876 inventory sites from
the Statewide Forest Resource Inventory (DSE 2007b).

Information required to calculate biomass of montane ash forests were collated, analysed and tested.
This information included tree diameter / height relationship, functional diameter of buttressed
stems, allometric equations to predict volume and biomass, wood density, expansion factors from
stem to aboveground biomass and total biomass, and reduction in stem volume due to pipes or areas
of decayed wood and hollows. Individual tree biomass can be greatly reduced by internal decay, by
up to 70%, but as an average across all trees and plots, the reduction was 2% and across the old
growth carbon sites was 9%. Trees up to 400 cmm DBH were included in the site data but only 5% of
trees were greater than 150 cm DBH in the SRFI inventory and hence only a small proportion were
likely to be affected by internal wood decay and hollows. Synthesis of this information about the
reduction in stem volume due to internal decay will allow more robust and consistent estimation of
biomass carbon stocks in eucalypt forests.

Average biomass carbon stocks in forest stands regenerated at different times include: 40033 tC ha™
in 1983 regrowth, 600 + 74 tC ha™ in 1939 regrowth and 920 + 122 tC ha™ in old growth (n = 6 sites
for each age and fire category). Accounting for both living and dead biomass is important in the
calculation of ecosystem carbon stocks. Approximately a quarter of the total carbon stock is dead
biomass, although this varies with stand age and disturbance history. The variability in carbon stocks
among sites within age / fire categories is indicative of the heterogeneous nature of the landscape
and forest cover.



Time since disturbance, including clearfelling and wildfire, does not determine the age of all trees in a
stand. Residual large trees can remain after all disturbance types, in various numbers depending on
the intensity of the disturbance. These residual trees can contribute large amounts to the carbon
stock and their distribution results in high spatial variability in carbon density. Old growth stands, in
particular, have a highly variable distribution of trees from multiple age cohorts that were likely
derived from several disturbance events. Hence, carbon stocks in forest stands do not represent the
accumulated carbon over a given time since disturbance, but rather an average carbon stock for a
stand with a given history of disturbance that involves regeneration and survival of trees.

Biomass carbon density was estimated spatially across landscapes using an empirical model relating
measured site-level carbon stocks with environmental variables that influence growing conditions,
and natural and human-induced disturbance history that influences age structure of the forest.
Spatial modelling of biomass carbon stocks at landscape scales requires a large number of calibration
sites across a wide range of environmental conditions and temporal range in time since disturbance.
Time since disturbance and type of disturbance event were derived from spatial data layers of fire
and logging history for the Central Highlands. The total current carbon stock in the biomass within
the catchment areas was 64 M tC. The mean biomass carbon density varied spatially with the highest
densities of 935 tC ha™ and 845 tC ha™ in the O’Shannassy and Maroondah catchments, respectively.

Loss of carbon from forest ecosystems due to wildfire is an important issue for quantifying emissions
in national and regional carbon accounts and for assessing the differences in emissions from natural
and human-induced disturbance events. Carbon emissions from the 2009 wildfire were quantified
using site measurements of biomass components combusted; including litter, coarse woody debris,
canopy leaves and twigs, shrubs, decorticating bark and rough bark, and large old trees. In low
severity fires 6 — 7% of the biomass carbon was combusted, which equated to approximately 30 — 40
tC ha™. In high severity fires 9 — 14% of the biomass was combusted, or approximately 46 — 58 tC ha™.
The proportion of biomass combusted was scaled up to a landscape scale based on the areas burnt
by low and high severity fire. The total carbon stock in the catchment areas was 63.76 MtC pre-2009
and an estimated 2.42 MtC, or 4%, was lost by emissions from biomass combustion during the 2009
wildfire. The main impact of wildfire on the ecosystem was a redistribution of biomass from living to
dead carbon pools. In areas subject to high severity fire, most plants were killed, but in areas of low
severity fire most of the trees, even ash species, survived. The large pool of dead biomass slowly
decays over many decades, but at the same time regeneration produces new living biomass.

The total carbon stock in the area available for logging (Timber Release Plans 2011 — 2016) within the
catchments was estimated to be 2.31 MtC in an area of 5100 ha, and the agreed limit on the area
actually harvested over the 5 year period was 1500 ha with a carbon stock of 0.67 MtC.
Approximately 40% of the biomass carbon at a site is removed by clearfell harvesting, which
represented 0.27 MtC. In most harvested areas the logging slash is burnt, which represented
emissions of 0.20 MtC (assuming a burning efficiency of 50%). A total of 0.42 MtC over the 5 year
period would be emitted to the atmosphere within a few years after harvesting due to slash burning,
combustion or decomposition of waste during processing, and decomposition of paper products. The
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remaining carbon stock of 0.25 MtC in timber products and coarse woody debris remaining on the
ground would decompose at a slow rate. Thinning operations remove approximately half the living
biomass of trees from a site, there is no slash burning, but some of the remaining trees are damaged
and may die. Thinning is only a small proportion of the area proposed for logging and would account
for approximately 8,000 tC.

The estimated carbon credits for the catchment areas that were proposed for logging are 84,420t C
yr't or 309,540 t CO, yr* of emissions from 295 ha harvested per year, which is equivalent to a carbon
emissions density of 286 tC ha*. By comparison, the estimated total emissions from the 2009
wildfire, were 2,420,000 tC over the 138,500 ha that were burnt, which is equivalent to a carbon
emissions density of 17 tC ha™’. Hence, an equivalent emission to that created by the wildfire would
result from 29 years of logging over about 6% of the area that was burnt.

Carbon sequestration potential was estimated over the time periods of 20, 50 and 150 years under a
range of management scenarios. Carbon sequestration during forest growth was based on the spatial
distribution of the age structure of the forest, occurrence and severity of the 2009 wildfire, and a
function of carbon accumulation over time. The projected carbon accumulation in the existing forests
continuing to grow was between 3.2 to 12.5 MtC over 20 years (range depending on the growth
function applied). The estimated carbon loss if the proposed harvesting regime was continued for 20
years would be 1.9 MtC. The net effect of harvesting is to deplete carbon stocks relative to the stocks
accumulated from natural forest ecosystem processes, resulting in a net gain in carbon stock of 1.3
MtC to 10.6 MtC (depending on the growth function applied). Hence, the loss of carbon due to
harvesting of a small proportion of the area in logging coupes is a significant amount compared with
the gain in carbon by forest growth over the whole area.

The emissions from logging the approximately 1,500 ha under the agreed area of harvest were
projected to be about 0.42 Mt C or 1.55 Mt CO,—e over 5 years, and hence about 0.31 Mt CO—e yr'.
Australia’s mitigation commitment of a 5% emission reduction target for 2020 is 92 Mt CO,-e yr'1
(Australian Treasury 2011).

The area of old growth forest remaining in the catchments is small, approximately 5700 ha or 4.2% of
the area, after the 2009 fire. These forests have many conservation values, including providing a
unique structural type of vegetation with the world’s tallest flowering plant, supporting habitat for
rare fauna, and aesthetic qualities, which make the small remaining areas of critical importance.

It likely that Australia will count forest management towards its national mitigation commitments
post-2012. Protecting forests from logging, which had been planned under the Timber Release Plans
and the Regional Forest Agreement, is a legitimate management activity for both the international
Kyoto Protocol Article 3.4 rules and the Australian Carbon Farming Initiative rules. It is an activity that
is additional to or has been changed specifically to provide mitigation benefit and the net emissions
are lower than the original activity. However, there is uncertainty about the rules for the accounting
frameworks for both the international and Australian systems, and hence their capacity to generate
carbon credits. Inclusion of forest management in the national accounts will mean that ceasing
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logging could generate forest management carbon credits that could be used to offset emissions in
other sectors. Irrespective of the rules for accounting and trading carbon, protecting native forests
from logging will contribute to the global objective of reducing atmospheric GHG emissions.

The data presented for the carbon budget for the montane ash forests of the Central Highlands is an
example of the type of information required for the comprehensive accounting that is needed to
inform policy decisions. Measuring and reporting this form of comprehensive accounting is gaining
support in the international arena and is recognized as a requirement to improve understanding and
qguantification of the role of the land sector in the global carbon cycle and its potential for mitigation
of human-forced climate change.



1. Introduction

Management of native forest ecosystems depends on the objectives of the land use type and trade-
offs between competing objectives Lindenmayer and Franklin 2002). In the Central Highlands of
Victoria, management of the land within the catchments has the primary objective of supplying a
high quantity and quality of water. Within this area, other land uses and ecosystem services may be
complementary or detrimental to the primary objective of water supply. Ecosystem services are
benefits that human society receives from natural systems. The role of native forest ecosystems in
carbon sequestration and storage is currently an important issue. Conservation management of
terrestrial ecosystems is an important mitigation response as it both avoids emissions by preventing
activities that deplete ecosystem carbon stocks, and maintains natural carbon sequestration
processes. Avoiding emissions from all sources in the coming decades is critical if we are to stabilize
atmospheric concentrations of carbon dioxide at a level which prevents dangerous climate change
(DCCEE 2011). Protecting ecosystem carbon stocks is an ecosystem service that is complementary to
the provision of water supply. Costs and benefits derived from all ecosystem services should be
guantified to better inform decisions about land management options for native forest ecosystems.

The ecosystem service provided by native forests is a stock of carbon stored in natural, self-
regenerating ecosystems. This stock can be considered permanent in the sense that a carbon stock
will always exist in a natural ecosystem due to its biodiversity that confers resilience (although the
individual carbon atoms are exchanged with the atmosphere over time) (Thompson et al. 2009). The
magnitude of the stock may vary spatially and temporally, in response to disturbance regimes, but at
the landscape level over long time periods variation is within the bounds of a dynamic equilibrium. In
contrast, human-engineered agricultural systems, such as crops and plantations, sequester and store
carbon but lack the qualities of self-regeneration and resilience. Carbon that is stored permanently in
natural ecosystems cannot cause an increase in the atmospheric concentration of carbon dioxide,
when accounted for over long time periods. However, clearing of vegetation and conversion to other
land uses results in depletion of natural carbon stocks and emission of carbon dioxide into the
atmosphere. These emissions from the land sector are added to the emissions from combustion of
fossil fuels. Land use change is the third largest source of greenhouse gas emissions, resulting in
approximately 18% of current emissions globally (Pachauri and Reisinger 2007) but 35% of total
emissions since 1850 (Houghton 2007, 2008).

Carbon stocks in native forest ecosystems must be quantified to evaluate the impact of land
management activities and natural disturbance regimes on the magnitude and stability of the stocks.
This will add to the array of land use evaluation methods used to assess the impacts of human
activities on other ecosystem services including water supply, biodiversity conservation, and
recreational and aesthetic values. Quantifying the carbon stock of a forest ecosystem involves
estimation of the carbon stored in all components: living and dead biomass, coarse woody debris,
litter and soil. Accounting for these carbon stocks involves an array of complex calculations including
estimating the spatial variability in each component related to environmental conditions across the
landscape plus the impact of natural and human-induced disturbance regimes on the age structure of
the forest. The estimate of the currently existing ecosystem carbon stored at the landscape scale is
called the Current Carbon Stock (CCS).

Prediction of change over time in ecosystem carbon stocks requires accounting for gains and losses
from the stock that result from the natural exchange of carbon through plant growth and
decomposition, as well as the temporal variability due to natural and human-induced disturbances.
Net losses of carbon from a forest ecosystem due to disturbance, that is, emissions, occur as a result
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of logging (i.e. harvesting of woody biomass), degradation of soil, increased decomposition rates, and
combustion by fire. Net gains in carbon, that is, sequestration or removals from the atmosphere,
occur due to a positive net exchange of carbon dioxide by plants through photosynthesis and
respiration, resulting in accumulation of carbon in biomass and soil. This positive net exchange of
carbon dioxide occurs throughout the life of plants, at a greater rate during early growth and a slower
rate as plants age, but it can remain positive even in old growth forests (Carey et al. 2001, Zhou et al.
2006, Luyssaert et al. 2008).

The main disturbance regimes influencing montane ash forests in the Central Highlands of Victoria
are logging trees for pulp and sawlogs and fire including prescribed burning and wildfire. Impacts of
harvesting trees on ecosystem carbon stocks depend on the logging cycle, silvicultural system, forest
type and stand regeneration. In montane ash forests that are ‘clearfelled and slash burnt’ (80-90% of
harvested area), impacts include: (i) removal of woody biomass carbon stocks off-site as input to the
production of wood products (pulp and sawlog) and waste residues from processing (sawdust, wood
with defect, off-cuts); (ii) conversion of living biomass to dead biomass in the form of ‘residue’ or
‘slash’ left on-site (i.e. tree canopy components, bark, stumps, roots and other vegetation), which
then have accelerated decay rates; and (iii) emissions of carbon by combustion of ‘slash’ from post-
logging site treatment. Logging depletes the CCS because most of the carbon in a temperate native
forest ecosystem is found in the living biomass of large old trees. Logging cycles remove mature
eucalypt trees and shift stand demographics so that the forest becomes dominated by regenerating
young trees that store less carbon. Following logging, and assuming successful germination of
seedlings, regeneration of the forest occurs and carbon dioxide is taken up by regrowth. The
management of ‘slash’ will determine whether carbon emissions are rapid due to combustion or
slower due to decomposition.

Impacts of fire on depleting CCS include: (i) combustion of a proportion of the living and dead
biomass, depending on fire intensity and fuel type, resulting in emissions of carbon dioxide; and (ii)
some loss of organic material off-site due to wind and water erosion. Following a fire in a native
forest, natural regeneration and uptake of carbon dioxide occurs in the regrowth.

Both logging and fire disturbances change rates of emissions and sequestration and so over time
change the magnitude of the carbon stock in the forest ecosystem. Evaluation of the impacts of
disturbance regimes on native forest ecosystem carbon stocks requires understanding and
guantifying the processes controlling the magnitude of losses and gains and longevity of each
component (living and dead biomass and soil). Disturbances by logging and fire differ in their
proportions of carbon stock loss and the resilience of the ecosystem to recover.

Net uptake of carbon by the ecosystem at the landscape scale is called the Carbon Sequestration
Potential (CSP). Predicting these future carbon stocks requires, in practice, positioning the current
carbon stock in relation to an ecosystem carbon accumulation curve as a function of the age
structure of the forest (Rhemtulla et al. 2009, Conant 2011). This curve is defined by the processes of
carbon gains and losses, including rates of forest growth, decomposition, respiration and combustion.
Prediction of carbon accumulation at the landscape scale is inclusive of the effects of environmental
variability due to climatic gradients, substrate differences, and topography. Estimates of future
changes in carbon stocks must also include the impact of proposed management activities.

The carbon stock of a natural ecosystem at the landscape scale is called the Carbon Carrying Capacity
(CCC); defined as the mass of carbon that can be stored under prevailing environmental conditions
and natural disturbance regimes, but excluding disturbance by intensive human land-use activities
(Gupta and Rao 1994, Keith et al. 2009b). The magnitude of this stock exists in a dynamic equilibrium
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that varies temporally and spatially in response to disturbance events within a range around a mean
value of the stock. The carrying capacity is estimated at the landscape scale and refers to the average
conditions within a dynamic equilibrium across a region.

Objectives of our study of carbon stocks in the forest ecosystems within the catchments (Maroondah,
O’Shannassy, Upper Yarra, Cement Creek, Armstrong, Starvation Creek, McMahon's Creek,
Thompson stages 1, 2, and 3, Tarago) and surrounding forested area in State forests within the
Central Highlands region were to:

(i) Calculate the carbon stock in the catchment areas in the context of the forested landscape of the
Central Highlands of Victoria. Calculation is based on data from ANU experimental sites and Victorian
Department of Sustainability and Environment inventory sites, and then ‘up-scaled’ to the landscape
level. The carbon stock includes all components of living and dead biomass above- and below-ground,
litter and coarse woody debris measured at the sites and an estimate of soil carbon.

(ii) Model carbon sequestration during forest growth (i.e. post-disturbance to ecological maturity)
based on the age structure of the forest and a function of carbon accumulation over time;

(iii) Quantify carbon losses after the 2009 wildfire based on site measurements of biomass
components combusted and up-scaled to the catchment landscape;

(iv) Assess changes in carbon stocks due to logging, particularly the silvicultural systems of
clearfelling, thinning and post-fire salvage logging; and

(v) Derive scenarios for the different fire and logging regimes and their impact on carbon stocks over
20, 50 and 150 years.

The study encompasses work at a range of spatial and temporal scales, types of data and analyses to
achieve the objectives of a landscape map of the carbon stock and projected changes under different
management scenarios. The study was based on the framework illustrated in Figure 1.1.

The sections of this report are divided according to spatial and temporal scales in the analysis of
carbon stocks. Each section includes derivation of the data and application of the results to
determine the carbon stock at a particular scale. Section 2 provides background information about
the environment and history of the montane ash forests of the catchments within the Central
Highlands of Victoria. Section 3 describes the methodology for measuring and calculating carbon
stocks in trees and other biomass components, and then aggregating to the site scale in native
forests. Section 4 uses the carbon component data from our field sites, together with environmental
conditions and disturbance history, to construct a spatially-explicit map of carbon stocks at the
landscape scale - the Current Carbon Stock. Section 5 quantifies the carbon loss due to combustion of
biomass components in the 2009 wildfire. Section 6 includes the temporal scale with derivation of
the function of carbon accumulation over time to a maximum potential Carbon Carrying Capacity.
Carbon losses due to harvesting are quantified. Carbon Sequestration Potential is predicted under
scenarios of change in carbon stock under different forest management regimes. Section 7 discusses
how the spatially-explicit carbon stock derived for each catchment and predictions of changes over
time resulting from different management practices will help inform policy decisions about
management of forests in the water catchments.

There have been differing estimates of the carbon stocks in natural forests in Australia and the
impacts of disturbance events. This has led to controversy about the value of protecting carbon
stocks in forests, the relative impact of different forms of disturbance in causing emissions, and the
mitigation value of carbon sequestration in natural forests. It is therefore important to calculate the
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current carbon stock as accurately as possible using the best available data and methods, and to
document the methodology so that it is repeatable and can be compared with other studies.
Accounting for spatial variability in forest age structure resulting from a history of disturbance events

is a critical element in calculating current carbon stock and the trajectory of the sequestration
potential.
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Figure 1.1 A framework describing stages of the study at different scales and integrating different
types of data to derive models that relate biomass carbon stocks to environmental conditions and
disturbance history at a site, to up-scale across the landscape, and to predict carbon sequestration
potential under scenarios of forest management practices. The ‘tree’ scale includes all plants.

Framework for calculatinglandscape carbon stocks
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2. Description of Montane Ash Forests

2.1 Introduction

The location of the study is in the water catchments and surrounding region in the Central
Highlands of Victoria. The main forest type consists of montane ash species and their
composition and structure are described. The dominant species is Eucalyptus regnans
(Mountain Ash) and most of the calculations of carbon stock refer to this species. However,
it is important to recognise that minor eucalypt species and many mid- and under-storey
species contribute to the composition and structure of the forest, and the response of its
carbon stock to disturbance and regeneration.

The current structure of forest stands and their carbon stock depend on (i) the
environmental conditions for growth at the site, (ii) the timing and type of previous
disturbances, and (iii) the success of regeneration after disturbance. The history of
disturbance events determines the age, size and density of trees, and hence the carbon
stock of forest stands. Wildfire and logging are the main disturbance events that influence
mortality and regeneration of these forests. Therefore, the history of these events and their
impact on forest biomass are critical components in the assessment of current carbon
stocks and prediction of future stocks.

A range in forest ages and stand structures cover the
landscape and measurement strategies need to cater
for all these types.




2.2 Forest species distribution

The study area includes the catchments of Maroondah, O’Shannassy, Upper Yarra,
Armstrong, Cement Creek, McMahon’s Creek, Starvation Creek, Tarago, Thompson stages 1,
2 and 3 (Map 1). The forest in this region is predominantly wet sclerohpyll of montane ash
species, predominantly Eucalyptus regnans (Mountain Ash), but also E. delegatensis (Alpine
Ash) and E. nitens (Shining Gum). The field sites are located mainly in E. regnans forest. The
dominant height of ash stands is 60-80 m and diameter (at 1.3 m height) is up to 4m,
measured at the field sites. Within the catchments there are small areas of other forest
types, including wet and dry mixed species forest of E. obliqua (Messmate), E. cypellocarpa
(Mountain Grey Gum), E. macrorhyncha (Red Stringybark), E. radiata (Narrow-leaf
Peppermint), E. sieberi (Silvertop Ash), and subalpine forests of E. pauciflora (Shnowgum).
The distribution of forest types is shown in Map 1. The distribution of montane ash forest
across the landscape is closely related to climatic conditions (Lindenmayer et al. 1996).
Mixed-species forests typically occur in warmer areas on mid and upper slopes with high
levels of incoming solar radiation, rainforests occur along streamlines in colder higher
elevation areas, and montane ash forests occupy an intermediate environmental domain
(Mackey et al. 2002).

Stands of montane ash forest consist of an overstorey of eucalypts; a mid-storey tree
stratum of Nothofagus cunninghamii (Myrtle Beech), Atherosperma moschatum (Southern
Sassafras), Acacia dealbata (Black Wattle), Acacia melanoxylon (Blackwood), Acacia
frigescens (Forest Wattle), Acacia obliquinervia (Mountain Hickory Wattle); and a tall shrub
layer (2m to 15 m) of Olearia argophhylla (Musk Daisy Bush), O. phlogopappa, Bedfordia
arborescens (Blanket Leaf), Pomaderis aspera (Hazel Pomaderis), Correa lawrenciana
(Mountain Correa), Cassinia aculeata (Dogwood), Ziera arborescens (Stinkwood),
Prostanthera lasianthos (Victorian Christmas Bush), P. melissifolia, Polyscias sambucifolia
(Elderberry Panax), Hedycarya angustifolia (Austral Mulberry), Dicksonia antarctica (Soft
Tree Fern), Cyathea australia (Rough Tree Fern) (Costermans 1994, Lindenmayer and Ough
2006, Mueck 1990, Ough 2002).

2.3 Forest structure

Montane ash forest is multi-layered with an overstorey of eucalypts and mid- and under-
storeys of trees and shrubs, which include rainforest species in moist, protected locations
(Lindenmayer et al. 2000a). Unlike most eucalypt species, ash species (E. regnans and E.
delegatensis) are usually killed if their canopies are largely scorched by fire (Flinn et al 2007).
Therefore, the age of stands reflects the fire history as well as the land use disturbance
history. However disturbances, particularly fire, can be highly variable spatially, both in
extent and intensity. Hence, not all trees are necessarily killed in all fire events and
regeneration is not necessarily even-aged. Montane ash forest can be even-aged resulting
from widespread mortality and regeneration following an intense disturbance event, but
may also be multi-aged following partial tree death and subsequent regeneration alongside
surviving trees. Evidence of past disturbance by fire, such as charcoal scars on the butts of
large trees indicates a history of disturbance events of varying intensity (McCarthy and
Lindenmayer 1998).

Old growth forests have been defined in many ways and include different social and
ecological values related to disturbance history, aesthetic qualities, conservation value,

14



successional stage, and structural form. Some definitions used to characterise forest types
for land management policy include:

‘forests both little disturbed and ecologically mature’ (RAC 1992)

‘forest that is ecologically mature and has been subjected to negligible unnatural
disturbance...in which the upper stratum of overstorey is in the late mature to overmature
growth phases’(DAFF 1992 - National Forest Policy Statement).

‘ecologically mature forest where the effects of disturbances are now negligible’ (DAFF
1992, 1998 - Regional Forest Agreements).

The latter definition for the Regional Forest Agreement was the criteria used for mapping
old growth areas in our study (see Maps 12 - 15). This definition also included evaluation for
National Estate values by the Victorian Department of Conservation and Natural Resources
and the Australian Heritage Commission.

Old growth for the montane ash forests was defined by Lindenmayer et al. (2009) in terms
of the size and prevalence of living overstorey trees; stands where >70% of living overstorey
trees exceed 180 years old, and the majority of trees in the stand are greater than 100 cm
DBH. These stands almost always have different age cohorts.

The characteristics of old growth montane ash forests also include the multiple layers of the
forest of different species groups (Burgman 1996, van Pelt 2007), such as Nothofagus
cunninghamii (Myrtle Beech), Atherosperma moschatum (Southern Sassafras) and tree ferns
(Dicksonia antarctica and Cyathea australis) which can be very old, for example dated at 350
years (Mueck et al. 1996). Individual eucalypts have been dated at 309 16 years for a late
mature growth stage of the tree, and 459 8 years for an older growth stage using
dendrochronological studies (Banks 1993).

The primary criteria used in our study of forests in Victoria’s Central Highlands are growth
stage and level of disturbance. Characteristics of growth stage that contribute to the
definition of old growth include older growth stages with stands containing relatively large,
old trees and other plants comprising the oldest naturally-achievable growth stage for the
ecosystem under a natural regime of fire disclimax; and functional qualities of an
ecologically mature ecosystem, such as presence of large crown gaps, presence of tree
hollows and fallen trees, and high levels of biodiversity (DSE 1996). The level of disturbance
is defined as negligible. However, montane ash forests experience periodic natural
disturbance events and these events contribute to the ecological processes that produce old
growth characteristics. Old growth ash forests are characterised by overstorey trees usually
of multiple ages, which indicates a highly spatially variable pattern of mortality then
regeneration as well as survival and recovery of trees (Banks 1993, Lindenmayer et al. 2000,
Beale 2007).

