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Abstract 
Society’s changing expectations for forest management and an improved understanding of wet-forest 
ecology have led to the adoption of variable-retention silviculture in Tasmania’s old-growth wet 
eucalypt forests. Aggregated retention (ARN) retains patches of forest after harvesting to help 
maintain biodiversity and ecosystem function at the site level, but these ecological goals must be 
balanced against silvicultural considerations such as achieving successful regeneration. We sampled 
38 ARN coupes that were harvested and regenerated from 2007 to 2010 and 31 paired clearfell, burn 
and sow (CBS) coupes. Despite more complex boundary shapes and much higher levels of forest 
influence, the development of successful ‘slow burning’ methods combined with the adoption of aerial 
sowing in all ARN coupes has resulted in early regeneration densities and growth rates that are close 
to those in clearfelled coupes. The longer-term effects of ARN harvesting on eucalypt productivity 
require further research, but these early results indicate that initial silvicultural goals for eucalypt 
regeneration can be met after variable retention harvesting in wet eucalypt forests. 

Introduction 
Tasmania’s old-growth wet eucalypt forests have traditionally been managed using the clearfell, burn 
and sow (CBS) silviculture system. This system was developed in the 1950s based on observations of 
successful eucalypt regeneration following wildfire (Hickey and Wilkinson 1999). Although it is 
relatively safe, efficient and cost-effective (Dignan 1993; Mitchell 1993), the use of CBS silviculture 
in wet eucalypt forests has more recently led to concerns about aesthetics and impacts on biodiversity, 
including the possible decline of rainforest species (Lindenmayer and Franklin 1997; Hickey et al. 
2001). Research has also demonstrated that high-intensity stand-replacing fires resulting in even-aged 
regeneration are less widespread in these forests than first believed (McCarthy et al. 1999; Turner et 
al. 2009). Together, these pressures have led to a search for alternative silvicultural systems. The 
Warra Silvicultural Systems Trial was established beginning in 1998 to test alternatives to clearfelling 
in tall wet eucalypt forests (Hickey et al. 2001). Based on early results, variable-retention harvesting 
using aggregated retention systems (ARN) was chosen as the most feasible alternative to clearfelling 
for harvesting and regenerating old-growth wet eucalypt forests (Forestry Tasmania 2005; Neyland et 
al. 2012).  

Variable retention is an approach to silviculture in which part of the original forest is retained after 
harvesting and through the next rotation to preserve old-growth species and structures, improve 
landscape connectivity and decrease the time required for late-successional species to re-establish in 
harvested areas (Clayoquot Sound Scientific Panel 1995; Franklin et al. 1997). Retained trees can be 
left as dispersed single trees or dispersed small clumps of trees, or as patches (aggregates) of 
undisturbed forest. In Tasmanian tall wet eucalypt forests, safety issues around the retention of 
dispersed trees and the use of high-intensity prescribed fire to reduce fuel loads and prepare a seedbed 
for sowing limit the practical application of VR to aggregated retention (ARN) (Neyland et al. 2012). 
Variable retention silviculture using ARN was implemented operationally in Tasmania beginning in 
2005 (Forestry Tasmania 2005), and over 70 ARN coupes have now been harvested around the state. 
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Table 1. Burn intensity, soil disturbance and 
combined seedbed classes. Seedbed classes 
shown in bold are burnt, those shown on a grey 
background are considered to be receptive for 
eucalypt seed. Seedbed classes follow Neyland 
et al. (2009). Reproduced from Scott et al. 
(2012a). 

Seedbed class# Description 

1 Unburnt and undisturbed 

2 Unburnt and disturbed  

3 Unburnt and compacted 

4+5 Burnt to litter  

6 Burnt to mineral soil 

7 Ashbed 
#Burnt to litter/disturbed and burnt to 
litter/undisturbed seedbed classes from Neyland 
et al. (2009) have been combined, based on 
their similar effects on eucalypt regeneration. 

The ecological goals of variable retention must be balanced against silvicultural considerations such as 
achieving successful regeneration and avoiding damage to retained trees. The complex designs used in 
aggregated retention harvesting make conventional high-intensity burning difficult, and have required 
the development of new burning methods (Chuter 2007). ‘Slow burning’ aims to minimise convection 
and rely on reduced lighting intensity and a slow spread of the fire through a relatively dry fuelbed to 
ensure that most fine fuels are consumed (Chuter 2007). These methods were expected to result in less 
burnt seedbed overall as well as less intensely-burnt seedbed than is usually achieved following a 
conventional high-intensity burn, leading to reduced eucalypt seedling establishment and growth 
(Neyland et al. 2009). In addition, the potential for increased browsing pressure (Mount 1979) and 
seedling suppression due to greater forest influence and edge effects (Bradshaw 1992; Bassett and 
White 2001) were expected to reduce regeneration success in ARN coupes. In this paper we 
summarise the results from several years of monitoring silvicultural outcomes in aggregated retention 
coupes and compare these to outcomes in conventional clearfell, burn and sow coupes.  

Methods 
We monitored a total of 38 aggregated retention (ARN) coupes and 31 paired clearfell, burn and sow 
(CBS) coupes harvested 2003–2009 and regenerated 2004–2010. Coupes were paired on the basis of 
proximity, size, soil type, aspect, forest type and harvest year. However, there was some variation in 
any one or all of these factors, and CBS pairs could not be found for some ARN coupes due to the 
limited number of coupes harvested in a given year. All coupes were located in mature wet eucalypt 
forest, or a mixture of regrowth and mature forest. Two ARN coupes and eight CBS coupes were 
completely or partially cable-harvested, while all remaining coupes were harvested using ground-
based machinery. Following harvesting, an excavator or bulldozer was used to clear a mineral-earth 
firebreak around the perimeter of the harvested area in most coupes. Coupes were burnt for 
regeneration in the autumn (Scott et al. 2012a), and aerially sown shortly after burning with locally 
collected seed at a rate of at least 62,500 viable seeds per ha (Forestry Tasmania 2010a). 

Coupe boundaries were mapped from aerial photos or GPS after harvesting, and the resulting digitised 
shapes were used to calculate the size of felled areas and retained aggregates, as well as perimeter-to-
area ratios and retention levels for each coupe. Windthrow and harvesting damage were assessed along 
all tracked boundary edges within the coupe (i.e., those with firebreaks). Firebreak lengths were 

measured by walking along them with a hip-chain, 
while firebreak width was measured at 100 m 
intervals around the coupe; these measurements were 
then used to calculate the proportion of each coupe 
that was affected by firebreaks. The proportion of the 
coupe that contained different classes of seedbed was 
assessed using a systematic survey with a random 
start point. Burn intensity and soil disturbance were 
assessed at points located every 20 m along lines 100 
m apart, and seedbed at each point was visually 
classified into one of six seedbed classes (Table 1). 
Burn damage was surveyed after the regeneration 
burn, using a combination of aerial and ground-based 
methods. Standard regeneration surveys were 
completed at one and three years of age (Forestry 
Tasmania 2010b).  
Seedling density in seedlings per hectare (sph), the 
average height of the tallest seedling per plot in cm, 
and the percentage of stocked plots was calculated 
for each coupe. In Tasmania, a coupe is considered 
successfully regenerated when at least 65% of 16-sq-m 
plots are stocked at age three years (Forestry 
Tasmania 2010b). 
Differences due to silvicultural systems were tested 
using the paired t-test or the Wilcoxon paired ranks 
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Figure 1. Distribution of aggregate size for 115 island aggregates retained in 
38 ARN coupes burnt  2007–2010 

test, while differences between years and between seedbed classes were tested using either analysis of 
variance or the nonparametric Kruskal-Wallis test. For a more detailed explanation of methods used, 
see Scott et al. (2012a), Scott et al. (2012b) and Scott et al. (in review).  

Results and discussion 
Retention levels in ARN coupes were relatively high, averaging 28% of total coupe area (SD = ±17%). 
On average, 22.2 ha per coupe was felled and 10.4 ha was retained unharvested. A total of 193 
aggregates were retained in 38 ARN coupes, an average of 5.0 aggregates per coupe (SD = ±3.6). 
Forty percent of aggregates were edge aggregates (contiguous with standing forest outside the 
harvested coupe), but these accounted for 60% of the total aggregate area. Edge aggregates averaged 
3.0 ha (SD = ±3.5, n = 78) in size, while free-standing island aggregates were about half that size 
(mean = 1.4 ha, SD = ±1.1, n = 115). The number of island aggregates decreased from 5.9 per coupe 
in 2007 to 1.6 in 2010 (Kruskal-Wallis χ2 = 16.0, df = 3, P = 0.02). There was also a shift in the size 
distribution of island aggregates over time (Fig. 1). Mean island aggregate size increased from 1.1 ha 
in 2007 to 2.1 ha in 2010 (Kruskal-Wallis χ2 = 15.9, df = 3, P = 0.002). This change was made largely 
to facilitate the use of prescribed fire and to reduce the risk of fire damage to the retained aggregates 
(Chuter 2007). 

Forest or residual tree influence includes the biophysical effects of the forest or individual trees on the 
surrounding environment (Keenan and Kimmins 1993), and is  calculated as the proportion of the 
harvested area that is within one co-dominant tree height of trees retained for the long-term (Mitchell 
and Beese 2002; Scott et al. 2011). Levels of forest influence were significantly higher in ARN coupes 
than in CBS coupes (Table 2), and 90% of ARN coupes met Forestry Tasmania’s target of 50% forest 
influence, which is that the majority of the harvested area should be within one tree height of trees 
retained for the next rotation. This level of forest influence should ensure that the harvested areas in 
variable retention coupes develop under different conditions to those in clearfells, thus distinguishing 
them ecologically from conventionally harvested areas (Baker and Read 2011). ARN coupes had 
higher perimeter lengths and smaller felled areas than comparable CBS coupes, leading to much 
higher perimeter-to-area ratios (Table 2). These high perimeter-to-area ratios resulted in relatively 
high proportion of firebreaks in ARN coupes (20%, on average); however, mean firebreak area 
decreased over time due to the changes in coupe design discussed above. Firebreaks negatively 
affected soil properties including nutrient levels, pH and penetration and reduced seedling growth at 
two years of age in both ARN and CBS coupes (Scott et al. 2012b).  

The use of variable-retention silvicultural systems did not significantly increase harvesting damage or 
windthrow (Table 2). Overall, windthrow levels following variable retention harvesting in Tasmania 
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appear to be low compared to North America (Rollerson et al. 2002; Scott and Mitchell 2005). 
However, regeneration burns affected more than twice the area of unharvested forest in and around 
ARN coupes compared to CBS coupes (Table 2), due mainly to burning in the retained aggregates. 
Larger island aggregates were less prone to windthrow and burn impact than smaller ones, and 
aggregates of at least 1 ha are recommended. New ‘slow burning’ prescriptions were very effective at 
managing harvesting residues, with an average of 79% (by area) receptive seedbed created in ARN 
coupes and only 6% less burnt seedbed created than in CBS coupes (Fig. 2).  
Table 2. Mean differences in selected variables for paired ARN and CBS coupes. Means for each silvicultural 
system are shown, as well as mean differences between paired coupes (ARN–CBS). Tests used, test statistics, n 
and P-values are shown. Significant differences between the silvicultural systems are shown in bold.  

