	
	


Review of the science relevant to the sustainable use of native and plantation forest-harvesting residues for energy production in Tasmania 

Client:  Forestry Tasmania, National Power, John Holland Development and Investments

[image: image1.png]3 W N




Authors:  R J Raison, M U F Kirschbaum, R J McCormack

CSIRO Forestry and Forest Products

P M Attiwill, University of Melbourne

A M M Richardson, University of Tasmania

Final Report

31 May 2002

Table of Contents

iiiExecutive Summary


ivSynthesis and Recommendations


1Background


1Definitions of terms as they are used in this report


4Review of Key Issues


41.  Nature of the Fuelwood Harvest


62.  Planning at Landscape and Harvest-Area Scales


103.  Protection of Soil Physical Properties and Water Values


134.  Regeneration of Eucalypts


165.  Nutrient cycling and forest growth


246.  Biodiversity of Plants


287.  Role of Coarse Woody Debris in the Conservation of Biodiversity


388.  Greenhouse Gas Balances


63Discussion of requirements for obtaining Renewable Energy Certificates (RECs)


64Research and Development Needs



 













































































































































































































Executive Summary

This report reviews the science relevant to the sustainable use of residues from Tasmania’s wet eucalypt forests for energy production.  Extraction of fuelwood is a new activity in these forests, and as a consequence there are uncertainties associated with the economic supply of fuel, the nature and intensity of harvest on particular logging units, and the impacts of the operation on a range of environmental values.  The fuelwood resource is highly spatially variable as a result of prior fire and logging history, and will vary over time because of changing cutting patterns and rates of conversion of native forest to plantations.

Existing planning procedures seem adequate for the broad assessment of the availability of fuelwood during the initial years of major new projects such as the Southwood power plant.  However, there is a need to strengthen the planning system to provide better estimates of the nature of fuelwood on individual harvest units, and for predicting the distribution of coarse woody debris (CWD) habitat across the total forest estate.
Harvest of fuelwood has the potential to limit the successful regeneration and early growth of eucalypts because of increased soil physical disturbance, and lower fire intensities resulting from fuel removal.  We believe that both of these potential risk factors can be adequately managed.
Provided that harvesting operations are carefully controlled to minimise topsoil disturbance, and that regeneration is achieved rapidly, then site productivity and the diversity of vascular plants can be maintained.  Retention of undisturbed ‘islands’ to protect habitat within logging units, and return of ash to forest sites will help mitigate the impacts of fuelwood harvest.

The continuity of CWD habitat is interrupted by the clearfall, burn and sow (CBS) silvicultural system, and harvest of fuelwood may exacerbate the problem.  An interim, ‘precautionary’, approach to management of CWD is proposed that involves:

· In the short-term, development of management guidelines for some CWD retention and its creation into the future.  These should focus on the logging-unit scale, and the larger (>1m diameter) components of both existing CWD and defective green bolewood.

· In the medium-term, development of estimates of temporal and spatial change in CWD that can guide the management of CWD spatially in the landscape.

Consideration should be given to making the Forest Practices Board responsible for the review and approval of plans for CWD management at landscape scales.

The effect of fuelwood harvest on the greenhouse gas balance of all harvesting scenarios examined was highly positive, and was dominated by the offset of fossil fuel emissions during the generation of electricity.  There is likely to be only a small difference in the C stock in the forest as a result of fuelwood harvest over a 80-100 year forest rotation.  Harvesting of fuelwood may also lower emissions of non-CO2 greenhouse gases.

Synthesis and Recommendations
This report reviews the science relevant to the sustainable use of residues from Tasmania’s wet eucalypt forests for fuelwood.  Eight key issues were identified, and these were analyzed in terms of:

· importance for sustainable forest management

· state of knowledge

· current approaches to managing the issue

· options for addressing perceived deficiencies, and

· recommendations for improved forest planning and management.

The review, whilst focusing on issues generic to the wet eucalypt forests, does also include a detailed greenhouse gas (GHG) analysis using the Southwood project as a case study.  Temporal change in forest C stocks is modeled following harvest of ‘mature’ forest, 90 year-old regrowth, and eucalypt plantation forests.

Harvesting of fuelwood is a new activity in Tasmania’s wet eucalypt forest, and as a consequence there are uncertainties associated with the economic supply of fuel, the nature and intensity of harvest on particular coupes, and the impacts of removal on environmental values.  The fuelwood resource is highly variable spatially as a result of previous site history, and temporally because of changing cutting patterns and conversion of native forests to plantations.  In particular, the impacts of residue removal on biodiversity at both the logging-unit (coupe) and landscape scale are poorly understood.  The continuity of coarse woody debris (CWD) habitat is interrupted by the clearfall, burn and sow (CBS) silvicultural system, and harvest of fuelwood may exacerbate the problem.  There are several options for mitigating the effects of fuelwood harvest on CWD habitat that are discussed in the report, and summarised in the set of recommendations that follow.

Whilst existing planning procedures seem adequate for broad assessment of the availability of fuelwood during the initial years of major new projects such as the Southwood power plant, the planning system needs to be strengthened to provide better estimates of the nature of fuelwood on individual harvest-units, and for modelling CWD habitat across the total forest estate (Recommendations 1 and 2).

Harvest of fuelwood has the potential to create two sets of conditions that could limit the successful regeneration and early growth of eucalypts: greater soil physical damage as a result of increased harvesting traffic, and lower fire intensities because of fuel removal.  We believe that both of these potential risk factors can be adequately managed.  Review of the success of eucalypt regeneration following very heavy pulpwood harvesting in the 1980s, and further development of visual techniques for monitoring soil disturbance, are suggested as ways of managing these risks (Recommendations 3 and 4).  

Intensified harvest of biomass can lower soil fertility, and where topsoil is severely disturbed can prevent regeneration of understorey plants from rootstocks.  We conclude that provided operations are carefully controlled to minimize topsoil disturbance, and that regeneration is achieved rapidly, then site productivity and the diversity of vascular plants can be maintained (Recommendations 5, 8).  Consideration should also be given to further evaluation of the value of undisturbed ‘islands’ for protecting habitat within logged areas, and of returning ash to forest sites to help maintain soil fertility (Recommendations 6, 9, 7).
Since harvesting operations will regenerate much more (~30-70%) residue than is required to supply the Southwood power plant, there are options to vary both the nature (quantity and composition) of fuelwood harvest, and the location of harvested areas in the landscape. 
We propose a dual approach to the management of CWD over time:

1. In the short-term, development of management guidelines for CWD retention and for creation of CWD into the future, that are mainly applied at the logging-unit scale (Recommendations 12 and 13).
2. In the medium-term, development of simple models that estimate temporal change in CWD habitat over the entire (production and conservation) wet forest estate.  These should be used to help guide the management of CWD spatially in the landscape (Recommendation 11).

These interim approaches suggested for the management of CWD could be seen as ‘precautionary’ until a more solid scientific base is established.  Emphasis should be given to retention of the larger (> 1m diameter) components of both existing CWD and defective green bolewood, because these will be more long-lived and will be in short supply under CBS silviculture and 100-year forest harvest cycles.

Consideration should be given to making the Forest Practices Board responsible for the review and approval of plans for CWD management at landscape scales. (Recommendation 14).  

Several high priority research topics relating to CWD have been identified; the most important relate to the rates of decay of existing CWD and large components of logging slash, and to the dispersal capacities of representative log-dependent biota.

The overall GHG balance of the several managed forest systems examined is highly positive and is dominated by the saving due to the offset of fossil fuel emissions during generation of electricity.  There is likely to be only a small difference in the carbon stock in the forest as a result of fuelwood harvest using a framework of a 80-100 year forest rotation.  This is due to a slight reduction in the C stock in coarse woody residues and soil C.  However, conversion of mature forest to regrowth forest managed on a 100-year rotation, results in significant loss of the forest C stock (~200t C/ha), mainly because trees in regrowth forests are prevented from reaching the size of trees in mature forests. 

Harvesting of fuelwood may also result in reduced emissions of non-CO2 GHGs, because combustion in the power plant is often cleaner than the incomplete combustion in forest fires that can lead to release of significant amounts of methane.  Further research is proposed to clarify this issue (Recommendation 15).
Some other important R&D needs are summarised at the end of the Report.  

Recommendations

Planning

Recommendation 1.   Procedures should be developed within 3 years of the commencement of fuelwood harvesting to provide adequate estimates of the availability and characteristics of energy-wood at the coupe level to support resource planning and management of CWD stocks.
Recommendation 2.  Procedures should be developed within 3 years of the commencement of fuelwood harvesting for modelling the CWD resources in both harvested and reserved forests for time periods exceeding at least one rotation.  These findings must be incorporated in assessments of harvest schedules to establish that required long-term CWD habitat is recruited and maintained. (See also Recommendations 11 and 14).  
Protecting Soil Physical Properties and Water Values

Recommendation 3.  Further development of the visual assessment methods proposed by Pennington and Laffan (2001) for monitoring the effects of harvesting intensity on soil disturbance should be undertaken.  The method requires calibration of visual ratings to important soil physical change for major soil types and harvesting systems.

Regeneration of Eucalypts

Recommendation 4.  Regeneration success on areas subjected to very high pulpwood removals in the 1980s be reviewed and used as a guide to the possible effects of proposed harvest of fuelwood on regeneration.  Further, regeneration success be carefully monitored or areas subjected to harvest of fuelwood, especially those areas where harvest is most intensive, so that measures can be quickly taken to remedy any problems that may arise.

Nutrient Cycling and Forest Growth

Recommendation 5.  Existing guidelines should be further developed to ensure that, in general, and particularly on the most intensively-harvested coupes:

Wood extraction continues to be planned so that soil disturbance is limited and soil organic matter is maintained over most of the coupe;

Regeneration is rapid and optimal so that nutrient cycling processes are rapidly re-established;

Nitrogen-fixing species (e.g. wattles) are established early in the regenerating forest.

Recommendation 6.  Research at the Warra LTER site should be continued so as to provide an assessment of the value, through the maintenance of organic matter, of leaving undisturbed patches in coupes harvested for energy-wood. This recommendation is in consort with Recommendations 9 and 14.
Recommendation 7.  Practical and safe procedures be explored and developed for returning ash to forest sites.
· 
· 
· 


Biodiversity of Vascular Plants

Recommendation 8.  Extraction techniques should continue to be planned so that topsoil is maintained intact wherever possible, thereby ensuring that regeneration of understorey species both from seed and from root-stocks is maximized.

Recommendation 9.  The value of undisturbed patches that maintain some proportion of a coupe in a relatively undisturbed state, for maintaining plant diversity should continue to be evaluated. This Recommendation is in consort with Recommendations 6 and 14.

Recommendation 10. Studies of change in plant species composition and frequency after current and proposed logging regimes should continue.