2.4 Fire History

Wildfires and regeneration events are known to have occurred in the following approximate
years: 1750, 1824, 1851, 1895, 1905, 1908, 1918, 1926, 1932, 1939, 1948, 1962, 1983, 2003,
2006 and 2009, within the Central Highlands region (DSE 1996, Lindenmayer 2009). The
history of fire occurrence in the ash forest region over the last century pre-2009 is shown by
decade in Map 3.
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The mapped extent of fire occurrence represents the outer boundary of the burnt area.
There is limited information about spatial variation in fire severity and small-scale
patchiness of fire occurrence, for example due to topographic and diurnal effects and
changes in weather conditions (except for the 2009 wildfire). Information about fire severity
is important as it determines the degree of impact at a location. Not all areas designated as
‘burnt’ result in death of the trees, even for ash tree species (Smith et al. 1985, Lindenmayer
et al. 2010). For example, our entire study area of the catchments and surrounding region
occurred within the boundary of the 1939 fire; however, not all areas were burnt at a
sufficiently high intensity to kill the trees. Evidence that individual trees and forest stands
survived the 1939 fire is seen by the current age structure of patches of old-growth forest,
particularly in the O’Shannassy and Maroondah catchments where many live trees have fire
scars from the 1939 fires event. Much of our study area also occurred within the 1983 fire
boundary in the south or 2009 fire boundary in the north. A few small areas have
experienced two or three fires since 1939.

Ash eucalypt species are usually considered to be killed by fires that scorch more than 50-
75% of leaves in the crown (Flinn et al. 2007). In areas subject to high severity wildfire, ash
trees are completely killed and the species regenerate from seed as even-aged stands
(Ashton 1975b). In areas subject to low or moderate fire severity, some or all of the
overstorey trees survive and the stand regenerates with more than one age class (McCarthy
and Lindenmayer 1998). The estimated mean fire interval is 75 to 150 years for a fire
severity that kills ash trees (McCarthy and Lindenmayer 1998, McCarthy et al. 1999). Within
the boundary of a wildfire McCarthy et al. (1999) estimated that approximately half of the
trees survive. Hence, the mean interval of all fires is 37 to 75 years.

Fuel reduction burning of the drier mixed forests of the Central Highlands has been
practised since the 1960s. Boundary information for these fires is recorded on maps and
supported by field reports and aerial observation to determine the degree of disturbance
from the mosaic of burning (DSE 1996).

2.5 Logging History

Timber harvesting in the 19" century involved selective logging of E. regnans in the more
accessible parts of the Central Highlands nearer Melbourne to provide building materials
and firewood. Utilisation of ash forests for sawn timber was initially limited by accessibility
of this forest type in higher elevation and steeper terrain, and the unstable nature of the
timber when it was dried. Demand for timber increased after the discovery of gold in the
1850s and the area of selective harvesting increased. More intensive harvesting of the ash
forests did not occur until the 1920s with the introduction of steam powered winches and
reconditioning to stabilise sawn timber (Griffiths 1992). Extensive logging of the mature ash
forests continued during the 1920s and 1930s driven by the high demand from housing
booms.

The wildfire in 1939 killed the majority of the remaining mature stands, but much of this
timber was harvested in large-scale salvage operations during the 1940s and 1950s
supporting the post-war housing boom (Noble 1977). Salvage logging continued until the
dead trees became unsuitable for timber products (Noble 1977).

Extensive areas of regrowth forest originated from the wildfires in 1926, 1932 and 1939.
During the 1950s, 1960s and 1970s harvesting occurred in ‘understocked’ regrowth stands
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of E. regnans and thinning was practised in fully-stocked regrowth stands. Extensive
harvesting of E. delegatensis began in the early 1950s when supplies of salvage logs from
the 1939 burnt E. regnans began to diminish. Harvesting of the remaining fully-stocked
mature E. regnans stands not burnt in 1939 was completed by about 1990. Harvesting of the
1939 regrowth, as ‘mature’ stands, commenced in the mid-1980s and is currently
continuing.

The history of logging events is shown in Map 4 by decade of occurrence over the last
century. In the Central Highlands, it is the water catchments designated as conservation
reserves that are most likely to have had minimal logging and other human disturbance
impacts. Small areas of logging have occurred in the Cement Creek and Armstrong
catchments. Extensive logging has occurred over the last 50 years in the Starvation Creek,
McMahon’s Creek, Thomson and Tarago catchments. In the Maroondah, O’Shannassy and
Upper Yarra catchments there has been limited known disturbance from logging. Limited
harvesting occurred in the Maroondah in the 1970s/early 1980s for testing water run off
under different harvesting regimes. Some of these catchments have been closed to provide
the water supply for Melbourne for over 100 years and prior to European settlement, there
is little evidence of Aboriginal use of these forests areas (Lindenmayer 2009). There is some
uncertainty about the extent to which early logging has been documented. Therefore, some
areas that are now in conservation reserves may have been affected by harvesting under a
previous land tenure that was not recorded.

The silvicultural system commonly applied in ash forests of Victoria is that of clearfelling and
slash burning (Flinn et al. 2007). This system was introduced in the 1960s following research
into regeneration methods. It was considered to be a simple method that produced
regeneration of the forest following harvesting. The felling method involves removal of all
commercial trees from a coupe area, usually in one integrated operation. Selected trees are
retained for fauna habitat under the Department of Sustainability and Environment Code of
Practice (2007a). Seed supply for eucalypt regeneration is either from direct seeding by
hand or aerially, from the retained habitat trees or crowns of felled trees, or from planting
where seed is scarce or the seedbed is poor. Seedbed preparation is preferentially by
burning slash, otherwise by broadscale or selective mechanical disturbance. Slash burning is
by high intensity fires in autumn. The rotation length for harvesting is prescribed as 50 years
(DP12009) where even-aged 1939 regrowth is being harvested, but is often harvested at
shorter times.

A range of other silvicultural systems have been used in the Central Highlands as minor
practices. ‘Single tree selection’ is an uneven-aged silvicultural system involving the felling of
scattered individual trees across the site, occurring at 10 to 15 year intervals, with
regeneration mainly from lignotubers and coppice. ‘Seed tree selection’ is an even-aged
silvicultural system in which all living trees are felled except for a number of uniformly-
distributed trees retained to provide seed for regeneration and habitat. ‘Group selection’ is
an even-aged silvicultural system that removes small groups of trees dependant on age and
forest structure. ‘Thinning from below’ removes the smaller and poorly-formed trees from
immature stand (20 — 30 years old) and allows the larger better-formed trees to increase
their growth, but the harvesting also removes the mid-storey trees and shrub layer. Some
thinning produces a commercial product but in other cases the trees remain as waste on-
site (Flinn et al. 2007, DPI1 2012-14).
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Regeneration after a disturbance event is critical to allow regrowth of the forest and
accumulation of carbon stocks. Early management of harvested mature ash forests often
had problems with regeneration. Burning of slash to promote regeneration was practised in
the 1950s and 1960s and involved burning a variable proportion of the crowns of felled
trees. Since the 1980s, management of harvested forests has included regeneration by
burning heaped slash at high-intensity and application of seed (Flinn et al. 2007).
Regeneration with adequate stocking has been greatly improved through research on
silvicultural methods and monitoring. Current practises are considered acceptable under the
Victorian Code of Practice for Timber Production (DSE 2007a) that requires monitoring
surveys of regeneration and remedial action if stocking is not adequate (Campbell 1997,
Flinn et al. 2007).

Wood products derived from timber harvesting of ash forests include sawn timber and pulp
in varying proportions (DSE 1996). Harvesting is highly variable in terms of wood volume
removed due to harvesting methods of clearfelling, single tree or group selection; suitability
of the timber for sawlog products; amount of wood degrade; product mix; distance to mills;
and accessibility in the landscape. Pulpwood was approximately 13% of the total post-1939
salvage wood product, averaged over the entire ash forest area, as markets for paper were
only just being established. This meant that residue levels associated with salvage logging
were high and large amounts of dead biomass remained on-site (Flinn et al. 2007). Sawlogs
comprised approximately 33% of the total wood product in the late 1990s (Flinn et al. 2007),
since then has reduced to about 28% (DSE 2009), and is continuing to decline. The total
amount of sawlog product has remained reasonably steady for the half century of records,
but the amount of pulpwood has increased almost 10-fold (Flinn et al. 2007).

2.6 Synopsis

Montane ash forests form a mosaic of even-aged and multi-aged stands across the
landscape. Even-aged stands result from widespread mortality and regeneration following
an intense disturbance event. A multi-aged structure is characteristic of old-growth stands
that have derived from spatially variable disturbance events that result in partial mortality
and regeneration, and partial survival (Lindenmayer et al. 2000a).

A major source of uncertainty in assessment of carbon stocks is the age of stands and the
impact of disturbance events on their biomass and soil carbon content. Fire events are
highly variable in their intensity and hence the severity of impacts and extent of tree
mortality. Historically, the outer boundary of a fire was recorded but information about the
spatial variability of the fire within this bounded area was limited. Timber harvesting has
been highly variable in the extent and degree of biomass removal and success of
subsequent regeneration. Records were limited in the early period and particularly from
salvage logging after the 1939 wildfire. Hence, the current carbon stock of living biomass
and especially total biomass (living plus dead) is highly variable in relation to forest age. The
various forms of selective harvesting result in uneven-aged stands with limited information
about ages of tree cohorts. Assessment of carbon stocks in forest stands in relation to their
age makes the assumption that full regeneration occurs, which is not always the case.
Therefore, the current carbon stock of a forest depends on environmental conditions and
age of the stand, but also depends on the proportion of biomass remaining on-site after
disturbance, regeneration method, stocking rate, and success of the regrowth.
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3. Measurement of Ecosystem Carbon Stocks at the Site Scale

3.1 Introduction

Quantifying the carbon stocks of an ecosystem and upscaling across the landscape requires
accounting for all the components as shown in Figure 3.1. Carbon stocks were estimated for
each component at each site. Site level carbon stocks were used to relate to environmental
conditions and disturbance history of the sites, and to assess the amount of carbon lost by
combustion in the 2009 fire. Prediction of carbon stocks across the landscape depends on
good quality site data of these measured components; the accuracy of the landscape model
will only be as good as the calibration data. Obtaining good quality site data, both from field
measurements and application of existing data, was a major objective of this project.

The calculated current carbon stock provides the basis for valuing the ecosystem service of
carbon stocks protected in the biosphere, predicting sequestration over time, and assessing
carbon loss due to fire. Improving the methodology and addressing issues of concern were
priorities in our study, including using the best available data and methods, comparing
different sources of data, testing the sensitivity of biomass resulting from different
methods, and describing the process in a transparent manner.

Specific methods that were assessed included allometric equations to calculate tree biomass
from dimension data, diameter measurements over large buttressed trunks, proportion of
internal decay in stem volume, estimation of bark mass combusted, measurement of dead
trees, litter and coarse woody debris, and assessment of size structure of forest stands in
relation to disturbance history.

Figure 3.1. Stocks and fluxes of the carbon cycle in the forest ecosystem.
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3.2 Experimental Design

3.2.1 Sample sites

Data from two sets of sites were used in the analysis to provide both intensive and
extensive information on carbon stocks across the region. Spatial modelling of biomass
carbon stocks at landscape scales requires a large number of calibration sites across a wide
range of environmental conditions and temporal range in time since disturbance in order to
capture both the natural and human-induced variability.

3.2.1.1 ANU Carbon sites

A subset of sites (n = 54) from the ANU’s long-term ecological monitoring network of 171
sites, each of 1 ha, in the Central Highlands of Victoria (Lindenmayer 2009, Lindenmayer et
al. 2003, 2011) was selected for detailed measurements of carbon stocks of all ecosystem
components (Map 1). These forest stands are dominated by E. regnans. The sites are
located across State Forest and National Park both within and outside the catchments to
provide suitable forest conditions to fit the criteria of age and fire severity (see Section 3.2.2
and Table 3.1).

Within the 54, 1 ha sites (Figure 3.2), biomass components were sampled using different
strategies depending on the size and distribution of different components. Sites were
located at a random point that marks the beginning of a central transect of 100 m through
the site. A second transect of 100 m was located perpendicular through the 50 m point of
the central transect. Three 10 m x 10 m (3 x 0.01 ha) plots were located at the beginning,
middle and end of the central transect.

The site treatments and measurements of carbon stocks at the site level, described in
section 3, refer to the research at the 54 ANU carbon sites.

Figure 3.2 Design of 1 ha (100m x 100m) experimental sites showing the central and
perpendicular transects (dashed lines), 10m x 10m plots (hatched), 10m transects (black
lines), and area sampled for large trees 2 x 30m x 100m = 0.51 ha) (grey shaded area).
Different biomass components were sampled in different parts of the site.
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3.2.1.2 SRFI sites

Existing data from the Statewide Forest Resource Inventory (SFRI) for the Central Highlands
Forest Management Area of State Forest (DSE 2007b) were used for additional analysis of
carbon stocks in the montane ash forest type (under a data licence agreement with the
Forest Resource Analysis and Modelling section of the Department of Sustainability and
Environment, Victoria). Sites in the inventory were classified by DSE according to forest type
based on aerial photo interpretation. Individual measured trees within sites were assigned
to species. We selected sites to represent the montane ash forest type based on species of
measured trees (sites containing a majority of E. regnans or E. delegatensis) as this was
considered more accurate than the forest type classification. Other eucalypt species co-
occurred at many sites.

The inventory data consisted of (i) inventory data of tree dimensions recorded at a network
of plots (SFRI plots, n = 876) (Map 2), (ii) spatial data of forest composition, and (iii) spatial
data about forest activity including fire and logging history (i.e. the silvicultural system
applied). These sites provided spatial coverage across the region. These existing inventory
data were used to calculate carbon stocks, however, the data were collected for a different
purpose, namely estimating wood volumes, and so required considerable analysis and
application of ancillary data to obtain the required results. No additional data collection was
conducted at these sites during the current study.

SRFI sites were located in a stratified random design by forest type. They are variable radius
plots with measurements of tree diameter and probability of occurrence of a given sized
tree (DSE 2007b). Variable probability sampling is based on the theory that the probability
of selecting an individual is dependent on its size (Husch et al. 2003). From a central point,
trees are assessed to determine whether the ratio of tree radius (DBH/2) : plot radius
(distance) exceeds the critical ratio or Basal Area Factor( BAF). An optical wedge instrument
helps determine this ratio by projecting a horizontal angle of a fixed size (0) to determine
whether the tree diameter is greater than the projected size. If the ratio exceeds the BAF,
then the tree is counted ‘in’ within its respective plot area.

3.2.2 Treatments

Both forest age and impact of the 2009 wildfire were important for determining the carbon
stock of the ecosystem and projected changes over time. Hence, the ANU carbon sites were
selected to represent three age categories (1983 regrowth, 1939 regrowth, old growth) and
three fire categories (unburnt, low severity fire, high severity fire) in a factorial design. Six
sites were sampled from each of the nine categories giving a total of 54 sites.

The 1983 regrowth resulted from clearfell logging or salvage logging after the 1983 wildfire.
The 1939 regrowth resulted from wildfire and variable amounts of salvage logging. These
are common age classes of montane ash forest and are usually considered even-aged
regrowth. However, there were some larger residual trees in the stands that contributed
high biomass. Therefore, carbon stock of individual regrowth sites was highly variable
depending on the distribution of these residual trees. Old growth sites are multi-aged and
have trees originating from pre-1900. Many of the large trees are considered to have
regenerated after a fire in approximately 1750 (Lindenmayer et al. 1990, 2000). The old
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growth sites were highly variable in their stand structure and age due to their differing
histories of disturbance and regeneration. When selecting sites in the age / fire categories
from ANU’s network of sites, it was not possible to find old growth sites of similar structure
that had been burnt and unburnt. This is partly due to the confounding fact that the 2009
fire occurred in the O’Shannassy catchment where the oldest stands of trees existed. This
forest was considered old growth (Lindenmayer et al. 2000a) with very large trees dating
back to the 1750s plus younger cohorts of trees, and also gaps in the overstorey canopy.
There are very few areas of such old-growth forest that remain unburnt and they are
difficult to access. Unburnt old growth or mature forest occurs in the Maroondah catchment
where the oldest trees likely regenerated in the 1820s and 1850s, and hence are somewhat
younger than those in the O’Shannassy catchment.

Fire severity at each site was classified into five classes: 1 — unburnt, 2 and 3 — burnt by low
severity fire where the overstorey canopy was mostly unscorched, 4 and 5 — burnt by high
severity fire where the overstorey canopy was scorched or combusted. Criteria used for
assessing fire severity included degree of crown scorch of each vegetation layer and
minimum tip of branches combusted (Table 3.1). The criterion of ‘combusted’ means the
leaves and possibly twigs and small branches on a plant were consumed. The fire severity
classes were assessed by on-ground survey within 4 months of the fire.

Table 3.1. Criteria for fire severity categories based on the degree of scorch or combustion
of leaves in each vegetation layer.

Category Over-storey Mid-storey Under-storey Ground cover
Unburnt 1 | unburnt unburnt unburnt unburnt

Low 2 | unburnt unburnt scorch combusted
Low 3 unburnt/scorch | scorch Scorch/combusted | combusted
High 4 | scorch combusted combusted combusted
High 5 | combusted combusted combusted combusted

The assumption that replicate sites (n = 6) within an age / fire category had similar
conditions before the 2009 fire was tested by analysing the environmental conditions at the
sites. The significant effects of the following variables were tested using analysis of variance
(ANOVA, Fpra,as) < 0.05, Least Significant Difference of the Means at 5% level using the
Protected Fisher Test, Genstat v.14): GPP, mean temperature, minimum temperature,
precipitation, water availability index, radiation, soil organic carbon (SOC), slope, aspect,
elevation (variables are defined in Table 4.1).

The only variables that exhibited significant differences for age / fire categories were GPP
(Fpr=0.031) and SOC (F,, = 0.004). Among the young regrowth sites before the fire, the sites
that remained unburnt had significantly higher GPP than the sites that burnt in low and high
severity fires. This difference did not occur for the other age categories of forest sites. SOC
differed between specific age / fire categories; with young regrowth unburnt and subject to
high severity fire, mature regrowth unburnt and subject to low severity fire, and old-growth
subject to low severity fire having significantly lower SOC than young regrowth subject to
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low severity fire, mature regrowth subject to high severity fire, and old-growth unburnt and
subject to high severity fire. However, there was no trend related to the fire treatments.

Factors with categorical data were analysed by a log-linear regression model based on a x°
distribution that assessed the frequency of the different levels of each factor in each age /
fire category and calculated a deviance ratio where the significance was tested using a x°
probability (Genstat v. 14). The following factors were analysed: forest type, topographic
position and geology. The factor that exhibited significant differences among age categories
was topographic position ()(2,,,= 0.048). Old-growth sites were more likely to occur on mid-
and lower-slopes and no sites occurred on ridgetops, whereas young and mature regrowth
sites occurred more often on ridgetops than mid- and lower-slopes.

Many of the sites in age / fire categories were clumped geographically, by necessity due to
the location of age cohorts of forest and occurrence of the fire. Many of the high severity
burnt sites were in the O’Shannassy catchment and many of the unburnt and low severity
burn sites were in the Maroondah catchment. In the areas with no recorded disturbance
history, there would still have been some disturbances (even if before historical records),
and they would have differed in different geographical locations, thus resulting in different
age structures of forest stands.

3.3 Measurement of ecosystem carbon components

Biomass components of forest stands were measured to calculate their current carbon stock
and to assess the proportion of biomass combusted in the 2009 wildfire. The following
components were measured: living and standing dead biomass; coarse woody debris; and
the litter layer.

3.3.1 Living and standing dead biomass

The methodology for calculating carbon stocks in living and dead biomass is described as a
framework that links estimates of biomass across scales. Figure 3.2 illustrates the stages
required for the calculation of tree biomass and the different types of source data including
forest inventory and ancillary data. It is important to test and compare different
assumptions and sources of data used in the calculation of biomass to determine the
sensitivity of the result to different methods of calculation.
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Figure 3.3. Framework showing the stages in measurement and calculation of carbon
stock in trees.
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3.3.1.1 Inventory data

At the 54 ANU carbon sites where biomass components were measured, tree sizes were
separated into two categories; less than and greater than 100 cm diameter. They were
sampled using different strategies to maximise the area assessed for large trees because
they have a highly variable distribution, and also to measure high density small stems in a
smaller area. All woody stems greater than 2 m height and less than 100 cm diameter were
assessed in height and diameter categories for each species within three 10 m x 10 m plots
(0.03 ha). Trees greater than 100 cm were measured in the two 100 m transects by 30 m
width (0.51 ha) (Trees within the cross-over section of the two transects were only counted
once.) (Figure 3.2). Tree diameter was measured at 1.3 m height (using standard DBH
measuring methodology) on the uphill side but not on an elevated litter layer, and height
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was measured with a rangefinder (Nikon Forestry 550 Rangefinder). Measurement of both
living and dead trees was important as both contribute to the biomass carbon stock.
Biomass of dead under- and mid-storey plants were calculated as stem-only. Biomass of
dead over-storey trees was calculated as stem plus branches for trees at the normal canopy
height (for a given tree diameter). For trees with a measured height less than the normal
canopy because the top section of the stem had broken off, biomass was calculated for
stem-only because it was assumed that the branches would also have broken off. Where the
stem of the dead trees were no longer intact, due to decay or pieces broken off, the
proportion of the dead stem remaining was estimated.

At the 876 SRFI inventory sites, the existing data included living and dead trees greater than
20 cm diameter with measurements of individual tree DBH, the corresponding stem density,
and dominant height of the stand. These data were used to calculate tree biomass carbon
stock.

Measurements of tree diameter can be problematic in large E. regnans that form buttresses
with fluted stems (Ashton 1975b). Tape measures of DBH as the circular cross-section do
not account for the deficit between the indentations of the buttresses and therefore can be
inaccurate. The fractional cross-sectional area deficit can be high (up to 0.6), but is less for
the fractional deficit of total stem volume, which increases with tree size and is
approximately 0.09 for trees of 3 m diameter and 0.12 for trees greater than 5 m diameter
(Dean et al. 2003). A reduction in the cross-sectional area based on a ‘functional’ diameter
was measured by Sillett et al. (2010) using detailed mapping of the cross-sectional area of
tree bases of E. regnans. Trees with DBH greater than 122 cm were found to begin forming
buttresses. The derived relationship is given in Equation (1) and the difference between
measured and functional diameter across a range of tree sizes is illustrated in Figure 3.4.
This conversion of functional diameter was calculated for all trees greater than 122 cm DBH
in the inventory to use as the independent variable in the volume function.

Functional diameter (cm) = 2.4242 . DBH %%/ for tree DBH > 122 cm (1)

Figure 3.4. The effect of using an estimated functional diameter compared with a
measured diameter over buttresses, on reducing volume of individual trees of a given size.
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3.3.1.2 Allometric equations to predict volume and biomass

Allometric equations relate dimensions of a tree (diameter and height) to its volume or
biomass (Keith et al. 2000, Snowdon et al. 2002). Equations reported in the literature were
collated for this investigation. However, there has been little work done on measuring the
biomass of ash species because of the difficulties created by their large size. Criteria for
selecting appropriate allometric equations included their derivation from trees of similar
species, environmental conditions, size range to those trees in the inventory for which
biomass is being predicted, and appropriate measures of tree dimensions. It is preferable
for an equation to use both diameter and height dimensions when used for predictions over
a wide range of environmental conditions. This is because the diameter / height relationship
of trees varies in response to variations in environmental conditions.

A relationship between DBH and height for living and dead trees was derived by collating
various sources of existing tree measurements (n=21669 trees), including the ANU carbon
sites from this study, the ANU long-term monitoring sites in the Central Highlands
(Lindenamyer 2009, Lindenmayer et al 2011), Keith et al. (2009), Dean et al. (2003), Sillett et
al. (2010), and the SFRI dataset. This relationship was used to predict height for tree
inventory data where only DBH data were available. The E. regnans trees measured by
Sillett et al. (2010) were significantly taller for a given diameter than trees measured
elsewhere. This is likely because Sillett et al. (2010) chose an area at Wallaby Creek in
Victoria with the tallest E. regnans and selected trees of good form for their detailed
measurements. The other data sources were from inventory plots where the population of
trees was random and therefore exhibited greater variance in the height / DBH relationship.
The relationship for dead trees was highly variable due to broken tops of trees; hence a
mean height for a species was more appropriate. The relationship is also variable for old,
living trees that are prone to stem and crown breakage due to mechanical stresses so that
height declines in very large trees (Jacobs 1955, Hickey et al. 2000, Lindenmayer and Wood
2010). The form of the relationship is given in Equation (2), the coefficients are in Table 3.2
and the data are illustrated in Figure 3.5.

Model: In Ht=A + B * R*(In DBH) (2)

Table 3.2. Coefficients for Equation (1) relating tree height to DBH with coefficients A and
B for living trees, r=0.768 and R = 0.5056; and a mean height for dead trees.