Variable ARN 
mean 

CBS 
mean 

Mean 
difference 

(ARN–CBS)
Test used Test-

statistic n P-value 

Perimeter (m) 4642 2836 1806 Paired t 5.12 31 <0.0001

Harvested area (ha) 20.7 28.5 –7.7 Paired t –2.5 31 0.0175

Perimeter-to-area ratio 224 127 97.5 Wilcoxon 465 31 <0.0001

Forest influence (%) 0.73 0.33 0.41 Paired t 8.66 31 <0.0001

Retention (%) 0.30 0.00 0.30 Wilcoxon 378 31 <0.0001

        

Proportion of harvested  
area covered by firebreaks 

0.20 0.12  0.08 Paired t 4.55 23 <0.0001

Area of unharvested forest burnt 
(ha) 

2.58 0.95 1.63 Wilcox 377 31 0.0002

Burnt seedbed (%) 0.63 0.68 –0.06 Paired t –2.04 31 0.025*

Proportion of eucalypts 
within 3 m of the edge damaged 

0.29 0.31 –0.01 Paired t –0.19 18 0.850 

Area windthrown/area harvested 0.011 0.004 0.008 Wilcoxon 67 18 0.670 

Proportion of transect seedlings 
browsed at 15 months 

0.167 0.155 0.012 Wilcoxon 183 25 0.590 

* One-tailed P 
 

 
 

 

 

 

Figure 2. Fraction of the harvested 
area in different seedbed classes by 
silvicultural system. Bars indicate 
standard error (assessment based on 
31 ARN and 31 CBS coupes) 
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Table 3. Mean difference in eucalypt stocking, density and height for paired ARN and CBS coupes. Mean 
values for each silvicultural system are also shown. Tests used, test statistics, n and P-values are shown. 
Significant differences between the silvicultural systems are shown in bold.  

Variable ARN 
mean 

CBS 
mean 

Mean difference 
(ARN-CBS) Test used Test-

statistic n P-
value 

2007, 2008 and 2009 coupes only       

Stocking @ age one year (%) 66 68 –1.7 Paired t 0.36 21 0.725 

Density @ age one year (sph) 3258 2617 641 Wilcoxon 116 21 0.999 

Height @ age one year (cm) 39 40 1.4 Paired t 0.35 20 0.725 

Stocking @ age three years (%) 81 83 –1.7 Wilcoxon 78 21 0.203 

Stocking @ age three years  
minus two outliers (%) 

80 86 –5.4 Paired t -2.9 19 0.001 

Density @ age three years (sph) 5264 4186 568 Paired t 0.65 20 0.524 

Height @ age three years (cm) 236 244 –12 Paired t –0.48 20 0.636 
 

Variable-retention silviculture was expected to significantly reduce eucalypt regeneration stocking, 
density and height, but this was not the case (Scott et al. in review). Eucalypt seedling density and 
height were similar in ARN and CBS coupes at both one and three years of age, while stocking was 
marginally lower in ARN coupes at three years of age (Table 3). 

This contrasts with results from most alternative silviculture trials in Australia, which have found 
either reduced stocking and density or reduced survival and growth in alternative systems when 
compared to clearfells (Bassett et al. 2000; Lutze and Faunt 2006; Neyland et al. 2009). However, 
many of these studies examined systems based on dispersed retention or small-gap openings, relied on 
natural seedfall in the alternative systems, or excluded burning as a form of site preparation. In our 
study, opening sizes were relatively large (22 ha, on average), and all coupes were burnt to create 
seedbed and aerially oversown to ensure good seed distribution. 

One-year-old regeneration density and height within each coupe were strongly related to seedbed class 
(Fig. 3). More and taller seedlings were found on well-burnt seedbeds, while fewer and shorter 
seedlings were found on compacted and unburnt seedbeds. Our results support the conclusion from a 
number of studies, that well-burnt seedbed is critical for good seedling establishment and vigorous 
early growth in wet eucalypt forests (King et al. 1993; Lockett 1998; Van der Meer et al. 1999; 
Neyland et al. 2009).  
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Figure 3. Mean seedling  height (a) and density (b) at age one year by seedbed class. Error bars show 95% 
confidence limits. Bars labelled with different letters are significantly different at p < 0.05. Values have been 
back-transformed.  
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Ongoing recruitment helped to ensure that many coupes that failed to meet the stocking standard at 
age one were adequately stocked by age three years. This is similar to the findings of Neyland et al. 
(2009) at the Warra Silvicultural Systems Trial. Lockett and Goodwin (1999) also found that seedling 
densities increased for some years after sowing, and reached a peak between two and five years of age. 
While seedling density and stocking were similar in ARN and CBS coupes (Table 3), values were 
lower than desirable for future stand development in many coupes. In regrowth wet eucalypt forests, 
densities of at least 2500 seedlings per hectare are desirable to allow commercial thinning and early 
production of sawlogs (Forestry Tasmania 2010b), but considerably higher densities may be needed to 
avoid problems of form and increased defect (Wardlaw et al. 1997) and to provide selective pressure 
for the best and fastest-growing seedlings to express themselves (Gilbert 1959; Griffin and Cotterill 
1988). Given that 20% of coupes of both silvicultural systems required remedial or supplementary 
sowing, and that 25% of coupes had densities below 2500 sph at age 3, a review of sowing rates is 
recommended.  

Despite more complex boundary shapes and much higher levels of forest influence, the development 
of successful ‘slow burning’ methods combined with the adoption of aerial sowing in all ARN coupes 
has resulted in early regeneration densities and growth rates that are comparable with those in 
clearfelled coupes. This early regeneration success can be attributed to i) the development of new 
burning methods that ensured that seedbed class distributions were very similar in both ARN and CBS 
coupes, ii) the adoption of aerial sowing in ARN coupes as a standard procedure, and iii) the lack of 
any observed increase in browsing pressure in ARN coupes. The longer-term effects of ARN 
harvesting on eucalypt productivity remain unknown and require further research, but these early 
results indicate that initial silvicultural goals for eucalypt regeneration can be met by variable retention 
harvesting in wet eucalypt forests. 
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Abstract 
Since the 1960s, the ash eucalypt forests of Victoria have been harvested predominantly using 
clearfell, burn and sow techniques, while in the mixed-species eucalypt forests seed tree retention and 
selection harvesting systems have been used. In addition, some even-aged stands of both ash and 
mixed species are thinned at an age of 20–40 years.  

These silvicultural systems have proven to be economically efficient, relatively safe and reasonably 
simple from a planning and growth modelling perspective. 

However, clearfell, burn and sow operations in ash forests, and seed tree operations in mixed-species 
forests, are easy targets for environmentalists to campaign against, given the visually confronting vista 
immediately after harvesting and after the regeneration burn. These campaigns have led governments 
to explore alternative silvicultural systems for harvesting in native forests. 

Alternatives to clearfell and seed tree silviculture were extensively evaluated during the early 1990s 
through the Silvicultural Systems Project (SSP) in the Central Highlands’ mountain ash forests, and in 
the mixed-species forests in East Gippsland. The SSP project largely reinforced the applicability of 
clearfell silviculture in mountain ash forests and seed-tree-retention silviculture in East Gippsland’s 
mixed-species forests. The project also identified that other silvicultural systems could be suitable, 
depending on the management objectives. Alternatives have subsequently been explored in parts of the 
harvested landscape to better cater for non-timber management objectives, especially social 
acceptance and certain biodiversity values. 

As part of a process of continual improvement in management practices, forest management agencies 
need to review and modify practices as new information and research becomes available, particularly 
if improved economic, social or environmental benefits can be demonstrated. 

In the mountain ash forests of Victoria, retention harvesting where over half of the harvested site is 
within one tree height of retained vegetation is one such system currently being trialled.  

In the mixed-species forests there is an increased use of selection harvesting, especially in multi-age 
forests, to maintain and improve existing growing stock, improve post-harvest site aesthetics and 
better cater for wildlife. 

This paper reviews the silvicultural systems used in the recent past, explores current practices, and 
then analyses options of adopting alternative systems. 

Introduction and forest management context 
The following is a brief introduction to the silvicultural systems used in producing the 500 000 m3 of 
sawlogs required for Victoria’s hardwood sawmills and the 1 M m3 of non-sawlog used for paper 
production. It also looks at the rationale for exploring, and potential alternatives to the often-criticised 
practice of clearfelling. 
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What is ‘silviculture’ and what are ‘silvicultural systems’? 
The word ‘silviculture’ comes from the Latin words ‘silva’, meaning forest, wood or park, and 
‘cultura’, which means cultivation. In Roman mythology ‘Silvanus’ was the god and protector of the 
forests, woods and fields (Smith 1867).  

The term ‘silviculture’ has been defined in many ways: 

The science and art of managing forest composition and growth (Smith 1962) 

The culture of tree and forest ecosystems to achieve specific objectives of sustainable forest 
management (Campbell 1997) 

The manipulation of forest structure and dynamics to achieve specific forest management objectives 
(Bauhus 1999). 

Silvicultural system 
A silvicultural system is a process that is implemented for achieving particular stand management 
objectives. For example: 

Silvicultural systems comprise all manipulations carried out during the lifetime of a stand or cohorts 
of trees within a stand (Bauhus 1999) 

A process describing the techniques and their timing used to manage tree harvesting, tree 
establishment, and tending, through one life cycle or rotation (Sebire and Fagg 2009). 

Factors that influence the type of silviculture used in Victoria 
The choice of an appropriate silvicultural system is dependent on the management objectives of the 
area in which the system is to be implemented. This is influenced by three key parameters: 

• economic considerations: 
o Harvest costs, proximity to markets, royalty or stumpage received for each of the 

products and regeneration costs. 
• biological system: 

o Dependent fauna and flora, silvical requirements of the constituent species such as 
shade tolerance or light demand, and natural recovery mechanisms following 
disturbance. 

• social systems: 
o Safety of workers, aesthetics, and proximity to population centres. 

Forest management context 
Before discussing the silvicultural systems used in eastern Victoria, it is worth noting that of the 
7.8 M ha of native forest in Victoria, about 500 000 ha is available and suitable for timber production. 
The remainder is either contained in the permanent reserve system or is unsuitable for commercial use. 

Of the 500 000 ha of forest available for timber production, about 4500–5000 ha is harvested annually 
to produce about 1.5 M m3 of logs in eastern Victoria (VicForests 2012). A further approximate 500 ha 
are harvested in western Victoria each year.  

Silvicultural systems used in Victoria  
A number of silvicultural systems are used in Victoria, from clearfelling in alpine ash (Eucalyptus 
delegatensis) and mountain ash (E. regnans) stands (Campbell 1997; Flint and Fagg 2007) to selection 
harvesting in north-east Victoria and, to an increasing extent, in east Gippsland (Sebire and Fagg 
2009).  