Role of CWD in the Conservation of Biodiversity

Recommendation 11. The dynamics of CWD be modelled at the landscape level to establish how the stock and size structure vary over time across forest types, productivity classes and geographical locations. This information should be used to reduce or avoid fuelwood harvest, and/or increase rotation length beyond 80-100 years, in selected areas so as to create zones (nodes) of forest rich in large diameter CWD that are linked throughout the harvested forest.

Recommendation 12. Guidelines for retention of CWD be developed that give priority to large (> 1m diameter) decayed logs (existing habitat) and defective green sections of harvested trees (which during decay will create a new suite of habitat).  The guidelines should specify a minimum quantity (volume/ha) for retention that could be varied according to characteristics (e.g. landscape position) of the harvest unit.  Where sufficient material of >1m diameter exists, the harvest of other fuelwood could be high. Coupes to be converted to plantations should be subjected to intensive fuelwood harvest.  
Recommendation 13. Silvicultural techniques be further developed for aggregated habitat retention on logging coupes.

Recommendation 14.  The Forest Practices Board consider developing guidelines for planning the management of CWD at landscape scales, and a role in the review and approval of such plans. 



Greenhouse Gas Balances

Recommendation 15.  The use of fuelwood is likely to have considerable greenhouse benefits. However, because of the large contribution of non-CO2 greenhouse gases to total greenhouse gas balances, further research to better quantify non-CO2 emissions under a range of field burning conditions is warranted.

Background

Forestry Tasmania, John Holland Development and Investments (JHDI), and National Power (NP) have been examining the feasibility of wood-fired power from forest residues at a range of sites in Tasmania.  Some conservation groups have opposed the use of forest residues for bioenergy, particularly residues derived from native forests.  There is a need for factual information on the issues relating to energy production from wood that can inform all stakeholders and assist public debate.

To further scientific input, Forestry Tasmania (also acting on behalf of JHDI and NP) contracted CSIRO Forestry and Forest Products to assemble a suitably qualified team and to undertake a review of the science relevant to the sustainable use of residues from wet forest (see Map 1) in Tasmania.

The specific objective of the task was to: ‘review the science associated with using native and plantation forest harvesting residues as fuel for electricity production and produce a detailed report on the findings’.  

The scope of the review was:

· limited to the economic recovery and use of energy from residues arising from native and plantation forest operations in Tasmania managed in compliance with the Tasmanian Forest Practices Code, relevant District Forest Management Plans, and the Regional Forest Agreement, Tasmania.  The review also took account of prescriptions proposed in addition to the Forest Practices Code to mitigate the effects of forest harvesting.

· to include an assessment of the implications for:

· net greenhouse gas emissions taking into consideration current forest management regimes and potential future management regimes, including conversion of native forest to plantations and the long-term management of those plantations.

· ecological sustainability as defined in Regulations 7 and 8 of the Renewable Energy (Electricity) Regulations 2001 taking into consideration current forest management regimes and practices including those set out in the Tasmanian Forest Practices Code 2000.

· to document the science currently available that is relevant to the topic

· confined to analysis of Tasmania’s wet eucalypt forests (Map 1), and the use of the proposed Southwood project and its associated forest catchment (Map 2) as a case study for quantitative analysis of greenhouse gas (GHG) balance.  To facilitate this analysis, Forestry Tasmania provided the consultants with an agreed set of data (Tables 1 a, b and Section 8) on forest biomass, harvest removals, fuel characteristics, and growth rates for native regrowth forests and plantations.

The review team, and their associated expertise, comprised:

Dr John Raison, CSIRO (Project Manager) – soils, forest ecology

Dr Bob McCormack, CSIRO – forest planning and operations

Dr Miko Kirschbaum, CSIRO – greenhouse science

Dr Peter Attiwill, University of Melbourne – nutrient cycling and forest growth, biodiversity of vascular plants

Dr Alastair Richardson, University of Tasmania – zoology, biodiversity of invertebrates and non-vascular plants.

The team was ably assisted by staff from Forestry Tasmania  and by Dr Mark Burgmann (University of Melbourne) who commented on aspects of biodiversity conservation relating to coarse woody debris.

The review process consisted of:

· a detailed briefing by senior staff from Forestry Tasmania and the Forest Practices Board.

· a field visit to the proposed Southwood project site and a range of relevant forest operations located nearby.  This involved discussions with Forestry Tasmania field staff, and representatives of the proponents of the Southwood bioenergy plant.

· a 2-day workshop to discuss critical issues and draft recommendations.

· incorporation of feedback from the clients on a draft report prepared by the consultants.

· preparation of the final report.

Table 1(a)  Commercial and residue components assessed for fuelwood utilisation in coupes in the Southwood Catchment (m3 / ha, green or wet)

	Components
	Mature
	Multi Aged 
	Regrowth
	Source

	Standing Non Merchantable Volume (Green)
	324
	259
	174
	FI - Sum of branch, stem, stumps, non merchantable timber.

	Dead Standing
	12
	35
	42
	CFI (1)

	Understorey (4)
	38
	12
	16
	FI

	Downers (Fuel)
	256
	191
	183 (3)
	FI, CFI (2), ML less dead standing estimate

	Downers (Residual)
	94
	75(3)
	75(3)
	FI, CFI (2) ,ML

	Merchant Volume Sawlog (5)
	80
	74
	67
	W

	Merchant Volume Pulpwood (5)
	392
	376
	333
	W

	Total Biomass
	1196
	1022
	890
	


Notes

FI = Fuelwood Inventory 2002 – Report on potential post harvest residue levels following clearfelling in Tasmanian native forests (Forestry Tasmania, unpubl.)  (Huon & Derwent, excluding Murchison data) 

ML = Biomass assessment by Murray Lawrence

CFI = (1) CFI plot analysis 1999 

       = (2) CFI plot analysis April 2002

W = Strategic volumes from Woodstock model used for 2002 wood review.

(3)  Derived from a combination of sources.

(4) Stems > 10 cm

(5) For 100% clearfall areas only
Table 1(b) Dry weight (tonnes/ha)

	Components
	Mature
	Multi Aged 
	Regrowth
	Source

	Standing Non Merchantable Volume (Green)
	175
	140
	94
	FI - Sum of branch, stem, stumps, non merchantable timber.

	Dead Standing
	9
	26
	31
	CFI (1)

	Understorey (4)
	21
	6
	9
	FI

	Downers (Fuel)
	138
	103
	99 (3)
	FI, CFI (2), ML less dead standing estimate

	Downers (Residual)
	51
	41(3)
	41(3)
	FI, CFI (2) ,ML

	Merchant Volume Sawlog (5)
	43
	40
	36
	W

	Merchant Volume Pulpwood (5)
	212
	203
	180
	W

	Total Biomass
	649
	559
	490
	


Conversion Factor tonnes/m3 = 0.54 (Source Farm Forestry Toolbox).

Except Dead Standing Trees = 0.74                                     

Definitions of terms as they are used in this report

Wet eucalypt forest

Wet eucalypt forest is a Tasmanian term used to define forests dominated by species such as Eucalyptus regnans, E. delegatensis or E. obliqua. Wet eucalypt forests are called mixed forest where there is a dense understorey of rainforest species, or wet sclerophyll forest where there is an understorey of a variety of broad-leaved shrubs and trees.

Coarse woody debris (CWD)

Coarse woody debris includes all of the larger pieces of wood that have fallen (trees, large branches) or have been created (stumps left from broken trees) through natural processes in a forest. CWD is an ecologically-derived term that draws attention to the processes of death and decay through which habitat is provided for forest plants (lichens, mosses etc) and animals. CWD is therefore an important component of habitat and diversity.

Debris following timber harvesting obviously has not formed from ecological processes. In production forestry, this debris is called residual wood, logging debris, or slash, some of which could be managed so that it becomes CWD.

Mature forest

Mature forest is forest dominated by eucalypts that regenerated after a single, major disturbance such as fire more than 110 years ago.

Multi-aged forest

Multi-aged forest is forest dominated by eucalypts that regenerated after a series of 2 or more surface fires that allowed regeneration, thereby resulting in 2 or more age classes.

Regrowth forest

Regrowth forest is forest dominated by eucalypts that regenerated after fire or logging less than 80-100 years ago.

Fuelwood

Fuelwood is wood that is not suitable for sawlogs or pulpwood; energy-wood is therefore residual wood, some of which can be harvested for energy production.
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Map 1 - Distribution of wet eucalypt forest in Tasmania 

Please note:  (1) Bruny Island and the Tasman Peninsula are not part of the proposed Southwood fuelwood supply area.  (2)  Areas in Reserves are not available for harvesting.  (3) This is a colour map - the Bioregion and catchment boundaries will be difficult to distinguish on a black & white version.

Map 2 - Land tenure in the Southern Ranges Bioregion and Southwood catchment 
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Please note:  (1) Bruny Island and the Tasman Peninsula are not part of the proposed Southwood fuelwood supply area.  (2)  Areas in Reserves are not available for harvesting.  (3) This is a colour map - the Bioregion and catchment boundaries will be difficult to distinguish on a black & white version.



Review of Key Issues

1.  Nature of the Fuelwood Harvest

Recovery of fuel wood material will increase the level of wood removal from harvested sites.  This potentially has a number of site impacts, e.g. on residual habitat, soils, regeneration, depending on the extent of additional removals, the intensity and management of operations and the types of technology employed.  These impacts are considered elsewhere in this report. 

These operations have not yet started, and the technologies to be employed have not been definitively specified.  It must also be noted that an important new low impact logging technology, based on the cording of snig tracks with small residual trees and debris has been developed in this region to overcome the difficulties associated with wet weather operations.  Research indicates that where this system is applied, site impacts are considerably reduced.  

State of Knowledge

The first requirements are to establish a classification of woody material types that might be removed.  In Tasmania’s wet eucalypt forests these categories include:

	Category
	Description

	1
	Material harvested as conventional stems, where either a part or the whole stem is not merchantable as sawlog or pulpwood, and is removed for fuelwood 

	2
	Log material created as off cuts during the sawlog/pulpwood harvest, that is not suited to higher value use 

	3
	Standing dead trees

	4
	Green residues on the harvest area, usually upper stem and large branch material 

	5
	Stumps

	6
	Dead material from earlier harvest or fallen dead stags


Expected Approaches to Harvesting

Most of the fuelwood is expected to be skidded to roadside landings by equipment already on site, or conventional equipment used nearby.  Some specialised equipment, such as residue bins might be required for transport.

· The Category 1 material would simply be part of the conventional harvest, and existing ground skidding and loading technologies would be employed.  Fuelwood will be separated at the mill site. 

· The largest volumes of Category 2 (residue log material) are usually created on the log landing in the harvesting of wet eucalypt forest in Tasmania. This material can be handled by conventional loading equipment.  Some other log material can be created in the general harvest area, although volumes are usually small under the full stem logging method.  If this material is to be recovered from the general harvest area, preference would be given to the larger pieces if conventional skidding equipment were to be used.  

· Standing dead trees (Category 3) represent a potential fuelwood resource. Sound dead trees are sometimes included in conventional pulpwood or firewood harvest.  It is expected that the conventional equipment already on site would be used for skidding and loading. 