Living trees Dead trees
A B Mean height (m)
E. regnans 4.361 -8.021 28.2
E. delegatensis 4.174 -8.489 23.1
Other Eucalypts 4.015 -8.806 23.5
Non Eucalypt 3.391 -7.768 6.0
Acacia spp. 3.598 -6.656 11.0
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Figure 3.5. .Relationship between height and DBH of individual living trees (n = 21669) as
logarithmic regression functions, and showing significant differences in the coefficients
between species (P<0.001).
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Existing information about allometric equations for tall wet forest species was assessed for
volume and biomass (Figure 3.6a and b, Table 3.3). These curves show the wide range in
predicted volume or biomass for given tree dimensions, and the wide variation that can
occur when equations are extrapolated. An equation that provides biomass predictions
similar to other equations for small trees may give very different predictions when
extrapolated beyond size range for which it was calibrated.
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Figure 3.6a. Allometric equations that relate tree diameter (DBH) to tree wood volume.
Dean and Roxburgh (2006) (E. regnans in Tasmania, maximum size 400 cm), Keith et al.
(2000) (E. obliqua in Tasmania, maximum size 280 cm), Sillett et al. (2010) (E. regnans in
Central Highlands, maximum size 320 cm)), and using independent variables of DBH and
Height for E. regnans in the DSE (2007b) equation.
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Figure 3.6b. Allometric equations that relate tree (a) diameter (DBH) and (b) diameter and
height to biomass from Ashton (1976), Keith et al. (2000), Keith et al. (2009),Bi et al.
(2004), Sillett et al.(2010), Dean et al. (2003), Feller (1980), West et al. (1991), where the
solid line represents the size distribution of trees sampled and the dashed line is an
extrapolation which shows the differences in predictions.
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Table 3.3 Allometric equations for tall wet eucalypt species in south-east Australia.
DBH is diameter in cm and Girth in cm, Height in m, M is biomass dry weight, V is volume,
AGB is aboveground biomass, EMS error mean square.
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Reference / Species Component Equation EMS r n DBH
Dean and Roxburgh Stem volume (m®) | V = 1100x[1+(D/9.2)41™] 34.2 0.95 24 29-640
(2006) E. regnans
Sillett et al. (2010) Stem & Branch Ln Vol = 0.8029 x Ln (D°H) -7.871 0.02399 0.96 22 80-312

3
E. regnans volume (m’) Ln M = 1.859 x Ln(d) — 6.3518 0.02977 0.96 22 80 - 312
AGB (kg) Ln M = 0.8102 x Ln(D%H) - 8.621 0.02616 | 0.96 22 | 80-312
Ashton(1976)E.regnans | AGB (kg) Log M =-2.43 + 2.58 x Log (Girth) 11 8-54
Feller (1980) Stem mass (kg) M = -45.6 + 248.9 x D*.H 6 17-67
E. regnans Leaf mass (kg) M =-16.9 + 6.4 x LnD
Branch mass (kg) | M =-42.2 + 25.7 x D°.H
Bi et al. (2004) AGB (t) M = (exp(-1.87 + 2.218 x Ln(D)) + (exp(-1.36 + 1.598 x Ln(D)) + " 1408 0.96 27 10-90
0.762Y

E. obliqua (exp(-3.868 + 2.398 x Ln(D)) + (exp(-5.76 + 2.326 x Ln(D))/1000 ) 0.94 26 10-90

M = ((exp(-4.176 + 0.984 x Ln(D?.H))) + (exp(-3.102 + 0.716 x 0.293Y %

Ln(D?.H)))+(exp(-3.868 +2.398 x Ln(D))) + (exp(-6.943 + 2.542 x

Ln(D))))/1000
Bi et al. (2004) AGB (t) M = (exp(-1.725 + 2.258 x Ln(D)) + (exp(-2.067 + 1.919 x Ln(D)) + 0.474y 1408 | 098 6 10-70
E. cypellocarpa (exp(-3.868 + 2.398 x Ln(D)) + (exp(-4.733 + 2.060 x Ln(D)))/1000 ) 0.98 3 10-70

M = ((exp(-3.372 + 0.939 x Ln(D>.H))) + (exp(-3.411 + 0.793 x 0.112Y %

Ln(D%H))) + (exp(-3.868 + 2.398 x Ln(D))) + (exp(-4.733 + 2.060 x

Ln(D))))/1000
Keith (2009) AGB (kg) Lh M =2.56 x Ln(D)-2.67 0.05857 0.98 6 18-89
E. delegatensis Ln M = 1.0734 x Ln(D%.H) — 4.693 0.02575 0.98 6 18-89
Keith et al. (2000) AGB (kg) Lnh M =2.429 x Ln(D) — 2.293 0.0407 0.99 30 20-284
E. obliqua Ln M = 0.09418 x Ln(D%H) — 3.298 0.02186 | 099 | 30 20-284
West (1991) E.regnans | AGB (kg fresh) Ln M =6.8787 + 0.7415 x Ln(h) + 2.0318 x Ln(D/100) 11
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Allometric equations that were selected for use in the Central Highlands forests are given in
Table 3.4 for a range of species or tree forms. There is limited information for individual
species except for the dominant eucalypts. Biomass of eucalypt trees was calculated using
two methods to assess the difference in the predicted total biomass density.

Method 1: The equation derived by Sillett et al. (2010) was selected because the 22 E.
regnans trees occurred in the ash forests of Victoria and were measured in detail for
dimensions and volume. The method of measuring tree diameter and height was thorough
and consistent for all trees; the data included large trees; and provided total wood volume
in stems and branches. Volume of the measured trees was reduced for decaying wood
visible in dead branches and damaged stems, but this was a small proportion overall with a
mean of 1%. Decay and hollows that were internal within the stem, and so not visible, were
not included in the volume equation. To apply this equation to all the inventory data, height
needed to be estimated using Equation (2). Volume of dead trees was calculated using a
stem only volume equation.

Method 2: The tree volume function derived by DSE required measured tree diameter and
height derived from mean dominant height (MDH) and mean dominant diameter (MDD) of
the stand (estimated from air photo interpretation) (Table 3.5). There is no relationship to
estimate height of dead trees and so the relationship in Equation (2) and coefficients in
Table 3.2 were used. Tree volume represented volume of merchantable wood. The
fractional area deficit due to buttressing would be included empirically in this volume
equation because it is based on estimates of timber volumes. Estimated stem volume must
be converted to total wood volume of stems plus branches, stem base and non-
merchantable wood. Biomass of each tree is calculated and multiplied by stems per ha to
give the site biomass density (tC ha™).

Table 3.4. Allometric equations used in this study for prediction of biomass of the range of
species in the Central Highlands monitoring sites.

Reference Component Equation EMS r? n DBH (cm)
Sillett et al. Stem & Branch Ln Vol = 0.8029 x In (D?H) -7.871 | 0.02399 | 0.96 |22 80-312
(2010) E. regnans | oo \olume | Ln Vol = 0.8014 x In (D?H) -7.920 | 0.02054 | 0.95 |22 | 80-312

(m?)
Feller (1980) Stem (kg) Mgtem = 1.9 + 424.9 x D’H 61.3(se) | 0.98 |5 5-25
Acacia spp.
Branches (kg) Mbranches = -24.8 + 209.9 x D*H 31.0(se) | 0.91 |5 5-25
Leaves (kg) Mieaves = 0.6 + 8.0 x D*H 1.0 (se) |0.94 |5 5-25
Keith et al. (2000) | AGB (kg) Ln AGB =-1.8957 + 2.3698 x InD | 0.08658 | 0.97 | 50
Rainforest and
understorey
Beets et al. AGB (kgC) ABG = 0.00270 x (D*H)**°
(2011) treeferns root:shoot = 20%

Height (H) in m for all equations. Diameter (D) in cm for Sillett and Keith equations and in m
for Feller equation. Aboveground biomass (AGB).
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Table 3.5. Derivation of tree height and tree volume used in the DSE inventory based on
measured individual tree diameter (DBH), and estimated mean dominant height (MDH)
and mean dominant diameter (MDD) of the stand.

Species Height Functions

E. regnans Alpha = Log(MDH x 1.33) / Log(10)
Beta = (MDD x ((Log(MDH) / Log(10)) - Alpha))
TreeHt = 10 ~ [(Log(MDH x 1.33) / Log(10)) + (Beta / D)]

E. sieberi TreeHt = 0.990655 x MDH x [(1 - Exp(-0.018749 x D)) / (1 - Exp(-0.018749
x MDD))] ***'” + 0.600133
Other eucalypts TreeHt = 10 ~ [(Log(1.14394 x MDH - -5.36888) / Log(10)) + (-1.5607 -

0.08073 x MDD) / D]

Volume functions

E. regnans, E. obliqua, E. TreeVol = D’ x H / (107[2.92 - 870 / (D + 50)?])
cypellocarpa, E. nitens, E.
viminalis, E. dalrympleana

E. delegatensis TreeVol = 1.0728 - 0.4672 x D + 0.04676 x D* - 0.02328 x H + 0.0010515 x
Hx D*+0.010128 x H x D

E. sieberi, other eucalypts | TreeVol = 107(2.0656 * Log(D) / Log(10) + 0.8329 * Log(H) / Log(10) -
2.5762)

An expansion factor to convert merchantable wood volume to total wood volume in a tree
was derived by combining data for stem and total aboveground biomass (n = 39 trees) from
Sillett et al. (2010) for E. regnans, and Keith (unpubl. data) for E. delegatensis. Aboveground
mass includes total stemwood and bark from tree base to top. Average ratio of stem mass :
aboveground mass was 0.88 g g™ +0.01 with a range from 0.63 to 0.95 g g*. Ash species
have a strong apical dominance and hence a lower proportion of branches compared with
other eucalypt species.

Expansion factor: AGB = stem biomass x 1.136 (3)

The dominant species on all our sites was E. regnans. However, minor species occurred such
as E. delegatensis, E. cypellocarpa, E. nitens and E. obliqua. Although equations have been
derived for most of these species, it was decided that the use of a single E. regnans equation
was preferable. This was because the predicted biomass of large trees was more
conservative and use of different equations could produce variability in predicted biomass
that was an artefact of the equations and not related to environmental conditions for tree
growth at a site. Only one equation is known for Acacia spp. (A. obliquinervia and A.
dealbata combined) in the Central Highlands (Feller 1980). Equations for other mid- and
understorey species are not available, hence a general equation that was derived for
rainforest species (Keith et al. 2000) has been used for all other species. The mid- and
under-storey trees and shrubs represent diverse species and structural forms; however
there is no information about the biomass of this type of vegetation.
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There are no known relationships between diameter and height for tree ferns (Cyathea
australis and Dicksonia antarctica) (Beets et al. 2011). Their stems are reasonably cylindrical,
except for a swelling at the base of larger individuals or stems leaning at an angle. Hence,
biomass was calculated as the volume of the cylinder multiplied by the wood density. Wood
density was measured from disc samples taken from fallen tree ferns (Density = 0.36 g cm™,
se =0.046 g cm™, n = 6). The values of biomass calculated were very similar to that
calculated using an allometric equation derived for tree ferns in New Zealand of the same
genera of Dicksonia and Cyathea (Beets et al. 2011) (Table 3.4).

3.3.1.3 Stem volume reduced by pipes

Calculation of tree biomass from stem volume and wood density, rather than weighing the
actual tree, does not account for internal wood decay and piping that is common in large old
trees (Mackowski 1987). The term pipe refers to any defects in the heartwood that result in
loss of merchantable wood by affecting the grade of sawlog. Hence, it can range from
decayed wood to a hollow (DSE 2007a). Most pipes result from wounds to the tree, such as
by fire, wind or harvesting damage, animal damage, or abscission of branches, which lead to
fungal infection and decay of wood by a range of organisms like termites, fungi and bacteria
(Gibbons and Lindenmayer 2002). Ash eucalypts typically shed lower branches as the trees
grow in height, and loss of a hollow branch may leave a cavity in the trunk along the zone of
abscission (Lindenmayer et al. 1993). Heartwood decay is influenced by the age of the tree,
degree of damage, species, environmental stresses to growing conditions, and presence of
decay organisms (Ambrose 1982). Uncertainty about the magnitude of internal decay and
the effect on total biomass in large trees has been a major issue for calculating carbon
stocks in native forests. (Dean et al. 2003, DSE 2007b)

Eucalypt trees typically begin to form pipes from 120 — 220 years old (Wilkes 1982,
Mackowski 1987, Gibbons and Lindenmayer 2002, Looby 2007). In E. regnans, pipe
formation begins at about 120 — 150 years old shortly after the trees attain maximum height
(Ambrose 1982). Hence, the beginnings of pipe formation would be expected in trees
greater than 100 cm DBH in E. regnans. Large pipes are often not found in trees until they
are at least 190 years old (Smith and Lindenmayer 1988). Pipes are most numerous in large
old trees, with the maximum age for E. regnans about 450 — 500 years (Banks 1983), but in
other eucalypt species is up to 700 years (Ambrose 1982).

The SFRI contains a sub-set of trees where a detailed suite of tree characteristics related to
defect were recorded and models of pipe occurrence and volume were derived. However,
the models can be applied only to trees that have data for all the characteristics related to
defect. Hence, new models had to be derived from the DSE data for individual trees with
pipe occurrence and dimensions of defect in sawlogs, which used only independent
variables for which there were data for all trees in the inventory.

Predicting the reduction in wood volume due to pipe was calculated in two stages.
(1) Probability of pipe occurrence in the tree

The SFRI data contains 2627 trees that were assessed for pipe occurrence. A logistic
equation was used as a model to predict probability of pipe occurrence, incorporating only
the variables available for all trees in the SFRI database. Two groups of species had
significantly different coefficients: Ash — E. regnans, E. delegatensis, E. obliqua, E. nitens, E.
cypellocarpa, E. baxteri; and Other — E. sieberi, E. viminalis, E. rubida, E. radiata, E.
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paniculata, E. dives, E. dalrympleana. The probability of pipe presence or absence was
related to tree DBH, and a factor of location in Forest Management Area contributed to
accounting for the variance.

Model: Pipe probability = (exp(a. + B InDBH) / (1+ exp(c. + 3 InDBH)) (4)
where, f=1.951 se =0.129 t probability <0.001, variance accounted = 80.2%

Table 3.6. Estimates for coefficient o in Equation (4) to calculate probability of pipe
occurrence,derived from DSE data for the presence or absence of hollows in 2627 trees.

FMA Hollows =0 Hollows =1
Ash Other Ash Other
BM -9.248 -8.136 -8.691 -7.579
C -8.556 -7.444 -7.999 -6.887
CG -8.858 -7.746 -8.301 -7.189
D -8.603 -7.491 -8.046 -6.934
EG -7.217 -6.105 -6.660 -5.548
NE -9.252 -8.140 -8.695 -7.583
T -8.806 -7.694 -8.249 -7.137

Notes: Forest Management Areas: BM Benalla-Mansfield, C Central, CG Central Gippsland, D
Dandenong, EG East Gippsland, NE North East, T Tambo.

The function to predict probability of pipe occurrence is shown in Figure 3.7, and this was
compared with other estimates of pipe occurrence from the literature. For three of the
species groups (but not E. fastigata), very large trees of > 200 cm DBH have a > 90%
probability of having pipe (Mackowski 1987, DSE 2007b, Gibbons 2000, 2010). Trees > 100
cm DBH have a much more variable probability depending on the function, and probability
changes rapidly with tree size. For ash species there is a 70% probability of pipe occurrence
at 100 cm (DSE 2007b). There will be differences in pipe occurrence between species and
environmental conditions, but comparison between three independent studies of pipe
measurements indicates the likely range in pipe probability related to tree size.

For every tree in the inventory sites, living and dead, this probability function was
calculated. If a generated random number was less than the pipe probability, then the tree
was assigned a pipe.
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Figure 3.7. Probability of pipe occurrence in trees related to their size derived for wet
eucalypt forest species.

Data sources: Ash and Mixed species (DSE 2007b), E.fastigata and E. obliqua (Gibbons et
al. 2000, 2010), E. pilularis (Mackowski 1987).
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(2) Pipe volume

The SFRI data contains 734 trees with measurements of diameters of internal pipe and the
external tree at 1, 2 or 3 heights up the stem, with height 1 usually at 1.3 m. The measured
heights were related to sawlog dimensions. An example is shown in Figure 3.8. Data were
not available for total tree height. Pipe volume was calculated as truncated cones between
pipe diameter measurements, which gave a minimum pipe volume. It is likely that pipe
decay extends below 1.3 m to the ground and above height 3. Therefore, pipe volume was
extended as a truncated cone between heights 0 and 1.3 m, and as a cone above height 3 by
continuing the slope of the lower pipe section but only up to the maximum stem height in
the dataset. This extended pipe volume was considered a maximum. For each tree with
pipe, minimum and maximum pipe volumes were calculated and related to tree diameter.
These data are shown in Figure 3.9.
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Figure 3.8. Diagram showing internal defect or pipe in a tree stem (shaded areas) and
heights up the stem where diameter measurements were made at the locations where
standard sawlogs would be cut (dashed lines).

Pipe volume was modelled as a polynomial function of DHB with all species combined. The
few large trees in the dataset had a large influence on the regression equation and
separating these trees by species groups may cause spurious differences. A range of
function forms were tested and the following model provided the best fit to the data and

distribution of residuals.

Model: Vpipe = a+ B; DBH + B, DBH? + B; DBH? (5)
Table 3.7. Coefficients in the pipe volume model (m* x 10 (Fpor < 0.001).
o B1 B2 Bs Variance
accounted
Max. pipe volume 68.0%
coefficient 7076 -319 4.01 0.00326
SE 4494 149 1.49 0.00447
Min. pipe volume 67.5%
coefficient 2369 -102 1.13 0.00812
SE 3107 103 1.03 0.00309
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Figure 3.9. Pipe volume measured for individual trees (n = 734), calculated using minimum
and maximum volume estimates, and the relationship with DHB derived from Equation

(5).
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Pipe volume increases as a proportion of stem volume with tree DBH (Figure 10). The
predicted proportions of pipe volume using the DSE tree data are in a similar range to that
derived by Dean et al. (2003) who related the fraction of stem decay to tree age. They
estimated the proportion of decay as 0.0002 of the total stem volume at 100 years, 0.015 at
200 years, 0.15 at 300 years and 0.5 at 400 years, which represent similar magnitudes but a
more rapid increase in the proportion than in our study.

Figure 3.10. Change in the ratio of pipe volume : stem volume with increasing tree
diameter, with the solid line for maximum volume and the dashed line for minimum
volume. Values are based on the pipe volume model, Equation (5), and the DSE stem
volume model (Table 3.5) across the range of tree sizes in the inventory dataset (20 to 244
cm DBH in pipe tree dataset, and 20 to 400 cm in SFRI inventory dataset).

0.4
maximum pipe volume

2 — —— minimum pipe volume e
=]

2 0.3

=

Q

@

g

3 0.2

o

>

(0]

=3

o

i<}

& 01 1

0.0 T T T T T T T
0 50 100 150 200 250 300 350 400
DBH (cm)

36



The reduction in stem volume of individual trees due to piping is shown across a range of
sizes based on the minimum and maximum calculated pipe volume (Figure 3.11). Stem
volume of individual large trees is greatly reduced due to the volume of piping.

Figure 3.11. Potential reduction in tree volume due to the amount of piping shown as a
function of individual tree size. The range of reductions in volumes was based on different
assumptions about extrapolating the pipe beyond measurement height.
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Stem biomass is the product of volume and wood density. The pipe volume that has been
calculated refers to any defect in the wood, which ranges from hollow to various stages of
wood decay. The DSE data did not provide information about the proportion of hollow to
decayed wood. We have calculated stem biomass using a range of proportions of hollow
and decayed wood from 0.5 to 0.8. This is a likely range based on observations of tree
hollows and decay at the field sites. Density of decayed wood was 0.2 g cm?3, being the
same as decay class 3 for CWD (Section 3.3.2).

Pipe volume was calculated using the minimum and maximum models for every tree in the
inventory sites. Biomass of the pipe was calculated using wood densities of 0 g cmfor

hollows and 0.2 g cm™ for decayed wood with proportions of 0.5 to 0.8. The final results of
tree biomass were compared and an average used for calculating plot biomass (Table 3.8).

Pipe volume was calculated for living and dead trees, however dead trees often have a
lower height for a given diameter because part of the trunk has broken off, and this height
was not recorded. Hence, the modelled pipe volume would overestimate the volume of pipe
for short dead trees. An average ratio of dead : live height was used to reduce the pipe
volume.
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Table 3.8. Effect of different assumptions in calculating pipe volume and wood density on
tree biomass averaged across all trees and plots in the SRFI dataset.

Pipe model Average tree biomass (tC ha™)
1. no pipe 313
2. max pipe vol., 50% decayed wood 307
3. max. pipe vol., 80% decayed wood 309
4. min. pipe vol., 50% decayed wood 309
5. min. pipe vol., 80% decayed wood 310

Individual tree biomass can be greatly reduced by internal decay, but as an average across
all trees and plots, the reduction is small. The average reduction across all the SFRI plots was
2% and the average across the old growth ANU carbon sites was 9%. The SFRI sites do
include trees up to 400 cm DBH but only 5% of trees were greater than 150 cm DBH and
hence only a small proportion are likely to be affected by pipe.

Because of the large amount of uncertainty associated with calculation of pipe volume from
the data available, likely minimum and maximum volumes were estimated. We compared
these estimated pipe volumes with other information in the literature, based on field
measurements and structural characteristics of tree trunks, to assess the likely magnitude of
the reduction in stem volume due to pipes in E. regnans.

Estimates of pipe from studies in different forest types are most readily compared by the
ratio of pipe diameter : stem diameter. Pipe diameters in the ash forests calculated from the
DSE data in this study have a higher ratio than in E. pilularis forest on the NSW north coast
(Mackowski 1987) or mixed eucalypt forest in East Gippsland (Gibbons and Lindenmayer
2002). A study in East Gippsland (n = 472 trees) with tree diameter range of 50 — 300 cm
revealed a maximum ratio for pipe diameter : stump diameter of 0.6 (Gibbons et al. 2000).

Pipe volume calculated from the SFRI field data in the current study was compared with the
theoretical structural mechanics of stems to assess whether the field data represent a
reasonable magnitude. A study of stem mechanics and bending stresses that explain stem
failure in wind concluded that the maximum proportion of stem diameter that could be
hollow was 0.7, based on the thickness of remaining stem required for stability (Mattheck et
al. 1994, 2006). Trees with larger pipes are predicted to collapse to the ground. This
proportion was derived both theoretically and from field samples. Failure occurs as shear
crack formation followed by cross-sectional flattening and breakage by bending. In the DSE
inventory dataset, the ratio of pipe diameter : stem diameter was up to 0.97, and the ratio
of pipe : stem cross-sectional areas was up to 0.93. These values suggest that there may be
overestimates of pipe diameter as these are living standing trees. However, in the DSE trees
measured for pipe, the ratio of pipe volume : total stem volume was < 0.7. The range in
proportion of pipe volume occurred across the full size range of trees.

3.3.1.4 Biomass carbon

Biomass carbon was calculated for each tree as the product of the wood volume derived
from the allometric equation, wood density and carbon concentration of the wood.

38



Predictions from allometric equations give aboveground biomass. There have been no
measurements of root mass in E. regnans forests, hence an average root : shoot ratio for
eucalypt forests of 0.25 (Raison et al. 2001) was used to convert to total tree biomass for
living and dead trees.

We used a stem wood density value of 0.520 g cm™, which was derived as an average of the
data for E. regnans reported in the literature (llic et al. 2000, Bootle 2005, Chafe 1985,
Mackensen and Bauhus 1999). Branchwood density was measured by Sillett et al. (2010),
with a mean of 0.677 g cm™.

Carbon concentration of 0.5 gC g'1 was used for all biomass components. Biomass
components vary from 0.45 to 0.55 gC g and 0.507 gC g™ was the average for heartwood in
a range of native species (Gifford 2000) and 0.492 gC g'1 for stemwood in E. delegatensis
(Keith et al. 2009a).

The SFRI inventory data included only trees > 20 cm diameter. Biomass of the component <
20 cm of small trees and shrubs was added to the total biomass carbon budget using an
average value calculated from the ANU carbon sites where all diameter sizes of plants were
measured.

3.3.1.5 Decorticating bark

Decorticating bark is the exfoliated gum bark from the upper stem and large branches of E.
regnans (Ashton 1975b). This bark peels off, some falls to the ground but some is caught in
branch forks and hangs from the tree. The amount of decorticating bark is highly variable
but is generally greater in larger trees (Lindenmayer et al. 2000c). This is because there is a
larger surface area of stem and branch bark and also more perpendicular limbs producing
forks. The biomass of decorticating bark is used in Section 5 on carbon content of biomass
components combusted by fire.

Biomass of the decorticating bark was estimated in relation to tree DBH based on a non-
destructive sampling method (Andrew et al. 1979). A ‘standard clump’ of bark was collected
and weighed (3.0 kg fresh mass, mean of 8 samples). Trees across a range of DBH size
classes (n = 36) were assessed for their number of ‘standard clumps’ of decorticating bark,
based on length and number of the strips of bark. Subsamples of bark were weighed fresh
and oven-dried to determine a fresh : dry weight ratio of 0.63, which was applied to the
fresh weight estimates for each tree. An average carbon concentration for bark of 0.5 g g'1
(Gifford 2000) was used to calculate carbon content of the mass of bark. A relationship was
derived between tree DBH (D in cm) and dry mass of decorticating bark (M, in kg).

M,, = 0.00013 D **’, r*>=0.85, forD=0to 150 cm (6)

Bark mass increases with tree size up to a DBH of about 150 cm, after which the rate of
increase in bark mass is highly variable (Figure 3.12). Equation (6) can be used to estimate
decorticating bark mass of trees up to 150 cm and this is set as a maximum bark mass for
larger trees. Hence, bark mass calculated for large trees may be an underestimate. Bark
mass was calculated for all the small trees in the 10m x 10m plots and the large trees in the
0.51 ha transect plots within each site, and then averaged for living trees in each stand age
class (Table 3.9).
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Figure 3.12. Dry mass of decorticating bark on E. regnans in relation to tree size. The
relationship in Equation (6) is derived for trees up to 150 cm DBH (solid diamonds). Larger
trees do not appear to continue increasing bark biomass (open diamonds).
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Table 3.9. Average carbon content (tC ha™) in the mass of decorticating bark on living
eucalypt trees in three age classes.