The main silvicultural system in the mixed-species forests of east Gippsland, west Gippsland and 
north-east Victoria is seed tree silviculture (Sebire and Fagg 2009). The areas harvested in eastern 
Victoria by silvicultural system in 2010–11 and 2011–12 are shown in Table 1. 
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Table 1. Silvicultural systems, volumes and regeneration methods VicForests 2010–11 and 2011–12  
Period 

Production 
 2011–12  2010–11 

Area harvested (ha)   
 Clearfell 1,546 2,097 
 Seed tree 2,177 2,547 
 Uneven-aged 299 160 
 Thinning 274 175 
 Total 4,296 4,979 
Number of coupes 296 477 
Volume harvested (m3)   
 Sawlog (E+) 464,788 527,163 
 Pulpwood 961,838 1,167,916 
 Total 1,426,626 1,695,079 
Area established (ha)   
 Self regenerated (ha) 1,220 818 
 Area sown (ha) 2,835 3,319 
 Total 4,055 4,137 
Area submitted to DSE for coupe 
finalisation 

6,560 3,580 

 

A brief rationale and description for the use of these systems follows. 

Clearfelling 
Clearfelling has been defined as: 

All live trees not required for wildlife habitat, streamside reserves and other environmental purposes 
are felled, apart from some unmerchantable trees in some situations (Fagg et al. 2008) 

and:  

Clearfelling is the removal of all trees on a harvested coupe, with the exception of trees retained for 
environmental purposes, in a single operation and their subsequent regeneration as a uniform aged 
stand obtained by natural seedfall from the trees felled, by sowing seed or planting (Government of 
Victoria 1986) 

and: 

the felling of all or nearly all the trees on an area (a coupe) in a single operation, where the coupe has 
a minimum diameter of more than four times the average tree height (Keenan and Kimmins 1993). 

While coupe area is not mentioned in the first two definitions, it is explicit in Keenan and Kimmins 
(1993). Describing a minimum area is important for defining the difference between a gap and a 
clearfell. Squire et al. (1991) in the SSP project described large gaps as up to 2 ha and a small clearfell 
as 4 ha.  

Squire et al. (1991) make a further distinction between ‘complete clearfelling’ and the clearfelling and 
regeneration method as applied in much of Victoria’s forests, where many trees not required for 
environmental purposes are left due to their size, form or species. 

Essentially, if the retained trees are too few or too far spaced to form a competing overwood or to 
provide appreciable seedfall for regeneration, then the silvicultural system could be considered 
clearfelling (Squire et al. 1991).  
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Clearfelling is generally applied to tall wet forests where the regeneration best establishes essentially 
in ‘full sunlight’. This is particularly the case in the mountain and alpine ash forests which are 
generally re-established following high-intensity wildfires. 

Seed tree  
All live trees are felled apart from a number of uniformly distributed trees retained to provide seed, 
and those required for environmental purposes. The seed trees would comprise 5–10% of the basal 
area of the original stand. (Fagg et al. 2008) 

Seed tree silviculture requires the retention of about 5–15 trees per hectare, depending on the size of 
the trees and their seed crops representing the species in the stand and bearing adequate seed crops 
(Fagg 2001). The slash is then burnt to create a receptive seedbed and to promote the release of seed 
from the retained seed trees. Some follow-up artificial sowing may be undertaken where particular 
species do not have adequate seed crops.  

Seed tree operations are suited to species that require predominately full sunlight for regeneration. 
They are suited to many of Victoria’s mixed-species forests and can be applied to ash forests if there is 
sufficient seed in the canopy of the retained trees. 

Shelterwood 
A silvicultural system used for harvesting and regeneration (where) the original stand is removed in 
two fellings. Firstly a proportion of the mature trees are cut to allow the establishment of essentially 
even-aged regeneration under sheltered conditions, followed by a second felling (usually about 10 
years later) of the remainder of the mature (seed) trees. (DSE 2007) 

This system is particularly suited to species and stands that require some form of protection due to 
environmental extremes of heat or cold. The system is visually less confronting compared with 
clearfell or seed tree silviculture. The subsequent regeneration after the second harvest is, like seed 
tree and clearfell, largely even-aged.  

Thinning  
Removal of the smaller and poorly formed stems in a commercial operation, from a usually even-aged 
stand, to allow the larger, better- formed stems to increase their growth. No regeneration treatment is 
required. (Fagg et al. 2008) 

Thinning is widely practised in even-aged regrowth forests to concentrate growth on the remaining 
stems. A practice known as ‘thinning from above’ that removes larger older trees from amongst 
regrowth is a form of selection harvest so is not described further.  

Uneven-aged silvicultural systems 
Uneven-aged silvicultural systems are those that maintain a variety of age classes within the stands 
that are harvested. The more common uneven-aged system are described below: 

Single tree selection 
Felling of scattered mature individual trees, at intervals (generally every 10–15 years) over the 
rotation. Deliberate regeneration treatment is not required, as regeneration is largely from the 
lignotubers or coppice. (Fagg et al. 2008). 

Single-tree selection involves removal of mature trees within multi-aged forests to allow younger age 
classes greater growth opportunities. A new crop of regeneration may also be established in small gaps 
to replace the harvested trees. The system is generally suited to more shade-tolerant species and hence 
is not applied in most of Victoria’s eucalypt forests.  

Group (or gap) selection 
An uneven aged system, as the fellings are done every 10–30 years. All trees in a small patch are 
felled, with the gaps created scattered over the coupes. The size of the gap is usually no more than 
about two tree- heights in diameter, so that natural (or induced) seedfall from surrounding trees can 
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be used. Regeneration treatment is generally required, involving burning of heads or soil 
disturbance.’ (Fagg et al. 2008) 

Group or gap selection systems can be more readily used in some of Victoria’s drier mixed-species 
forests, as the gaps permit sufficient light for seedling establishment. This system, however, is not 
generally suited to wetter forests, unless very large gaps are established (Campbell 1997).  

Retention harvesting systems 
… an approach to harvesting based on the retention of structural elements from the harvested stand 
(e.g. living trees, dead trees, logs, etc.) for integration into the new stand to achieve various ecological 
objectives’ (The Society of American Foresters: Helms 1998).  

Retention harvesting systems are methods of retaining unharvested (generally mature or advance 
regrowth) elements within, or surrounding, a planned harvest area. There are numerous variations of 
retention harvesting. These can include the retention of strips of vegetation linking ridges and gullies, 
retained patches or aggregates, maintaining evenly dispersed trees across the harvested area or 
combinations of these retention options. 

This sort of harvesting is effectively a catchall for a number of different variations of retention where 
some 10–30% of the trees in a planned harvest area are retained. 

These two main variations are described in more detail below. 

Aggregated retention  
This system requires the retention of 15–30% of the basal area of the coupe, generally in 0.1–1 ha 
aggregates throughout the coupe. The felled area is regenerated using mechanical disturbance or low-
intensity burning of the seedbed, and relying on seed fall from the retained trees, or hand sowing or 
planting.  

Aggregated retention is currently applied in some parts of north-western North America and is now 
operational practice in old-growth forests of Tasmania. It has been implemented at a research level in 
Victoria (Lindenmayer 2007). Retention of ‘islands’ of understorey and aggregates or islands of 
retained trees has also been practised in Victoria (Campbell 1997; Lindenmayer 2007). 

Dispersed retention—retained overwood systems  
The retained overwood system is a dispersed retention system in which about 10–30% of the pre-
harvest overwood is retained across the net harvested area.  

This system requires the retention of trees dispersed throughout a logging coupe which, following 
harvesting, is mechanically disturbed or burnt. Regeneration is achieved by relying on seed from the 
retained trees.  

From an ecological and aesthetic viewpoint, it is a substantially different system to clearfelling and 
generally involves a greater level of retention than the seed tree system. The system requires the 
retention of live trees throughout the rotation. Importantly, it results in a dual-age structure which may 
be important for habitat and aesthetics.  

The application of silvicultural systems in eastern Victoria 
The earlier discussion explored the range of silvicultural systems. The following looks at what is 
specifically applied in eastern Victoria and options that may better meet other management objectives. 

Silviculture in the ash forest types 
The main silvicultural system used in Victoria’s mountain and alpine ash forests is clearfelling 
followed by burning the logging slash and seeding with the species indigenous to the site. Clearfelling 
is used in these forests because of the regeneration demand for light and the trees’ sensitivity to fire. It 
also proves to be a safe, cost-effective system that is easy to plan and model growth into the future.  

Clearfell harvesting, followed by burning, particular suits the silvical attributes of these tall wet forest 
species. About 1500 ha of ash forests are clearfelled annually in Victoria (Table 1). 
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Clearfell operations, however, are visually unattractive. The vista, post-harvest and especially post-
regeneration burning, can be confronting, and makes it an easy activist target. In addition to the 
visually confronting vista, the habitat of the harvested area is generally of poor quality for species that 
require large old nest trees. The exception is where numerous dead standing or living old trees are 
retained, although if large numbers of pre-1900 ash trees are present (>12 per 3 ha) then these areas 
must be protected (DSE 2003). 

Conflict associated with the use of clearfelling led to the Silvicultural Systems Project (SSP), an 
initiative of the Timber Industry Strategy (Government of Victoria 1986), which explored alternatives 
including seed tree, shelterwood, single tree and gap selection (Campbell 1997). 

The SSP results found that single-tree selection was too dangerous to use from an operator safety 
perspective, while systems that created small gaps also had similar safety concerns and led to poor 
regeneration outcomes. The results further showed that shelterwood systems proved difficult to keep 
damage to retained trees to acceptable levels during the initial harvest and likewise damage to 
regeneration during the shelterwood removal phase of felling (Campbell 1997). Clearfelling was 
proven to be successful from a regeneration perspective, along with seed-tree operations. 

The SSP study went further than just researching harvesting systems, regeneration and growth to 
explore what silvicultural systems were best applied to achieve broad management objectives. 
Clearfell and seed-tree systems were most suited to areas where sustained wood production was the 
primary objective. Maintaining some overwood and understorey was recommended where flora and 
fauna conservation was important. Shelterwood and group selection was recommended where visual 
management was an important consideration (Burgess et al. 1997; Campbell 1997).  

The SSP trials were a tremendous achievement in silvicultural system refinement and alternative 
silvicultural system development. Just as important was the consideration of how silviculture could be 
used to achieve other landscape management objectives  

The approach to silvicultural system definition used in this study was to start with primary 
conservation, production and social amenity objectives, then define systems that either met the explicit 
objectives or achieved an appropriate balance between multiple objectives (Burgess et al. 1997).  

The analyses of Burgess et al. (1997) and Campbell (1997) are good approaches for choosing a 
silvicultural system—they start with the objective then identify a system that meets the management 
objective(s).  

While the SSP trials explored alternative harvesting systems and looked at how they can be applied in 
various parts of the landscape, most ash harvesting today is still by clearfelling, albeit with a relatively 
small coupe size averaging 16.5 ha over a total area of around 1500 ha per year (DSE 2011). Even so, 
clearfell harvesting is still perceived to have detrimental biodiversity implications at the coupe level 
when looked at in isolation from the extensive areas of forest within the conservation reserve system. 
Consequently work has progressed on adapting silviculture to better cater for certain biodiversity 
values.  