· Recovery of Category 4 material (upper stem and larger branches) could require some modification to the harvesting system.  Cost considerations may limit recovery to larger and straighter material.  Where possible upper stem material would be removed in the conventional phase of the harvest, by simply heading stems off at a higher point.  Recovery of remaining material would likely require more specialised equipment and involve forwarding (carrying) rather than ground skidding. 

· Separate recovery of Category 5 stump material presents a number of challenges. Stumps can be residuals from previous harvesting, or be part of the existing harvest.  These could be harvested by conventional means, i.e. using a chainsaw to fall the upper stump material and then ground skidding.  Volumes are expected to be low.

· Recovery of Category 6 (dead fallen material or larger residues from earlier harvest) biomass is expected to be restricted to larger material, and be harvested using similar methods to those for Category 2 and 3.   

In all of these cases, the additional physical effects are most likely directly related to increases in traffic.  For example, if there is an additional 20% of material recovered in categories 2 and above, this is likely to require a similar increase in skidding effort.  Where these operations are carried out using the low impact cording technique, additional skidding impacts should be minimal. 

2.  Planning at Landscape and Harvest-Area Scales

Issues and relevance to ESFM

Management of a new activity such as the proposed fuelwood harvest requires an evaluation of the adequacy and effectiveness of processes for assessment, planning and then control of operations.  The principles of Ecologically Sustainable Forest Management (ESFM) require these assessments to consider economic, social and biological aspects.  While the proposed harvest is an extension of current operations and is substantially covered by existing processes, it does involve some additional considerations. 

State of Knowledge

The management systems used in moist eucalypt forests are similar to those used for forestry activities in other temperate forestry regions.   Larger public or private sector organisations in advanced western economies usually employ a multi-level planning process to ensure that operations have a sustainable basis, particularly in relation to harvesting rates (sustained yield).  The three key components are typically a long-term strategic planning system, a medium-term cut scheduling procedure and a system based on detailed operational plans for individual cutting units (coupes).  These systems are generally backed up by control systems to ensure maintenance of standards in both planning and operations, and recently this has extended in some cases to the implementation of formally documented and audited overarching management systems.

Strategic Planning Systems: There is a wide variation in management objectives for intensively managed temperate forests.  However, there is usually a common structure in (i) an area-based description of existing forest types or strata supported by forest inventory, (ii) mechanisms for estimating forest growth and prediction of available yield at future times, and (iii) methods for establishing a sustainable harvesting rate.  Currently, most forest description systems are computer based, building on GIS as a core technology underpinning all three levels of planning.  Estimation of a sustainable harvesting rate usually involves long-term systematic inventory, supported by growth modelling and the development of yield simulations. 

There are major differences between forestry management organisations in the complexity and scope of strategic planning systems. One key area of difference is the selection of the yield objective.  Many systems are managed for a single objective (eg. sawlog yield) which has the advantage that they can often be supported by detailed quantitative modelling and optimisation systems similar to those used in plantation management.  However, where management aims to produce a number of timber and non-timber products, plans require trade-off between competing objectives.  Some values are only measured in qualitative or subjective terms, and although there are ongoing attempts to develop multi-objective planning systems, they have so far not been very effective.  A trade off between yields is needed.   This is currently a field of active research and development.

Medium Term Planning:  This phase seeks to establish a specific cutting pattern (and related yield flows) for periods of between three and ten years that are consistent with the sustainability goals set in the long-term strategic plan, and generally relate these to specific coupes.  Where management is for single or a restricted range of products that are supported by quantitative modelling systems, these plans are frequently computer generated.  However, where there are multiple (and competing) yield types and flows, these plans are usually generated iteratively by expert planning teams supported by flexible computer information and forest simulation systems.  The iterative process is required to adaptively refine plans that must satisfy competing objectives, in an arena where there is not a right or wrong answer.  

The relationships between medium-term coupe level cutting sequence plans and the longer-term maintenance of landscape level processes is being increasingly recognised as a significant issue and is an active area of research and development. 

Short-term (Operational) planning:  These systems develop spatially explicit operations plans such as roading or coupe harvesting plans.  These are commonly developed against a suite of established prescriptions or procedures, such as codes of operational practice.  

Management Systems:  There has been an increased recognition of the role of well defined and audited management systems.  Where organisations are large and/or complex this has been shown to stabilise overall organisational performance and support continuous improvement.   A management systems approach also helps meet increasing needs to assure external stakeholders of an organisation’s ongoing capability to maintain the quality of its performance.  The International Standards Organisation (ISO) has developed two important worldwide standards for management systems.   These are the ISO9000 series for quality management and ISO 14000 series for environmental management.   These set out required elements and provide a structure for internal or external audit. 

Current Approach and its adequacy for ESFM

Forestry Tasmania employs a hierarchy of planning and assessment systems and processes to regulate forest uses including timber harvesting. These will also apply to the proposed fuelwood harvesting, and include:

3. Forest Management Plans
4. Wood Production Plans
5. Forest Practices Plans required under the Forest Practices Act

6. Inventory, growth projection and yield regulation systems

7. Management Decision Classification (MDC), a support system used to record forest classification and zoning decisions. 

8. Environmental Management System (EMS)  

These systems are comparable to those used in other Australian states and internationally in the management of temperate forests and in general, contain the elements required to develop and implement ESFM.  

Strategic planning is currently addressed through a combination of the inventory and growth modelling systems, which have been operating from a basis of permanent inventory plots for some 40 years, and a set of district Forest Management Plans covering the production regions.  The latter record the objectives, strategies and prescriptions to be used to guide forest management over the longer term (ten years).  Tasmania adopted a long-term sawlog supply level from public land (300,000 cubic metres) on the basis of technical and community consultations in the 1990’s and this was subsequently confirmed as the agreed target in the Tasmanian RFA.   

Medium-term planning is based on five yearly revision of sustainable yield and the related establishment of yield targets for individual regions, followed by the preparation of Wood Production Plans which assign individual coupes for harvesting.   Similarly to other States, sawlogs are the primary focus of yield regulation.  Wood Production Plans are drawn up each year with a three-year forward time horizon and these focus first on the production of the target quantity of sawlogs.   This largely determines the area of forest to be cut and other products are considered by-products of the sawlog harvesting operation. Their harvestable quantity is limited to the physical production obtainable from the area designated for sawlog harvesting (or conversion to plantations).    

Wood production planning and the development of coupe level harvesting schedules are core aspects of the Forestry Tasmania planning system. This activity employs a combination of expert judgement and computer-based support (GIS and modelling) and plans under development iterate between regional and head office experts until finalised as a specific set of coupes and a proposed harvesting sequence.  Planning is supported by a GIS-based forest zoning system (MDC) which contains information on management intentions.  At present there are no explicit systems for the planning of fuelwood harvesting, although these could readily be developed within the existing framework.   

Operational planning is undertaken under the umbrella of the Forest Practices System essentially on a coupe-by-coupe basis.  Forest Practices Plans must be prepared and approved under the forest practices system for all significant operations.   Assurance on environmental performance (including biodiversity protection) is provided through the Forest Practices Code and the support systems of the Forest Practices Board. 

It is also important to note that Forestry Tasmania has recently completed the development of an externally audited EMS accredited to the ISO14000 series.   This EMS contains requirements for consideration of significant environmental impacts of operations. 

Options for addressing perceived weaknesses
Effective management of the economic aspects of fuelwood harvest requires that the planning systems develop yield plans for the economically accessible component of this resource.  Fuelwood harvest is not currently part of the planing system.

Analysis presented in Section 7 indicates that active management of Coarse Woody Debris (CWD) is required, and that decisions at the individual coupe level need to consider habitat requirements at a landscape level.  The planning system needs to have the capacity to support the landscape level analysis of CWD stocks.  There are also issues related to the role of the Forest Practices system. This currently operates primarily on the basis of approval of individual Forest Practices Plans, supplemented by three-year indicative wood utilisation plans and does not appear to have a clear role in landscape level analysis (See Section 7 for further discussion).

The Forestry Tasmania EMS includes procedures for the consideration of significant environmental factors, the development and implementation of measures to address them, and for monitoring their impacts.  Where significant new impacts are expected, the EMS requires that these are addressed.  A risk assessment, for example in relation to the proposed Southwood bio-energy plant, would normally be undertaken when the proposal receives formal go-ahead. 

Summary and Recommendations

Sound estimates of fuelwood availability and its economic accessibility are required for planning.  As the proposed activity is a new one, there are no established inventory and yield prediction systems for this new class of harvest material. Preliminary estimates of availability are based on averaging residue levels existing on recently harvested coupes, and data drawn from the permanent plot inventory system. These data highlight a high degree of variability and some uncertainty as to the intensity of harvest in specific locations.  More accurate estimates of fuelwood availability on coupes nominated for harvest in the Wood Production Plan are needed to ensure continuity of economic supply.  It will also be important to differentiate residue resources by size class and origin. Prescription management of CWD resources is likely to be important in some areas for maintenance of critical habitat and targeted inventory methods will be needed to manage CWD resources (See Section 7).
Existing planning procedures provide an adequate basis for broad assessment and for the initial years of a major new project such as the bioenergy plant.  However, as experience with energy-wood harvesting is gained, further development of the inventory and planning system should be undertaken to provide support for (a) improved estimation of the expected nature, quantities and economic accessibility fuelwood on individual coupes, and (b) varying the scheduling and degree of fuelwood harvest from coupes within a landscape context to ensure the longer term recruitment and maintenance of CWD. 

The decay and recruitment rates for large dimension CWD in regrowth forest, particularly those managed under Clearfall, Burn and Sow (CBS) silviculture are not yet well known.  Proposed harvesting patterns need to be modelled at the landscape level for time periods beyond at least one rotation to establish that adequate stocks of CWD will be sustained. It is envisaged that patterns of coupe dispersal, sequencing of cutting, and the design of harvesting boundaries and reserved areas within the wood production forest landscape and at the coupe scale will be important.

Recommendation 1.   Procedures should be developed within 3 years of the commencement of energy-wood harvesting to provide adequate estimates of the availability and characteristics of energy-wood at the coupe level to support resource planning and management of CWD stocks. 

Recommendation 2.  Procedures should be developed within 3 years of the commencement of energy-wood harvesting for modelling the CWD resources in both harvested and reserved forests for time periods exceeding at least one rotation.  These findings must be incorporated in assessments of harvest schedules to establish that required long-term CWD habitat is recruited and maintained. (See also Recommendations 11 and 14).
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3.  Protection of Soil Physical Properties and Water Values

Issues and relevance to ESFM

Wet eucalypt forests in Tasmania are harvested by ground-based machinery when slopes are <20º Rubber-tyred skidders are generally used and the resulting snig tracks (skid trails) can create soil physical conditions that can impede the recruitment and early growth of seedlings, as well as create and channel overland flow of water with the potential to increase erosion (sediment transport) with negative consequences for water quality.  Removal of additional biomass (either boles or large branches) as fuelwood has the potential to increase levels of soil disturbance with adverse impacts on for environmental values.