Forest age class Mean carbon content | Standard error
(tC ha) (tC ha™)
Young regrowth 0.201 0.025
Mature regrowth 0.278 0.047
Old-growth 0.702 0.117

3.3.1.6 Rough bark

Rough bark is the fibrous bark in the lower section of the trunk, often referred to as the
sock. The amount of rough bark combusted by fires of different severities was estimated
from measurements of bark thickness and density. Bark thickness was measured on trees (n
= 3 samples per tree) in each of the three fire categories (n = 30 trees per category) across
the range of tree sizes and age categories. The relationship between bark thickness and DBH
(Figure 3.13 and Table 3.10) differs due to fire severity, with the burnt trees having reduced
bark thickness compared with unburnt trees, particularly large trees greater than 200 cm.
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Figure 3.13. Relationship between measured bark thickness and tree diameter from trees
in each fire severity category (n = 30 trees per category). The regression equations are
given in Table 3.10 as Equation (7).
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Table 3.10. Equations relating bark thickness (B; in mm) with tree diameter (D in cm) for
different fire categories.

Fire category Equation (7) r

Unburnt B = -0.00003 x D> + 0.0708 x D + 14.314 0.39
Low severity fire B:=-0.0003 x D’ + 0,1118 x D +9.7171 0.47
High severity fire B, = 0.00008 x D* + 0.0166 x D + 12.107 0.28

Samples of rough bark were taken from unburnt trees to measure bulk density of the inner
green bark and outer fibrous bark. Average thicknesses were 21 mm for inner green bark
and 12 mm for outer fibrous bark, with bulk densities given in Table 3.11. Loss of bark
biomass from burnt trees in the low and high severity fire categories was calculated as the
reduction in bark thickness related to tree DBH, multiplied by the bulk density of fibrous
bark for the first 12 mm and then green bark for the remaining loss in thickness. Some
severely burnt large trees had the entire bark thickness dried, cracked and peeled off after
the fire, indicating that the green inner bark had been partly combusted.

Height of rough bark was calculated for all trees using a relationship between measured
total tree height and height of the rough bark (n = 38) (Figure 3.14).

H,=3.5074 x e **®9x H, r*=0.39 (8)

The proportion of the stem of E. regnans with rough bark is highly variable and the
relationship in Figure 3.14 provides an approximation for calculating average bark biomass
at the site scale but is not accurate for making predictions of individual trees. Surface area
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of rough bark was calculated for the stem as a truncated cone using tree diameter, height of
rough bark and slant height. Volume of bark was calculated using bark thickness. Reduction
in bark thickness due to fire of low and high severity was calculated as the difference in
thickness between unburnt and burnt for each tree. Loss in bark mass was calculated for all
eucalypt trees at the sites, depending on their fire category, using the surface area of rough
bark, bark thickness loss and bulk density of green and fibrous bark. Results of bark biomass
combusted are given in Section 5.

Figure 3.14. Relationship between height of rough bark up the stem (H,) and total tree
height (H,). Regression line described by Equation (8).
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3.3.2 Coarse Woody Debris

Coarse woody debris (CWD) consists of all woody material > 25 mm diameter on the
ground, including fallen logs, branches, bark, stumps < 2 m height, woody material under
the litter layer, pieces of charcoal, standing dead trees at an angle < 45 to the vertical, and
elevated material at any angle if one end touches the ground.

CWD was sampled at the ANU carbon sites in the current study, and existing data was used
from the SRFI sites.

(1) ANU carbon sites.

CWD was sampled at the 54 sites in the current study using the line intersect method (van
Wagner 1968, McKenzie et al. 2001) where every piece of CWD that crossed the transect
line was measured. Two size categories were used:

(i) logs < 60 cm diameter were measured along 10m transects extending from two sides of
each of the three plots (total length of 60m) (Figure 3.2).

(i) logs > 60 cm diameter were measured along the 100m central and perpendicular
transects (total length of 200m).

The size of each piece of CWD was measured as either a diameter or a length and width. If
the log was hollow or had gaps along its length, the proportion missing was estimated. Each
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piece of CWD was assessed for degree of decay and assigned to the following categories: (1)
sound, (2) outer layer showing signs of decay, (3) signs of decay extend to heartwood. The
proportion of charcoal on burnt logs was estimated. A total of 4121 pieces of CWD was
measured.

The volume of logs was calculated as:
V= ( 3d) /8L )

where, V is volume (m® m?), d is log diameter (m), L is length of transect (m) (van Wagner
1968). Most logs were cylindrical and a diameter was measured. For logs with a rectangular
cross-section, length and width were measured, and volume was calculated as an ellipse
then multiplied by a correction factor for a rectangle. For all logs, total volume was reduced
if there was a proportion of the log missing.

Samples of CWD (n = 20) were taken from each of the three decay classes and across the
range of diameters to measure bulk density. Discs or sections of logs were cut that sampled
the complete cross-section of the log representatively. The volume of sections was
measured by water displacement and then dry weight measured to determine bulk density
of wood (Table 3.11). Mass of CWD was calculated as the product of volume and bulk
density for each wood decay class. Mass of charcoal was calculated for the individual pieces
of charcoal and the proportion on burnt logs that consisted of charcoal.

Table 3.11: Bulk density (g cm™) of biomass components (mean tstandard error).

Coarse Woody Debris Charcoal Rough Bark

Decay 1 Decay 2 Decay 3 Green Fibrous

0.48 +0.02 0.28 +0.02 0.20 +0.01 0.35+0.06 | 0.34 +0.02 0.14 +0.02

An estimation of the CWD biomass combusted at the ANU carbon sites subjected to low and
high intensity fire was derived by identifying where logs had been before the fire by the line
of charcoal remaining on the ground. CWD pieces that consisted of more than half charcoal
and intersected the transect, provided an indication of a charred log line. It was assumed
that each line of charcoal represented a log that was combusted. The initial carbon stock of
these logs was calculated as representing the mean size of logs on each site. These results
are used in Section 5 to determine the amount of biomass carbon combusted.

(2) SFRI sites.

CWD was sampled at 714 sites in montane ash forest with data collected along 3 x 30 m
transects per site. Logs greater than 15 cm diameter were recorded and the total volume for
the site was calculated. Volume was multiplied by an average tree wood density (E. regnans
051¢g cm?, E. delegatensis 0.54 g cm?®) to give CWD biomass. If a CWD sample was
classified as rotten, then the density was reduced by 0.62 (average density of rotten wood
derived by Mackensen and Bauhus 1999). The mean value of CWD across the SFRI sites in
ash forest was 48 tC ha™*, with a maximum of 292 tC ha™. SFRI sites in ash forests that did
not have data for CWD were assigned an average value for a given dominant tree species
and age category.
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3.3.3 Litter layer

The litter layer consists of organic material less than 25 mm diameter including leaves,
twigs, insect detritus, animal scats, and comminuted material that is recognisable as organic
material (as distinct from the humus layer of the soil that consists of undifferentiated
granular organic material). At the ANU carbon sites, litter depth was sampled at five points
along the transects of each 10 m x 10 m plot (25 points per site). The litter layer was
compressed manually to compact loose material before measuring depth.

Samples of litter (n = 30) were taken in 0.5 m x 0.5 m quadrats across a selection of the ANU
carbon sites and a range of litter depths (2 — 100 mm). Depth of the compressed litter was
averaged over the quadrat and related to the dry weight of litter. The boundary between
the litter layer and soil is difficult to define in the organic soils of montane ash forests.
Hence, after the litter had been removed from the ground, the fragmented material on the
soil surface was collected and sieved to provide a consistent differentiation between soil
and litter. The following relationship between litter mass (M,) (tC ha™®) and litter depth (Lg)
(cm) was derived and applied to the average litter depths at all the sites.

M, =0.188 Ly + 3.44, r*=0.80, (n=30samples) (10)

Figure 3.13. Relationship between depth of the litter layer (compressed) and biomass.
Regression line derived in Equation (10).
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At the SFRI inventory sites, there were no data for litter and so an average value based on
stand age classes derived from the ANU carbon sites was added to the total biomass carbon
stock at each site.

3.3.4 Soil carbon

Data for soil carbon concentration, depth and bulk density in A and B horizons of the
mineral soil were obtained from the Australian soil resources map (Australian Soil Resource
Information System, McKenzie et al. 2005) as a spatial GIS layer for the Central Highlands
region.
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Table 3.12. Biomass Carbon Stock (tC ha™)

. . Total
Site _lee .Dead Litter CWD Biomass
number Biomass Biomass
Carbon
Young regrowth - Unburnt
718 340 26 5 46 417
719 319 17 10 81 426
733 163 15 8 113 299
734 274 40 6 49 368
801 456 45 6 35 542
804 206 62 5 105 378
mean 293 34 7 71 405
SE 43 8 1 14 33
Young regrowth - low severity fire
22 542 * 33 4 42 622
25 252 71 4 72 398
406 266 74 4 76 420
800 296 104 4 44 448
816 378 32 5 87 502
HS08 324 35 4 33 396
mean 303 63 4 62 433
SE 22 13 0 9 35
Young regrowth - High severity fire
802 1 388 4 89 482
803 81 184 4 22 290
806 0 269 4 27 300
HSO07 0 138 4 31 172
HS09 8 145 4 15 172
HS10 125 146 4 23 297
mean 36 212 4 34 286
SE 22 40 0 11 46
1939 regrowth - Unburnt
101 542 10 5 29 587
110 217 184 11 95 507
126 335 83 8 26 452
707 325 26 9 79 438
708 517 181 12 186 897
726 618 49 9 60 736
mean 426 89 9 79 603
SE 64 31 1 24 74
1939 regrowth - Low severity fire
1 412 48 8 134 603
712 141 125 6 55 327
728 257 62 4 87 411
744 719 70 6 52 847
745 211 143 5 88 447
749 160 19 4 35 218
mean 317 78 6 75 475
SE 90 19 1 15 91
1939 regrowth - High severity fire
5 16 600 4 87 707
340 9 519 4 68 600
535 3 182 4 64 252
HS03 0 229 4 44 277
HS05 15 630 4 87 735
HS06 2 133 4 43 182
mean 7 382 4 65 459
SE 3 92 0 8 102
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Old growth - Unburnt

402 837 28 6 46 917
808 284 29 7 21 341
812 894 19 7 81 1001
813 930 3 7 55 995
814 1081 3 8 36 1129
815 907 165 11 67 1150
mean 822 41 8 51 922
SE 113 25 1 9 122
Oldgrowth - Low severity fire
457 198 136 4 46 384
472 389 120 5 102 615
489 257 70 4 31 361
491 834 20 6 40 899
751 465 107 5 133 710
811 285 93 6 30 414
mean 405 91 5 63 564
SE 94 17 0 18 88
Oldgrowth - High severity fire
2 77 454 4 90 624
470 43 476 3 80 602
471 319 282 4 111 715
810 51 269 4 56 381
HSO01 16 321 4 98 438
HS02 0 742 4 30 775
mean 84 424 4 77 589
SE 48 73 0 12 63

Notes: * site value was not used in the mean because the site was not characteristic of the
tree size structure for the age category.

Litter was measured some time after the fire when scorched leaves had fallen. Hence the
litter layer biomass in Table 3.12 does not reflect the amount combusted (see Section 5.2.1).

3.4 Calculation of carbon stocks

The carbon stock in each ecosystem component is summarised in Table 3.12 for each of the
54 ANU carbon sites within the age / fire categories, and a mean and standard error is
provided for each category.

Trees contain the largest stock of biomass carbon in the ecosystem with an average
proportion of 0.85. Variability in the proportion of biomass in trees is greatest in the young
regrowth sites (0.59 — 0.93) and less in the old-growth sites (0.77 — 0.96), which reflects the
high variability in CWD remaining after clearfelling at the young regrowth sites. Accounting
for both living and dead trees is important in the calculation of ecosystem carbon stocks.
Dead trees are not always measured in forest inventories. The proportion of living and dead
trees varies with age distribution and disturbance history. The stands unburnt in 2009 had
an average of 0.79 to 0.96 of their standing tree biomass in living trees. Living trees
comprised 0.80 to 0.82 of tree biomass in stands that had a low severity fire in 2009, which
indicated that only a small proportion of trees were killed by the fire. Living trees comprised
only 0.02 to 0.14 of tree biomass in stands that had a high severity fire in 2009. All trees
were killed in some sites but in other sites that were classified as a high severity fire, there
were a few trees that survived, mostly eucalypt species other than E. regnans.
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The litter values included in the carbon budget are those measured approximately 18 — 24
months after the 2009 wildfire and hence represented the fall of scorched leaves in burnt
sites. Litter biomass carbon stock measured in the unburnt sites of 7 tC ha™ in young E.
regnans regrowth is similar to values reported previously for young regrowth stands (6 tC
ha™ Ashton 1976, 7 tC ha™* in Polglase and Attiwill 1992), although Feller (1980) reported 24
tC ha’. The average carbon stock measured in the current study of 9 tC ha™ in the mature
regrowth unburnt sites and 8 tC ha™* in the old-growth unburnt sites is less than that
reported previously (10.5 tC ha™* in Ashton 2000, 12 tC ha* in Polglase and Attiwill 1992). It
is estimated that the litter layer was essentially completely combusted in the sites with low
and high severity fire (see Section 5). The litter layer rapidly accumulated after the fire with
fallen scorched leaves, twigs, fruit and bark (Lindenmayer et al. 2010).

The litter layer is a small proportion of the total ecosystem carbon stock as decomposition
rates are relatively fast under conditions of high rainfall and reasonably warm temperatures,
as well as the decomposition activity of soil fauna such as earthworms, amphipods and
crustaceans, and the pedoturbation activity of lyrebirds (Ashton and Bassett 1997). Litter is
decomposed within about 4 years in old-growth stands (Polglase and Attiwill 1992) and the
leaf component decays within 12 -18 months (Ashton 1975a).

The mean carbon stock in CWD from unburnt forest of 67 tC ha™' is a value between an
average reported for wet sclerophyll forests of 55 tC ha™ (n=28, SD=242) (Woldendorp and
Keenan 2005), and that from a previous study in the ash forests of the Central Highlands
(Lindenmavyer et al. 1999) of 87 tC ha™.

The size structure of forest stands is illustrated by the frequency distribution of tree
diameter classes (Figure 3.15) and the contribution of biomass carbon of each size class
(Figure 3.16). These graphs show that the nominated age of stands based on the
disturbance history does not correspond to the size of all trees at the site. Both the 1983
and 1939 regrowth stands have trees greater than 100 cm diameter which must represent
residual trees that remained after the logging or fire disturbance event. Hence, the carbon
stocks in these forest stands do not represent the accumulated carbon over a given time
since a disturbance event, but rather an average carbon stock for a stand with a given
history of disturbance that involves regeneration and survival of trees.
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Figure 3.15. Frequency size distribution of all woody stems > 2 m height (living and dead) in each age /
fire category (n = 6 sites per category). Data for frequency of stems were derived from the three 1m x
1m plots for stems <100 cm DBH (0.03 ha) and the two 100m x 30m transects for stems > 100cm DBH
(0.051 ha) in the 1 ha sites.
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Figure 3.16. Biomass contribution per size class of woody stems > 2 m height (living and dead) in each
age / fire category (n = 6 sites per category). Data for carbon stock in trees were derived from the
three 1m x 1m plots for stems <100 cm DBH (0.03 ha) and the two 100m x 30m transects for stems >
100cm DBH (0.051 ha) in the 1 ha sites.
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Biomass density at a site scale (1 ha) varied greatly across our study region even within the
montane ash forest type. Two sets of sites (ANU carbon sites and SFRI sites) were used as
calibration data for the carbon models making it important to assess their relative
distributions and comparability (Figure 3.17). The distribution of biomass carbon density is
similar distribution between the two sets of sites but there are differences that reflect the
location of the sites. The ANU carbon sites were selected to cover a range of ages from
young regrowth to old growth but there were probably insufficient sites to provide a normal
distribution. It is noteworthy that there is a higher proportion of sites with high biomass
density in the old growth carbon sites than in the SFRI sites that are restricted to State
Forest. The maximum total biomass in the SRFI sites is 855 tC ha™ compared with 933 tC ha”
in the ANU carbon sites, and less than 0.5% of SFRI sites have biomass greater than 700 tC
ha™.

1

Figure 3.17. Frequency distribution of total biomass carbon across the ANU carbon sites
(n=54) and SFRI sites (n=876).
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Forest structure is the main determinant of biomass carbon density because it reflects the
size of trees. This is illustrated by the positive relationship between carbon density and tree
density (for trees greater than 20 cm DBH) across the age classes of the forest (Figure 3.18).
High biomass density occurred in multi-aged old growth forests where a large number of
trees from a range of size classes occur, including large old trees, and different species
occupy different size / height categories. If all small woody plants less than 20 cm in
diameter were included in the stem density count, then the young stands would have much
higher stem densities with little addition in biomass.
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Figure 3.18. Relationship between site biomass carbon stock and density of woody stems
(for stems greater than 20 cm DBH and 2 m height) for the three age classes. (a) Living tree
biomass from unburnt and low severity fire treatments, (b) Living + dead tree biomass
from unburnt, low and high severity fire treatments. Data for biomass carbon stock in
trees were derived from the three 1m x 1m plots for stems <100 cm DBH (0.03 ha) and the

two 100m x 30m transects for stems > 100cm DBH (0.051 ha) in the 1 ha sites.
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3.5 Synopsis

Calculation of carbon stocks in the current study has attempted to be conservative by
applying averages of different functions and likely minimum and maximum values.
Significant differences in calculated carbon stocks resulted from use of different functions.
Thus, synthesising and testing these functions was informative for identifying reasons for
differences in estimates of carbon stocks by different studies.

The allometric equation for E. regnans derived by Sillett et al. (2010) represented a
significant advance in the study of this forest type. However, further sampling of E. regnans
across a range of environmental conditions and tree forms is needed to test the generality
of this equation that used trees from one site. There is currently no information about root
biomass in E. regnans forests. Allometric equations and information about the biomass of
non-eucalypt species, particularly rainforest species, is lacking. The models to predict pipe
probability and pipe volume derived in the current study that can be applied to all inventory
data represented a significant improvement in our capacity to account for stem decay in the
calculation of tree biomass. However, there is still a need for more field data about the
amount of pipe and the proportion of hollow and decayed wood.

The variability in carbon stocks among sites, which is evident within age / fire categories, is
indicative of the heterogeneous nature of the landscape and forest cover. Forest structure
at a site can be influenced by factors that are not explained by the spatial environmental
data for the site, particularly disturbance factors that are not recorded in historical data.
Characteristics of natural and human disturbances are difficult to quantify spatially, for
example their magnitude, exact boundaries, and impact on the vegetation. Hence,
differences in carbon stocks may not be explained adequately by the available disturbance
information.
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4. Current Carbon Stock at the Landscape Scale

4.1 Introduction

The next step in the analytical process, following on from the results from figure 3.3, was to
use the site-based estimates to generate a map of forest carbon stocks across the landscape
within the study region. Spatial modelling of carbon stocks requires spatially-explicit
information about environmental variables across the landscape that are related to forest
biomass, forest type, and the disturbance history that influences forest age. Disturbance
history includes both fires and logging which have complex impacts on forest age structure.

Measurements of biomass are upscaled
from a tree to a forest stand to a region.




4.2 Upscaling process

The term ‘upscaling’ is used to describe the technical procedure of extrapolating values
estimated at a network of sites to the landscape level. The upscaling method employed here
involved developing an empirical model based on correlating the estimates of carbon stocks
at the network of sites (i.e. the ANU carbon sites and SFRI sites) with explanatory variables,
that is, variables that statistically explain or account for the spatial variation in carbon
stocks. Explanatory variables were used that had GIS layers covering the study region, so
that a statistical correlation function could be used to generate estimates of the modelled
values across the landscape. The resolution of these modelled landscape-wide values is a
function of the scale at which the explanatory variables are mapped and stored in the GIS.
Potential explanatory variables include physical environmental conditions, forest types and
disturbance history.

In the framework defined in Figure 1.1, upscaling represents the process of using the site
biomass data (site data — tree scale), together with the environmental variables and
disturbance history (past — spatial data) in a model to produce the Current Carbon Stock
(present —regional scale). Landscape scale is defined here by the areal extent, the boundary
of the area, and spatial resolution. In our study, the areal extent was approximately 140,000
ha in the Central Highlands of Victoria, with a boundary defined by the water catchments
and montane ash forest ecosystem type. The spatial resolution for estimation was 250 m
based on the remote sensing imagery used.

4.3 Environmental variables used in upscaling

Environmental variables are used in two stages of upscaling: (i) model development to
relate to carbon stocks at each site, and (ii) estimating carbon stocks for every grid cell
across the landscape. Spatial layers for the following environmental variables were collated,
including variables estimated directly and those derived from other sources: precipitation;
water availability index; temperature (minimum, mean, maximum); radiation; elevation;
aspect; slope; soil organic carbon content; gross primary productivity; topographic position;
geology; forest type; and forest management area. A water availability index (W) was
calculated from precipitation and radiation to provide an ecologically meaningful expression
of the interaction between precipitation and evaporation in relation to vegetation
productivity. The W value was adjusted by a constant, equivalent to the maximum water
availability, to provide a positive number (W) for calculation of the logarithm used in
multiple regression modelling. A summary of these spatial layers and their sources of data is
given in Table 4.1 and maps of each variable are provided in the Appendix. Spatial data were
standardised to a resolution of 250m. Data for these environmental variables were
extracted for all sites (54 carbon sites and 876 SFRI sites).
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Table 4.1. Description of spatial data layers used for model development and upscaling
of carbon stock estimates across the landscape.

Symbol Layer description Spatial Source
resolution
Climate
P Annual precipitation, mm yr* 250m ANUCLIM; Hutchinson
(2005)
Tmin Minimum monthly near surface air ~ 250m ANUCLIM; Hutchinson
temperature, °C of the coldest (2005)
month
Tmean Mean monthly near surface air 250m ANUCLIM; Hutchinson
temperature °C (2005)
W 1km Berry and Roderick (2002
W=P- Q mm yr* Y (2002)
pL
where p is the density of liquid
water (~1000kg m®) and L is the
latent heat of vaporization of water
(~2.45 x 10° J kg™* H,0)
W is a negative number
Woos W,,, =1380-W mmyr*
W5 allows calculation of the
logarithm
Qa Global top of atmosphere solar 10 minute Roderick (1999)
irradiance (MJ m?2 yr™)
Qs_global Solar radiation received at the Anderson (2005)
surface assuming 70%
transmittance
Qs_global = O'7Qa
Radn Incoming short-wave solar 250m SRAD; Wilson & Gallant
radiation received at the surface, (2000)
MJ m2yrt
Vegetation
SFRI Victorian Department of Department of Sustainability &

Sustainability and Environment
(DSE) Statewide Forest Resource
Inventory (SFRI) Database
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GPP Gross Primary Productivity (mol 250m Berry et al. (2007)
CO, m?yr?)

Topographic

Elevation Ground level elevation — 3 Second 3 second Commonwealth of Australia
SRTM Smoothed Digital Elevation (Geoscience Australia) 2010
Model (DEM-S) Version 1.0.3

Slope Slope, degrees, derived fromthe 3 250m Commonwealth of Australia
second digital elevation model (Geoscience Australia) 2010

Topo Topographic position index - 250m Gallant and Dowling (2003)
calculgted from the 3 second digital Hutchinson et al. (2008)
elevation model
Classes: i- ridge top, ii — upper
slope, iii — mid slope, iv — lower
slope, v —valley bottom

Edaphic

Geology Classes: i- intrusive igneous, ii - 1:1,000,000  Surface geology of Australia
extrusive igneous, iii - 1:1,000,000 scale, (Liu et al.
metamorphic, iv — sedimentary, v — 2005)
regolith, vi — fault rocks. Classes
derived from the surface lithology
descriptions in the tables associated
with the digitised map layers

%SOC Soil carbon concentration of Aand  1km Australian Soil Resource
B horizons (%C) Information System (ASRIS)

McKenzie et al. (2005)
Sda, Sds Soil depth of A and B horizons (m)  1km ASRIS (McKenzie et al.
2005).

BD,, BDg Soil bulk density of A and B 1km ASRIS (McKenzie et al.
horizons (Mg m™®) 2005).

Sdas Sd,, =Sd, + Sdg (m)

SOC 0 250m Original data resampled to

’ soc, = sd,BD, 2259C b P
100

(kg C m™ of ground surface)

SOC 0 250m Original data resampled to

° SOC, =Sd.BD, % 250?n i

(t C ha™ of ground surface)
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4.4 Models of current carbon stock

A multiple regression model was derived (Genstat v.14) to relate site carbon stock (living
and dead tree biomass, coarse woody debris and litter) to site-specific values of the
environmental variables (Table 4.1) and disturbance history (including type of disturbance
event, time since disturbance, previous event types and times). Disturbance types included
wildfire and prescribed burning, and logging using different silvicultural systems (clearfell,
single tree selection, group selection, thinning). Fire history of the ash forest in the study
region is shown by decade in Map 3. Logging history is shown in Map 4 by decade of
occurrence (spatial data from DSE).

Relationships between site carbon stock and environmental variables and disturbance
history are complex. To assist separating the effects of disturbance history, the region was
divided into areas of different last disturbance event types (that is, most recent event in
each grid cell): (1) clearfelling (CF); (2) single tree selection (STS); (3) group selection (GS); (4)
thinning (TH); (5) wildfire (WF); and (6) prescribed burn (PB). The management practice of
prescribed burning is applied only to areas of mixed species forest and not to ash forests.
The areas that have been subject to these disturbance event types of silvicultural systems or
fire types have been summarised for each catchment (Table 4.2).

Time since last disturbance is shown in Map 5. Time since disturbance does not necessarily
equate with age of a forest stand as not all disturbances kill all trees. Wildfire does not
necessarily kill all ash trees (Smith et al. 1985, Lindenmayer et al. 1990, Mackey et al. 2002),
and in areas subject to low severity fire, canopy trees may survive (Smith et al. 1985). In
mixed species forest, which are subject to prescribed or hazard reduction burning, the fire
should not kill canopy trees. Single tree selection, group selection and thinning harvesting
systems do not kill all trees at a site. Clearfelling is the main harvesting system that removes
all trees from the site and should result in even-aged regeneration (Lutze et al. 1999,
Campbell 1997). However, the site data show that there are sites designated as clearfell in
the SFRI inventory up to 50 years ago that have a few trees that are greater than 100 cm or
even 300 cm DBH, which must have been left during harvesting. Hence, the relationship
between biomass and time since disturbance represents the biomass at the site with a given
disturbance history, rather than the biomass of an even-aged stand derived from a
regeneration event.