Practical management challenges of alternative harvesting in ash forest—variable 
retention harvesting  
The ‘variable retention harvesting study’ aims to reduce perceived impacts of clearfelling—especially 
on biodiversity. It has been established through a partnership between the Australian National 
University (ANU), Department of Sustainability and Environment (DSE) and VicForests. It has three 
imperatives (Lindenmayer 2007): 

o the need to reduce the negative impact of traditional clearfelling on stand structural complexity 
o the realisation of opportunities for harvesting operations to create and then potentially maintain 

habitat for particular high-profile species such as Leadbeater’s possum (if appropriate stand 
conditions are allowed to develop) 

o the desirability of fostering greater congruence between natural disturbance regimes and human 
(logging) disturbance practices to promote biodiversity conservation. 
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Consequently from 2003 to 2009 VicForests worked with ANU (funded through DSE) to implement 
variable retention harvesting trials—essentially designed by ANU to study island retention within 
1939 regrowth mountain ash—to investigate biodiversity responses in traditionally logged 
(clearfelled) sites with coupes where islands of forest cover were retained (Lindenmayer 2007).  

The trial involved 6 replicates and 4 treatments:  
a) control—unharvested 1939 regrowth 
b) clearfell 
c) 3 × 0.5 ha islands (Figs 1, 2) 
d) 1 × 1.5 ha island (e.g. see Figs 3, 4)  

 
Major challenges were associated with this trial, especially in relation to post-harvest site preparation, 
which proved problematic for retaining the integrity of islands. Some islands were so badly burnt 
during the regeneration operation as to make them unsuited to the trial. Other islands were impacted 
by a major wind storm that flattened two of three islands on one study site, making it unsuited for the 
study. A final setback was the 2009 fires that burnt through a number of the trial coupes. 

The initial setbacks lead to a field-based workshop with the ANU researchers and VicForests 
practitioners to develop more operationally-suited island placement. This workshop discussed research 
aims and practical implementation to permit safe site preparation while maintaining island integrity.  

From the workshop a better option for maintaining the integrity of islands was found to be retaining 
patches closer to the coupe edge. Another option considered but not implemented in the research 
coupes was harvesting a coupe in two parts such that one half of a coupe is harvested and the site 
regenerated on one side of the ‘island’ followed by harvesting and site preparation on the other side of 
the ‘island’. This practice maintains the same effect of islands within a regrowth stand without the 
problem of fire burning the retained ‘island’ during regeneration operations.  

The concept of variable-retention harvesting has been further extended into retention of islands in fire-
killed ash forests following the 2009 Black Saturday fires. VicForests once again undertook the 
operational implementation for the components of this trial on salvage-harvested coupes.  

With both the variable-retention harvesting trials and the salvage harvesting understorey impact trials 
there have been few results forthcoming apart from brief annual updates provided to DSE VicForests, 
so prior to wider implementation there is a requirement to demonstrate any benefit of the practices.  

Even without the biodiversity outcomes of these studies being published and proving positive, the 
practical objective of ensuring increased structure in harvested stands can be achieved through means 
other than island retention. One option is to seek a coupe configuration such that the harvested area is 
predominately under the influence (i.e. within a distance of one tree-height) of retained forest. This 
maintains the intention of retention harvesting by having more than 50% of the coupe within one tree-
height of retained forest without the practical difficulties of island retention. From a outsider’s 
perspective, however, this may not be seen as different to clearfelling even though it achieves desired 
biodiversity objectives. 

Considering the objectives first then tailoring the silviculture to meet these objectives was explored in 
Burgess et al. (1997). Articulating management objectives prior to designing coupe-level and 
landscape-level strategies would appear a logical way to more effectively meeting water, wood and 
wildlife management objectives (Burgess 1997; Campbell 1997). This concept was further explored in 
Ryan (2011) who considered how adaptive management can be implemented to better cater for other 
management objectives, especially biodiversity conservation and water production. 

Silviculture in mixed-species forests of eastern Victoria 
The current system in most mature mixed-species forest is the seed-tree retention system (Table 1). 
Seed trees are retained at a density of 5–9 per hectare, representing the species on the site, followed by 
a regeneration burn. This leaves the site as a stand of two ages. Seed-tree harvesting is often equated 
with clearfelling, especially if the retained seed trees do not survive the regeneration burn. 
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Figure 1. Aerial view Acheron Valley 3 × 0.5 ha islands post-harvest, pre-burn (source L. Spencer) 
 

 
Figure 2. Aerial view Acheron Valley 3 × 0.5 ha island post regeneration establishment (source M.F. Ryan) 
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Figure 3. Ada tree coupe 1.5 ha island 2007 
 

 
Figure 4. Ada tree coupe 1.5 ha island 2010 
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The SSP East Gippsland trials (Squire et al. 2006) explored alternative silvicultural options including 
clearfell, seed tree, group selection and single-tree selection in mature mixed-species forests. The SSP 
trials were invaluable in refining silvicultural systems, especially the seed-tree retention system, which 
is still the most common system adopted in mature forests.  

The SSP trials, however, did not specifically address the silviculture of multi-aged mixed-species 
forests. With more regrowth within the east Gippsland state forests associated with previous 
harvesting and fires, conventional seed-tree operations are increasingly wasteful of the regrowth 
component of existing stands.  

Lutze and Ryan (2005) explored better utilisation of multi-age mixed-species forests and developed a 
set of prescriptions based on numerous operational trials. These prescriptions and guidelines form the 
basis of current uneven-aged stand management (VicForests 2011).  

Practical management challenges of alternative harvesting in multi-aged mixed-species 
forest 
Where stands comprise a mixture of regrowth and mature trees in various proportions, a variety of 
harvesting techniques can be adopted within the stands.  

Mixed-age stands with largely mature trees overtopping younger regrowth forest are generally 
managed through a selection harvest that removes the mature trees, leaving a stocked stand of the 
retained regrowth. This technique could also be termed ‘overwood removal’ or ‘potential sawlog 
retention’, depending on the intended objective and the resulting stand structure.  

Other mixed-aged stands are more suited to a combination of thinning the regrowth component, gap 
selection where there are patches of mature trees and single-tree selection where mature trees are 
interspersed with regrowth. This combination of techniques falls within the umbrella of selection 
harvesting—and the term being used to describe this silviculture is ‘uneven-aged harvesting’.  

Uneven-aged harvesting is suited to stands where the stand assessment shows mature and regrowth 
forest intermingled, such that thinning or seed-tree systems used on their own would be unsuitable and 
potentially wasteful of quality regrowth.  

Challenges of using uneven-aged harvesting include more difficult planning, growth modelling and 
post-harvest assessment of sites. Another challenge is a requirement for the harvesting contractor to 
have access to different machinery for selective harvesting of both large trees and smaller pole-sized 
regrowth, as well as a skidder and a forwarder for snigging material of different piece size to the 
landing.  

Another operational challenge is managing for fire. The presence of large amounts of logging debris 
(slash) post-harvest may lead to a short-term increase in fire risk until the fine fuels break down. The 
effect of the presence of this debris is partially offset by a reduction in bark and elevated fuels (Proctor 
and McCarthy 2013). However, if a fire does enter these sites the increased residence times of fire 
burning in large woody debris can lead to greater retained tree damage and increase suppression 
difficulties. Without a greater level of utilisation of woody debris, this may continue to be a 
management issue. From a wider fire management perspective, the presence of dry surface fuels, if 
adjacent to planned fuel reduction or regeneration burns, can also be problematic. 

Even with some management challenges there is considerable merit in uneven-aged silviculture in 
existing multi-aged forests containing a mix of regrowth and mature trees. 

Case study of the Ironwood Project 
A current project using selection harvesting is underway in East Gippsland, and is known as the 
Ironwood Project (Figs 5, 6).  

The background to this project is that due to the history of selection harvesting and to some extent fire 
events, stands of durable species can have a species imbalance that is often biased towards heavy-
seeding species. Species such as silvertop ash (E. sieberi) and to a lesser extent white stringybark (E. 
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globoidea) can dominate stands, while durable species such as yellow stringybark (E. muelleriana) 
and ironbark (E. tricarpa) are in lower proportions than might naturally be the case.  

In order to progressively rehabilitate some stands with lower proportions of durable species the 
Ironwood trial aims: 

a) To investigate the commercial and environmental feasibility of harvesting high-value durable 
species timbers from low-yielding uneven-aged stands of foothill and coastal mixed-species forest 
in East Gippsland to yield log products for industry that would be otherwise commercially 
unavailable. 

b) To investigate the feasibility of maintaining, and where appropriate restoring, the ecological 
integrity of uneven-aged coastal and foothill mixed-species forests (with a particular focus on 
species and structural diversity) for future commercial and non-commercial uses.  

 
The trial aims to progressively restore the ecological integrity of forest stands that have species and 
structural imbalances, using single-tree and gap-selection techniques that contribute to improved 
structural diversity compared with current systems.  

 

 
Figure 5. Trial coupe 2 ‘Dogs Back’ pre-harvest where basal area, species, fuel hazard and pre-harvest fauna 
have been assessed (source M.F. Ryan)  
 

 
Figure 6. Trial coupe 2 ‘Dogs Back post-harvest where basal area, species, fuel hazard have been assessed and 
post-harvest fauna surveys are to be conducted (source M.F. Ryan)  
 
Three sites are being trialled. Each site contains uneven-aged stands that are currently unsuitable for 
conventional harvesting operations due to insufficient timber volume, the large proportions of 
regrowth intermingled with mature trees, or because they are too young for conventional seed-tree 
silviculture.  

The trial will measure structural attributes and fuel loads before and after harvesting, and pre- and 
post-harvest fauna surveys will be undertaken. 

These trial coupes aim to explore whether uneven-aged harvesting can be extended to other areas 
currently unsuited to seed-tree retention harvesting. The harvesting will then be analysed for the 
economic, social and environmental outcomes and for its future applicability in uneven-aged forests. 
Preliminary reports are expected in spring 2013.  
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Conclusions 
While clearfell, burn and sow is still the predominant method used in ash forests, modifications to this 
are being explored to better achieve other management objectives. Retention harvesting, where over 
half of the harvested site is within one tree-height of retained vegetation, is one such system currently 
being explored.  

Seed tree is the most common silviculture in mixed-species forests, but there is an increased use of 
selection harvesting, especially in multi-age forests, to maintain and improve existing growing stock, 
improve post-harvest site aesthetics and better cater for wildlife. 

Any silvicultural system applied should be dependent on a range of factors including the forest type, 
the pre-harvest stand structure, the available seed source and the silvical requirements of the 
constituent species. There must also be consideration of the social, economic and marketing factors 
and the biological requirements of dependent fauna species in and surrounding harvested areas. 

There is no one correct ‘system’ for any forest type, as the system selected depends on stand 
management objectives as well as the stand context within the surrounding forest and its proximity to 
the conservation reserve system. 

Silvicultural systems studied in eastern Victoria over many decades in large and small silvicultural 
trials have provided a range of options that foresters can use to achieve their management objectives. 
There will continue to be modifications of aspects of these systems, however, as new information from 
operational experience or further research and monitoring work shows more effective ways of 
achieving these timber and non-timber management objectives.  
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Background 
Australia has a highly diverse and variable climate and its forests are well-adapted to climatic 
variation. However, human-induced climate change could result in changes in climate that are well 
beyond historical rates and beyond the experience of forest managers. This will require 
implementation of management practices to adapt to a changing climate, but there has been little 
analysis of potential management options that will facilitate adaptation to potential future climates in 
native forests.  