State of knowledge

· On primary snig tracks (areas where there has been removal or displacement of topsoil by gouging, puddling and mixing of the soil profile with rutting into the B horizon) eucalypt stocking and early growth is reduced in Tasmania (Williamson 1990).  In mountain ash forest in Victoria, growth of 3 year old regeneration was significantly reduced on primary snig tracks (King et al.  1993a, b).

· Unless harvesting operations are carefully planned, large areas of the harvested area can be subject to soil compaction (e.g. after clearfelling of Victorian mountain ash forest; Rab 1994, 1998).

· A relatively simple visual classification system based on the degree of soil disturbance can be used to assess the degree of soil compaction (increase in bulk density) in Tasmanian wet forest (Pennington and Laffan, 2001). Interpretation of visual assessments requires a good understanding of soil properties, silvicultural system, and the equipment used for harvesting.  Cording (covering the soil with a mat of coarse slash and bark) of major snig tracts can reduce soil compaction.

· Soil type, soil water content at the time of harvest, harvesting system, and terrain all have important effects on the degree of soil physical change, and resultant threats to soil erosion and water values.  Threats to soil physical properties, erosion and water values can be identified and are used to plan harvesting operations so as to minimise adverse impacts.

· The degree of additional soil disturbance resulting from harvesting of fuelwood will depend on how much extra biomass is removed (e.g. whether only larger defective logs are removed, or whether larger branches are also extracted), as well as the way it is collected.  Both of these variables need to be better defined, to enable a better assessment of potential risk to soil and water values.

Current approach and its adequacy for ESFM

There are strategies for protecting soil and water resources across the whole Tasmanian forest estate, and the adequacy was assessed as part of development of the RFA (see p.62 – 69 in ESFM Assessment Report, 1997).  The two most important elements that are relevant here are:

· Specification of goals and guidelines in the Forest Practices Code (2000) and supporting manuals.

· Application and local adaptation of these guidelines that are reflected in a timber harvesting plan, and associated management prescriptions.

Soil protection focuses on erosion and soil physical change.  Protection of water quality focuses on control of sediment generation and movement within the harvested area, and the avoidance of entry of sediment, harvesting debris or chemicals into streams.  In general, the Code provides comprehensive measures, based on best available information, for the protection of soil and water values.  There are good links between the Code, a soil conservation manual developed by Forestry Tasmania, and development of timber harvesting plans.  Importantly, mechanisms exist to modify management prescriptions to suit local soil and terrain, and the importance of water values for a range of uses.

Important recent improvements in the Code include limitations on the area of major snig tracks, cording or matting of all wet weather snig tracks prior to use, and limits to the area of damaged soil (A horizon removed, or A horizon mixed with B horizon or debris, or severely compacted, or contaminated with chemicals) due to landings and snig tracks.  

The above limitations, if complied with, would constrain any potential for increased risk to soil and water values resulting from more intensive removal of biomass as fuelwood.  A key question is how are these limits currently assessed – are they visually assessed by Forest Practices Officers, or are they quantified in a systematic manner?  

Provided that fuelwood harvesting methods remain similar to those used for intensive pulpwood harvesting operations, and that the Code of Forest Practice is complied with, then there should be no increased threat to soil and water values.

Options for addressing perceived weaknesses

· A simple system for monitoring the effects of harvesting intensity on soil disturbance could be adopted as proposed by Pennington and Laffan (2001).  Since this is based on visual assessment (but using a systematic sampling approach) it could be cost-effective.  There is a need to ensure that visual ratings are well correlated with important soil physical change.

· The link between the level of soil disturbance and the adequacy of prescriptions for protecting water values (especially threats posed to ephemeral streams) may require some further evaluation if the methods used for harvest of fuelwood result in significantly more soil disturbance (sediment generation, or increased run-off).  A limitation of the degree and nature of biomass removal would be a precautionary approach until R&D better defines these factors.

Summary and Recommendations

Removal of additional forest biomass as fuelwood using ground-based machinery has the potential to create increased soil disturbance, as well as to channel overland flow and increase sediment transport into the stream system.  Extensive measures are proposed in the Forest Practices Code to mitigate adverse impacts, including limitations on the area of major snig tracks and the area of damaged soil.  Whilst compliance with the Code will constrain the potential for increased risks to soil and water values, better quantitative methods of monitoring soil damage are needed.

Recommendation 3.  Further development of the visual assessment methods proposed by Pennington and Laffan (2001) for monitoring the effects of harvesting intensity on soil disturbance should be undertaken.  The method requires calibration of visual ratings to important soil physical change for major soil types and harvesting systems.
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4.  Regeneration of Eucalypts

Issues and relevance to ESFM

Extraction of fuelwood will lower the available fuel loads (especially the larger fuel components) and consequently will reduce fire intensity and residence time.  This has consequences for nutrient loss in smoke from fuels and the surface organic layers of the soil, preparation of new seedbed and eucalypt regeneration, and impacts on understorey vegetation regenerating from rootstocks.  The most important for ESFM would be any significant reduction in regeneration and early growth of eucalypt and understorey species.

State of knowledge

The dependence of the wet eucalypt forests on fire for regeneration in nature has been emphasized by Ashton and Attiwill (1994): ‘It seems paradoxical that the forests which produce vast amounts of fuel and generate the most fires, consist of fire-sensitive species.  That they need to be burned down at some time in their seed-bearing life (if they are to be perpetuated) is axiomatic’.

Following pioneering ecological and silvicultural studies in Victorian and Tasmanian wet eucalypt forests, clear-felling followed by high-intensity burning of the logging residues and broadcast sowing of seed has been extensively and successfully used to achieve regeneration after logging (reviews by Campbell 1997; Attiwill 1994).

High intensity slash burns remove much (40-95 t/ha) of the fine fuels and a significant amount of larger fuels (Slijepcevic 2001).  This significantly lowers subsequent fire risk, and results in successful regeneration of eucalypts (confirmed by regeneration surveys).

Low intensity burns can be achieved operationally but are less reliable and require more personnel to conduct them (Marsden-Smedley and Slijepcevic 2001). They also create less ashbed and lower levels of eucalypt regeneration (unpublished findings from WARA LTER studies).  Future fire risk is higher, although there may be lower quantities of Gahnia after low-intensity fire.  Gahnia also competes strongly with regenerated eucalypts and other understorey plants.
In wet eucalypt forest, adequate eucalypt regeneration has bee obtained with low-intensity burns or with mechanical clearing (Raison 1981; Hickey et al. 2001; King et al. 1993 for E. regnans; Lockett 1998 for Tasmanian wet forests).  However, reliability of regeneration is likely to be reduced.  Harvesting of larger biomass components (e.g. logs or branches > 20 cm small end diameter) for energy will create some additional seedbed by mechanical disturbance of the soil.

There is very little operational experience in wet eucalypt forests of the adequacy of regeneration following low-intensity fire, mechanical site preparation, or biofuel harvesting.  Sufficient fine (<25 mm diameter) fuel and other ‘available’ fuel could be retained after biofuels harvesting to enable a moderate intensity burn to be conducted (Slijepcevic 2001). This requires that very ‘complete’ harvesting of biofuels not be conducted on coupes that are to be regenerated to native forest, but such harvest could be applied on areas to be converted to plantation.  Such a moderate intensity burn is likely to ensure adequate eucalypt regeneration but this needs to be confirmed by monitoring in the field.

Nutrient conservation is greater with low-intensity fire (Raison et al. 1993), but initial rates of growth of eucalypt regeneration are less due to less ash-bed effect (e.g. King et al. 1993).  Slow early growth can contribute to increased seedling loss from frost, disease and browsing.

Current approach and its adequacy for ESFM

The Forest Practices Code refers to appropriate silvicultural prescriptions (manuals), specifies stocking standards for eucalypt regeneration, and requires that a regeneration survey be conducted 12 months after harvesting.  Reference is made to Forestry Tasmania Technical Bulletins No. 6 (Regeneration surveys and stocking standards) and No. 12 (Monitoring and protecting eucalypt regeneration).  Regeneration success at the coupe level is recorded in the coupe history database. Regeneration is assessed as part of Forestry Tasmania’s Quality Standards System and EMS.  It is reported annually by FT.

Audits of compliance with the Code cover regeneration. The audit is based on whether the necessary work been done to suggest that regeneration will succeed. 

Where remedial action is required, the success of this is also determined and reported. Systematic surveys of the success of regeneration date back to the mid-1960s.

The adequacy of regeneration of understorey species (including N-fixing species which will be critical for replacement of large quantities of N lost in slash burns) is not routinely assessed and reported.  However, research (Hickey, 1994) has shown all but a few late successional plant species return within a 100-year forest rotation.

Options for addressing perceived weaknesses

The success of regeneration during the earlier period of very heavy pulpwood removals (early to mid-1980s) could be assessed to help build confidence that good regeneration could also be obtained following the proposed harvest of biofuels.  This assumes that biofuel harvests and the earlier intensive pulpwood harvest would have similar impacts on regeneration.  Soil physical damage is likely to be much less under contemporary harvesting and this should favour more successful regeneration of eucalypts.

Detailed monitoring of regeneration success should be conducted on all coupes subjected to biofuel harvest.  This will enable harvest/regeneration practices to be adapted if required in the early phase of the new operations.

Summary and Recommendations

Harvest of fuelwood has the potential to create two sets of conditions that may prevent the successful regeneration and early growth of eucalypts: greater soil physical damage as a result of increased harvesting traffic, and lower fire intensities because of fuel removal.  There is no field experience against which to judge the possible consequence of these.

Recommendation 4.  Regeneration success on areas subjected to very high pulpwood removals in the 1980s be reviewed and used as a guide to the possible effects of proposed harvest of fuelwood on regeneration.  Further, regeneration success be carefully monitored or areas subjected to harvest of fuelwood, especially those areas where harvest is most intensive, so that measures can be quickly taken to remedy any problems that may arise.

References

Ashton, D.H. and P.M. Attiwill (1994).  Tall open-forests In Australian Vegetation. (Ed. R.H. Groves) Second Edn. pp. 157-196.  Cambridge Univ. Press, Cambridge.

Attiwill, P.M. (1994).  Ecological disturbance and the conservative management of eucalypt forests in Australia.  For. Ecol. Manag. 63, 301-346.

Campbell, R. (1997).  Evaluation and development of sustainable silvicultural systems for multiple purpose management of mountain ash forests. VSP Tech. Report No. 29. Dept. Nat. Resources and Environ., Victoria.

Hickey, J.E. (1994).  A floristic comparison of vascular species in Tasmanian old growth forest with regeneration resulting from logging and wildfire. Aust. J. Bot. 42, 383-404.

Hickey, J.E., Neyland, M.G. and O.D. Bassett (2001). Rationale and design for the Warra silvicultural systems trial in wet Eucalyptus obliqua forests in Tasmania. Tasforests 13, 155-182.