Sites where the age of the trees was reasonably well known were the unburnt ANU carbon
sites (n = 18, unburnt treatment in each of the three age categories), and the SFRI clearfell
sites (n = 81). These sites were combined to derive a model of carbon accumulation over
time. The ANU carbon sites have a higher total carbon for a given age than the SFRI sites by
an average of 11% ( F ;95 = 7.37, P=0.008). Possible reasons include the fact that larger plots
were measured on the ANU carbon sites and may provide a better account for the variable
distribution of large trees, and some of the ANU carbon sites were located in long-term
protected areas that have experienced limited disturbance and hence are likely to have
accumulated greater carbon stocks.
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Table 4.2. Area (ha) of each last disturbance event, as silvicultural systems and fire types,
in each of the catchments pre-2009 wildfire. Data derived from the DSE spatial data of
disturbance history (Maps 3 and 4) and using the most recent event in each grid cell.

Catchment Silvicultural System Fire Total
area
Single Grou Total Prescribe
Clearfell Tree 'p Thinning Unlogged | Wildfire
. Selection logged burn
Selection
Armstrong 144 99 0 0 243 3921 4151 13 4187
Cement 27 0 0 0 27 788 815 0 809
Creek
Maroondah 7 7 0 0 14 17892 17685 221 17942
McMahon's | g9 955 46 7 1969 2442 3736 675 4426
Creek
starvation | 4550 0 41 27 1118 | 2518 | 3636 0 3646
Creek
O’Shannassy 0 0 0 0 0 13244 13244 0 13244
Upper Yarra 27 0 0 7 34 34920 30324 4612 34954
Thomson | 5160 28 134 0 3634 | 11525 | 14825 328 | 15159
stage 3
Thomson | csg 1268 81 33 4042 | 29043 | 30037 | 3041 | 33085
stage 1, 1A,2
Tarago 2258 0 117 0 2375 8185 10560 0 11067

The statistical models derived to predict the current stock of total biomass carbon and
graphs of measured versus modelled data for each disturbance event type are given in
Appendix 2. The models that have a last disturbance event of wildfire or prescribed burning
also include a factor of the previous event when that was clearfelling because previous
logging operations reduce the carbon stock. The models for last events of single tree
selection and thinning also include previous events of the same type, as this previous

logging reduces the carbon stock.

The statistical models to predict biomass carbon stock account for 25 — 65% of the variance
in the data, with the range occurring across the six models for types of disturbance events
(Appendix 2). The site data of carbon stocks are highly variable because biomass is
influenced by a complex array of environmental variables and disturbance history, not all of
which are captured in the spatial variables used in the models. The greatest uncertainty is
related to the disturbance history and its effect on the size distribution of trees.
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Biomass carbon stock predicted across the landscape was restricted to values < 1200tC ha™
to ensure it was within the range of the calibration data from the sites, and thus provided a
conservative estimate. An upper limit of 1200 tC ha™ for biomass carbon stocks is
comparable with site data from the literature, although there are reports of higher values
(Keith et al. 2009b).

Most of the catchment areas consist of montane ash forests for which our site data of
carbon stocks is appropriate for calibration of the model. However, small areas of other
species occur within the catchments, including E. obliqua (messmate), E. radiata (narrow
leaved peppermint) and E. pauciflora (snowgum). Carbon stock was calculated over the
whole region using the total biomass carbon model calibrated for ash forest and then
adjusted in the areas with other species. An adjustment for the carbon stock of other
species was estimated using existing allometric volume equations and wood density for the
other species (Keith et al. 1997, 2000, Bi et al. 2004, lllic 2000). The wood density of E.
obliqua (0.63 g cm™) is higher than that for E. regnans (0.52 g cm™), the trees are generally
smaller so the wood volume for given tree diameter is less, and there is greater branching.
This results in similar or higher biomass for E. obliqua than E. regnans. Hence, no
adjustment of the biomass carbon modelled for E. regnans was made for the areas of E.
obliqua. Predicted biomass for E. pauciflora from a species-specific allometric equation is
approximately one third less than biomass predicted for E. regnans by its species-specific
allometric equation, for trees up to approximately 100 cm diameter. This concords with the
average maximum height of E. pauciflora (approximately 20 m) being about one third of the
height of E. regnans (approximately 60 m). Wood density of E. pauciflora (0.527 g cm™) is
similar to E. regnans. The biomass of E. radiata was assumed to be similar to that of E.
pauciflora.

The models to predict current biomass carbon stock (living and dead trees, coarse woody
debris and litter) were applied to the area of each last disturbance event and then combined
for the whole study region (Map 6). The map shows the mean value of total carbon
predicted for each grid cell. The uncertainty about this estimated mean value is calculated
as the upper and lower 95% confidence limits, which show shifts in the distribution to
higher and lower values of total carbon. The frequency distribution of biomass carbon
density is shown in Figure 4.1 where the total area integrated under the curves remains the
same at 448,500 ha of forest. The confidence limits show the range in carbon density with
the lower limit having a higher proportion of the area with low carbon density, and the
upper limit having a higher proportion of the area with high carbon density.

Statistics for the spatial biomass carbon density shown in Map 6 and the soil carbon map
from ASRIS (McKenzie et al. 2005) are summarised for each catchment in Table 4.4. This
represents the current carbon stock that takes into account the age of forest stands, forest
type and environmental conditions. The mean biomass carbon density varies greatly
between catchments, with O’Shannassy and Maroondah having very high mean carbon
stocks. The total current carbon stock in the catchment area is 64 MtC in biomass and 18
MtC in the soil.
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Figure 4.1. Distribution of total biomass carbon density by area with a mean distribution
(green), which is shown in Map 6, and the lower 95% confidence limit (yellow) and the
upper 95% confidence limit (blue).
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Table 4.4. Carbon stocks in the catchment areas with mean biomass carbon density,
standard deviation and the total biomass and soil carbon stock for each catchment area.

Catchment Total area Mear_‘n1 SD ; Biomass carbon | Soil carbon
(ha) (tCha™) | (tCha™) (MtC) (MtC)
Armstrong 4187 3234 267.2 1.34 0.45
Cement Creek 809 704.0 264.1 0.58 0.14
Maroondah 17942 844.7 578.7 15.06 3.29
McMahon’s Creek 4426 345.8 2355 1.54 0.49
Starvation Creek 3646 431.3 276.5 1.57 0.45
O’Shannassy 13244 935.0 465.1 12.36 2.74
Upper Yarra 34954 421.5 268.3 14.43 4.19
Thomson stage 3 15159 353.8 294.2 4.76 1.59
Thomson 1,1A,2 33085 304.4 210.7 10.07 3.65
Tarago 11067 195.3 141.4 2.05 0.82
Total catchments 138644 63.76 17.79
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4.5 Synopsis

Current carbon stock was calculated across the landscape of the catchment area of
approximately 450,000 ha to be 64 MtC in biomass and 18 MtC in the soil. The mean
biomass carbon density varied spatially with the highest densities of 935 tC ha™ and 845 tC
ha™ in the O’Shannassy and Maroondah catchments, respectively. Calculation of the current
stock accounted for the forest type, environmental conditions, disturbance history and
resulting age of the forest.

However, time since disturbance does not necessarily equate with age of a forest stand as
not all disturbances kill all trees. The relationship between biomass and time since
disturbance represents the biomass at the site with a given disturbance history, rather than
the biomass of an even-aged stand derived from a regeneration event.

The site data of carbon stocks were highly variable because biomass is influenced by a
complex array of environmental variables and disturbance history, not all of which are
captured in the variables for which there is spatial data that can be modelled. Uncertainty of
the impacts of disturbance events on tree size distribution is critical, including the amount
of carbon stock loss due to the number and size of tree mortality, and the effect on rates of
regeneration, growth and mortality.
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5. Impact of Wildfire on Carbon Stocks

5.1 Introduction

Wildfires are a common natural disturbance event across large areas of eucalypt forests in
Australia (Bradstock et al. 2012) and have been a major factor impacting ecosystems in the
Central Highlands (Lindenmayer 2009). The amount of carbon lost from the forest
ecosystem is an important issue for quantifying emissions in national and regional carbon
accounts and for assessing the differences in emissions from natural and human-induced
disturbance events.

The impact of the 2009 wildfire on biomass carbon stocks was assessed by estimating (i) the
proportion of each biomass component that was combusted in areas subject to either low
or high severity fire, and (ii) the subsequent redistribution of carbon between pools, in
particular from living to dead biomass pools. Developing measurement techniques to
quantify the carbon combusted was a major research task. Biomass components were
measured at the ANU carbon sites and the amount combusted was used as a proportion of
the current carbon stock. Spatial estimation of the carbon stock post-2009 fire was based on
reductions in the stock according to the fire severity in the areas burnt.

The same forest at Site 470 following high severity fire.
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5.2 Biomass components combusted

The carbon stock in biomass components combusted was estimated from several sources of
evidence: (1) observations and photographs taken after the fire, (2) measurements of
components post-fire at burnt and unburnt sites, and (3) comparison of measurements pre-
and post-fire. The methods used for each component are described in the following sub-
sections and summarised for the ecosystem in Table 5.7. Redistribution of biomass was
assessed from the site carbon stock budgets.

Photographs of representative sites in each of the age / fire categories within four months
of the fire illustrate many of the biomass components that were changed by the fire (Figure
5.1). In areas burnt by low severity fire, there were mixed proportions of the carbon stock in
living and dead vegetation. The proportion was highly variable among sites depending on
the severity of the fire, tree size, species present, and their capacity to regenerate. Some
stands of E. regnans, in fact, had variable proportions of E. nitens that regenerated by
coppicing. Both green and scorched leaves, twigs and fruit remained in the canopy. Woody
shrubs and mid-storey trees remained with leaves and twigs either combusted or scorched.
The scorched canopy components and decorticating bark fell to the ground over the weeks
and months following the fire. On the ground, most of the litter layer was combusted but
fallen charred sticks, CWD, pieces of charcoal and some fragmented woody litter remained.
Most of the ground surface was covered by fallen scorched material several months after
the fire. This indicated that a large amount of the canopy biomass was transferred to the
dead litter pool and was not combusted.

After a high severity fire, most of the leaves and some twigs were combusted, although
scorched leaves remained in patches. Many woody shrubs and mid-storey trees remain but
with their leaves, twigs and sometimes smaller branches combusted. Also there were
examples of entire small trees being combusted and only a stump remaining. Any scorched
canopy components fell to the ground after the fire. Decorticating bark, both gum bark from
the upper stems and rough bark from the lower stems, peeled away from the stem and fell
to the ground over time after the fire and continued to do so for up to three years. The
ground surface was similar to the low intensity fire with charred woody material and fallen
scorched leaves, but with more bare earth. There were many fallen stems and branches
both on the ground and suspended, particularly in the young stands.
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Figure 5.1.
Photographs of
representative sites
of each of the age /
fire categories
approximately 4
months after the
fire.

a)Quadrats (I1mx1
m) showing the litter
layer. Leaves on the
ground after the fire
mainly represent fall
of scorched leaves
from the canopy.




(b) View through the
stand of trees at
each site showing
the remaining living
and dead stems
after the fire.




4,

(c) View of the
canopy at each site
showing the green
and scorched leaves
and many small
twigs and branches
remaining after the
fire.




5.2.1 Litter layer

Most of the litter layer was combusted in both the low and high severity fire categories at
our study sites (Figure 5.1a). This represents a reduction in the carbon stock of about 7 -9
tC ha™ (Table 3.12). Leaves observed on the ground after the fire mostly represented fallen
scorched leaves.

5.2.2 Canopy biomass

An estimation of canopy leaf biomass of approximately 7 tC ha™ was derived from annual
litterfall of 4.7 tC ha™ yr'" in ash forests (Ashton 1975a, Polglase and Attiwill 1992) and
longevity in the canopy of about 18 months (Jacobs 1955, Ashton 1975b). Most of the
canopy leaf biomass was combusted at high severity sites, although there were some trees
that retained scorched leaves that later fell to the ground (Figure 5.1a and c). Approximately
half or less of the canopy biomass was combusted at low severity sites based on the data
from litterfall of scorched material up to two years after the fire (Figure 5.1 a and c). Litter
biomass, consisting of scorched material, collected on the ground after the fire was on
average 4 — 6 tC ha* (Table 3.12), which represents more than half of the average canopy
biomass. Twig biomass in eucalypt canopies is approximately equivalent to leaf biomass
(Keith 1991). If twigs in the canopy of diameter < 4 mm were combusted (see section 5.3),
then the carbon stocks combusted for leaves and twigs would be similar, as shown in Table
5.7.

5.2.3 Small stems and branches

The amount of woody stems, branches and twigs combusted from shrubs was assessed at
the sites using two sources of data. First, minimum sizes of tips remaining on stems after the
fire were measured for shrubs of a range of species (Table 5.1). The maximum branch size
combusted was 42 mm and the mean was 4 mm in low severity fire and 8 mm in high
severity fire. Second, the proportion of biomass lost from a shrub by combustion of
branches was tested by sampling individual shrubs and weighing the whole shrub and then
removing leaves and branches of specified diameters (Figure 5.2 a and b). A range of species
and sizes of understorey shrubs was sampled.

Table 5.1 Minimum diameter (mm) of tips that remained on stems of shrubs after
combustion by low and high severity fire.

mean se minimum maximum
Low severity fire 4 0.2 1 19
High severity fire 8 0.7 1 42
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Figure 5.2. Proportion of biomass lost from a shrub due to removal of leaves and branches
in categories of specified diameters plus all smaller components. Biomass lost was related
to (a) total biomass of the whole plant, and (b) stem diameter of the plant.
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The smallest category of stem diameters measured in the vegetation plot inventory at the
ANU carbon sites was 0 - 50 mm. The amount of biomass carbon in these small shrubs is
shown in Figure 3.15 with the frequency size distribution of trees in each age / fire category.
Combustion of the mean sizes of minimum tips in low (4mm) and high (8 mm) severity fires
(from Table 5.1) from these small shrubs resulted in a loss of 0.25 to 0.50 of the shrub
biomass in low severity fire, and 0.3 to 0.75 of shrub biomass in high severity fire (range
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across age categories). This amount of biomass combusted from small shrubs represented a

proportion of less than 0.005 of the total tree biomass carbon. The carbon stock in small

shrubs and the amount of carbon combusted is given in Table 5.2 and the results of carbon
combusted from small stems included in the ecosystem summary (Table 5.7).

The maximum amount of shrub biomass in this size category that could be combusted

potentially would be all stems less than 50 mm diameter. This could be estimated from the
current amount of biomass in the unburnt sites (Table 5.2). Combustion of this shrub

biomass represented about 0.01 of the total tree biomass in 1983 regrowth and less than

0.01 in older regrowth and old growth forest. However, some shrub biomass remained at
the burnt sites, which indicated that only a proportion was combusted.

Table 5.2 Carbon stock in stems < 50 mm diameter and their proportion of total tree

biomass, averaged for the sites in each age / fire category (n = 6).

Carbon stock in stems <50 mm Proportion Biomass cornbusted
1 of total (tC ha™)
(tCha™) .
biomass
Stand age Unburnt | Low severity | High severity Unburnt Low severity | High severity
1983 2.98 1.07 0.01 0.0103 + 1.49 2.24
regrowth +0.50 +0.37 +0.01 0.0025 +0.62 +0.50
1939 1.12 0.87 0.12 0.0021 0.56 0.84
regrowth +0.34 +0.30 +0.09 +0.0005 +0.45 +0.35
0.45 0.30 0.08 0.0007 0.23 0.34
Old-growth
+0.17 +0.11 +0.03 +0.0003 +0.20 +0.17

Small branches combusted on larger diameter shrubs (> 50 mm) were estimated from the
proportion of biomass lost when branches of diameter 4 mm (low severity fire) and 8 mm
(high severity fire) were removed from the whole shrub (Figure 5.2). Combustion of
branches in low severity fire corresponded to approximately 0.15 of the plant biomass, and
combustion of branches in high severity fire corresponded to 0.2 of the plant biomass. This
carbon stock combusted in small branches and as a proportion of the total tree biomass is

shown in Table 5.3 for each of the age categories, and the results for small branches
included in the ecosystem summary (Table 5.7).

Table 5.3 Carbon stock in branches of shrubs 50 — 100 mm diameter, with branch
diameter < 4 mm combusted in low severity fire and < 8 mm diameter in high severity fire,
and the proportion that this represents of the total tree biomass carbon stock, averaged

for the sites in each age / fire category (n = 6).

Carbon stock combusted from
stems 50-100mm (tC ha™)

Proportion of total tree
biomass carbon

Stand age Low severity High severity | Low severity | High severity
1983 regrowth 11.9 #1.2 14.0 £3.0 0.030 0.057
1939 regrowth 11.8 2.7 15.0 #4.0 0.030 0.037

Old-growth 7.6 34 9.0 +2.0 0.015 0.018
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5.2.4 Bark

Rough fibrous bark on the lower part of E. regnans stems can be combusted. The amount of
bark lost was calculated by comparing bark thickness related to stem diameter at burnt and
unburnt sites, and calculating this in terms of bark mass (Table 5.4). A greater thickness of
bark was combusted in high severity fire in all forest age categories. The amount of bark
combusted was significantly greater in old growth than in younger stands because there is
greater tree biomass and the bark on large trees is thicker and more fibrous, and hence
more flammable.

Decorticating bark hanging in the canopy is a small proportion of total tree biomass but it is
a component that is combusted in crown fires and so represents a loss of carbon stock. It
was assumed that all decorticating bark in the canopy was combusted in both low and high
severity fires, based on observations after the fire (Table 5.4). Hence, the bark biomass
reflects the tree size distribution at the sites. The largest amounts of decorticating bark
occurred in the old growth stands that have large trees. This may be an underestimate
because a maximum bark mass was assigned due to the high variability in large trees. This
estimation of decorticating bark mass is an approximation but provides information for a
biomass component where there was no previous data.

Table 5.4. Carbon stock (tC ha™) loss due to combustion of rough and decorticating bark
on standing trees in fires of low and high severity, averaged for the sites in each age / fire
category (n = 6).

Rough Bark Decorticating Bark
Stand age Low severity High severity Low severity High severity
1983 regrowth 0.56 *0.19 0.81 z0.10 0.31 :0.02 0.17 *0.05
1939 regrowth 0.57 $0.13 0.74 :0.24 0.32 *0.06 0.40 0.10
Old-growth 1.32+0.32 2.90 #0.43 0.50 0.07 0.52 +0.09

5.2.5 Coarse woody debris

Some CWD on the ground is combusted during wildfire, but both the amount per site and
proportion combusted is highly variable spatially. The young regrowth sites subject to high
severity fire supported significantly (P < 0.01) less CWD than the unburnt sites, with an
average of half the amount of CWD (Table 3.12). However, there was no significant
difference in amounts of CWD among the other forest age categories, which likely reflects
the high variability of this biomass component within age / fire categories rather than the
fact that no biomass was combusted.

An alternative approach to estimating the amount of CWD combusted was to identify where
logs had been before the fire by the line of charcoal remaining on the ground and assuming
that the initial carbon stock of these logs could be represented by the mean size of logs at
the site. Carbon stocks in CWD logs that were assumed to be combusted are given in Table
5.5. Much of the CWD in the regrowth stands was derived from waste remaining after
logging operations and residual trees. The high carbon stock estimated to be from
combusted CWD in the 1983 regrowth sites that were subject to high severity fire concords
with the low stock of current CWD post-fire at these sites (Table 3.12).
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Table 5.5. Carbon stock (tC ha™) estimated to have been combusted in CWD.

Stand age Low severity | High severity

1983 regrowth 1.37 +0.65 2.41 +1.67

1939 regrowth 1.83 +0.73 1.70 $0.48
Old-growth 0.16 +0.16 0.43 0.33

5.2.6 Trees with hollows

Hollow-bearing trees are an important structural component of montane ash forests
(Lindenmayer et al. 2011) and are highly susceptible to combustion because the fire is
funnelled through the pipe. Both living and dead trees can contain hollows, and they
provide habitat for arboreal animals. These individual trees have been identified at each site
and their height, diameter and form monitored over a number of years. Data from 2005 and
2011 were compared to assess the change pre- and post-2009 fire. Biomass carbon stock
was calculated for individual trees at each site. The difference in carbon stock between
years represented a combination of natural mortality, decay and collapse of trees plus
combustion in the burnt sites.

The proportion of hollow trees in a stand is highly variable in terms of both number and
carbon stock (Lindenmayer et al. 1991). These trees represent a specific structural
characteristic (Lindenmayer et al. 2000a) that is influenced by age, although not exclusively.
In the 1983 and 1939 regrowth stands, hollow trees represent remnant trees that remained
after harvesting or fire and do not reflect the age of the regrowth stand. Hollow trees
represent 0.02 to 0.12 of the total biomass in these regrowth stands (Table 5.6a). In old-
growth stands, hollow trees generally consist of the older cohort of trees but may also
include damaged younger trees. The proportion is highly variable, from 0.09 to 0.49 of the
total tree biomass. Large trees (> 100 cm diameter) comprise 0.61 to 0.68 of the total
biomass, hence there are large trees that do not have the structural characteristics of
hollow trees (Figure 5.3).
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Figure 5.3. Proportion of the carbon stock in forest stands in stem size classes and trees
with hollows, averaged for the sites in each age / fire category (n=6 sites per category).
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Losses in carbon stock from trees with hollows from 2005 to 2011 were highest in old-
growth stands subject to high severity fire (43 tC ha™) but also high in 1983 regrowth stands
both unburnt and subject to high severity fire (Table 5.6b). These losses in carbon stock
were highly variable across sites because they depended on initial biomass of the hollow
trees in the stand and natural decay and loss of the hollow trees. Distinguishing the effect of
natural decay and combustion was more easily interpreted from the proportional loss in
carbon stock rather than the absolute amount. The average amount of carbon lost due to
combustion in the low and high severity fire was calculated as the difference in loss
between burnt and unburnt treatments. This accounted for natural decay and collapse of
hollow trees that occurred without fire (Table 5.6b). Carbon loss was also estimated as a
proportion of the initial stock in trees with hollows at the site. The proportional loss is
significantly (P < 0.05) greater in burnt sites in the 1939 regrowth and old-growth sites than
in unburnt sites.

The rate of natural loss of hollow trees through mortality, decay and collapse is highly
dependent on climate conditions. Mortality of living trees would have been high during the
measurement interval from 2005 — 2011 because of drought conditions (Lindenmayer and
Wood 2010, Lindenmayer et al. 2012).

The amount of combustion and loss of carbon from hollow trees is likely to be greater than
from intact trees because the hollow trees have cavities and pipes that allow the stem to
ignite easily and continue burning (Mackey et al. 2002). Hence, the proportion of
combustion of hollow trees is not necessarily applicable to other large trees.
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Table 5.6a. Carbon stock (tC ha™) in hollow trees pre-2009 and calculated as a proportion
of the total tree biomass carbon stock at the site. Data are averaged for the sites in each
age / fire category (n = 6 sites).

Carbon stock pre-2009 (tC ha™) Proportion of total tree biomass carbon
Stand age Unburnt Low severity | High severity Unburnt Low severity | High severity
1983 regrowth | 36.5 +10.6 22.6 7.3 36.8 9.0 0.12 +0.038 0.06 *0.020 0.11 +0.020
1939 regrowth | 49.7 +22.0 22.9 7.2 6.9 2.2 0.11 :0.054 0.06 x0.019 0.02 x0.003
Old-growth 449 +18.0 | 122.1 #40.3 240.9 #39.0 0.09 +0.059 0.27 +0.098 0.49 +0.064

Table 5.6b. Carbon stock loss (tC ha™) from trees with hollows, measured before and after
the fire, due to natural decay and collapse of dead trees plus combustion in the burnt
sites. Data are averaged for the sites in each age / fire category (n=6 sites). Loss of carbon
is also shown as a proportion of the initial carbon stock in trees with hollows at the site.

Carbon stock loss (tC ha™) Proportional loss
Stand age Unburnt Low severity | High severity | Unburnt Low severity | High severity
1983 regrowth 19.6 +6.5 8.8 4.2 20.4 9.6 0.32 0.16 0.44 +0.12 0.54 :0.09
1939 regrowth 11.3 #4.9 21.0 7.0 2.2 1.1 0.25 10.04 0.59 0.30 0.81 *0.13
Old-growth 2.3+15 14.6 6.4 42.7 +7.7 0.05 +0.03 0.18 +0.04 0.21 +0.10

5.2.7 Summary of biomass combusted

The estimated maximum carbon stock combusted in low and high severity fires was
summarised from each of the biomass components for 1983 and 1939 regrowth and old-
growth forest (Table 5.7). The carbon stock combusted as a proportion of the pre-fire total
biomass carbon stock provides an indication of the significance of fire as a process of carbon
emissions. In low severity fires 6 — 7% of the carbon stock was lost, and in high severity fires
9 — 14% of the carbon stock was lost.
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Table 5.7. Summary of biomass components combusted by low and high severity fires
(mean zstandard error, n = 6 sites). Total biomass combusted is the sum of all the
components combusted, total carbon stock pre-fire is the current carbon stock of the
ecosystem before the fire, and proportion combusted is the total biomass combusted
divided by the pre-fire carbon stock.