Methods 
This paper analyses potential adaptation options for forest management, using the tall, well eucalypt 
forests in Victoria’s Central Highlands as a case study. The focus is on options for sustainable forest 
management. This region has already experienced a strong drying and warming trend and a high 
incidence of severe bushfires over the last 15 years. Future changes are likely to include rising CO2, 
increasing temperatures and an overall decrease and changing seasonal patterns in rainfall. This is 
likely to result in increasing bushfire risk, changes in forest composition and productivity, and 
changing phenology of flowering and seeding. A range of different management options are 
considered and analysed in terms of current practice, costs and implementation feasibility.  

Conclusions 
Many management actions identified to support adaptation to climate change are assessed as currently 
being implemented as part of sustainable forest management. Options that are not generally currently 
implemented include developing gene management programs and off-site gene banks and increasing 
regional cooperation in species management, identification and deployment of more drought or 
disturbance tolerant species or genotypes, reducing disease losses through sanitation harvests, 
managing stand structure to reduce impacts on water availability, implementing silvicultural 
techniques to promote stand vigour and changing road design and construction specifications to 
anticipate changing climatic conditions. Implementing these approaches will require research, new 
policies and revised regulations and management prescriptions.   

This outline will be expanded in a paper to be 
submitted to Australian Forestry 
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Abstract 
Unbiased estimates of carbon are increasingly needed at project scales to support the Carbon Farming 
Initiative (CFI) and other programs. Allometric or similar statistical equations, supported by in situ 
measurements, are seen as the only way to arrive at these estimates, but there are concerns that these 
equations may not be unbiased in specific projects unless they are validated and calibrated. Such 
validation and calibration is usually destructive and requires considerable expertise. This paper 
compares allometric models in an inventory of native forests against a direct-sample-based estimate of 
carbon that does not require unbiased equations. 

A variable probability sampling system (point-3P) was used to select trees for detailed measurement in 
a eucalypt native forest of about 200 ha. The mass for the selected trees was calculated using a number 
of allometrics. The volumes of the trees were also calculated using a direct measurement of upper 
stem diameter - centroid sampling - which also allowed for the quantification of the variation in stem 
shape. Direct estimation of tree mass is possible using a corer at the centroid height to establish wood 
density. 

While the allometrics gave similar estimates of mass to the centroid sampling approach when the trees 
were near second degree paraboloid shape, they significantly over-estimated the mass when the trees 
had relatively large butt flares or tended towards neloidal shapes.  

Variable probability sampling systems can be effectively used to directly predict forest-wide tree mass 
from a feasible number of samples. Measurement can be focused on a small number of individual trees 
allowing testing and correction of any allometric for mean bias or representativeness of tree shape 
within a project. 

Introduction 
Biomass of forests has been of interest to forest users and managers since fire was discovered and 
fuelwood drove the energy market. The first European energy crisis was a perceived shortage of 
fuelwood for the growing cities and led to the first ‘national forest inventory’ or mapping exercise in 
the late 18th century. Even today, fuelwood is one of the major and essential natural resources in many 
countries, with supply of fuelwood far outstripping the supply of solid timber and other ‘high value’ 
products. Individuals in developing countries may spend hours each day collecting sufficient wood to 
meet their daily needs, while in Europe people may simply empty a bag of fuelwood pellets into their 
modern fire. From the early 1900s, natural scientists began associating biomass with important 
ecosystem attributes like productivity, health and biodiversity. Climate change policies and the rise of 
global markets for the sequestration of carbon in forest biomass have increased the requirement for 
accurate measurements of biomass.  

The approaches to quantification of biomass in a forest has varied from ocular estimates, historical 
average yields, and simple samples through to sophisticated allometric and model developments. The 
use of allometric and other modelling approaches to estimating biomass in the forests seems to have 
gained a clear ascendancy, with simple sampling approaches used only to collect a minimal set of 
input parameters.  
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The requirements for precision and freedom from bias for these estimates has also varied through time. 
Inaccuracies in the estimate might mean individual fuelwood collectors have to walk further than 
expected, managers have increasing uncertainty about their planning outcomes, or scientists end up 
with poorer estimates of total forest biomass or biomass productivity. Today the global markets in 
biomass, or more specifically carbon and CO2 equivalents, can generate significant financial 
incentives to gathering precise estimates and may punish those reporting stocks with poor precision by 
allowing fewer verified carbon units. Under the Kyoto and subsequent protocols, forest carbon 
sequestration must not be over-estimated. Further, initiatives in Australia, including the Carbon 
Farming Initiative (CFI), require that estimates of sequestration over a 2–5 year period are not over-
estimates at the scale of the project being reported. This requirement means that ‘averaging’ out 
temporal cycles caused by El Nino or El Nina, or spatial variation over dispersed areas, is not 
permitted. The interaction of national and international markets, demonstrated freedom from over-
estimation, and project scales as small as fractions of a hectare, lead to the conclusion that traditional 
biomass estimation techniques are too inefficient. 

This paper demonstrates how the more efficient and effective estimation approaches developed for 
production forestry can be used to improve our quantification of biomass and consequently carbon. A 
native forest is used as a case study to compare and contrast different approaches and demonstrate the 
potential and practicality of advanced sampling approaches to reduce bias.  

Accuracy, bias and imprecision 
For the purposes of this paper, I will use the following terms as they are commonly used in forest 
inventory and sampling. The term ‘precision’ in particular often attracts different definitions in other 
fields which leads to confusion between it and accuracy (e.g. Carron 1968). 

Accuracy—freedom from error when an error is the difference between a true value and an inexact 
determination. 

Bias—a tendency to depart in a particular direction from the true value sought. A systematic 
distortion. 

Precision—the reproducibility of an estimate in repeated sampling. A clustering of estimates around 
their own mean. A large standard error or sampling error implies poor precision. 

Study site 
The western aspect of Black Mountain (Fig. 1) covers about 200 ha (excluding power-line easements 
and some remnant grassland). The area is classified as a Tablelands Dry Sclerophyll Forest dominated 
by Eucalyptus macrorhyncha and E. rossii with a dry shrub and tussock grass understory. 

Data collection 
During 2012, graduate students from the Australian National University undertook to design and 
implement an inventory to estimate tree biomass on the study site. As part of the exercise, they were 
trained in the use of a Spiegel Relaskop and collected measurements of basal area, diameters and 
height. As the site was a nature reserve, destructive measurements (e.g. to measure wood density) 
were not permitted. An extensive data assurance program, including some re-measurement at suspect 
points, was included as part of the exercise, but some remaining suspect measurements have been 
excluded from the results reported in this paper.  

The inventory was based on a two-stage unequal probability design with the probability of selection 
proportional to individual tree basal area and estimated height – point-3P sampling (Wood and Wiant 
1992a, b). In the first stage, trees are selected using point (angle count) sampling. The heights of all 
the trees selected in the first stage are estimated ocularly, and in the second stage, trees are selected in 
proportion to this estimated height. 
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The probability of any tree being selected for sampling (P(i)), is thus:  

 
where n denotes the number of samples selected, gi and hi denote the basal area and guessed height 
respectively of tree i, and BAF is the basal area factor used. The sum of heights is over all the trees on 
all j points selected. The volume (or mass) for the population can be calculated from each individual 
measured in the 3P sample: 

T =   

where T denotes the total for the population, yi denotes the volume or mass of the individual selected 
and P(i) is the probability of selection (as above).  

The volume of the 3P-selected trees was estimated using a range of simple form factor approaches 
(absolute form factors of 0.333 and 0.5 to represent conical and 2° paraboloid shapes respectively) and 
an equation based on West (2004). These volumes were converted to bole mass assuming a density of 
850 kg cu m then expanded to above-ground tree biomass using a factor of 1.4 (Snowdon et al. 2000). 
Finally, an upper-stem diameter was measured with the Relaskop in a Centroid sample. Centroid 
sampling uses a proxy taper function (in our case a 2° paraboloid) to estimate volume, then corrects 
this estimate by the ratio of measured sectional area to the predicted sectional area from the proxy 
function (see Brack 1996). Estimates of mass were also made directly using allometrics models from 

 
Figure 1. Study site on the western side of Black Mountain Nature Reserve (ACT) 
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Specht and West (2003) and CRC-Greenhouse Accounting, both of which estimate mass from 
measurements of dbhob. The CRC-GA model is based on Montagu et al. (2002). Allometric models 
by Chave et al. (2005) estimated mass from dbhob, wood density, and, optionally, tree height. These 
allometrics were for a dry rainforest and are included for comparison. 

A preliminary visit to our site suggested that the stand basal area varied between 24 and 36 sq m per 
ha. A Relaskop with a Basal Area Factor (BAF) of 4.0 was therefore chosen to select the sample or 
‘IN’ trees at each sample point. The average tree height was estimated to be about 20 m during the 
preliminary visit. Given an expectation that about 10 trees would be selected at each sample point, the 
estimated ocular heights would sum to about 200 m at each point. After assuming a Coefficient of 
Variation (CV%) of about 25% and 10% for each stage respectively, an inventory was designed to 
collect data from 50 point samples (DBHOB, species and ocular estimate of height for all in trees) and 
14 3P samples from these points (tree heights measured to allow allometric functions to be used) to 
achieve a sampling error of 12% (P = 0.10). See Wood and Wiant (1992a,b) for details of these 
calculation approaches. 

Measurements were collected by two teams of graduate students. Including their training in the use of 
the Relaskop for measuring stand basal area, tree height and upper stem diameter, the field exercise 
was completed in about 5 hours. However, only 44 first-stage points were measured, while 15 3-P 
trees were selected. It is not uncommon for the number of 3P samples to randomly vary around the 
desired sample size. 

Results 
The first-stage points were used to estimate stand table information (Fig. 2). If an equal probability 
sampling system (e.g. fixed area plots) had been used for the first stage, this stand table indicates that 
2/3 of the trees selected would be less than 10 cm dbh. Only 5% of the trees are were greater than 30 
cm dbhob, but these larger trees contains most of the above-ground biomass on the site. Using point 
sampling as the first stage resulted in a much higher selection of large-dbh trees that contain the vast 
majority of volume and biomass. Despite this concentration of measurement effort on these larger 
trees, the variably probability sampling system ensures that the population estimates are unbiased. 

These first-stage points could be used with allometric equations that required only DBH (and density) 
to estimate mass for the forest (Fig. 3). 
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        Figure 2. Stand Table developed from first-stage point data (N = 44) with standard error range 
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(a) Chave et al. (without height) (b) CRC-GA (c) Specht and West 

   

Mean 221,893 
Std Dev 120,338 

Mean 140,258 
Std Dev  78,019 

Mean 127,189 
Std Dev  70,761 

Figure 3. Frequency and Whiskers Plots and statistics of biomass (kg DM/ha) from first-stage points 
using allometrics based on DBH (and density for Chave et al.) 

 
The heights of the 3P-selected trees ranged from 12.8 to 29 m. The Centroid sampling technique 
requires the measurement of diameter at about 1/3 tree height (volume of a 2° paraboloid is equally 
divided above and below this point). However, three selected trees had their crown breaks below this 
height. This relatively low crown break makes the use of simple Centroid sampling impractical, but 
also suggests that the form of these trees was not the common forest form expected.  