King, M., Rab, M.A. and T. Baker (1993).  The regeneration of Eucalyptus regnans under alternative silvicultural systems. 5. Effects of seedbed on seedling growth. VSP Intern. Rep. No. 24. Dept. Conserv. Nat. Res., Victoria.

Lockett, E.J. (1999). Slash burning – its implications for 20-year height growth of eucalypt regeneration in Tasmania.  Aust. For. 61, 159-162.

Marsden – Smedley, J.B. and A. Slijepcevic (2001).  Fuel characteristics and low intensity burning in Eucalyptus obliqua wet forest at the Warra LTER site. Tasforests 13, 261-279.

Raison, R.J. (1981).  More on the effects of intense fires on the long-term productivity of forest sites : Reply to comments. Search 12, 10-14.

Raison, R.J., Keith, H., Khanna, P.K. and A.M. O’Connell (1993).  Effects of repeated fires on nitrogen and phosphorus budgets and cycling processes in forest ecosystems. In ‘Fire in Mediterranean Ecosystems’. (Ed. L. Trabaud and R. Prodon). Rep. No. 5 Ecosystem Research Report Series, Commission of the European Communities, Brussels.

Slijepcevic, A. (2001).  Loss of carbon during controlled regeneration burns in Eucalyptus obliqua forest. Tasforests 13, 281-290.


5.  Nutrient cycling and forest growth

The issue, and why it is important for sustainable forest management

Organic matter in forest soils (SOM) is fundamentally important in maintaining soil fertility. More than 95% of total nitrogen and more than 50% of total phosphorus in surface soils of forests is in organic combinations. SOM accounts for a major part of cation exchange capacity in surface soils. and plays a key role in maintaining soil structure.

When a forest is harvested, the surface soil is disturbed to a greater or lesser extent depending on harvesting procedures. Nutrients are removed from the site in the harvested wood. The bared soil becomes wetter and warmer. Leaching of some nutrients from the surface layers (and possibly to drainage waters – e.g. the loss of N as nitrate-N) increases. The rate of respiration by soil micro-organisms increases, with a consequent decrease in the soil organic matter. A regeneration burn oxidizes much of the logging slash and litter, and some nutrients (particularly N) are lost from the system by volatilisation and the convection of particulate matter. Where the regeneration burn is most intense, organic matter within the surface centimetre or more of soil is also oxidized.

The state of knowledge

Timber harvesting and nutrient removals

There are many studies of the nutrient content of forests around the world (e.g. Cole and Rapp 1981; Federer et al. 1989) and in Australia (some of which are reviewed by O’Connell 1996 and Attiwill et al. 1996). Many of these studies have been directed toward an assessment of one of the questions that is fundamental to forest management for sustained timber yield: Can we predict the effects of nutrient removal on long-term, sustained productivity of forest ecosystems? In summary (from Attiwill et al. 1996) we know that, for a typical wetter forest of south-eastern Australia:

· Leaves account for 1-2% of the total biomass of the trees above-ground, but for 20% of the N and P contents;

· Stembark accounts for 10% of the total mass of the trees above-ground, but for 25-40% of the N, P and Mg and up to 60% of the K and Ca contents;

· Stemwood is nutrient-poor relative to other components of the tree; stemwood accounts for almost 80% of tree biomass but contains 10-20% of the K, Ca and Mg and 30-40% of the N and P content;

· The subordinate vegetation (understorey, shrubs and ground-layer) is nutrient-rich relative to the overstorey .  Although the subordinate vegetation accounts for <5% of above-ground mass, it accounts for 10% of N and Ca and 14% of the P content;

· The litter layer is also relatively nutrient-rich (except for potassium).  The forest floor accounts for 6% of above-ground mass, but accounts for 14-16% of the P, Ca and Mg, and for 24% of the N.

We know of no Australian data for the mass and nutrient content of coarse woody debris (CWD) in the wet forests of south-eastern Australia.

Calculations of nutrient removals

Mass data (oven-dry weight) for mature, mixed-age and regrowth forests in Tasmania were provided by Forestry Tasmania (‘Table 1b). These data give merchantable and non-merchantable mass, dead standing mass, understorey mass and mass of ‘downers’. The merchantable + non-merchantable mass (assumed here to be measured under-bark) was the basis for estimating other components of the stand using mass and nutrient content of a 100-year-old stand at Retreat, Tasmania (Attiwill and Adams 1988), and including mass of litter layers from Attiwill and Weston (2001).

Grove et al. (2002) provide estimates of the areas to be harvested for sawlogs and pulpwood (current practice of clearfall burn and sow, CBS) and for energy-wood over the 35-year life-span of the proposed power station. On average, 43% of the CBS area will be harvested for energy-wood. However, this average requires further comment; over the first 24 years, 37% of the CBS area will be harvested for energy-wood, but in years 25-35, 84% of the CBS area will be harvested for energy-wood (Figure 1). This large increase in the intensity of energy-wood harvesting in native forest in the later years is due to the fact there will be a marked decrease in the CBS area as plantations come on stream to supply significant quantities of wood for pulp, other fibre and fuelwood.

Required energy-wood removal (from Southwood Catchment Residue Assessment) to meet the requirements of the proposed power station is 375,000 green tonnes per year, 10,000t/year of which is expected to come from sawmill residues. Suppose dry weight = 0.42*green weight. Then dry weight required from harvested energy-wood = 0.42*365,000 = 153,300 t/year. Over the first 35 years (from data used by Grove et al. (2002), 26, 979 ha will be harvested, so that the average harvest of energy-wood will be (153,000 t year-1 *25year)/26979 ha = 198 t ha-1. However, the area harvested each year varies greatly from 1554 ha in 2005 to 321 ha in 2034, giving the range of proportions of CBS areas that must be harvested for energy-wood shown in Figure 1. Energy-wood removal calculated on an annual basis is 237 t ha-1, and this was used in calculating average nutrient removal. Calculation in this way is therefore conservative in that it is biased toward maximum (rather than mean) rates of removal

Summarized outputs from the spreadsheets are given in Table 2. 

Table 2. Summary table for biomass and nutrient content of mature, mixed and regrowth forests in southern Tasmania.
	MATURE FOREST
	Mass (t ha-1)
	N (kg ha-1)
	P (kg ha-1)
	K (kg ha-1)
	Ca (kg ha-1)
	Mg (kg ha-1)

	Total in stand
	822
	1089
	63
	541
	854
	203

	Losses
	
	
	
	
	
	

	Sawlog + pulp
	255
	148
	7
	37
	35
	15

	Sawlog + pulp + energy-wood
	492
	260
	12
	64
	67
	28

	Sawlog + pulp + energy-wood 
+ energy-wood bark
	514
	317
	17
	147
	182
	45

	Regeneration burn
	
	401-592
	
	
	
	


	MULTI-AGED FOREST
	Mass (t ha-1)
	N (kg ha-1)
	P (kg ha-1)
	K (kg ha-1)
	Ca (kg ha-1)
	Mg (kg ha-1)

	Total in stand
	713
	941
	54
	462
	722
	171

	Losses
	
	
	
	
	
	

	Sawlog + pulp
	243
	141
	7
	35
	33
	15

	Sawlog + pulp + energy-wood
	480
	245
	11
	60
	65
	27

	Sawlog + pulp + energy-wood 
+ energy-wood bark
	498
	291
	15
	127
	157
	40

	Regeneration burn
	
	334-499
	
	
	
	


	REGROWTH FOREST
	Mass (t ha-1)
	N (kg ha-1)
	P (kg ha-1)
	K (kg ha-1)
	Ca (kg ha-1)
	Mg (kg ha-1)

	Total in stand
	614
	781
	45
	382
	601
	143

	Losses
	
	
	
	
	
	

	Sawlog + pulp
	216
	125
	6
	31
	30
	13

	Sawlog + pulp + energy-wood
	440
	221
	10
	54
	60
	25

	Sawlog + pulp + energy-wood 
+ energy-wood bark
	455
	260
	13
	110
	137
	36

	Regeneration burn
	
	276-413
	
	
	
	


Figure 1. Proportion of the proposed area of sawlog and pulp harvest (CBS silviculture) to be harvested for energy-wood.  The marked increase after 25 years is due to hardwood plantations becoming available as sources of energy-wood.
The calculated quantities of potential energy-wood (Table 4) exclude residual downers, and they are all less (but most probably not significantly) than the quantities assessed by Mannes (2002). 

Table 4 Estimates of the quantity of fuelwood in forest types of the southern catchment
	Forest type
	Calculated potential energy-wood (t ha-1)1
	Residual downers

(t ha-1)2
	Assessed fuelwood
(t ha-1)3

	Mature
	322
	51
	372

	Multi-aged
	269
	41
	330

	Regrowth
	224
	41
	244


1Calculated in this report, and excluding residual downers

2From Forestry Tasmania’s ‘best estimates’

3From conversion factors for the southern catchments (Mannes 2002); the conversion factors are based on assessments, and give residual wood as a multiplier of total merchantable volume (sawlog + pulpwood).

On average, 237 t ha-1 over 771 hectares per year is required to supply the power station. This average can be met from mature and multi-aged forest, but cannot be met from regrowth forest alone (Table 4). Energy-wood harvesting will remove on average 64% of total available energy-wood in mature forests and 72% of total available energy-wood in multi-aged forests. We do not have the relative areas of mature, mixed and regrowth forest to be harvested, and so the analysis cannot be taken further.

Discussion of nutrient removals

Harvesting for energy-wood will on average, double the removal of wood (and therefore double the nutrient removal) compared with CBS. (Table 6). If energy-wood is taken un-barked, the removals of K, Ca and Mg will be increased significantly (up to 5 times for Ca, Table 6). The current practice of leaving bark on site in the forests of the southern catchment will not change with energy-wood harvesting; nevertheless, these data (Table 6) illustrate the magnitude of redistribution of the nutrient content of bark to centralized log landings.
Table 6. Increases in mass and nutrient removal due to energy-wood harvesting relative to mass and nutrient removal by sawlog and pulp removal (CBS).
	Forest type
	Increase in removal (CBS + energy-wood)/(CBS)

	
	Mass
	N
	P
	K
	Ca
	Mg

	Mature
	
	
	
	
	
	

	Wood only
	1.9
	1.8
	1.7
	1.7
	1.9
	1.8

	Wood + bark from energy-wood
	2.0
	2.1
	2.4
	4.0
	5.2
	2.9

	Multi-aged
	
	
	
	
	
	

	Wood only
	2.0
	1.7
	1.7
	1.7
	2.0
	1.9

	Wood + bark from energy-wood
	2.0
	2.1
	2.2
	3.6
	4.7
	2.8

	Regrowth
	
	
	
	
	
	

	Wood only
	2.0
	1.8
	1.7
	1.7
	2.0
	1.9

	Wood + bark from energy-wood
	2.1
	2.1
	2.2
	3.5
	4.6
	2.8


The loss of N in regeneration burning

Much of the N in organic matter is lost when the organic matter is burned, and this loss is of concern to sustainable management of forests (Raison 1979;1980;1981). Estimated losses by regeneration burning for Southland forests (median figures, Table 2) are of the order of 350 kg ha-1 (regrowth forest) to 500 kg ha-1 (mature forest). These estimates are similar to those for 100-year-old forest elsewhere (Attiwill and Leeper 1987).