Mass of carbon combusted (tC ha™)

Low severity fire 1983 regrowth | 1939 regrowth | Old growth
Litter 6 1.0 |9 1.0 |9 +1.0
canopy leaves 35 35 35

small stems 1.5 +0.6 | 0.6 0.4 | 0.2 +0.2
small branches 11.9 +1.2 | 11.8 27 | 7.6 +3.4
decorticating bark 0.3 +0.02 | 0.3 +0.06 | 0.5 +0.07
rough bark 0.6 0.2 | 0.6 0.1 | 1.3 +0.3
CWD 1.4 06 | 1.8 0.7 | 0.2 +0.2
Stags 3.8 09 |9 1.7 | 17.6 5.2
Total biomass combusted | 29 45 | 36.6 6.7 | 39.9 +10.4
Total carbon stock pre-fire | 433 +35 | 475 91 | 564 +88
Proportion combusted 0.063 0.072 0.066

High severity fire 1983 regrowth | 1939 regrowth | Old growth
Litter 6 10 |9 10 |9 +1.0
canopy leaves 7 7 7

canopy twigs 7 7 7

small stems 2.2 +0.5 | 0.8 03 | 0.3 +0.2
small branches 14 3.0 |15 40 |9 +2.0
decorticating bark 0.3 +0.05 | 0.4 +0.1 | 0.5 +0.1
rough bark 0.8 0.1 | 0.7 0.2 |29 +0.4
CWD 2.4 1.7 | 1.7 05 | 0.4 +0.3
Stags 7 19 | 14.8 +1.2 | 21.7 6.2
Total biomass combusted | 46.7 83 | 56.4 79 | 57.8 +10.2
Total carbon stock pre-fire | 286 +46 | 459 +102 | 589 +63
Proportion combusted 0.140 0.109 0.089
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There are few reliable data on fuel consumption during wildfires (Gould and Cheney 2007).
Most fine fuel < 25 mm is consumed, but the fraction of larger components consumed
depends on fire intensity and spatial variation. Our results of biomass combusted are based
on mean values from surveys of sites subjected to low and high severity fire, not a small
area uniformly subject to high intensity fire. Comparison with data from an experimental
high intensity fire in subalpine E. delegatensis forest (O’Loughlin et al. 1982) show greater
proportions of branches being combusted. In the E. delegatensis study, all fine material (<
50 mm) was consumed (22.5 t dry weight ha™), whereas we estimated that 0.5 and 0.75 of
the biomass was combusted in low and high severity fires, respectively. The total carbon
stock in this small shrub size category was small, 0.5 to 3 tC ha'l, and the different
proportions combusted represented 0.005 to 0.01 of the total biomass carbon stock. Higher
proportions of larger diameter material were combusted in the E. delegatensis study,
including 0.7 of the material 50 — 100 mm (4.3 t dry weight ha™), 0.57 of the material 100 —
200 mm (7.8 t dry weight ha), and 0.26 of the material > 200 mm (14.9 t dry weight ha™). A
proportion of 0.5 of the total ground fuel load of 100 t dry weight ha™ was consumed. In a
comparison of studies of fuel consumed during experimental fires in wet sclerophyll forests
in Tasmania, Western Australia and NSW, the range was from 0.09 to 0.90, with a mean of
0.45 (Hollis et al. 2010). Hence, 0.5 was considered a reasonable average at the landscape
scale including spatial variability in fire intensity. In our study in E. regnans forest the
proportions of material combusted, determined from minimum tips remaining, was lower
but the amount of material in these diameter size class was greater. The total amount of
biomass carbon combusted in high severity fire, approximately 50 tC ha™ in our study, was
about twice that estimated for the E. delegatensis forest, although the latter did not include
combustion of live standing fuels and bark.

5.3 Redistribution of carbon between pools

The proportions of each of the biomass carbon components within age / fire categories are
shown in Figure 5.4. This illustrates the shift among components as forest structure changes
with stand age and after fire. Low severity fire resulted in a small shift from living to dead
biomass, whereas there was a very large shift after high severity fire. Even in some areas
subject to high severity fire small amounts of living biomass survived. There were
differences in total carbon stocks between the fire categories but the major change was the
redistribution of carbon among pools.
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Figure 5.4 Redistribution of carbon stocks between pools in relation to stand age and fire
severity, shown as the proportion of carbon in each biomass component. Data are derived
from the carbon stock data in Table 3.12in the age / fire categories (n = 6 sites).

living biomass (green), dead biomass (blue), litter (orange), CWD (purple).
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5.4 Spatial estimation of carbon stocks post-2009 wildfire

The area burnt in the 2009 wildfire is shown in Map 7 derived from DSE spatial data. The
distribution of areas subject to low and high severity fire are based on the criteria for fire
severity categories in Table 3.1. The areas burnt in low and high severity fire is given for
each catchment in Table 5.8.

Table 5.8. Area (ha) of each category of fire severity in the 2009 wildfire in each of the
catchments.

Catchment Lou{ ngl? Unburnt Total
severity | severity
Armstrong 2392 1608 187 4187
Cement 0 0 809 809
Creek
Maroondah 11609 1096 5236 17942
McMahon's | ¢qq 0 3735 4426
Creek
Starvation 7 0 3639 3646
Creek
O’Shannassy 6353 4831 2060 13244
Upper Yarra 1927 199 32827 34954
Thomson 0 0 15159 15159
stage 3
Thomson
stage 1, 1A.2 0 0 33085 33085
Tarago 2638 3117 5312 11067
Total 25617 10851 102047 138519

The spatial estimate of current carbon stock (Map 6) was reduced in the areas burnt by the
proportion of biomass combusted in low and high severity fire for each forest age category
(Table 5.7). The post-2009 current carbon stock is shown in Map 8 and the mean carbon
density and total carbon stock is given for each catchment in Table 5.9. The total carbon
stock in the catchment areas was 63.76 MtC pre-2009 and an estimated 2.42 MtC
(approximately 4% across the whole catchment area) was lost by emissions from biomass
combustion during the 2009 wildfire.
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Table 5.9 Mean carbon density and total biomass carbon stock in each catchment area
pre- and post-2009 wildfire.

Pre-2009 Post-2009
Total area Mean Biomass Mean Biomass
Catchment h 1 carbon 1 carbon
(ha) (tc ha) (MtC) (tCha™) (MtC)
Armstrong 4187 323.4 1.34 289.5 1.20
Cement Creek 809 704.0 0.58 704.0 0.58
Maroondah 17942 844.7 15.06 799.9 14.26
McMahon’s 4426 345.8 1.54 343.4 1.53
Creek
Starvation 3646 431.3 1.57 431.3 1.57
Creek
O’Shannassy 13244 935.0 12.36 847.5 11.20
Upper Yarra 34954 421.47 14.43 417.3 14.29
Th°m‘°‘3” stage | 15159 353.8 4.76 353.8 4.76
Thomson
33085 304.4 10.07 304.4 10.07
stage 1, 1A,2
Tarago 11067 195.27 2.05 182.2 1.91
Total 138644 63.76 61.34
catchments

5.5 Synopsis

Wildfire is a major form of disturbance in the montane forest ecosystem that affects the
carbon stock by emissions from combustion of biomass and redistribution of biomass from
living to dead carbon pools. The main change is the mortality of nearly all plants subject to
high severity fire. This produces a large pool of dead biomass that slowly collapses and
decays over many decades, but at the same time regeneration produces new living biomass.
The proportion of biomass combusted is small; approximately 7% in forest subject to low
severity fire and 9 to 14% in forest subject to high severity fire. In the areas of the water
catchments that were burnt, more than twice the area was burnt at low rather than high
severity fire. The amount of biomass combusted is highly variable spatially and depends on
the fuel type and fuel load, burning conditions such as weather and topography, diurnal
effects and the area burnt. An estimated 2.4 MtC (approximately 4% of the pre-2009 current
carbon stock across the whole catchment area) was lost by emissions from biomass
combustion during the 2009 wildfire.
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6. Impacts of Logging on Carbon Stocks

6.1 Introduction

To estimate reductions in carbon stocks due to logging and the accumulation of carbon
during regrowth, and hence make predictions of future changes in carbon stocks in forests,
data are required to model these dynamics in carbon stocks over time. Carbon accumulation
over time is described as a mathematical equation that relates stand age to carbon stock.
Age of trees is required to position the forest stand on the carbon accumulation curve. To
define the equation for carbon accumulation it is necessary to know the maximum level of
the carbon stock at a site in a mature forest given the environmental conditions that
influence growth. The reduction in carbon stock due to logging is derived from the amount
of biomass removed off-site as harvested product plus the emissions from slash burning.
The carbon stock at a site is changed due to logging by the redistribution of biomass
components from living to dead carbon pools. In this study, the age of forest stands was
determined from the available GIS data layers of harvesting and wildfire disturbance event
history (Section 2.4, Maps 4 and 5). However, note that as shown in Section 4.4, stands are
not necessarily even-aged in relation to time since last disturbance event due to the legacy
of residual trees. Given an estimated age of the stand, the carbon accumulation equation
allows prediction of the carbon stock at the site. Scenarios of changes in carbon stock into
the future were predicted based on the spatial distribution of the age structure of the forest
and the carbon accumulation equation.

Reduction in the carbon stock of a natural
forest due to management practices of
clearfelling and slash burning.




6.2 Carbon accumulation function

Prediction of change in carbon stocks over time, or the rate of carbon accumulation in forest
stands, is determined by tree growth rates, tree density, and stand size structure. Carbon
accumulation over time is defined as the relationship between time since the last
disturbance event and total living biomass carbon stock. Site data and growth functions
describing E. regnans were collated from the literature and combined with data from the
unburnt ANU carbon sites and SFRI clearfell sites (where time since disturbance reflects age
of the trees most accurately) (Figure 6.1 and Table 6.1).

Figure 6.1. Carbon accumulation over time in E. regnans forest stands based on equations
and site data from the literature, and data from SFRI clearfell sites and ANU carbon sites
unburnt. Details of the data used to derive the equations from the literature are given in
Table 6.1.

Legend: West and Mattay (1993); Grierson et al. (1992) and extrapolation using an
exponential model as the red dashed curve; Borough et al. (1984); FullCAM in DCCEE (2010);
Roxburgh et al. (2010); Dean et al. (2003) and Dean and Roxburgh (2006); Ashton (1976);
Feller (1980); Polglase and Attiwill (1992); SFRI sites clearfell silvicultural treatment and the
ANU carbon sites from the current study in forest unburnt in 2009 were combined to derive
the carbon accumulation curve shown in green.
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The site data from the current study (green points in Figure 6.1) were combined to derive a

carbon accumulation function (green curve in Figure 6.1):

Living Biomass Carbon (tC ha) = 1200 * (1-exp(-0.0045 * Time)) "’

Where, Time is time since last disturbance event in years.

(9)

These sites have similar or higher carbon stocks than estimates from the growth equations

in the literature.
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The equation by Grierson et al. (1992) (Table 6.1) in the form of a polynomial should not be
used to estimate carbon stocks in older stands because this requires extrapolation beyond
the size range of the field data used for its derivation. The form of the polynomial equation
decreases after the maximum tree DBH in the calibration data. Hence, the form of this
equation was converted to the Chapman-Richards function (Richards 1959, Janisch and
Harmon 2002):

Y= ymax(l-e'kx)r where, Ymax is the carbon stock at CCC, e is the base of natural
logarithms, k and r are empirically derived constants that determine the spread of the curve
along the time axis and the shape of the curve, respectively. The equation derived for E.
regnans is:

Aboveground living biomass carbon (tC ha™) = 620(1—e'0‘°°65*A)0‘75 (10)

This curve is shown in Figure 6.1 (dashed red line) as an extrapolation of the Grierson curve
after 100 years. Both Equations (9) and (10) are used to estimate changes in carbon stocks
over time to provide a range of predictions.

The equations derived by Dean et al. (2003) were based on individual tree data for DBH and
age plus stocking rates per hectare. Watson and Vertessy (1996) derived an equation
between mean DBH for an even-aged stand and stand age that produced a very similar
relationship to that by Dean et al. (2003) although using a different function.
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Table 6.1. Growth functions reported in the literature for E. regnans.

Reference Equation Data description Max. age | Sample r?
(years) | no.(n)
West & Mattay | V,=3.93-31.2 /A +0.1146 * S| Plot data, fully stocked, monospecific stands, regrowth and 85 215 0.78
(1996) SI = H{[1-exp(-0.03 * 20)] / [1-exp(-0.03 * plantation
A)]}0.902
Grierson etal. | AGB =4.99 + 12.83 * A + (-0.0654 * A?) Plot data for standing timber volumes, wood density, 76 45 0.95
(1992) expansion factor.
Borough et Data in the form of yield tables of stem volume for fully
al.(1984) stocked, unthinned stands with SI=30m
FullCAM 6.44 (1-10 yrs), 4.41 (11-30 yrs), 2.23 (31-100 Default values of growth increments (tC ha* yr) as constants
-1-1
DCCEE (2010) yrs), 0.74 (100-200 yrs), 0 (>200 yrs) tC ha™ yr~ | for age classes of Tall Dense Eucalypt Forest
Dean et al. DBH(m) = 3.53 —(3.59 * ¢ 00932 *Age) Data for DBH and age from Ashton (1976b) in Victoria, coupe 450 2184 0.82
(2003) and V, = 1100 *{1-[1+(DBH(m)/9.2)T}} data z.;md. measured pl.ots. |r1 Tasmania. Even-aged starlmds with
Dean and no thinning. Data for individual trees and stand stocking
Roxburgh S =exp(10.6 —(1.27 * LN(A))) related to age. 82 0.92
(2006);
Watson and LN DBH(cm) =1.206 + 0.719 LN(A — 5.04) Relationship between DBH and age for even-aged stands 230 17 0.99
Vertessy
(1996)
Roxburgh et al. Plot data for biomass in Victoria with a fitted growth curve 150

(2010)

V,, = stem volume under bark (m®ha™) at the plot scale

AGB = aboveground biomass carbon (tC ha™)
Default factors used in calculations:

S = stocking (stem ha™)

V, = stem volume under bark (m?) for an individual tree

(1984), average value calculated for the young regrowth carbon sites in the current study).

Expansion factor for Aboveground biomass : stemwood = 1.18 (mean of 1.17 (Ashton 1976), 1.22 (Feller 1980), 1.14 (Keith and Sillett unpubl. data)

A = age (years)
S| = site index (mean dominant height at 20 years) (m)
Mean Site Index of 30m (average value given in West and Mattay (1993), value used in Borough et al

Expansion factor for Total biomass : Aboveground biomass = 1.25 (Snowdon et al. 2000); Wood density = 0.5 t m™>; Carbon concentration = 0.5 g g*
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The carbon accumulation function was compared with estimates of growth rates over
specific age intervals from reports in the literature to assess the generality of the function
(Table 6.2). Carbon accumulation was estimated from gross volume increment data,
however it was uncertain whether these estimates of gross volumes included all trees or
only merchantable trees in the stand (Raison and Squire 2007). Gross volume was converted
to total living biomass carbon stock using the default conversion factors at the end of Table
6.2. Growth rates used by the NGGI are averages that take into account variations in site
guality, stocking, fire and management history. However, Flinn et al. (2007) consider these
growth rates may be underestimates.

Table 6.2. Increments in carbon stocks (tC ha™ yr) over specified time intervals,
comparing values from various reports in the literature with the carbon accumulation
curves (Equation (9)) derived in this study.

Site characteristics Volume Biomass Reference
increment increment
(m®ha™yr?) (tcha™yr?)
e :r:irr]a(:it:)anht\»/\l/ell- mle(:)a:m—zi)S 6.8 Borough et al. (1984), Attiwill
g / - ' (1979), West and Mattay (1993)
stocked
1-50 yrs 11 2.75 .
50-80 yrs 55 137 Feller (1980), Flinn et al. (2007)
0-7 yrs 11 Attiwill (1992)
average 8 2 NGGI (1997)
1-10 yrs 6.44
11-30 yrs 441
31-100 yrs 2.23 DCCEE (2010)
100-200 yrs 0.74
>200 yrs 0
1-50 yrs 7.8
51-100 yrs 4.0 .
101-200 yrs 2.4 Equation (9)
>200 yrs 1.6

Default conversion factors:

- stem biomass : aboveground biomass for native eucalypt forest = 1.46 (Snowdon et al.
2000, Flinn et al. 2007),

- total biomass : aboveground biomass = 1.25 (Snowdon et al. 2000),

- wood density = 0.5 t m?,(lllic et al. 2000)

- carbon concentration of 0.5 g g™* (Gifford et al. 1999)

Calculation of carbon accumulation in regrowth stands relies on the assumption of fully-
stocked regeneration and hence optimal biomass increment given the site conditions.
Hence, estimates of carbon stocks in regrowth forests based on environmental conditions,
age and rate of growth will produce overestimates at the landscape level because some
areas of regrowth will not be fully stocked.
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6.3 Carbon Carrying Capacity

Carbon carrying capacity (CCC) is defined as the mass of carbon that can be stored in a
natural ecosystem under prevailing environmental conditions and natural disturbance
regimes, but excluding disturbance by intensive human land-use activities (Gupta and Rao
1994, Keith et al. 2009b). It is a landscape-scale metric that refers to the average conditions
within a dynamic equilibrium across a region. Hence, CCC provides a baseline for estimating
the impacts of human disturbance regimes on carbon stocks. Once the natural CCC is
established, it is possible to calculate the potential increase in carbon storage that would
occur if forest management was changed so that emissions are avoided or reduced. This
potential increase is called the carbon sequestration potential (CSP).

Age of forest stands is an important factor influencing CCC. The maximum age of E. regnans
in the ANU carbon sites is approximately 250 years, reflecting regeneration following a
wildfire in approximately 1750. Evidence of the maximum age of forest stands of E. regnans
and other eucalypts indicates up to 400 - 500 years (Gilbert 1958, Ogden 1978, Banks 1983,
Wellington and Noble 1985, Looby 2007, Wood et al. 2010). Continuing rates of carbon
accumulation or positive net ecosystem carbon exchange has been demonstrated in old
growth forests (Luyssaert et al.2008, Phillips et al. 1998). The increment in total ecosystem
carbon depends on the rates of photosynthesis, respiration, recruitment and mortality.
Ecosystem respiration encompasses respiration from living biomass, soil respiration and the
rate of decomposition of dead biomass (Keith et al. 2009a).

Spatial estimation of carbon carrying capacity for the Central Highlands region in this study
was derived from an analysis of natural eucalypt forests in south-east Australia (Keith et al.
2009b) that used calibration data from sites that had minimal disturbance from human
landuse activities. The Keith et al. (2009) model was used to derive CCC for the ANU carbon
sites that were unburnt in the 2009 fire. The comparison between the modelled values of
CCC and the measured carbon stocks at the sites is shown in Figure 6.2. The model provides
a reasonable prediction of carbon stocks for most old growth sites and some 1939 regrowth.
The younger sites have lower measured carbon stocks than the modelled value for carrying
capacity which represents maximum average age of forest stands. The difference between
the measured current carbon stock in the younger stands and the CCC represents the
carbon sequestration potential or gain in carbon that could be achieved if the forest
continued to regrow undisturbed. Spatial estimates of CCC in each catchment are given in
Table 6.4 and Figure 6.3.
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Figure 6.2 Comparison of modelled carbon carrying capacity and measured carbon stocks
at the ANU carbon sites in forest unburnt in 2009 in the Central Highlands in three age
categories. Dashed line represents the 1:1 line comparing measured and modelled values.
Open green diamond represents an outlying site of old growth with a much higher
modelled CCC than measured carbon stock.
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6.4 Biomass removal by logging

In the context of accounting for carbon stocks within catchment forests, harvesting
represents removal of biomass carbon off-site. Timber harvesting utilizes various
silvicultural systems in the Central Highlands, as defined in Section 4.3. Change in carbon
stock at a site due to logging depends on the silvicultural system, forest type, form and age
of trees, market demand and proximity to processing facilities. Here, we concentrate on the
most common practice in the Central Highlands of clearfelling and slash burning in montane
ash forests (Lutze et al. 1999).

The total area within the water catchments that has been logged since the 2009 wildfire is
608 ha, shown in Map 9. The silvicultural systems utilized include salvage logging within the
fire footprint area and clearfell and seed tree retention logging in unburnt areas (Table 6.3).
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Table 6.3. Area (ha) of forest in each of the catchments that has been subject to logging
since 2009, classified by the main silvicultural systems. Spatial data of logging history is
from DSE.

Catchment Silvicultural System
Clearfell Seed tree Total
Clearfell .
salvage retention logged
Armstrong 41 0 0 41
Cement 0 0 0 0
Creek
Maroondah 0 0 0 0
McMahon’s 0 0 0 0
Creek
Starvation 0 24 12 36
Creek
O’Shannassy 0 0 0 0
Upper Yarra 0 0 0 0
Thomson 0 47 12 59
stage 3
Thomson
stage 1, 1A,2 0 236 12 248
Tarago 165 24 35 224

The area proposed for logging is determined by the Timber Release Plans (TRP) designated
by the Department of Sustainability and Environment (DSE 2012). The TRP defines the area
available for harvest, and within this area there is an agreed limit to the hectares actually
harvested each year. For the period 2011 to 2016, this includes both salvage logging and
logging in unburnt areas, with approximately one-third of this area having been logged
previously (Map 10).

The area proposed for logging in the TRP is 1025 ha yr'1 and the agreed limit is 285 ha yr'l,
that is, 29% of the proposed area is actually harvested (150 ha in Thomson; 67 ha in
Cement, Armstrong, Starvation and McMahon’s; and 78 ha in Tarago) (Melbourne Water
pers. comm.). The areas of best quality timber within the TRP are selected, but the actual
area harvested is not spatially defined. The total carbon stock in the TRP area within the
catchments is estimated to be 2,300,000 tC (Table 6.4a) and so the carbon stock actually
harvested would be approximately 670,000 tC (this is likely an underestimate if the best
timber is selected for harvest). The silvicultural systems to be used in the proposed logging
area are specified in Table 6.4b, with each system as a proportion of the total TRP area.
Most of the area proposed for logging is for clearfell and clearfell salvage logging, with
smaller areas for seed tree retention, thinning and roads. Thinning is proposed only in the
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Thomson and Tarago catchments as a small proportion of the area logged, which would
account for approximately 8,000 tC.

Table 6.4a). Areas of the catchment that have been logged (to December 2011) and are
proposed for logging in the Timber Release Plans (TRP) by DSE for 2011 to 2016, and the
predicted carbon stock in this area of forest.

Total Area % Area of % Total
logged | catchment | proposed | catchment| Mean sD carbon in
Catchment area 2011 | d | logei . 1 1 TRP area
(ha) to area logge ogging areain | (tChal) | (tCha?)
(ha) to 2011 TRP (ha) TRP (Mt C)
Armstrong | 4187 285 6.87 318 7.67 543 306 187
Cement 809 27 3.24 166 20.24 846 265 164
Creek
Maroondah 17942 13 0.07 0 0 0 0 0
McMahon's | ) 56 | 1969 44.12 292 6.54 510 159 128
Creek
Starvation | 3006 | 1154 31.66 305 8.37 648 319 190
Creek
O’Shannassy | 13244 20 0.15 0 0 0 0 0
Upper Yarra | 34954 0 0 0 0 0 0 0
Thomson | 1o159 | 3693 27.47 577 4.29 591 251 355
stage 3
Thomson | j30gs | 4289 12.96 1843 5.57 453 208 841
stage 1, 1A,2
Tarago 11067 | 2599 24.74 1565 14.89 256 126 388
Total
138644 | 14068 10.39 5125 3.78 2312
catchments
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Table 6.4b) Proportion of the TRP area within each silvicultural system based on spatial
data from DSE.

Catchment TAI;:?hoaf) Proportion of TRP area in each silvicultural system
Clearfell Clearfell Seed Tree Thinning Roads
Salvage
Armstrong 318 0.41 0.59
Cement
166 0.88 0.12
Creek
Maroondah
McMahon's | g, 0.74 0.26
Creek
Starvation 305 0.89 0.11
Creek
O’Shannassy
Upper Yarra
Thomson 577 0.92 0.04
stage 3
Thomson 1843 0.89 0.03 0.06 0.02
stage 1, 1A,2 ) ) ) )
Tarago 1565 0.43 0.44 0.06 0.04 0.04

The areas proposed for logging do not occur in the areas of highest biomass carbon density,
as these are in the protected water catchments. However, some of the areas proposed for
future logging in the TRPs occur in relatively high carbon-dense forest. The carbon density of
areas proposed for logging is related to (i) the previous logging history which is a major
determinant of the current age of the forest, (ii) the species composition which affects tree
longevity, density and growth rates, and (iii) land tenure which determines previous
disturbance by logging (Map 11).

The proportion of total biomass that is removed off-site as harvested sawlog plus pulpwood
product and the proportion remaining on-site as slash is important for determining the shift
in pools of carbon and their longevity. The default value used for moist high quality forest
under integrated harvesting for sawlog plus pulpwood is 0.4 removed and 0.6 remaining as
slash. The range in the proportion of slash estimated in native forests ranges from 0.2 to 0.8
(Raison and Squires 2007). The reported proportion removed off-site as harvested product
is 0.44 in ash forests (Flinn et al. 2007). The proportion was also estimated from data in the
current study based on the average total biomass carbon density in the areas proposed for
harvesting (450 tC ha™ from Table 6.4a), and the reported average wood product harvested

87




in clearfelling operations (600 m* ha™ from DSE (2009), [equivalent to a carbon stock of 150
tC ha using conversion factors of wood density=0.5 t m™, carbon concentration=0.5 g g]).
This gives the proportion of the carbon stock removed from site by clearfell harvesting as
0.33.