Correlations between the single-tree biomass estimates using the three different models from the first 
stage, the dry rainforest model that uses height (Chave et al. with H), the three volume-based models, 
and Centroid sampling indicates strong and precise relationships (Fig. 4). However, most of the 
models do not exhibit a 1:1 relationship with each other and the straight-line fits have intercepts that 
are significantly different to zero and/or slopes different to 1 (Table 1). Because a variable probability 
sampling system is being used, the impact of these significant differences on the overall or total 
estimate of biomass for the study area (Table 2) depends on the probability of selection. Under the 
variable probability approach of point 3P, small trees where significant differences in the intercept are 
important have a small probability of selection while the large trees where the intercept is relatively 
unimportant have a high probability of being selected. If fixed-area plots were being used, the 
probability of selection would be related to the frequency of tree occurrence. As Figure 2 shows, the 
frequency of small trees is much higher than large trees, which means the impact of a significant 
intercept would be relatively high and introduce bias in a fixed area plot design. 

The correlation of the Centroid sampling estimates of tree mass with any of the other estimates was 
the poorest (third row of Fig. 4). Even excluding those trees with unexpectedly low crown breaks, the 
Centroid correction (measured cross sectional area divided by assumed cross sectional area at sample 
height) had a mean of 0.71 and a coefficient of deviation of almost 50% (Fig. 5). This range indicates 
that the boles, on average, tended towards the conoid side, but ranged from neloidal to 3° paraboloid 
or higher order shapes. 
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Mean 0.7117 
Std Dev 0.3128 
Coefficient of Variation 44% 
Upper 95% Mean 0.9219 
Lower 95% Mean 0.5015 

Figure 5. Distribution of Centroid sampling correction ratios 

 
 

 
Figure 4. Linear correlations between all the examined mass estimation models (kg DM/ha) for the 3P-selected 
trees. The first row defines the mass estimated by the conoid model as the Y variable while the first column 
 defines conoid as the X variable. Similarly, the second row defines the paraboloid model as the Y variable  
while the second column defines it as the X variable, and so on.  
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Discussion 
It is obvious that there is considerably more variation in the Black Mountain study site than originally 
anticipated. The first-stage variation (points) was much more variable than anticipated given the 
preliminary survey, and it would have been beneficial to plan for more than 50 points. However, 
additional points would not need the detailed measurements of height and upper stem diameter and so 
would not increase the measurement effort substantially while still improving the biomass sampling 
error. 

The precision of the overall biomass estimate appears best for the methods that use allometric models 
to estimate mass with the poorest precision delivered by Centroid sampling (Table 2). However, this 
hierarchy simply reflects an assumption that there is no variation in the height:DBH relationship or 
tree form by the allometrics. The Centroid ratio correction values suggest that the form of these trees is 
highly variable; including 3/15 (20%) having branching patterns more of a woodland than forest habit. 
All the allometric model-based estimates ignore this variation and therefore imply much more precise 
estimates of biomass than is realistic. 

A simple comparison of the estimates of biomass derived from the first-stage data (Fig. 3) suggests 
that there is no significant difference between the estimates derived using Specht and West and CRC-
GA, or even between CRC-GA and Chave et al. (non-Height). Similarly, many of the sampling error 
ranges for the forest (Table 2) overlap, which suggests no significant difference between the 
allometrics. An absence of any difference would be surprising as the Chave et al. models were 
developed for an entirely different forest type, while the Conoid and Paraboloid-based models assume 
fundamentally different average tree shapes. However the apparent lack of significant difference is 
almost entirely due to the large variance or sampling error of the first-stage points. Table 1 
summarises the strong relationship between these estimates, and notes that all the allometric model 
estimates are significantly and systematically different to the CRC-GA model predictions, that is they 
are biased.  
Table 1. Statistics from fitting simple linear regression models of the single tree mass estimates using  
CRC-GA tree mass estimates as an example independent (X) variable. 

Y variable Parameter Estimate Standard 
error 

Intercept different  
to 0 (P = 0.05) 

Slope different 
to 1 (P = 0.05) 

Assuming conoid Intercept –38.07 84.20 Not sig. Significant 

 Slope 1.226 0.1091   

Assuming paraboloid Intercept –57.10 126.3 Not sig. Significant 

 Slope 1.840 0.1636   

Centroid Intercept 177.0 222.55 Not sig. Not sig. 

 Slope 0.8004 0.26215   

West (2003) Intercept –23.25 114.9 Not sig. Significant 

 Slope 1.634 0.1489   

Specht and West (2003) Intercept –0.1923 0.02531 Significant Significant 

 Slope 0.90734 0.00032   

Dry Forest with H Intercept 33.21 95.11 Not sig. Significant 

 Slope 1.466 0.1232   

Dry Forest without H Intercept 127.4 17.04 Significant Significant 

 Slope 1.2562 0.02209   
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An increasing absolute bias in estimates is indicated where the slope is significantly different to 1.0, 
while changes in relative bias is indicated when the intercept is different to zero. For example, Chave 
et al. (without H) consistently estimates that each tree is 125 kg plus an additional 25% more than the 
same-tree estimates provided by the CRC-GA model. The Specht and West model however precisely 
(r2≈1, Fig. 4) estimates each tree as slightly, but significantly(P<0.05; intercept = –0.19 kg) less than 
90% of the mass estimated by the CRC-GA allometric model.  
Centroid Sampling appears to have the poorest precision, but paradoxically it belongs to the family of 
‘variance reduction’ methods that use the knowledge contained in taper functions to improve the 
precision of estimating sample tree volume. Essentially, a taper model predicts tree shape and hence 
sectional area and cumulative volume at any height up the tree.  

 A sample height on the tree is selected where the bole is measured and any difference to the 
prediction made by the taper model is then used to correct the estimate of volume. This family of 
methods includes Importance (Gregoire et al. 1986; Wiant et al. 1989) and Control Variate Sampling, 
which differ in the way the sample height is selected and how the correction is calculated. Both 
Importance and Control Variate Sampling are free from theoretical bias as, unlike allometric models, 
they do not rely on the existence of an underpinning equation form to be unbiased.  

Centroid sampling estimates of standing volume have been found to be slightly biased (7% 
underestimate) when compared to volume derived from detailed dendrometry in a mature eucalypt 
forest by Wood and Wiant (1992a). However these authors also found that Importance sampling 
estimates differed by only 2% from the detailed dendrometry estimates, but measurements for both 
variance reduction approaches were obtained more quickly (less than 10% of the time necessary for 
the detailed dendrometry). Wood and Wiant (1992a) suggest that the bias in the Centroid sample was 
due to the proxy taper function being substantially different to the actual taper of the sampled trees. If 
the taper more closely represented the true tree shape the bias would be reduced and precision further 
enhanced. Similarly, the precision for the Importance sampling would also be improved with 
improved taper function even though there is no bias. 

Point-3P inventories and Centroid and Importance sampling approaches have been well documented in 
the production forestry literature and found to be practical (e.g. Wiant et al. 1992). It would be 
relatively trivial to adapt these variance reduction approaches for use in estimating tree mass. 
Estimates of density (either as a constant or a variable density along the tree, for example Wielinga et 
al. 2008) could be used alongside the taper function to estimate cumulative mass and the sample point 
and corrections made in relation to this proxy mass function. If any destructive sampling were 
permitted, cores could be extracted from the sample height when the cross-sectional area was 
measured to correct for any inaccuracies in either sectional area or wood density. 

Table 2. Estimate of biomass for the case study area using point-3P and tree biomass estimation techniques 

Estimation method used  
on the 3P samples 

Total mass estimated
(kg per ha) 

Sampling error %  
(P = 0.05) 

Centroid 92,779 31 

Assuming conoid 111,379 21 

Specht and West 124,675 22 

CRC-GA 137,468 22 

West  140,168 21 

Assuming paraboloid 167,085 21 

Dry Forest without Height 206,438 22 

Dry Forest with Height 209,941 21 
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Conclusions 
Clearly, without clearfelling and weighting the entire Study Area, it is impossible to prove that any of 
the above methods is accurate and unbiased. Moreover, a simple comparison of approaches based on 
their estimated sampling error may easily lead to false conclusions about the reliability of the 
allometric-based approaches as the inherent variation in the DBH:height relationship, tree form and 
even density are discounted. The variation in the Centroid Sampling ratio corrections and the 
significant fraction of trees that had crown break well below the level expected in a forest stand 
suggest that the form and habit of the trees may be different to that implicitly captured in any of the 
allometrics. These differences in form may mean, at the least, that the proportion of biomass stored in 
the bole is abnormal and there may be relatively more in the branches. Given the faster turnover of 
carbon in the branches compared to the bole, such a change may have significant impacts on the 
estimates of long-term carbon storage.I It is also likely, however, that less biomass is captured in these 
trees than is suggested by any of the allometric models. 

Fully designed-based inventories, like point-3P, can select a very small number of sample trees for 
direct measurement (with known probability) and allows for estimates of population totals that are free 
from any theoretical bias. The use of Variance Reduction approaches like Centroid, or even 
Importance Sampling, would minimise or eliminate the potential for bias resulting from the implicit 
assumptions in allometrics. This case study has also demonstrated that such inventories can be 
practical to implement.  

Acknowledgement 
Thanks to the students enrolled in ENVS8006 during 2012 at the Australian National University for 
their diligence in collecting the data used in this case study. 

References 
Brack, C.L. 1996. Technical Note: A simple procedure for measuring single tree volume using the centroid 

sampling technique. IFA Newsletter 37(5): 12–14. 
Carron, L.T. 1968. An Outline of Forest Mensuration with Special Reference to Australia. Australian National 

University Press, Canberra. 224 pp. 
Chave, J., Andalo, C., Brown, S., Cairns, J.Q., Chambers, D., Eamus, H., Fromard, F., Higuchi, N., Kira, T., 

Lescure, J.-P., Nelson, B.W., Ogawa, H., Puig, H., Riera, B. and Yamakura, T. 2005. Tree allometry and 
improved estimation of carbon stocks and balance in tropical forests. Oecologia 145: 87–99. 

Gregoire, T.G., Valentine, H.J. and Furnival, G.M 1986. Estimation of bole volume by importance sampling. 
Canadian Journal of Forest Research 16: 554–557. 

Montagu, K., Duttmer, K., Barton, C. and Cowie, A. 2002. Estimating above-ground biomass carbon of 
Eucalyptus pilularis across eight contrasting sites—what works best? International Conference on 
Eucalypt Productivity, 10–15 November 2002. Hobart, Tasmania, pp. 49–50. 

Snowdon, P., Eamus, D., Gibbons, P., Khanna, P., Keith, H., Raison, J. and Kirschbaum, M. 2000. Synthesis of 
Allometrics, Review of Root Biomass and Design of Future Woody Biomass Strategies. National Carbon 
Accounting System Technical Report No. 17. Commonwealth of Australia. 114 pp. 

Specht, A. and West, P.W. 2003. Estimation of biomass and sequestered carbon on farm forest plantations in 
northern New South Wales, Australia. Biomass Bioenergy 25: 363–379. 