Will increases in nutrient losses of these magnitudes lead to a decrease in soil fertility such that forest growth is adversely affected?

In fact, we know of no definitive and quantitative evidence to support the hypothesis that the loss of nutrients associated with timber removal (in Australia and in the rest of the world) cause a loss of productivity. That is primarily because concentrations of nutrients in wood are small relative to those in other parts of a tree; harvesting the wood (and leaving the bark) therefore removes a relatively small nutrient store.

These conclusions assume that the bark is left on site.  If the bark is removed, the amounts of nutrients removed increase from 1.7 times for N up to 5 times for Ca (Table 6). In the gum-barked eucalypts (sub-genus Symphyomyrtus) the concentration of Ca in bark is so high that it has been speculated that Ca (and perhaps B) are the elements at greatest risk in managed, native eucalypt forests (Hopmans et al 1993; Attiwill and Weston 2001) and in eucalypt plantations (Turner and Lambert 1996). 

The concentration of Ca in eucalypts such as E. obliqua and E. regnans (in the sub-genus Monocalyptus and the dominants of the wetter forests of the Southwood catchment) are low enough to cause little concern where the bark is left on site, as will continue to be the practice in forest operations in Tasmania’s south-east. However, the bark is piled in dumps near log-landings. Most of this bark is subsequently burned, so that the nutrient return is highly localized. Is there a better way to manage this problem?

Can the losses of nutrients in timber harvesting be replaced?

N will be replaced in nature by biological N2-fixation; if we assume a rotation of 90 years, then the rate of N2-fixation required to replace 260 kg N ha-1 in harvesting (including energy-wood) the mature plus 500 kg ha-1 lost in the regeneration burn is 8.4 kg ha-1 year–1.  This is a moderate rate given that rates of N2-fixation as high as 30 kg ha-1 year–1 have been measured over the first 5 years of a regenerating, wet forest in Victoria (Adams and Attiwill 1984a; 1984b). However, it is essential to have a dense stand of wattle regenerated after harvest; and it is likely that N fixation rates decline rapidly as eucalypts begin to suppress the leguminous understorey.The question of replacing P-losses is more difficult; we cannot provide an analytical answer to the rate at which P is made available from less available to more available sources through chemical equilibria and through the weathering of parent rock.

Will the removal of energy-wood exacerbate a decrease in soil organic matter?

There have been estimates of the total amount of carbon stored in forests in Victoria (Grierson et al., 1992) and the effects of forest management and utilization on net carbon storage (Grierson et al., 1993). After harvesting, carbon storage in the forest initially decreases due to oxidation of carbon in residues from the harvesting and in soil organic matter.  Carbon is also rapidly lost from timber taken off-site in the manufacturing of forest products (e.g. in kiln wastes) and in the oxidation of short-lived forest products (e.g. paper).  We are considering here only the decrease in soil organic matter.  This decrease is relatively short-lived, and is unlikely to be significantly affected by the removal of energy-wood in addition to the current harvest. 

Options

The management of organic matter has emerged as a critical issue in the management of many forests and plantations.  The following options are worth considering further to ensure that processes of nutrient cycling and growth are maintained following harvesting:

· Ensure that successful regeneration is achieved as soon as possible after harvesting (minimize loss of nutrients by leaching; re-establishment of nutrient cycling; replenishment of soil organic matter through litter input).

· Review the regeneration of N2-fixing species. We can probably assume that acacias regenerate in profusion after regeneration burning in most of the wetter forests of south-eastern Tasmania. The review should consider appropriate actions for those forests where wattles are scarce.

· Aim for minimum disturbance of top-soil (top-soil has the greatest concentration of nutrients and of soil organic matter: ensure that regeneration is established in the most fertile soil; minimize the inevitable increase in rate of soil respiration).

· An aim in many forests is to conserve organic matter in logging debris after harvesting. This is impractical for the wetter eucalypt forests that regenerate best and grow fastest after the slash has been burned. It is only through the early establishment of regeneration and subsequent rapid growth that ecosystem processes will be restored.

· The concept of leaving patches within coupes in which there is no disturbance from felling and extraction would allow some standing dead trees and some coarse woody debris to be retained in situ, thereby contributing to the overall retention of soil organic matter. On-going research at the Warra LTER site will provide an assessment of the value of leaving undisturbed areas.

· The return of wood ash, produced by a number of forest industries, is increasingly practised in Europe.  For example, about 200,000 tonnes of wood ash is produced annually by forest industries in Finland. The application of wood ash to forests has a direct fertilizing effect, and it increases the rate of decomposition of organic matter and of nutrient mineralization. Forestry Tasmania (2002) plans to collect the ash ‘for possible composting or for off-site re-use or disposal’. The return of ash to coupes would be appropriate, and the costs of handling and spreading ash should be investigated.

Recommendations

Soil fertility and soil organic matter

More intensive harvesting, involving increased soil disturbance and increased removal of timber, has the potential to adversely affect soil fertility as a result of increased loss of nutrients due to and following harvesting. The management of organic matter has emerged as a critical issue in the management of many forests and plantations.  It seems inevitable that the intensity of energy-wood harvesting on some coupes and in some years will be so great as to cause concern for the capacity to sustain soil fertility and soil organic matter. Leaving patches within coupes in which there is no disturbance from felling and extraction will reduce the area of soil disturbance and hence increase the retention of soil organic matter as well as ensuring that some standing dead trees and some coarse woody debris are retained in situ.

Large amounts of ash (~2000 t/yr) will be generated in the power station.  This ash is high in cations (Ca, Mg) and phosphorus.  In Europe, techniques have been developed for returning the ash to the forest, with associated benefits for forest nutrition.

Recommendation 5.  Existing guidelines should be further developed to ensure that, in general, and particularly on the most intensively-harvested coupes:

Wood extraction continues to be planned so that soil disturbance is limited and soil organic matter is maintained over most of the coupe;

Regeneration is rapid and optimal so that nutrient cycling processes are rapidly re-established;

Nitrogen-fixing species (e.g. wattles) are established early in the regenerating forest.

Recommendation 6.  Research at the Warra LTER site should be continued so as to provide an assessment of the value, through the maintenance of organic matter, of leaving undisturbed patches in coupes harvested for energy-wood. This recommendation is in consort with Recommendations 9 and 14.
Recommendation 7.  Practical and safe procedures be explored and developed for returning ash to forest sites.
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6.  Biodiversity of Plants

Issues and relevance to ESFM

Regeneration of a forest after harvesting according to ESFM demands that ecological integrity is maintained though the re-establishment of a suite of plant species characteristic of the early successional stage of the forest type. 

State of knowledge

There have been a number of studies of understorey composition after clear-felling and harvesting in wet eucalypt forests. As far as we are aware, there are no records of extinction of any plant species as a result of timber harvesting in the wetter forests of Victoria and Tasmania.

Most studies have found little change in the composition of vascular plants (herbaceous plants, shrubs, trees): most of the species that were present prior to logging were present in the regenerating forest within the first few years. For example, Hickey (1994) found that most of the vascular species common in old-growth mixed forest (eucalypt forest with a rainforest understorey) in Tasmania were present in regenerating forest, whether this regeneration was due to logging or to wildfire. The frequency of most species was similar in regeneration after logging or wildfire, but differed markedly from that in old-growth forests, as is to be expected where early successional vegetation is compared with later successional vegetation. 

In the wetter forests of Victoria and Tasmania, however, the evidence (Mueck, 1992; Mueck and Peacock, 1992; Ough and Ross, 1992; Hickey 1994; Mueck et al. 1996; Ough 2001) points to a decrease after past logging practices in cryptogamic plants –  tree-ferns, ground ferns, and epiphytic plants (ferns, mosses). Both Ough (2001) and Hickey (1994) found more sedges in regeneration after logging than in regeneration after bushfire, and Ough (2001) also found an increase in silver wattle in areas that had been logged. At least part of this change is due to the intensity of harvesting and extraction techniques, and the extent to which top-soil is disturbed thereby destroying root-stocks from which a number of species regenerate by re-sprouting.

In a range of forests in East Gippsland, Victoria, the average time following logging for species richness to resemble that of the old-growth 'controls' is 20-30 years (Mueck and Peacock, 1992).  Hickey (1994) concluded that rotation length may be more critical for the perpetuation of species frequencies than regeneration treatment. Peacock and Duncan (1994) suggest that at least 60 years is required for the understorey epiphytes of regenerated mixed forest to become similar in species frequency to that of the mature mixed forest.

Where there is evidence for botanical change after past logging activities, an important question is: how can logging methods be managed so that botanical change is minimized? In the wet, mountain ash forests of Victoria, Ough and Murphy (1999) showed that one of the key solutions is to minimize soil disturbance.  They introduced the concept of understorey islands in E. regnans forests; understorey islands are defined areas within which no machinery can operate and into which no trees can be felled.  They are designed to provide habitats where species that regenerate by re-sprouting and other species characteristic of older-growth forests (e.g. tree-ferns) are protected. They can be to some extent protected from the regeneration fire by ensuring that they are clear from logging slash.

Will energy-wood harvesting in addition to current harvesting create adequate regeneration of understorey species?

Energy-wood harvesting presumably will not necessitate a change in felling and extraction techniques. It will involve an increased removal of timber from ‘downers’ and from log landings, especially over the first 24 years. There is no a priori reason why energy-wood harvesting will result in any change in the regeneration of vascular plants if soil disturbance during extraction continues to be managed so that soil disturbance is minimized. However, downers provide a regeneration niche and habitat for a number of non-vascular plants, and their frequency is therefore likely to decrease if large numbers of downers are removed.

Will energy-wood harvesting affect rotation length with consequences for floristic composition?

Our understanding is that harvesting energy-wood for will not necessitate any change in the rotation length used in current harvesting operations for sawlogs and pulpwood. On those coupes and in those years where energy-wood harvesting is particularly intense, a longer rotation for recovery should be considered.

Options to overcome perceived deficiencies

1. Undisturbed patches have been incorporated in the silvicultural systems trial at the Warra LTER site. On-going monitoring will define their usefulness.  Elsewhere in this report, we have commented on the possibility of incorporating the retention of both habitat trees and significant coarse woody debris within the ‘island’ concept.  This effectively increases retention of relatively undisturbed habitat.

2. All of the studies of understorey composition following clear-felling and burning are of necessity retrospective. There are two issues here:

· They lack an experimental control.  Most studies have used old-growth forest as the reference. What happens after disturbance - whether by logging or by wildfire - depends on the intensity, frequency (time since previous disturbance) and timing (season) of the disturbance and on the succeeding weather conditions.  The most appropriate reference for comparing recovery after disturbance by clear-felling and burning is therefore the forest which is recovering after the disturbance of a stand-replacing bushfire at about the same time, all other variables being equal.