The few reported studies of the proportion of total biomass removed off-site by harvesting
in other forest types show similar proportions, but with a wide range. At an experimental
site in tall wet regrowth forest on the south coast of NSW, the proportion of wood product
to aboveground biomass and total biomass was 0.58 and 0. 46 in Corymbia maculata
(Spotted Gum), 0.70 and 0.56 in E. obliqua (Messmate), and 0.45 and 0.36 in E. pilularis
(Blackbutt), respectively (Ximenes et al 2004, Ximenes and Gardner 2005, Ximenes et al.
2008b)(using an average root : shoot ratio of 0.25 (Snowdon et al. 2000)). The proportions
of 0.46, 0.56 and 0.36 were for living biomass whereas the proportion calculated in the
current study in ash forests was for total biomass. A study in E. regnans forest with
temperate rainforest understorey in Tasmania found 0.26 of the aboveground biomass was
removed as wood product (Green 2002). Expansion factors, which relate the proportion of
aboveground biomass that is converted into wood products, reported in the literature range
from 0.5 to 0.77 (Snowdon et al. 2000). Amounts of biomass remaining on-site as slash can
be very high. For example, the reported range in Victorian Ash forests was an average of 42
— 102 tC ha™ but can exceed 275 tC ha™ (Flinn et al. 2007).

There is a high degree of uncertainty in the estimate of the proportion of total biomass that
is removed by harvesting operations because few field data have been collected on the
biomass that remains on site. The proportion is highly variable depending on forest type and
age of the stand, which determine the proportion of branchwood, stem defect, commercial
species, and amount of understorey.

The current market demand for types of products and the economics of transporting to
processing facilities influence the products harvested. The proportion removed is usually
less in old multi-aged forests than in even-aged regrowth forests. The remaining biomass
on-site or slash consists of stumps, crowns, branches, bark, wood with defect, non-
commercial species and understorey. The remaining biomass on-site has not been
considered an important forest management issue because it is not relevant to industrial
wood supply products, but it is important in terms of the impact of land use activities on
forest carbon stocks.

Much of the harvested area in the Central Highlands is burnt by intense slash fires, a
practice that became common after 1965 (Flinn et al. 2007). Slash is burnt to clear the
ground surface, release seed stored in capsules by heating, heat the soil and produce a layer
of ash that improves conditions for seed germination (Slijepcevic 2001). The biomass
components combusted include the slash produced from harvesting, understorey biomass,
fallen dead trees, coarse woody debris and litter layer. An approximate burning efficiency is
0.5 of all available fuel present over the total area that is combusted (Gould and Cheney
2007). Burning efficiencies were estimated to be 0.7 for fine fuels (< 100 mm with 1.0 loss
over 0.8 of coupe area for 0.9 of coupes), and 0.5 for CWD (> 100 mm with 0.8 loss over 0.7
of coupe area for 0.9 of coupes) (Flinn et al. 2007). In a specific study of burning efficiencies
in tall wet eucalypt forest of E. obliqua in Tasmania, Slijepcevic (2001) found that 0.58 to
0.63 of the biomass carbon in slash was emitted to the atmosphere. In tall wet forest of E.
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diversicolor in Western Australia, the burning efficiency of slash fires was estimated to be
0.31 to 0.89 (McCaw et al. 1997).

The dead biomass remaining on-site, including aboveground biomass that was not
combusted during slash burning plus belowground biomass (either the 0.5 that is not
combusted or the total amount if there is no slash burning) decomposes over time and
emits carbon dioxide to the atmosphere. Decomposition rates vary depending on the size
and location of the dead biomass components. Information about decomposition rates of
large woody material is scarce. The half- life for coarse root biomass in moist eucalypt
forests is estimated to be approximately 50 years, and time for complete decomposition
and emission of carbon dioxide is not known (Ximenes and Gardner 2006). Decomposition
of E. regnans coarse woody debris for logs 10 — 30 cm diameter on the ground surface has
an average lifetime of 43 years (Mackensen et al. 2003, Mackensen and Bauhus 2003).
However, coarse woody debris decomposition rates are highly dependent on size of the log
and the micro-climate conditions at the site.

The changes in carbon stock of total biomass following clearfelling and slash burning on a 50
year rotation were summarised in a model with the output shown in Figure 6.3. Initial
carbon stock before logging was the average value of total biomass carbon at 250 years (as
shown in Figure 6.1 for living biomass carbon). The proportions of biomass carbon lost from
the site included 0.4 of total biomass as wood product removed and 0.5 of the remaining
slash due to combustion. Remaining dead biomass was assumed to decompose with a decay
rate constant of 0.1 (default value used in NCAS, Richards and Brack 2004). Accumulation of
carbon over time by the regenerating forest follows the function in Equation (9) but
calibrated for total biomass carbon (living plus dead biomass). The results of this modelled
output show that the carbon stock in a repeatedly harvested forest never regains the
magnitude of the initial carbon stock (Figure 6.1). As a silvicultural system averaged spatially
across the landscape with areas at different times since logging, the average carbon stock is
0.39 of the initial stock. After a single logging event, accumulation of carbon takes 250 years
to regain the initial stock. (This time period was defined by the assumption that the initial
stock was that at 250 years in Equation (9), and the rate at which carbon continues to
accumulate in older forests is not known.) An assumption has been made in the model that
carbon accumulation in the regenerating forest continues at the same rate during each
rotation, that is, there is no reduction in site productivity. However, there is little evidence
to support this assumption in montane ash forests because there have not been sufficient
areas harvested and regenerated on more than one rotation. If it is shown that productivity
does decline, then there would be a corresponding decrease in carbon stocks.
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Figure 6.3. Changes in biomass carbon stock under a scenario of clearfelling and slash
burning on a 50 year rotation (Timber Industry Strategy State of Victoria, DPI 2009).
Carbon stock in the natural forest is reduced by logging and will either remain at a lower
level under continued harvesting rotations, or increase in the regrowing forest to
eventually return to the initial stock. The carbon stock under the harvesting rotation is
separated into the components of living biomass, coarse woody debris and wood
products. The proportions allocated to each of these components and their rates of stock
change are derived from the data in Figure 6.4 and the accompanying text. Sustainable
production is assumed over the course of the rotations.
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Thinning operations remove an average of 0.5 of the basal area of trees, and damage an
average maximum of 0.15 of retained trees (DSE 2009). The area of thinning operations is an
average of 0.14 of the total area harvested. [Source data from DSE 2009 averaged for the
period 2002 — 03 to 2008 — 09, for forest management areas of Central, Dandenong and
Central Gippsland, and for forest types of E. regnans, E. delegatensis and mixed species].

The area proposed for harvesting within the catchments contains approximately 2,312,000
tC (Table 6.3a), and the majority of this area is designated for clearfelling (Table 6.4b). Using
the proportion of biomass removed off-site by harvesting as 0.4 of the total biomass, this
equates to 924,800 tC, of which 161,840 tC (i.e. 17.5%) would be stored in long-term timber
products (lifetimes in Figure 6.4). As slash burning is practised in most clearfelled areas, this
represents emissions of 693,600 tC. The carbon stock emitted to the atmosphere within a
few years is 1,456,560 tC due to slash burning, combustion or decomposition of waste
during processing, and decomposition of paper products. The remaining carbon stock of
855,440 tC in timber products and coarse woody debris remaining on the ground will
decompose at a slow rate (see component lifetimes in Figure 6.4).

The soil carbon stock increases initially after logging due to the addition of dead biomass
that progressively decomposes. In the longer term, the soil carbon stock is reduced due to
mechanical disturbance during harvesting operations and changes in micro-climate that
cause increased rates of soil respiration, and reduced inputs of litter from the regenerating
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aboveground biomass. These impacts have been studied in E. regnans forests in the Central
Highlands (Rab 1994, 1999, 2004) and in other forest types overseas (Olsson et al. 1996,
Diochon et al. 2009). Rab (2004) found that 10 years after harvesting, soil carbon was still
reduced by 0.3 to 0.4 compared with pre-harvest levels. Diochon et al. (2009) found that soil
carbon was reduced for 15 to 45 years after harvesting in a spruce (Picea rubens) forest in
Canada, and then gradually increased and reached the pre-harvest stock after 125 years
(assumuing a single harvesting event). Hence, in the silvicultural system of an 80 year
rotation, the soil carbon stock would be permanently reduced.

Biomass removed off-site represents a loss of carbon stock from the catchment area and
land tenure. From the perspective of the national or global carbon balance, this biomass
removed as wood products remains a stock of carbon in the land sector until it is converted
to carbon dioxide. The time this takes depends on the longevity of the wood products. The
proportion of biomass harvested that goes into different products depends on the tree
species, age and form, proximity to processing facilities, and supply quota agreements. Of
the merchantable roundwood removed off-site in the Central Highlands, approximately 0.28
is used for sawlogs (used for sawn timber, plywood and veneer) and the remainder of 0.72
for paper pulp [derived from data in DSE documents Monitoring Annual Harvest
Performance for Central and Dandenong Forest Management Areas from 2003 to 2008 (DSE
2009)]. (This proportion of sawlogs may have decreased in recent years.) On average one-
third of sawlogs (i.e. 0.09 of biomass in wood products removed from the forest) produce
long-term products with lifetimes of 44 to 90 years, and two-thirds (i.e. 0.18 of biomass in
wood products removed from the forest) goes to waste and short-lived products such as
paper and packaging (Skog and Nicholson 1998, Jaako Poyry 1999, 2000, Ximenes et al.
2005, 20084, Richards et al. 2007). Similarly, approximately one-third of wood product that
goes to pulp processing becomes waste (i.e. 0.24 of biomass in wood products removed
from the forest). Other shorter-lived products have estimated lifetimes of 10 years for wood
packaging and less than 3 years for packaging, cardboard, paper (Jaako Poyry 1999, 2000,
Richards et al. 2007). Only 0.4 of paper products are printing and writing paper that may
have lifetimes of several years, the other 0.6 is household and sanitary paper, newsprint and
packaging (Jaako POyry 1999, 2000, Australian Paper Industry 2004).

At each stage of processing of wood products, waste is produced, such as woodchips,
shavings and sawdust that have short product lifetimes. At the end of the life of each type of
product, the carbon in the wood or paper may be combusted as waste or decompose and
hence release carbon dioxide. Rates of decomposition are highly variable depending on the
size of the product and the conditions at the site. Decay rates in landfill have been
estimated at 0.002 (Ximenes et al. 2008c). This means that the wood product with a long
lifetime represents less than 0.1 of the biomass removed off-site or less than 0.04 of the
initial total biomass in the forest. Most (63%) of the initial biomass carbon stock in a forest
that is harvested is emitted to the atmosphere within 3 years due to combustion or
decomposition of waste and pulp products. In a harvesting system, the amount of carbon
stored in products for longer than the rotation length is negligible, hence there is no
accumulation of carbon under this system.
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Figure 6.4. Fate of biomass carbon during harvesting and processing of wood products.
Numbers in blue represent the proportion of the total biomass carbon in the forest that
remains in each component. Numbers in red are the average lifetime of the carbon pool
(see data sources in text).
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6.5 Scenarios of forest management

Scenarios of the carbon sequestration potential in the catchments were developed over
different time periods and management practices to quantify the impacts of forest
management on ecosystem carbon stocks. We compared carbon stocks currently,
predictions for 20, 50 and 150 years into the future, and the carbon carrying capacity (CCC).
Two carbon accumulation functions (Equations (9) and (10)) were used to estimate future
carbon stocks, representing data from the current study and an average function from the
literature, respectively. Calculation by these two functions provides an indication of the
likely range in predicted carbon stocks given the uncertainty associated with the calibration
data.
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Projections of carbon stocks for 20, 50, 150 years into the future were calculated using
forest age based on the time since the last harvesting or wildfire disturbance event and the
current carbon stock as the initial value. The shape of the carbon accumulation functions
(Equations (9) and (10)) were assumed to be constant irrespective of the initial carbon stock
at a given age; that is the growth curves at each location were parallel. The dominant
canopy trees of the forest in the majority of the study area are less than 73 years reflecting
regeneration after the 1939 wildfire or more recent harvesting. Hence, it is appropriate for
carbon accumulation to follow the functions in Equations (9) and (10).

Two sets of projections were calculated, based on:

1) pre-2009 condition, assuming the fire had not occurred, using the current carbon stock
(Map 6) and then allowing the forest to continue growing and accumulating carbon.

2) post-2009 condition after the fire using the current carbon stock after it had been
reduced due to combustion of biomass (Map 8) plus the carbon accumulation calculated
from the current age in unburnt and low severity fire areas and from 0 years for
regeneration in high severity fire areas.

The projected stocks of carbon in the catchments (Table 6.5) were calculated for the current
carbon stock pre-2009 and post-2009, for projections over 20, 50 and 150 years using the
carbon accumulation functions from Equations (9) and (10), and the potential carbon
carrying capacity.

In the burnt areas, the carbon stock was initially reduced by the amount of biomass
combusted, after which forest biomass growth continued from a combination of living trees
or newly germinated trees. It is important to note that E. regnans and E. delegatensis trees
are not like most eucalypt species which usually survive having their canopies scorched.
These species usually die if the canopy is scorched and the stand regenerates naturally from
germination of seed following the fire (Gill 1981). The dead biomass remaining after the fire
was not changed over time, whereas it should decrease due to decomposition. However, as
discussed above, rates of decomposition of different components of dead biomass are
highly uncertain. Hence, the post-fire projections are likely to be overestimates for the
longer time periods. After more than 50 years, approximately half of the smaller (< 30 cm
diameter) dead fallen logs are likely to have decomposed (Mackensen et al. 2003,
Mackensen and Bauhus 2003). However, the majority of the carbon stock is in larger logs
and standing dead trees about which there is little information on rates of falling or
decomposition. It is unlikely that much of these larger components would decompose
within 50 years.

The shift in carbon stocks over time is illustrated in Figure 6.5 by the frequency distribution
of carbon density across the whole study area (defined as the rectangle in the maps) for
each of the scenario time periods. The age cohorts of trees that constitute the current
carbon stock (CCS) continued to grow and accumulate carbon over time for 20, 50 and 150
years, and hence have similar shaped distributions but with increasing carbon density. The
CCC was estimated for natural forest with the specified site conditions for each grid cell, and
was not based on the existing age structure of the forest at each grid cell. The cumulative
total biomass carbon stock for each of the scenario time periods illustrated the differences
in final stocks as carbon accumulated over time in the growing forest.
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If logging continued in the catchment areas at the current agreed limit of the actual area
harvested, this would represent loss of carbon stock off-site of 469,000 tC over 5 years
(proportions of 0.4 removed in wood products and 0.3 combusted in slash burning - Section
6.4) or 1,876,000 tC over 20 years. This loss of carbon off-site due to logging of coupes can
be compared with the projected accumulation of carbon by the growing forest over the
whole catchment area of 12,460,000 tC over 20 years using Equation (9) or 3,170,000 tC
using Equation (10). The net change in carbon stock ranges from gains of 10,584,000 tC to
1,294,000 tC, depending on the growth equation used (Section 6.2). Hence, the loss of
carbon due to logging represents 0.15 to 0.59 of the gain in carbon by forest growth over 20
years. The net effect of logging is to deplete carbon stocks relative to the stocks
accumulated from natural forest ecosystem processes (and taking into account carbon
stored in wood products) .
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Table 6.5. Carbon stocks within each catchment area for the estimated Current Carbon Stock (CCS), Carbon Carrying Capacity (CCC), and
predicted for +20 years (2030), +50 years (2060) and +150 years (2160), based on the current carbon stock pre-2009 fire and post-2009 fire
with a reduction due to biomass combusted.

Total carbon (MtC)

Pre-2009 fire condition Post-2009 fire condition
Catchment Equation (9) Equation (10) Equation (9)
CCS CcccC CCS
2030 2060 2160 2030 2060 2160 2030 2060 2160
Armstrong 1.34 2.13 2.81 4.14 1.73 2.48 3.45 3.57 1.20 1.97 2.68 4.06
Cement Creek | 0.58 0.61 0.68 0.85 0.58 0.64 0.75 1.02 0.58 0.64 0.71 0.89

Maroondah | 15.06 16.74 19.27 24.37 15.08 18.05 | 21.69 18.30 14.26 17.00 19.67 25.01

Mcg"rzzck’”s 154 | 196 | 253 | 372 | 167 | 228 | 311 | 407 1.53 2.06 2.64 3.88
Stagf":;"” 157 | 187 | 233 | 331 | 1.63 | 213 | 282 | 350 1.57 1.99 2.47 3.49

O’Shannassy | 12.36 14.15 16.19 20.22 12.57 15.21 | 18.13 16.10 11.20 13.47 15.63 19.88

Upper Yarra | 14.43 16.92 20.65 28.72 14.94 18.89 | 24.38 27.63 14.29 17.68 21.53 29.88

T?t‘;rg“:‘;” 476 | 5.89 726 | 1029 | 510 | 662 | 865 9.66 4.76 5.95 7.38 10.52
Thomson 11007 | 1256 | 1584 | 23.14 | 1092 | 1429 | 19.17 | 25.00 10.07 12.89 16.32 23.93
stage 1, 1A,2
Tarago 2.05 | 3.38 4.80 7.68 280 | 412 | 6.16 7.79 1.91 3.38 4.86 7.86
Total 63.76 | 76.22 | 92.38 | 126.43 | 66.93 | 84.71 | 108.31| 11664 | 61.34 77.03 93.89 | 129.39
catchments
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Figure 6.5 Frequency distribution of carbon stocks and the cumulative total stock in the
whole study area based on carbon accumulation calculated from (a) Equation (9), and (b)
Equation (10). Scenarios for different time periods include: current carbon stock (CCS), +
20 years in 2030, + 50 years in 2060, + 150 years in 2160, carbon carrying capacity (CCC).
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6.6 Synopsis

Carbon accumulation over time was defined as the relationship between time since the last
disturbance event and total living biomass carbon stock. The function was calibrated with
site data that was known reasonably well as a regeneration event such as high severity
wildfire or clearfell logging. A range of growth functions have been reported in the literature
and they result in large differences in predicted carbon accumulation. Caution is required in
applying functions beyond the size range of trees from which they were calibrated and
evaluating the shape of the curve at large tree sizes. Adequate calibration data of carbon
stocks at sites of known stand age are critical for improving the accuracy of these functions.

Impacts of human disturbance regimes on carbon stocks can be assessed against a baseline
of the carbon carrying capacity. This refers to the maximum level of the accumulated carbon
stock in a mature ecosystem given the environmental conditions that influence growth and
natural disturbance regimes. The potential increase in carbon storage was calculated under
scenarios of changed forest management such that emissions were avoided or reduced.

Timber harvesting represents removal of an average of 0.4 of the total biomass carbon stock
off-site as wood products. In most ash forests, the slash remaining on-site is burnt and
approximately half the carbon stock is combusted resulting in emission of carbon dioxide.
The proportion of total biomass that is utilized as long-term timber products is about 0.07.
These products have a longevity of 44 to 90 years which is substantially shorter than the
lifespan of the trees. The carbon stock in long-term timber products is very small compared
with the total biomass in the forest because large proportions of the biomass become waste
at each stage of the process. In a harvesting system, the amount of carbon stored in
products for longer than the rotation length is negligible; hence there is no accumulation of
carbon under this system.

The initial proportion of wood products removed off-site is highly variable and uncertain;
collection of field data on the amount of biomass remaining on-site should be a priority to
improve carbon accounting of forest harvest management. Another factor in the
uncertainty of carbon accounting is the decomposition rate of coarse woody debris,
including slash remaining after burning, as there is little data available.

The area that has been harvested post-2009 fire to 2011 is 608 ha. The area agreed for
future logging from 2011 to 2016 is 1486 ha. The total carbon stock in the area proposed for
logging within the catchments is estimated to be 670,000 tC. From this amount 422,100 tC
would be emitted to the atmosphere within a few years due to slash burning, combustion or
decomposition of waste during processing, and decomposition of paper products. The
remaining carbon stock of 247,900 tC in timber products and coarse woody debris
remaining on the ground will decompose at a slow rate.

Forest harvested on a 50 year rotation has a maximum carbon stock that is 0.48 of the initial
stock in the natural forest, and the average carbon stock across a region consisting of forest
stands harvested at different times would be 0.39 of the initial stock. The projected loss of
carbon stock off-site due to clearfelling is 1,876,000 tC over 20 years at the current rate of
harvesting. This loss from designated coupes is a significant amount compared with the
accumulation of carbon from growth of the forest over the whole area of the catchments
that is predicted to range from 3,200,000 to 12,500,000 tC (range depending on the growth
function applied).
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7. Management Implications

7.1 Introduction

In the current national and international political setting, this is an important time to obtain
data quantifying carbon stocks and stock changes due to changes in forest management
activities, such as logging and the impact of fire regimes. These data are required to inform
policy makers about the consequences of decisions and to maximise the opportunities to
realise economic benefits derived from carbon pricing and associated funds or offset
schemes. We summarise the current status of national and international policy negotiations
and decisions in the context of the mitigation value of management options for native
forests in Australia.

7.2 Carbon stocks

The protection of native forest ecosystem carbon stocks yields climate change mitigation
value by :

i) Avoiding emissions from the industrial logging of native forests; and
ii) Sequestration of atmospheric carbon by the growing forest uninterrupted by logging
and the associated depletion of organic forest ecosystem carbon stocks.

The mitigation value of carbon stored in terrestrial ecosystems (referred to as the land
sector by the UNFCCC) can be realized in complementary ways at different scales:

i) Globally, management of the land sector to reduce carbon emissions and increase
sequestration is a vital part of a comprehensive approach to addressing the climate
change mitigation problem which complements reductions in fossil fuel emissions.
When logged forests are allowed to regrow naturally, the previously depleted carbon
stocks are replenished;

ii) Nationally, avoiding and reducing land carbon emissions can be registered in
Australia’s national carbon accounts and contribute towards meeting mitigation
targets such as those negotiated under the Kyoto Protocol; and

iii) Land carbon credits from changing forest management are eligible under voluntary
carbon markets where removal of carbon from the atmosphere into the land sector
is used as an offset for fossil fuel emissions; and

iv) Land carbon credits from changing forest management in public forest may be
eligible under formal schemes depending on various policy decisions taken by the
Australian government and the international community in the coming years.

International mitigation policies

Australia currently submits two national carbon accounts to the international community:

i) UNFCCC (United Nations Framework Convention on Climate Change) accounts
include all carbon stocks and stock changes in the Land Use, Land Use Change and
Forestry (LULUCF) sector; and

ii) Kyoto Protocol accounts that include afforestation, reforestation and deforestation
under Article 3.3 during the first commitment period (2008 — 2012). These activities
refer to a permanent change in land use. Changes in carbon stocks due to
management of native forests, such as logging, are not included in these accounts.
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It is the Kyoto Protocol accounts that are relevant for policy because they are used for
determining compliance with Australia’s international obligations for emission reduction
targets. The land sector was divided into two Articles in the Protocol: Article 3.3 accounted
for land use change by afforestation, reforestation and deforestation; and Article 3.4
accounted for carbon stock change due to land management, including forests, with no
change in land use. Under the international agreement, Article 3.4 was optional for the first
commitment period (2008 — 2012) and Australia opted not to include this activity in the
national accounts. This meant that the accounts for the UNFCCC and the Kyoto Protocol
were different because of the inclusion or exclusion of forest management.

Note that under the Kyoto Protocol definition of ‘forest’, clearfelling a native forest does not
constitute deforestation so long as the land use remains ‘forestry’. This definition also
allows native forest to be cleared and replaced with a monoculture of exotic trees without
‘deforestation’ being deemed to have occurred. As noted above, the emissions from other
silvicultural regimes that involve selective logging are also not covered by Article 3.3. These
are unfortunate anomalies which, among other perverse outcomes, create loopholes that
allow significant emissions to occur without being included in the accounts. Implementation
of Article 3.4 is therefore increasingly seen as necessary in order to stop these loopholes
and ensure national carbon accounts are more comprehensive and accurate.

At the UNFCCC 17" Conference of the Parties in Durban (UNFCCC 2012) a decision was
made to introduce a new round of changes to the GHG inventory rules. One of the main
changes was to make Article 3.4 accounting for forest management mandatory in the
second commitment period (2012 — 2017 or 2020). However, a second commitment period
for the Kyoto Protocol has not been agreed upon by the signatories to the Kyoto Protocaol,
and the Australian Government has not decided whether to participate in the second
commitment period.

Accounting for forest management under Article 3.4 will be based on reference levels
whereby credits and debits will be determined on the basis of the deviation of net emissions
from the reference level. The reference level is pre-set and represents an estimate of the
forest management net emissions over the commitment period assuming no change in
policies since 31 December 2009 (UNFCCC 2010). Rules for setting the reference level allow
for some options, such as the treatment of natural disturbances. Australia has used the
option for natural disturbances where net emissions from natural disturbances can be
excluded above a pre-set disturbance baseline. The Australian Government has determined
a forest management reference level of 4.7 Mt CO,-e yr™* over the period 2012 — 2020,
which was submitted at Durban. This calculation was derived from carbon stock changes in
the live biomass and debris pools in native forests using the mean national harvest rate
from 2002 — 2009, and carbon stock changes in the harvested wood products pool using the
2008 wood production levels (Australian Government 2011). Under this approach, carbon
credits are achieved if the net emissions during the commitment period are below the
reference level.

Under the Durban proposal, carbon credits from forest management will be subject to a cap
equal to 3.5% of base year (1990) emissions (excluding LULUCF in Article 3.3), which equates
to a limit of 14.6 Mt CO,-e yr'1 for Australia over the second commitment period; Australia’s
1990 base year estimate under the Kyoto Protocol is 416.2 Mt CO, —e (UNFCCC 2009)
(Macintosh 2012). Reductions in emissions due to changes in forest management in excess
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of this limit would not count towards Australia’s emissions reduction target under these
new LULUCF rules. An estimate of the net carbon stock change over the period 2012 - 2020
that is derived from native forests in Australia with the rate of harvesting remaining at 2010
levels is a net sequestration or removal of 12 Mt CO5-e yr'* (Macintosh 2011c). While there
are uncertainties associated with this estimate this, albeit approximate estimate, suggests
that the new rules would provide only modest incentive to change forest management
practices in ways that encourage forest protection of and associated avoided emissions.