West, P.W. 2004. Tree and Forest Measurement. Springer 167 pp. 
Wiant, H.V., Wood, G.B. and Gregoire, T.G. 1992. Practical guide for estimating the volume of a standing 

sample tree using either importance or centroid sampling. Forest Ecology and Management 49: 333–339. 
Wiant, H.V., Wood, G.B. and Williams, M. 1996. Comparison of three modern methods for estimating volume 

of sample trees using one or two diameter measurements. Forest Ecology and Management 83, 13–26. 
Wielinga, B., Brack, C.L. and Waterworth, R. 2002. Fertiliser and irrigation effects on wood density at various 

heights for Pinus radiata. European Journal of Forest Research 127: 63–70. 
Wood, G.B. and Wiant, H.V. 1992a. Test of application of centroid and importance sampling in a point-3P forest 

inventory. Forest Ecology and Management 53: 107–115. 
Wood, G.B. and Wiant, H.V. 1992b.Comparison of point-3P and modified point-list sampling for inventory of 

mature native hardwood forest in SE New South Wales. Canadian Journal of Forest Research. 22: 725–
f728. 



 

I N S T I T U T E  O F  F O R E S T E R S  O F  A U S T R A L I A  N A T I O N A L  C O N F E R E N C E  7 –11  A P R I L  2 013  C A N B E R R A  138

 
Time for a ‘C-change’:  

how is carbon altering forest management practices 
in Australia and across the globe? 

Zoe Ryan 

VicForests, GPO Box 191, Melbourne, Victoria 
Email: zoe.ryan@enviroaccounts.com  

 

 

‘Forest carbon’ is frequently cited as being a ‘new’ market. However, a little-known fact is that the 
first ‘avoided deforestation’ project has been operational in Bolivia since 1997. Australia has been one 
of the pioneers in developing forest carbon projects, with transactions occurring as early as 1999. A 
plantation developed under the Clean Development Mechanism (CDM) of the Kyoto Protocol has 
been active in Brazil since 2002. It is therefore timely to conduct a retrospective analysis of existing 
forest carbon projects.  

This study analyses a series of domestic and international cases in which forest carbon was integrated 
into sustainable forest management practices. It examines how objectives to generate carbon offsets 
resulted in a change to ‘business as usual’ forest management practices, and offers lessons learned for 
forest managers in Australia. The case studies cover a range of forest management types including 
avoided deforestation, improved fire management, plantation establishment and reduced-impact 
logging. 
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Abstract 
The most widely used technique internationally to map and model the benefits of urban forest is i-Tree 
Eco. This study aims to show how remote sensing through hyperspectal imaging and LIDAR can add 
to this tool. LIDAR data is frequently collected by local councils to map topography, for example. 
Sampling along two major highways in Sydney was used to collect both the LIDAR and hyperspectral 
data. These transects cross different suburbs, land uses and different local government areas. A plot 
sample study was made using the i-Tree Eco method. The results show that the Pacific Highway has a 
canopy coverage of 40.3% while Parramatta Road’s coverage is 14.2%. Furthermore, a given tree 
along the Pacific Highway is 1.7 times more effective at removing pollution, 5.0 times more effective 
at saving energy from buildings and therefore 5.0 times more effective at avoiding carbon emissions 
when compared to those along the Parramatta Road. On the other hand, trees along Parramatta Road 
are more effective at sequestering carbon and producing oxygen than those of the Pacific Highway. 
These differences in the value that a given tree will deliver to the urban environment on average are 
reflective of the species planted but also the health of the tree and its age. The discussion focuses on 
how these results can be supplemented using remotely-sensed LiDAR data. Overall we argue that 
local councils can employ these two tools to calculate the impact of planning decisions such as 
increasing development density and to set priorities for more effective environmental decision-
making. 

Introduction 
Sydney’s population is expected to reach six million by 2036, with infill development along existing 
urban corridors containing most of this growth. Eighty percent of Australia’s population now live in 
urban areas that will be affected by peak oil prices and climate change, particularly rising temperatures 
and urban heat islands. A number of measurement tools exist to analyse the contribution that urban 
trees can have in mitigating the effect of these changes on urban areas. i-Tree Eco is one of the most 
prominent of these measurement tools and is based on the Urban Forest Effects (UFORE) model 
developed by the US Department of Agriculture Forest Service (Nowak et al. 1996; Nowak and Crane 
2002). i-Tree Eco can model the urban forest’s rate of carbon sequestration, air pollution mitigation 
and energy savings. It employs field measurements, typically using a sample of randomised plot 
measurements over the whole of a city’s area, stratified by land use.  

Remotely-sensed data such as LiDAR is also a well-known tool for measuring trees. Unlike i-Tree Eco 
it requires little fieldwork. While some studies in Australia have used LiDAR data for tree stem and 
crown mapping, forest structure quantifying, biomass calculation and species classification (Moffiet et 
al. 2005; Lucas et al. 2006; Tickle et al. 2006; Lee and Lucas 2007), in urban areas LiDAR has been 
used for extracting urban features (roads, buildings, etc.) and land cover classification. Few studies 
focus on tree detection, tree height measuring and urban green volume estimation in urban areas (Imai 
et al. 2004; Secord and Zakhor 2007; Sugumaran and Voss 2007; Hecht et al. 2008). However, little 
work has been done to use LiDAR-derived parameters to estimate environmental benefits of urban 
forest.  
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This research fits in with a broad concern to understand the adaptability and usability of these 
measurement tools and models to Australasian conditions. For example, Cavanagh and Clemons 
(2006) note the limited applicability of Northern Hemisphere studies and models because of their 
reliance on deciduous tree species. Brack and Richards (2002) discuss the influence of the Australian 
climate (especially drought) on the accuracy of the internationally available models. Saunders et al. 
(2011) used UFORE in 2008 to examine the benefits of trees on public land in western Perth. More 
recently, work by the arboricultural and environmental consultants ENSPEC, partially funded by the 
Nursery Garden Industry of Australia (NGIA), has produced Version 5 of i-Tree Eco that is adapted to 
Australian conditions. 

There are several reasons why it is important to adapt these tools to Australian conditions. Australian 
cities, and especially the Sydney metropolitan area, are fragmented in their land cover and their 
governance. There is no metropolitan governance: rather, Sydney—like most Australian capital 
cities—is fragmented into a large number of local governments. State involvement in planning is 
highly contingent. For example, the major physical infrastructure of major highways receives 
attention, being of strategic importance for the state government, while planning for green 
infrastructure is left to local governments and private individuals. Yet the areas of urban forest that are 
typically under threat from urban development lie along the major highways of the city. Here, trees 
provide a significant amount of value through removing the pollution generated by commuter traffic. 
Trees along these corridors are under threat from urban consolidation and densification (Ruming et al. 
2012). 

Trees along the major infrastructure routes such as highways are critically important, but their 
management is fragmented. We have taken this into account through our research. Our sampling sites 
of the Pacific Highway and the Parramatta Road run through a total of 5 and 10 local government 
authorities (LGA) respectively.   

While a great deal of research exists internationally on urban forests, so far no peer-reviewed study 
has compared the usability of i-Tree Eco and remotely-sensed methods to measure the environmental 
benefits of urban forests. This is important for local governments who need to decide to invest either 
in extensive field work or remotely-sensed data-gathering in order to better manage their green asset 
and build resilient liveable communities.  

The aim of this research was to compare the information about urban trees that can be obtained from 
remote sensing (LiDAR) and i-Tree Eco survey of the same linear sample. While it is inevitable that 
both techniques will produce different results, we wish to explain more broadly which technique can 
be applied in which instance and why. This paper presents some preliminary results from the i-Tree 
Eco and LiDAR surveys. 

Method 

Sampling method 
To compare both remotely-sensed and i-Tree techniques it was necessary to use a linear sampling 
method. LiDAR and hyperspectral data was collected by aeroplane along both corridors. The path 
width and line was then used to sample according to the i-Tree Eco manual (i-Tree, n. d.).  

Two major highways, Pacific Highway and Parramatta Road, were selected as sampling sites. The 
Pacific Highway selection corridor was 19 km in length, from North Sydney to Hornsby on Sydney’s 
north shore. Land use activity varied extensively and included the business district in the North 
Sydney local government authority (LGA) through to suburban land use in the LGAs of Lane Cove, 
Willoughby, Ku-ring-gai and Hornsby. The selection corridor along Parramatta Road was 11 km in 
length, from Central Sydney heading west to Parramatta. This corridor was comprised of more densely 
urbanised LGAs of Sydney, Marrickville, Leichhardt, Ashfield, Burwood, Canada Bay, Strathfield, 
and the more industrial areas of Auburn, Lidcombe, Parramatta and Holroyd (see Fig. 1).  
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Figure 1. Map of the study sites. Prepared by 
S. Yung, University of Technology Sydney 
(UTS); Data source Australian Bureau of 
Statistics (ABS) 2006 

 

i-Tree methodology  
i-Tree Eco 5 was used in this study to quantify the environmental services that trees provide, which is 
suitable for the Australian context. The main steps of the research method are: 

1. Determination of an ‘Area of interest’ 
A GIS map layer on the project boundary was created with complete project area data such as spatial 
distribution of different land use categories. The land use layer was trimmed using the area of 
hyperspectral data that had been captured to form the AOI (Area of interest). The spatial features of 
both AOIs were analysed to estimate the important attributes of the two study areas. 

2. Stratification  
The study areas were stratified using a ‘pre-stratification by land use’ approach. For the stratification 
by land use, three major land uses were adopted: ‘Residential’, ‘Commercial’ and ‘Institution, 
Recreation and Other uses (IRO)’. The task was done using GIS and assigning stratification names and 
remarks into two separate columns in attribute tables of the property polygon layer, according to land 
uses on zoning maps from various Local Environmental Plans and Planning Schemes. 

3. Sampling of plots  
Following the i-Tree Eco methodology, the plot size used was 0.1 acre (0.04 ha) with 20 plots in each 
stratum, providing a total of 60 plots along the Pacific Highway corridor. Thirty plots were sampled 
proportionately in the three strata along the Parramatta Road corridor. These plots were randomly 
generated from each stratum using ArcGIS following i-Tree Eco guidelines. The sampling method was 
discussed with i-Tree Eco staff to further confirm the appropriateness of the method. A buffer area 
with a radius of 11.34 m around the sampled plot was then generated as the plot boundary. Selection 
criteria for sample plots were:  
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• sampled plots should lie within LiDAR/Hyper spectral coverage in order to complement the 
data derived from the parallel analysis using remote sensing data 

• plots with no trees were discarded through cross checking and superimposition with aerial 
photo imagery with plot boundaries.  

4. Nil/negligible risk ethics approval  
In addition, and in accordance with university protocols, a nil/negligible risk ethics approval from 
Human Research Ethics Committee (HREC) was obtained prior to conducting the field work. Before 
starting field work, permission to access private properties for data collection was obtained via 
telephone, email or other personal communication. 

5. Field survey 
Field work was conducted following the i-Tree Eco manual and guidelines (i-Tree, n. d.). The field 
crews used handheld GPS accompanied with plot maps to accurately locate the plot centres. The data 
was first recorded in paper form and then manually typed into the i-Tree Eco application. Tree 
specimens were collected and identified by the Plant Identification Service Team in the Royal Botanic 
Gardens, Sydney.  