· They assess the effects of past rather than current harvesting techniques.

3. We have previously commented that we know of no plant species that has become extinct as a result of past logging in wet eucalypt forests. We know that most plant species are present in the early years after regeneration of a logged forest, and that plant composition is more or less fully restored after (say) 60 years. That is, the understorey is not irreversibly changed in composition after clearfelling and burning.

For the energy-wood catchment of Southwood, about 50% of the forest is managed as State forest for timber production. After the first rotation of (say) 90 years, 33% of this State forest will have an understorey composition more or less characteristic of the unlogged forest (it will be >60 years old). That is, 67% of the Southwood forest will have a more or less mature understorey, and 33% of the forest will have understoreys in earlier successional stages.

We conclude that this management meets two principles of EFSM, namely:

· Intergenerational equity: The present generation should ensure that the health, diversity and productivity of the environment is maintained or enhanced for the benefit of future generations; and

· Conservation of biological diversity and ecological integrity.

Summary and Recommendations

Regeneration of a forest after harvesting according to ESFM principles demands that ecological integrity is maintained though the re-establishment of a suite of plant species characteristic of the early successional stage of the forest type. There has been good research in the wetter forests of Tasmania and Victoria to provide the basis for future management, but the number of published papers on occurrence and frequency of plants, particularly non-vascular plants, is small. The key points coming from this research are (i) that soil disturbance that uproots those species that regenerate from root-stocks must be avoided; (ii) soil compaction will not favour species characteristic of wetter forests; (iii) at least 60 years is required for the understorey epiphytes of regenerated mixed forest to become similar in species frequency to that of the mature mixed forest.

Recommendation 8.  Extraction techniques should continue to be planned so that topsoil is maintained intact wherever possible, thereby ensuring that regeneration of understorey species both from seed and from root-stocks is maximized.

Recommendation 9.  The value of undisturbed patches that maintain some proportion of a coupe in a relatively undisturbed state, for maintaining plant diversity should continue to be evaluated. This Recommendation is in consort with Recommendations 6 and 14.

Recommendation 10. Studies of change in plant species composition and frequency after current and proposed logging regimes should continue.
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7.  Role of Coarse Woody Debris in the Conservation of Biodiversity

Issues and relevance to ESFM

Coarse woody debris and biodiversity

Coarse woody debris in Tasmanian forests, as in other parts of the world, supports an extensive biodiversity composed of fungi, lichens, bryophytes, many invertebrates and some vertebrates (reptiles, devils, quolls; possums and birds when the tree is still standing). Of the animals, invertebrates dominate, and among these beetles are the most significant group. The saproxylic fauna
 includes groups that feed directly on dead wood, fungus feeders, and predatory species that are dependent on them. Saproxylic animals are likely to form a very significant part of the forest community; 20-50% of the beetle fauna in forests may be saproxylic (Grove 2002a).

The saproxylic and log-dependent fauna includes species with a range of dispersal capacities, from actively flying birds or insects and large mammals with a dispersal range of kilometres, through to those insects that fly only rarely and over perhaps 100s of metres, to the flightless insects and non-insect groups with a range of only 10s of metres. The former species are least likely to be affected by the removal of fuelwood in a wet eucalypt ecosystem managed under CBS, provided it includes an adequate reserve system. The latter are much more vulnerable since they must eventually disperse from their natal CWD unit as it decays, but they have a limited range. Streamside and scattered reserves may not be sufficient to conserve this component of the fauna, as suggested by modelling of the habitat of the Mt Mangana Stag Beetle (Grove et al. 2002). Biodiversity spines are one way of dealing with this issue.


The dispersal capacity of saproxylic species and the size of logs that they require are the key variables in managing the log-dependent biodiversity in the wood production forest matrix. While neither can be quantified in any detail in Tasmanian forests, when they are cross-classified it is clear that it is species which require large logs and yet have narrow dispersal capability that are the most vulnerable.
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This fauna is vulnerable to extractive forestry, as indicated by the large number of red-listed saproxylic species in the European fauna. In Sweden, for example, of 739 red-listed forest invertebrates, old living trees are critical for 33%, logs for 28% and snags for 35% (Berg et al. 1994). This reflects the long history of forestry in Western Europe, but highlights the potential for biodiversity loss in the relatively young forestry landscape of Australia. Forest practices that increase the removal of CWD from the forest, such as fuelwood harvesting, increase the risk to this fauna. 

The maintenance of this significant component of forest biodiversity is clearly part of sustainable forest management, as established by the Australian government under the National Forest Policy Statement (1992).

Biodiversity conservation at landscape and coupe levels

However effective the Tasmanian Forest Practices Code (2000) is, the impact of forestry operations is inevitably high at the coupe scale. The CBS regime that is used in the wet eucalypt forest of Tasmania reduces biodiversity markedly soon after a regeneration burn. Although substantial recolonisation may occur before the next harvesting cycle, it will be limited to those species that have the capacity and/or time to colonise, and those that can find suitable habitat within the regrowth. The CBS regime is successful for regenerating wet eucalypt forest but differs from wildfire in several other respects. After wildfire in the natural forest not only would there be a very long period available for recolonisation, but there is also a large amount of CWD remaining from fallen trees in the previous forest, and a continuing recruitment of CWD as dead stags fall. The very existence of the CWD-dependent species under discussion implies that they are evolutionarily adapted to survive intense fires, but this does not necessarily adapt them to the production forestry landscape.

As discussed above, species with medium to wide dispersal ranges, or those with low dispersal ranges that can survive in small sized CWD will persist in the production forest matrix. But those with short dispersal ranges requiring large logs are most at risk.

The response of forest planners and managers to this problem has been to establish a system of reserves within the industrial forest matrix that provide sufficient undisturbed (or less frequently disturbed) habitat to provide reservoirs for those species capable of recolonising coupes, and refuges for those than cannot. This still leaves the question of whether the reserve system is extensive enough, permanent enough and appropriately distributed to conserve the more slowly dispersing species in the long term. The reserve system depends to a considerable extent on habitat strips (streamside reserves, wildlife corridors etc.), but the geometry of these areas (large perimeter to area ratio) means that their fauna is more vulnerable to stochastic effects causing local disappearance of the species, and the chance of recolonisation is much reduced.

Size structure of coarse woody debris

Undisturbed native forest contains a large amount of CWD in a range of sizes up to large logs of a metre or more in diameter. Ecological and physical first principles (island biogeography, habitat heterogeneity and surface area/volume effects) suggest that large logs are likely to support a greater biodiversity than small ones. Unless precautions are taken, extractive forestry will inevitably lead to a decline in the upper range of log sizes, as well as a decrease in the overall amount of CWD. This is a general problem for CBS regimes, and could be exacerbated if fuelwood removal is imposed on the system.

If the CWD biota is to be conserved in the wood production forest landscape, not only will the amount of CWD available be important, but its size distribution will also be crucial.

In natural forest, CWD is created through the death of trees or parts of them (i.e. large branch loss). Trees may die through fire or of old age, but may remain as standing dead stags for many years before falling. In production forest under CBS, much woody material arrives on the forest floor as logging slash and debris, usually still green and without the standing dead phase of CWD. Furthermore, logging slash is generally not randomly distributed across the landscape, but concentrated around landings. Research is required to compare the biota and decay trajectories of naturally fallen CWD with that of green logging slash (or trees fallen to provide CWD habitat) in wood production forests.

Establishment of Plantations
Conversion of native forest to plantations greatly reduces local biodiversity. Plantations are regarded as a crop rather than regenerated forest, and accordingly little or no attempt is made to conserve biodiversity within plantations. Measures to minimise defoliation both by insects and mammalian grazers aim to reduce biodiversity, as in other agricultural endeavours.

Conversion to plantation produces the same conservation problems as CBS native forestry, but they are exacerbated by the greatly restricted habitats within plantations, as compared to regenerated forest. Existing CWD is bulldozed into windrows and often burnt in the conversion of native forest to plantations, or under a fuelwood regime much might be harvested. In addition, because plantations are managed on a shorter rotation than native regeneration, there is even less time for CWD to accumulate.

State of knowledge

Coarse woody debris and biodiversity

Grove et al. (2002) provide a comprehensive review of the biodiversity conservation issues associated with CWD in forests worldwide, and in Australia. The vulnerability of the saproxylic fauna is well recognised in the European and Finnish and Scandinavian and North American literature, but much less has been done to document it in Australian forests. Some work has been done on the availability of commercially over mature “habitat” trees for hole-dwelling vertebrates (eg Gibbons & Lindenmayer 1996), and on the effect of forest management history on the saproxylic beetle fauna in Queensland forest (Grove 2002b). Although some studies are in progress in Tasmanian forests (Bashford et al. 2001, Yee et al. 2001), there are few published data on which to base an analysis. Mesibov & Ruhberg (1991) highlighted the importance of fallen logs in the conservation of two threatened velvet worms, and Michaels & Bornemissza (1999) discuss the effect of clearfall harvesting on stag beetles. Several reports have addressed the effect of harvesting on the decaying log habitat, with particular reference to a threatened stag beetle (Meggs 1996, 1999, Meggs & Taylor 1999).

Biodiversity conservation at landscape and coupe levels

Saproxylic species may be able to pass several generations in one unit of CWD, but eventually the unit will decay away, so the species have evolved strategies to disperse. Saproxylic species show a range of mobility, from those that fly readily from unit to unit to those that fly rarely or are incapable of flight. The balance of dispersal strategies might be expected to change from situations where the supply of CWD is reliable and species are generally sedentary, to situations where the CWD amounts fluctuate unreliably and species are generally dispersive. In Tasmania’s wet forests the natural dynamics of CWD are largely unknown, but decay rates are likely to be slow (favouring sedentary species) while the supply of CWD, through wildfire, is likely to be sporadic (favouring dispersers). (Grove et al. 2002); Bashford (1990) reported a range of dispersal abilities in beetles colonising plantations in northern Tasmania.

Overseas studies (reviewed by Grove et al. 2002) have shown that the diversity of saproxylic species is positively correlated with the abundance of CWD at scales ranging from hectares to tens of hectares. 

Size structure of coarse woody debris

Overseas studies (reviewed by Grove et al. 2002) have demonstrated positive relationships between log diameter and species incidence, richness and abundance.

An ARC Linkage program between the University of Tasmania, Forestry Tasmania and Gunns Ltd. (Yee et al. 2001) is examining the relationship between log size and the diversity of fungi and invertebrates (especially beetles) at the Warra LTER site. Preliminary results agree with overseas findings that larger diameter logs (>100 cm diameter, as compared to 30-60 cm diameter) support a more diverse biota. This study complements a long-term study established by Forestry Tasmania at the Warra LTER site to examine invertebrate succession in logs (Bashford et al. 2001). These studies are likely to confirm the general relationship between log diameter and species richness. However, they will not immediately supply information detailed enough to set precise prescriptions, for example, for the size of CWD that should be left on coupes, or to determine whether there are threshold log diameters required by particular saproxylic species.