The impact of the LULUCF rules agreed in Durban on forest policy in Australia will depend on
(i) whether Australia continues to participate in the Kyoto Protocol, and (ii) whether in fact a
second commitment period does go ahead. Australia had indicated before Durban that it
would not enter a second commitment period of the Kyoto Protocol unless all major
emitters participated. The European Union is expected to participate, but other nations such
as the Unites States, Canada, Japan and Russia are now unlikely to participate in the Kyoto
Protocol.

At Durban a new group was established, the Ad hoc Working Group on the Durban Platform
for Enhanced Action that will negotiate, by 2015, a new international agreement that will
take effect in 2020. Developed nations are likely to adopt a variety of approaches to
accounting and mitigation commitments in the intervening period (Macintosh 2012).
Australia may choose an accounting framework that suits it interests and circumstances
better than the LULUCF rules. However, for various reasons (practical, diplomatic), there will
be pressure for Australia not to stray too far from ongoing UNFCCC negotiated LULUCF
decisions. Therefore, we agree with Macintosh’s (2012) suggestion that an Australian
framework would include forest management, be based on a reference level, and credits
would be uncapped.

National mitigation policies

The Australian national legislation of the Clean Energy Act (2011) provides incentives for
mitigation by forest management activities in the land sector:

i) Land carbon credits that are Kyoto compliant can be traded as offsets for emissions,
and non-Kyoto credits can be traded on the voluntary market or be purchased by the
government.

ii) Protecting and restoring native ecosystems for the co-benefits of biodiversity and
carbon is being funded under the Biodiversity Fund. Permitted activities include
restoring carbon stocks, avoiding degradation, and facilitating natural adaptation of
biodiversity.

Carbon credits under the Carbon Farming Initiative (CFI Act 2011) are termed Australian
Carbon Credit Units (ACCUs) and are divided into two types depending on their Kyoto
compliance or not. Kyoto ACCUs are issued for activities that meet Australia’s mitigation
targets, and can be used to meet carbon pricing scheme liabilities under the Clean Energy
Act 2011. Non-Kyoto ACCUs are issued for non-compliant activities and can be sold in
voluntary markets or purchased by the Australian Government through the CFI Non-Kyoto
Carbon Fund. The carbon emissions permits will have a fixed price of $23 / tCO,-e from 1
July 2012 to 30 June 2015, and after 1 July 2015 the price will be determined by the markets
of carbon trading.
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To gain carbon credits under the CFl, land management activities must demonstrate
‘additionality’; that is, the activity is additional to existing activities or management has
been changed specifically to provide mitigation benefit. Changing forest management to
cease harvesting meets the ‘additionality’ criteria because it is changing the current
management practice that is designated in the Timber Release Plans and the legal
obligations for scheduled harvesting under the Regional Forest Agreement. Compliance with
this regulation means that the activity is declared an eligible offsets project.

Carbon credits from the project will be determined on the basis of a baseline set in
accordance with a methodology approved by the Domestic Offsets Integrity Committee. At
present no relevant methodology has been published by the Department of Climate Change
and Energy Efficiency for forest management projects involving the cessation of logging in
native forest and avoidance of emissions. This baseline should represent an estimate of net
emissions in the absence of the project, which in this case means the emissions from
continued logging. Hence, the CFl baseline differs from the Kyoto Protocol reference level in
terms of the time periods covered and activities accounted. The reference level is a past
average (2002 — 2009) harvest rate to which activities are compared. The baseline is a
projected future level to which new activities are compared. Kyoto ACCUs issued for forest
management projects, therefore, should be a sub-component of the forest management
credits recorded against Australia’s mitigation targets.

Avoiding emissions by ceasing the forest logging that had been planned would comply with
Kyoto ACCUs and would contribute to reducing net emissions from the ‘uncovered sector’
(that is, not subject to the carbon pricing scheme). This would lower the economic cost
associated with Australia meeting international mitigation commitments, if the accounting
rules included forest management without a cap.

Comparison of net emissions

The emissions from logging the approximately 1,500 ha of the agreed future harvesting area
were projected to be 0.42 Mt C or 1.55 Mt CO, over 5 years, and hence about 0.31 Mt CO,
yr'’. This amount can be compared with the emissions from a coal-fired power station of 6.2
Mt CO, yr'! (calculated for Stanwell Power Station in Queensland, a black coal-fired power
station with 1434 MW capacity and generated 8063 GWh of electricity in 2009-10 —
calculated by Macintosh 2012). Australia’s mitigation commitment of a 5% emission
reduction target for 2020 is 92 Mt CO,-e yr* or a cumulative target of 737 Mt CO, over 2013
— 2020 (Australian Treasury 2011).

7.3 Fire management

Wildfire affects the carbon budget of forest ecosystems due to losses of carbon stocks and
transfers between carbon pools. Our analyses revealed that between 6 - 14% (depending on
fire severity and forest age) of total forest ecosystem carbon stocks were combusted during
wildfire and emitted to the atmosphere. The 2009 wildfire burnt about one-quarter of the
catchment area and resulted in an estimated emission of 2.42 MtC or 4% of the total
biomass carbon stock. Much of the biomass carbon combusted was in relatively short-lived
pools in the canopy, litter layer and shrubs, which have a rapid turnover and regenerate
quickly. Carbon stocks in some biomass components that remained after fire were
transferred from living to dead biomass pools. This transfer changed the dynamics of the
carbon cycle in the ecosystem in terms of rates of growth resulting in gains of carbon and

101



rates of decomposition and respiration resulting in losses of carbon. However, our data
suggested that the impact of wildfire on total carbon stocks was relatively small across the
landscape and over the timescales of the frequencies of major wildfires.

The difference in the dynamics of the carbon stock at a site between a forest managed on a
50 year harvesting rotation and a forest subject to frequent wildfire events (25 year
frequency) are illustrated in Figure 7.1. The biomass carbon stock for the harvesting rotation
is the same as that calculated for Figure 6.3, with 0.4 of the biomass removed off-site and
0.5 of the slash combusted. Short-lived (< 3 years) products constitute 0.63 of the total
carbon stock and the amounts of wood products remaining at the end of a rotation were
negligible. The carbon loss from a site during wildfire was an average of 0.1 of the total and
this would be restored during the inter-fire period by regeneration. A fire frequency of 25
years is a very short return interval at a site, but has been used to illustrate a maximum
effect of fire on carbon stocks. This scenario is not indicative of the regenerative capacity of
the forest at this fire frequency.

Figure 7.1. Comparison of the biomass carbon stock dynamics of a forest site under
regimes of frequent wildfire or harvesting rotations (clearfelling and slash burning).
Source data for the scenarios from Figure 6.3 and Table 5.7.
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7.4 0ld growth forest

Old growth forest was identified and mapped under the Regional Forest Agreement (RFA)
process (DSE 1996). Within the catchment areas, the mapped old growth in all forest types
was 10940 ha or 8.1% of the area in 2003 (Map 12) mainly in the O’Shannassy and
Maroondah catchments. The area of wet forest old growth (classes montane damp forest,
montane wet forest, wet forest, damp forest, riparian forest) (DSE 1996) was 6860 ha,
mainly in the O’Shannassy and Watts River (southern Maroondah) catchments. This
represented 1.8% of the total area of these vegetation classes.

The area of old growth in all forest types remaining after the 2009 wildfire was 5700 ha or
4.2% of the area (Map 14) (Table 7.1). The areas of old growth in the larger region of the ash
forest type in Victoria in 2003 and 2009 are shown in Maps 13 and 15, respectively. Low
severity fire in montane ash forests does not kill the trees and hence does not necessarily
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negate the old growth status of the forest. It appears that some areas of old growth forest
within the low fire severity footprint area remained classified as old growth while other
areas were removed. This likely reflects the variability in fire severity and impact on the
forest, as well as a level of uncertainty in classification of old growth.

Based on the spatial information about harvesting and wildfire disturbance history, there
are no areas within the study region that have experienced no fire or logging events.
However, the whole study region was included within the boundaries of the 1939 fire and it
is known that not all areas burnt or burnt at a severity sufficient to kill all trees in affected
stands. There are no detailed maps of the area burnt by the 1939 wildfire and the outer
boundaries were extracted from historical records (DSE 1996). The existing old growth
within the study area must have survived this fire.

Old growth status of forest areas used for mapping was based on information from remote
sensing, field survey and archival research. Age of forest stands was assessed indirectly
through the relative stages of growth of the overstorey with a requirement for the
senescing stage of trees in an old growth stand. The senescing stage was defined using a
surrogate of crown form (size, shape and composition) that could be mapped by aerial
photography (DSE 1996).

The areas proposed for logging under the Timber Release Plans show that a very small area
occurs in the mapped old growth zone; 5.03 ha in Armstrong Creek and 3.05 ha in Thomson
stages 1 and 2. The overlap of these small areas could be real or could represent
inaccuracies in the boundaries of either map.

Table 7.1. Area of old growth forest mapped by DSE in 2003 and after the 2009 wildfire.

Catchment Area of old growth (ha) | Proportion of total area
2003 2009 2003 2009
Armstrong 25 0 0.6 0
Cement Creek 40 40 4.9 4.9
Maroondah 1644 1571 9.2 8.8
McMahon’s Creek 13 13 0.3 0.3
Starvation Creek 0 0 0 0
O’Shannassy 5375 368 40.7 2.8
Upper Yarra 844 815 2.5 2.4
Thomson stage 3 688 635 5.1 4.7
Thomson stage 1, 1A,2 2306 2252 7.0 6.8
Tarago 7 7 0.06 0.06
Total catchments 10941 5701 8.1 4.2
Total study region 24204 8763 4.5 1.6
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Areas of old growth remaining in the montane ash forests are very small. These forests have
many conservation values in addition to being among the world’s most carbon-dense forest
(Keith et al. 2009b), including as a unique structural type of vegetation with the world’s
tallest flowering plant (Beale 2007), biodiversity, habitat for rare fauna, and aesthetic
qualities, all of which are critically endangered given the small area remaining.

7.5 Synopsis

It is likely that Australia will count forest management towards its national mitigation
commitments post-2012, however, there is uncertainty about the rules for the accounting
framework. Inclusion of forest management in the national accounts will mean that ceasing
logging could generate forest management carbon credits that could be used to offset
emissions in other sectors.

Changing forest management policy to avoid emissions from logging will contribute to the
global objective of reducing atmospheric GHG emissions. The extent to which changing
forest management will generate carbon credits that can be used as offsets and added to
meeting Australia’s mitigation target will depend on the accounting rules. It is not known
what options for accounting rules will be adopted by Australia, but a new accounting
framework may be considered.

From the Victorian state perspective, changing land management activities to avoid
emissions and increase sequestration of carbon contributes to commitments made
regarding targets for reducing emissions. The estimated carbon credits for the catchment
areas that are agreed for future logging are 84,420 t C yr™ or 309,540 t CO, yr'* of emissions
from 295 ha harvested per year, which is equivalent to a carbon emissions density of 286 tC
ha. By comparison, the estimated total emissions from the 2009 wildfire, were 2,420,000
tC over the 138,500 ha that were burnt, which is equivalent to a carbon emissions density of
17 tC ha™. Hence, an equivalent emission to that created by the wildfire would result from
29 years of logging over about 6% of the area that was burnt. It is also relevant to note that
logging emissions are from long-lived carbon stocks in wood which take decades to
centuries to recover. Emissions from wildfires tend to be from short-lived pools which are
replenished in less than a decade.

In the international arena, there is growing support for full carbon accounting of all land use
types and management activities in national and international carbon accounts.
Consequently, land carbon accounting rules are under revision since the Durban conference
(UNFCCC 2012). It is likely that the international community will move to a comprehensive
accounting system for the whole land sector as it is increasingly being recognized that this is
needed to better understand and quantify the role of the land sector in the global carbon
cycle and its potential for mitigation of human-forced climate change. The data presented
for the carbon budget for the montane ash forests of the Central Highlands is an example of
the type of data required if such comprehensive accounting is to inform policy and
management decisions.
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Map 1: Location of the catchments supplying water to Melbourne, the ANU carbon sites, and forest species distribution.
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Map 2: Location of the ash forest type in the water catchments, State forests and Conservation Reserves in Victoria,

and the ANU carbon sites and SFRI sites.
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Map 3: Fire history by decade pre-2009 around the water catchments.
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Map 4: Logging history by decade around the water catchments.
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Map 5: Decade of last disturbance event, either logging or fire including 2009.
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Map 6: Mean biomass carbon density (t C / ha) in the region of the water catchments.
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Map 7: Area of the 2009 wildfire classified as low and high severity fire.
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Map 8: Mean biomass carbon density (t C / ha) after the 2009 wildfire in the region of the water catchments.

Legend
A  carbon sites
= towns

- res ervoirs
E MW _catchments

Total carbon - Mean post 09

Value

g High - 2831

 Low -0

1:400,000

0 10
I |ilometre s

N




Map 9: Areas that have been logged since the 2009 wildfire as salvage logging within the fire footprint and logging in other areas.
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Map 10: Areas proposed for logging in the Timber Release Plans for 2011 - 2016, including salvage logging within the fire footprint

and logging in the other areas.
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Map 11: Area proposed for logging (white boundaries) in relation to the spatial distribution of biomass carbon density (t C / ha).
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Map 12: Areas mapped as old growth forest by DSE in 2003 within the water catchment region.
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Map 13: Areas mapped as old growth ash forest in Victoria by DSE in 2003.
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Map 14: Areas mapped as old growth by DSE in 2009 after the wildfire in the water catchment region.
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Map 15: Areas mapped as old growth ash forest in Victoria by DSE in 2009 after the wildfire.

T

Morth-East

MY RTLEFORD

|
[

Benalla-Mans field

v ’
LY
' '
& . ”“ =
&5
East Gipps land
OREOST
@
0 50

|0 metre s

il =
L ]
Dandencng
L s

FAW SON
Legend
@ @ towns
; |:| MWW catchments
Central Gipps land
[ | FMAboundaries

[~ Wodelled old growth 2009 - Eucalyptus regnans

Ash forests
DOMINANT

Eucalyptus delegatensis

1:1,300,000

o




Appendix 1. Maps of Environmental Variables as defined in Table 4.1.
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Gross Primary Productivity (GPP) (tC ha' year) Map A1
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Elevation (m)
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Incoming solar radiation (mJ m? year”]
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Annual rainfall (mm)

I |l0mEtre s

Map A4

Legend

A carbon sites

® towns

. reservoirs

Rainfall
Value
- High 1816
B ow 859

1:400,000

N
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Minimum temperature of the coldest month (degrees Celsius)
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Topographic position
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Appendix 2: Statistical models to predict total biomass carbon stock

Carbon stock includes living and dead biomass, litter and coarse woody debris.

Model coefficients for each disturbance event type.

1. Clearfelling plus ANU carbon sites of known age

i) Unburnt (TotCy)

Ln TotCy = a + b; age + b, GPP + bz soc + bs radiation + bg mintemp + b5 elevation

Values of the regression constant a are specific to each factorial level of geology.

variance accounted for is 64.8%, se = 0.263, df =9,99 , n= 108

Parameter coefficient estimate SE V.r. For
Variates
age b; 0.003783 0.000785 | 145.19 <0.001
GPP b, 0.0103 0.0434 12.44 <0.001
soc bs 0.001782 0.000569 8.86 0.004
radiation bs 0.00000164 | 0.0000452 5.61 0.020
mintemp bs 0.2442 0.0847 4.81 0.031
elevation b1 0.001205 0.000381 13.96 <0.001
Factors
constant a see table for a
geology 1.22 5.15 0.007
Standard error of the estimate
Values of the regression constant a:
Geology
1 2 3 4 5 6 SED
3.554 3.327 3.554 3.39 3.554 3.554 | 0.097

Standard error of the difference

TotCy = exp(LnTotCy)
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ii) Low severity fire (TotC,)

Ln Tot

Regression equations calculated for the difference in total carbon between unburnt and burnt conditions.

C.=6.1587

Ay, =( LnTotCU) - (LnTotCL)

Ay =a+b;age+ b, GPP + bz soc + bs radiation + bg mintemp + b;; elevation

Parameter coefficient estimate SE V.r. For
Variates
age b; 0.003783 0.000785 | 145.19 <0.001
GPP b, 0.0103 0.0434 12.44 <0.001
soc bs 0.001782 0.000569 8.86 0.004
radiation bs 0.00000164 | 0.0000452 5.61 0.020
mintemp bs 0.2442 0.0847 4.81 0.031
elevation bii 0.001205 0.000381 13.96 <0.001
Factors
constant a see table for a
geology 1.22 5.15 0.007
Standard error of the estimate
Values of the regression constant a:
Geology
1 2 3 4 6 SED
-2.6047 | -2.9317 | -2.7687 | -2.7687 | -2.7687 | -2.7687 | 0.097

Standard error of the difference

TotC, = exp(LnTotCy - A y.)
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iii) High severity fire

LnTotCy =5.627 + 0.003 * age
Ayy= ( LnTotCU) - (LnTotCH)

Ayny=a+b;age+ b, GPP + bz soc + bs radiation + bs mintemp + b5 elevation

Parameter coefficient estimate SE V.r. For
Variates
age b; 0.000783 0.000785 | 145.19 <0.001
GPP b, 0.0103 0.0434 12.44 <0.001
soc bs 0.001782 0.000569 8.86 0.004
radiation bs 0.00000164 | 0.0000452 5.61 0.020
mintemp bs 0.2442 0.0847 4.81 0.031
elevation b1z 0.001205 0.000381 13.96 <0.001
Factors
constant a see table for a
geology 1.22 5.15 0.007
Standard error of the estimate
Values of the regression constant a:
Geology
1 2 3 4 5 6 SED
-2.073 -2.400 -2.237 -2.237 -2.237 -2.237 | 0.097

Standard error of the difference

TotCy = exp(LnTotCy - A y.H)
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2. Single Tree Selection
Ln TotC = a + b, GPP + b;; elevation + bg mintemp + bg W

Values of the regression constant a are specific to each factorial combination of forest type and number of
previous single tree selection events.

variance accounted for is 46.3%, se = 0.181, df = 8,22, n=31

Parameter coefficient estimate SE V.r. For
Variates
GPP b, 0.1472 0.0627 2.73 0.113
elevation b1z 0.001041 0.000449 3.11 0.091
W bs -0.000495 0.000233 | 7.54 0.012
mintemp be 0.1289 0.0622 2.96 0.099
Factors
constant a see table for a 1.69
forest type 5.15 0.008
no. STS events 2.08 0.164

Standard error of the estimate

Values of the regression constant a:

no. STS Forest Type

events Er_p Er_d Er_m Ed_p Ed_d Ed_m SED
1 1.270 0.876 1.270 1.335 1.149 1.270

2 1.562 1.168 1.562 1.627 1.441 1.562 | 0.203
SED 0.130 0.179 0.163

Standard error of the difference
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3. Thinning
Ln TotC = a + by aspect

Values of the regression constant a are specific to each factorial level of topography and forest type and
number of thinning events previously.

variance accounted for is 40.2%, se = 0.254, df = 8,10, n= 19.

Parameter | coefficient estimate SE V.rI. Fpor
Variates
aspect bg 0.000992 0.000901 | 3.44 0.094
Factors
constant a see table for a 0.272
topography 2.87 0.090
forest type 1.74 0.222
no. thinnings 2.83 0.124

standard error of the estimate

Values of the regression constant a:

No. thinning | Topographic Forest Type

events Position Er p Er d |Er m | Ed_ p | Ed_d | Ed_m | SED

1 1 5.730 | 5.929 | 5.730 | 6.009 | 5.494 | 5.730
2 5.324 | 5.523 | 5.324 | 5.603 | 5.088 | 5.324 | 0.192
3 5.854 | 6.053 | 5.854 | 6.133 | 5.618 | 5.854 | 0.217
4 6.061 | 6.260 | 6.061 | 6.340 | 5.825 | 6.061 | 0.163

6 5.730 | 5.929 | 5.730 | 6.009 | 5.494 | 5.730

2 1 6.360 | 6.559 | 6.360 | 6.639 | 6.124 | 6.360
2 5.954 | 6.153 | 5.954 | 6.233 | 5.718 | 5.954 | 0.192
3 6.484 | 6.683 | 6.484 | 6.763 | 6.248 | 6.484 | 0.217
4 6.691 | 6.890 | 6.691 | 6.970 | 6.455 | 6.691 | 0.163

6 6.360 | 6.559 | 6.360 | 6.639 | 6.124 | 6.360

SED 0.310 0.166 0.248

Standard error of the difference
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4. Group selection

Ln TotC = a + b3 soc + b, precipitation

variance accounted for is 85.5%, se = 0.185, df = 2,4, n=7.

Parameter | coefficient | estimate SE V.rI. For
Variates
soc bs -0.00615 0.00126 33.59 0.004
precipitation by -0.00198 0.00103 3.70 0.127
constant a 10.95 1.30

standard error of the estimate
5. Wildfire
Ln TotC = a + b;age + b, GPP + bsradiation + bjpslope + by; elevation + bg mintemp

Values of the regression constant a are specific to each factorial combination of geology, FMA and number
of clearfell events previously.

variance accounted for is 24.9%, se = 0.293, df = 18, 518, n= 540.

Parameter | coefficient estimate SE V.rI. For
Variates
age b; 0.00029 0.00402 6.77 0.010
GPP b, 0.228 0.068 19.59 | <0.001
radiation bs 0.0001714 0.000068 | 58.38 | <0.001
slope bio -0.0199 0.0066 13.50 | <0.001
elevation bii 0.00290 0.000576 30.80 <0.001
mintemp bs 0.356 0.140 32.86 <0.001
Factors
constant a see table for a 0.538
geology 4.78 <0.001
FMA 2.26 0.036
no. clearfells 1.40 0.238

standard error of the estimate
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Values of the regression constant a:

No. clearfell Forest Management Area
events Geology
previously C CG D EG NE T BM SED
0 1 -3.697 -3.663 -3.416 -2.465 -3.587 | -3.749 | -4.167
2 -3.314 | -3.280 | -3.033 | -2.081 | -3.203 | -3.366 | -3.783 | 0.0415
3 -3.824 -3.790 | -3.543 -2.592 -3.714 | -3.876 | -4.294 | 0.155
4 -3.888 | -3.855 | -3.608 | -2.656 | -3.778 | -3.941 | -4.358 | 0.0352
5 -3.251 | -3.217 | -2.971 | -2.019 | -3.141 | -3.303 | -3.721 | 0.175
6 -3.697 | -3.663 | -3.416 | -2.465 | -3.587 | -3.749 | -4.167
1 1 -4.625 -4.591 -4.344 | -3.393 -4.515 | -4.677 | -5.095
2 -4.241 -4.208 | -3.961 -3.009 -4.131 | -4.294 | -4.711 | 0.0415
3 -4.752 -4.718 | -4.471 -3.519 -4.642 | -4.804 | -5.221 | 0.155
4 -4.816 -4.783 -4.536 -3.584 | -4.706 | -4.868 | -5.286 | 0.0352
5 -4.179 -4.145 -3.899 -2.947 -4.069 | -4.231 | -4.649 | 0.175
6 -4.625 -4.591 -4.344 | -3.393 -4.515 | -4.677 | -5.095
SED 0.0465 | 0.0519 0.181 0.0718 | 0.0848 | 0.0687

Standard error of the difference
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6. Prescribed Burn

Ln TotC = a + b; age + bzsoc + b;; elevation + bg mintemp + by meantemp +bg W

Values of the regression constant a are specific to each factorial combination of topographic position,

geology and number of clearfell events previously.

variance accounted for is 46.7%, se = 0.194, df = 13,36, n=50

Parameter | coefficient estimate SE V.r. For
Variates
age b; 0.000030 0.000514 | 13.00 | <0.001
soc bs 0.001444 0.00050 7.34 | 0.010
elevation bi; 0.001736 0.000522 | 2.29 | 0.139
mintemp be 0.0631 0.0600 4.80 | 0.035
meantemp b, 0.2251 0.0879 1.59 0.216
W bs 0.000225 0.000183 | 2.13 | 0.153
Factors
constant a see table for a 1.42
geology 4.20 0.012
topography 2.26 0.098
no. clearfells 5.37 | 0.026
standard error of the estimate
Values of the regression constant a:
No. clearfell Topographic Geology
events Position
previously 1 2 3 4 5 6 SED
0 1 1.03 1.281 0.724 | 1.014 1.03 1.03 1.39
2 0.845 1.096 0.539 | 0.828 | 0.845 | 0.845 | 0.0681
3 0.985 1.236 0.679 | 0.969 | 0.985 | 0.985 | 0.108
4 0.916 1.167 0.610 | 0.900 | 0.916 | 0.916 | 0.118
6 1.03 1.281 0.724 | 1.014 1.03 1.03
1 1 0.534 0.785 0.228 | 0.518 | 0.534 | 0.534 | 1.39
2 0.349 0.600 0.043 | 0.332 | 0.349 | 0.349 | 0.0681
3 0.489 0.740 0.183 | 0.473 | 0.489 | 0.489 | 0.108
4 0.420 0.671 0.114 | 0.404 | 0.420 | 0.420 | o0.118
6 0.534 0.785 0.228 | 0.518 | 0.534 | 0.534
SED 1.39 0.129 0.157 | 0.0914

Standard error of the difference
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Figure A2.1: Statistical models to predict total carbon stock categorised by the previous disturbance event.
Values are shown for measured versus modelled (using a logarithmic transformation) with the 1:1 solid line
and the 95% confidence intervals as dashed lines. Site data shown are SRFI (®) and carbon sites (A).
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