6. i-Tree data input and analysis 
A total of 332 trees (250 trees along Pacific Highway and 82 trees along Parramatta Road) across 91 
plots along the two corridors were surveyed between July and December in 2012. Field data were 
incorporated in i-Tree Eco data input system and submitted for analysis to the USDA. 

7. LiDAR methodology 
In parallel with the data collection according to the i-Tree Eco manual, an aerial survey was conducted 
along the same routes. The aerial survey collected LiDAR point clouds for the study area and 
hyperspectral data. The data were then processed by building digital surface models (DSMs) from 
LiDAR points, digitising the buildings and identifying evergreen and deciduous species using the 
hyperspectral data. Then the DSMs with trees, evergreen trees and no trees were produced for 
potential solar radiation analysis. This process was to enable a more precise understanding of the 
impact of shading by the trees on surrounding buildings. 

Results 
This research produced important results that are presented below (see Table 1). First, comparisons are 
presented of the urban forest structure and composition for the two highway corridors. Second, 
specific results relating to each method are presented, leading to a discussion and conclusions about 
urban forestry and its relationship to urban amenity and the ability to contribute to important issues 
such as climate change adaptation. 

Urban forest structure and composition 
An initial comparison of both sites in Table 1 indicates that the Pacific Highway has a much larger 
coverage of trees when compared with Parramatta Road (40.3% versus 14.2%). This means that at a 
basic road or kilometre-by-kilometre comparison, the Pacific Highway performs better. While it is 
always desirable to have more trees, the urban forest along the Pacific Highway corridor is also adding 
more value per tree than does its Parramatta Road counterpart across most factors. It is in the areas of 
pollution removal and building energy savings (and therefore avoided carbon emissions) where the 
biggest differences between both sites are seen. The trees along the Pacific Highway are 1.7 times 
more effective at removing pollution when compared to those along the Parramatta Road. Building 
energy savings are 5 times higher for the Pacific Highway than for the Parramatta Road. On the other 
hand, a single tree along Parramatta Road is (1/0.7= 1.4) times more effective at sequestering carbon 
than a tree along Pacific Highway. The value for oxygen production is very low, so this has been 
discounted. 
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Table 1. Comparison of the i-Tree Eco results for both sites 

Items Pacific Highway  
(19 km sample length) 

Parramatta Road  
(11 km sample length) 

Effectiveness of a single 
tree on average on the Pac. 
Hwy compared to Parr. Rd* 
(as a multiple)*  

Number of trees 30,500 9580 N/A 
Tree cover 40.3% 14.2% N/A 
Top three most 
common species** 

1.Syagrus romanzoffiana 
(queen palm) (10.5%) 
2.Camellia reticulata (9.8%) 
3.Eucalyptus saligna 
(Sydney blue gum) (9.2%) 

1.Eucalyptus paniculata 
(grey ironbark) (14.0%) 
2.Callistemon viminalis 
(weeping bottlebrush) 
(9.8%) 
3.Eucalyptus microcorys 
(tallowwood) (9.7%) 

N/A 

Pollution removal  11 tonnes/year  
(A$5.22 thousand/year) 

2 tonnes/year 
(A$857/year) 

1.7 

Carbon storage 71,700 tonnes 
(A$1.65 million) 

22,600 tonnes 
(A$520 thousand) 

1.0 

Carbon 
sequestration 

1220 tonnes/year  
(A$28.0 thousand/year) 

573 tonnes/year 
(A$13.2 thousand/year) 

0.7 

Oxygen production 2120 tonnes/year  1060 tonnes/year 0.6 
Building energy 
savings 

A$55.7 thousand/year A$3.49 thousand/year 5.0 

Avoided carbon 
emissions 

A$8.85 thousand/year A$547/year 5.0 

Structural values A$640 million A$206 million 1.0 
* The multiplier was calculated by dividing the results for the Pacific Highway and the Parramatta Road by each of their 
estimated number of trees and then dividing the result for the Pacific Highway by that for the Parramatta Road. This allows 
the comparison of the average individual effectiveness of a single tree in removing pollution removal and other factors. 
Where the number is >1 the Pacific Highway tree is more effective; where it is <1 the Parramatta Road tree is more 
effective. 
** In both sample sites ‘Other’ trees constituted the highest proportion of trees, with Pacific Highway at 44% and 
Parramatta Road at 28% 
Carbon storage: the amount of carbon bound up in the above-ground and below-ground parts of woody vegetation 
Carbon sequestration: the removal of carbon dioxide from the air by plants 
Carbon storage and carbon sequestration values are calculated based on A$23 per tonne. 
Structural value: value based on the physical resource itself (e.g., the cost of having to replace a tree with a similar tree) 
Pollution removal value is calculated based on the prices of A$23 per tonne (carbon monoxide), A$673 per tonne (ozone), 
A$673 per tonne (nitrogen dioxide), A$471 per tonne (sulphur dioxide), A$185 per tonne (PM10) 
Energy saving value is calculated based on the prices of A$37.3 per MWH and A$2.97 per MBTU (i-Tree, n. d.)  
 

A large amount of data is produced from the i-Tree software that can also show differences between 
sites. Firstly, the most prevalent species along the Pacific Highway is Syagrus romanzoffiana (queen 
palm) which typically has a sparse canopy. The i-Tree Eco model, however, calibrates the importance 
of this tree by adding the percent leaf area and the species percentage. This means that trees such as 
the third most-prevalent species, Eucalyptus saligna (Sydney blue gum), which are larger and have a 
denser canopy and a higher leaf area, contribute proportionately more to pollution removal and 
building energy savings. Saunders et al. (2011) also note the importance of the leaf area index in 
contributing to the importance of a tree species, as shown by the UFORE model. In their study they 
found that Araucaria heterophylla (Norfolk Island pine) and other species with small needle-like 
leaves were most effective at removing pollution.  

In general the institutional, recreational and other (IRO) land uses are where the greatest density of 
trees is found (112 tree/ha for Pacific Highway and 92 tree/ha for Parramatta Road). It is in these 
schools, parks and other open spaces such as hospital grounds where trees are able to flourish and 
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where a large amount of control can be exerted on planting and maintenance by governmental 
authorities. Along the more urbanised Parramatta Road corridor, trees on IRO lands constitute islands 
of native vegetation. Along the Parramatta Road corridor, the IRO tree density is significantly higher 
than for residential land uses (92 tree/ha compared with 42 trees/ha residential), whereas along the 
Pacific Highway the residential tree density is comparable to the IRO tree density (110 tree/ha).These 
numbers point to where the trees are planted along both roads: predominantly on residential and IRO 
land uses on the Pacific Highway corridor, predominantly on the IRO land use on the Parramatta 
corridor. A consideration of the land use is important since this will affect the overall management of 
the urban forest canopy. 

Implications for state and local government from the i-Tree Eco analysis 
The results point to some areas where the local governments can take action along both sample sites. 
Firstly, along the Pacific Highway corridor, given the significant role that communities have to play in 
urban forests, the data from this study can be used to inform and educate the population about the 
value of vegetation. Comparisons between the studied species can be used to highlight preferred 
species based on attributes such as carbon sequestration, pollution removal and provision of shade 
through a greater leaf area. Secondly, along the Parramatta Road corridor there is a clear need to 
recognise the importance that institutional and recreational open spaces provide as sites for growing 
trees. The benefits of urban forest cover are mainly located on these land uses.  

In 2012 the NSW State Government released the ‘State Infrastructure Strategy’ for NSW 
(Infrastructure NSW 2012). One of the areas targeted for redevelopment is the Parramatta Road, which 
is planned to be redeveloped as ‘WestConnex’, an extension of the M4 motorway that will connect 
with M5 East via the Sydney International Airport. The report describes WestConnex as ‘more than a 
motorway. It is a scheme designed to act as a catalyst to renew and transform the parts of Sydney 
through which it passes’ (Infrastructure NSW 2012, p. 88). Much of the ‘Design Considerations’ in the 
plan are devoted to justifying the proposed design of a ‘slot-road’ which is a cheaper alternative to a 
tunnel. However, the proposal includes a sketch of this slot-road with a large amount of greenery and 
planting buffering a projected corridor of high-density buildings from the pollution and noise of the 
motorway (Infrastructure NSW 2012, p. 89). Given the controversy that the strategy generated on its 
release, it is debatable whether or which parts of WestConnex will eventually see the light. However, 
the present study provides a basic understanding of the value of the greenery along the Parramatta 
Road and proposes the Pacific Highway to act as a potential benchmark for this development, with i-
Tree being used as a guide for offsetting some of the effects of the slot road and enabling it to reach 
vaunted goal as a catalyst for re-development.  

LiDAR and hyperspectral data preliminary results 
Given the importance of the energy savings that urban forests can deliver through shading, LiDAR 
data was used to calculate more precisely the impact of shading from the trees in winter (21 June) and 
summer (21 December) when compared with the i-Tree model (see Fig. 2).  

Figure 2 and Table 2 present preliminary LiDAR data.. According to this small sample site the trees 
can reduce the incident solar radiation by 20% across the entire study area and by 8.6% across 
building roofs. These figures indicate that it is possible to calculate the impact of such a reduction in 
incident solar radiation on building energy saving. 

Discussion and conclusions 
These results illustrate the impacts that urban trees can have on urban amenity. The i-Tree Eco survey 
provides some clear indications of differences between two major highways in Sydney in terms of the 
pollution removal by trees and building energy savings. It is important to note some of the reasons 
why the site selection is likely to underestimate these figures. Firstly, i-Tree Eco pollution removal 
figures are based on the background pollution source. With the studied trees being located along two 
major highway corridors, however, it is possible that the actual value generated by the pollution 
removal was significantly higher than estimated. 
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Figure 2. : Preliminary results showing the effect of tree shading on two sample sites along the Pacific Highway 
corridor. Prepared by M. Wang, Macquarie University 
 
Table 2. Difference in the solar radiation calculated from the LiDAR (Fig. 2)  

Summer solar radiation (all figures in WHm–2day–1)* 
Subject area 

No trees Trees Decrease of potential 
solar radiation 

Whole study areas 4627 3676 951 
Building roof areas 4881 4459 422 
 

Winter solar radiation (all figures in WHm–2day–1) 
Subject area 

No trees Trees Decrease of potential 
solar radiation 

Whole study areas 980 707 273 
Building roof areas 1154 1006 148 
*WHm–2day–1: Watt hours per metre square per day. The number of watt-hours that accumulate over the course 
of a day hitting a surface of 1 m–2. A heater typically uses 1000 watts in one hour of use. 
 

The most striking differences between the two sites is shown in the building energy savings. Here we 
propose a way that LiDAR can be used to provide an understanding of why these differences exist, 
through a detailed analysis of the buildings along both roads and the amount of shade that the trees 
offer.  

Further detailed analysis is required to explore the differences between the two sites and provide 
guidelines for LGAs in planting, maintenance and community education. In addition, research on the 
social and cultural factors that determine different tree planting will also inform the reasons for the 
differences between the sampling locations. The significant differences between the benefits generated 
in these two cases by the trees in relation to carbon uptake, storage and potential release are dependent 
on various tree and shrub variables (e.g. crown height, crown diameter and diameter at breast height), 
age, species, total tree canopy cover and quality of the environment. Appropriate planning policies and 
urban tree strategies will therefore be essential for efficient planning and maintenance of these urban 
areas in the future.  
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