Establishment of Plantations

Various studies have highlighted the restricted biodiversity in plantations. The structural simplicity of plantations, herbicide and pesticide use and the short rotation time are likely to favour only a very restricted biota, particularly dispersive species. However, some evidence suggests that some non-dispersive species can persist, at least through the conversion process. The abundance of native snails, millipedes, carabid beetles and velvet worms were compared in 6 – 46 year old plantations in northwest Tasmania and equivalent native forest over 50 years old (Bonham 1999). Velvet worms, millipedes and carabid beetles were no less abundant in plantations, while native snails were about 30% less successful in plantations. The slowly dispersing snails and velvet worms presumably survived in, and dispersed from, windrows. It remains uncertain whether these species will persist beyond the first harvest, and the chance of them surviving a fuelwood harvest before plantation establishment is probably low.

Current approach and its adequacy for ESFM

Coarse woody debris and biodiversity

To date there has been little deliberate effort in Tasmanian forest practices to conserve the saproxylic fauna. Conservation of forest invertebrates in general has been dealt with through the establishment of reserves, such as streamside reserves, wildlife habitat clumps, biodiversity corridors and wildlife habitat strips and off-reserve mechanisms such as management by prescription. The Tasmanian Forest Practices Code (2000) dictates how some of these reserves should be established, but makes no direct mention of CWD and its associated fauna. However, some members of the saproxylic fauna are already recognised as threatened under the Tasmanian Threatened Species Protection Act (1995) and other priority species were recognised in the RFA. Such species are automatically flagged in the preparation of Forest Practices Plans under the Forest Practices Code. Prescriptions for handling these species are found in the Threatened Fauna Adviser, an expert system available to Forest Practice Officers. Table 4 lists the species that are dependent on logs and that are included in the Threatened Fauna Adviser, and summarises the prescriptions that the Threatened Fauna Advisor provides.
The Forest Practices Code, with its associated manuals and tools, provides a good basis for the management of Tasmania’s commercial forests at the coupe level, and the approach taken with threatened species has been formally recognised by the government agency administering the Threatened Species Protection Act (1995). To some extent the threatened species found in CWD act as surrogates for other saproxylic fauna, but the special treatment that their presence ensures will only be given in geographical areas where the threatened species are known to occur. However, there is every reason to suppose that there are other species having a short range, and requiring large logs are present that may not have the same ranges as the species listed in the TSP Act.

The prescriptions in the FP Code and the Threatened Fauna Adviser deal only with the conservation of the existing dead wood habitat, without explicitly addressing the continuity of supply of CWD. Some of the new silvicultural treatments being trialled in the Warra LTER site (Hickey et al. 2001) aim to improve the continuity of CWD at the coupe level. It remains to be seen how effective they will be, and whether these treatments can be applied operationally taking into account safety, silvicultural and economic considerations. 

Biodiversity conservation at landscape and coupe levels

The Forest Practices system does not address the conservation of biodiversity on the ground within coupes to any great extent beyond threatened species management. Rather it deals with maintaining ecological processes, for example through soil conservation. In drier eucalypt forest, the Code recommends the establishment of wildlife habitat clumps that include habitat trees within coupes. In the wet eucalypt forest, however, the intensity of regeneration burns precludes the retention of wildlife habitat clumps, and the Code recommends leaving untouched areas at the edges of coupes that are less likely to burn.

Table 4  Species likely to be dependent on CWD that are listed in the Forest Practices Board’s Threatened Fauna Advisor, and the recommendations made to conserve them in wood production forests.
	Common Name
	Scientific Name
	Dependence on CWD
	Recommendations

	Blind Velvet Worm
	Tasmanipatus anophthalmus
	High
	Minimize disturbance to rotting logs: infrequent, low intensity burns; increase size and number of wildlife habitat clumps

	Giant Velvet Worm
	Tasmanipatus barretti
	High
	No high intensity or frequent burns; no conversion to plantations within wildlife priority area; increase size & number of wildlife habitat clumps to capture suitable habitat

	North West Velvet Worm
	Ooperipatellus cryptus
	High
	During conversion to plantations retain network of formal & informal reserves; avoid high intensity burns

	Broad-toothed Stag Beetle
	Lissotes latidens
	Medium
	Focus wildlife habitat clumps at edge of coupes which preserve logs to ensure no burn; special measures to ensure habitat retention; increase width of streamside reserves; prohibit post-clearing firewood collection

	Mt. Mangana Stag Beetle
	Lissotes menalcas
	High
	Focus wildlife habitat clumps which preserve logs at edge of coupes to ensure no burn; special measures to ensure habitat retention

	Burgundy Snail
	Helicarion rubicundus
	Low
	Retain continuous network of native forest; coupes to be <50ha, dispersed; adjacent regrowth to be >5m in height

	Keeled Snail
	Tasmaphena lamproides
	Medium
	Conservation management plan to ensure retention of network of native forest throughout range

	NE Forest Snail
	Anoglypta launcestonensis
	Medium
	No clear felling; no high intensity burns


The Code gives mandatory instructions for streamside reserves that provide a significant part of the network of biodiversity reserves.


The landscape planning that seeks to conserve biodiversity on State forest is carried out through Forestry Tasmania’s MDC and EMS processes. Forestry Tasmania’s strategic planning takes biodiversity conservation into account at a regional level through the CAR reserve system, along with retention of informal reserves. In the wood production forest, Special Management Zones recognise particular conservation values, and the placement of coupes, and establishment of wildlife habitat strips aim to conserve biodiversity at a landscape level.


Size structure of coarse woody debris

The Forest Practices Code makes no direct recommendations about maintaining the supply of large fallen logs over future harvesting cycles. Wildlife habitat clumps and the reserve network have the potential to supply such logs, but under the present regime these islands and corridors will become increasingly isolated for the saproxylic fauna that have low dispersal capacity.
The experimental silvicultural trials at the Warra LTER site have the potential to ensure a supply of larger logs from retained trees. It remains to be seen how well these retained trees will survive, and how the supply of CWD can be maintained in future regeneration cycles.

Establishment of Plantations

The general principles at the start of Forest Practices Code’s section on establishing and maintaining forests include the aim of maintaining biodiversity, but the Code’s recommendations for plantation establishment only deal with this through the retention (or re-establishment) of native vegetation in streamside reserves. 

Options for addressing perceived weaknesses

In general, options can be classified as those involving dispersal of the impact of CBS silviculture and fuelwood harvesting across the total forest landscape (i.e. harvested coupes + informal reserves + formal reserves), and those involving retention of habitat at a local (coupe) level. 

The objective should be to manage the existing CWD habitat and to ensure the recruitment of CWD in the long term (i.e. beyond the next 100 years).

Options include:
(i)  Total reliance on reserves to conserve biodiversity

This is a no-action option that relies on the current reserve system and those that would continue to be established under the planning schemes and FP Code to conserve the biodiversity associated with CWD. It is a non-precautionary approach and places at risk that component of the biota that requires large CWD and that has a low capacity for dispersal.

(ii)  Retention of trees to recruit CWD

Habitat islands, including large trees, can be retained in coupes if it is possible to control the intensity of regeneration burns. Aggregated retention may be a safer option for forest workers than dispersed retention.
Lengthening rotation times is another option to allow the development of large regrowth trees (>1 m) which could be left to supply the next generation of CWD. This implies rotation times of >100 years.

(iii)  Modify coupe size and geometry

Increasing the perimeter to area ratio of coupes, either by making them long and thin, or by including “peninsulas” of the surrounding forest will reduce the dispersal distances between CWD-rich areas. This option presents the same fire management problems as the retention of habitat islands.

(iv)  Control the intensity of CWD removal from harvested areas

The material on the coupe after tree harvest will comprise a mix of pre-existing downers, stags pushed over during harvest and logging slash; and this material will exist in arrange of sizes. It would be possible to control the amount of large diameter CWD, especially downers and pushed over stags, that was removed from the coupe. 

(v)  Manage the proportion of coupes harvested for fuelwood

Coupes might be classified as non-fuelwood, while others would be harvested intensively. Coupes to be converted to plantations might be harvested intensively, since CWD in plantations is likely to be pushed into windrows and burnt.

(vi)  Classify coupes and manage them differently depending on their biodiversity value

As an extension to the previous option, coupes could be classified at the landscape level and different prescriptions for fuelwood removal applied, depending on the biodiversity value of the coupe. This value might be assessed in landscape terms, for example the proximity of the coupe to larger reserved areas, or in terms of the coupe’s potential to produce large CWD in the future. Such a classification could be stratified over forest productivity classes in order to ensure the representation of CWD-dependent biota from all forest types.

Summary and Recommendations

Managing the biodiversity associated with CWD in a CBS plus fuelwood system

Little is known about the dynamics and habitat/biodiversity role of CWD in Tasmania’s wet forests.  It is likely that management actions at both the logging unit (coupe) and landscape scales are required to minimize advance effects of harvesting in the short- to medium-term.  In general, measures can be classified as those involving dispersal of the impact of CBS and fuelwood harvesting across the total forest landscape (i.e. coupes + informal reserves + formal reserves), and those involving retention of habitat at a local (coupe) level. Because of the spatial and temporal vulnerability of the slow-dispersing species that require large loss (as exemplified by the Mt Mangana Stag Beetle), management at the landscape level will be essential, and prescriptions at the coupe level should be nested within the landscape approach. The data to allow specific quantitative recommendations about the amount, size structure and distribution of CWD across the landscape are not yet available, so a precautionary approach to the maintenance of this habitat should be adopted at this time.

The broad objectives should be to manage the existing CWD habitat and to ensure the recruitment of CWD in the long term, i.e. beyond the next 100 years.

Dispersal Recommendations

Recommendation 11. The dynamics of CWD be modelled at the landscape level to establish how the stock and size structure vary over time across forest types, productivity classes and geographical locations. This information should be used to reduce or avoid fuelwood harvest, and/or increase rotation length beyond 80-100 years in selected areas so as to create zones (nodes) of forest rich in large diameter CWD that are linked throughout the harvested forests.

Retention Recommendations

Recommendation 12. Guidelines for retention of CWD be developed that give priority to large (> 1m diameter) decayed logs (existing habitat) and defective green sections of harvested trees (which during decay will create a new suite of habitat).  The guidelines should specify a minimum quantity (volume/ha) for retention that could be varied according to characteristics (e.g. landscape position) of the harvest unit.  Where sufficient material of >1m diameter exists, the harvest of other fuelwood could be high. Coupes to be converted to plantations should be subjected to intensive fuelwood harvest.  

Recommendation 13. Silvicultural techniques be further developed for aggregated habitat retention on logging coupes.
Landscape planning for CWD habitat

The Forest Practices Code has been a successful means of regulating forestry activities, largely at the operational (coupe level) scale. The Forest Practices Board which is independent of Forestry Tasmania, was designed to be self-regulatory, and the Board and Advisory Council develops and administers the Code, which applies to all forest tenures. The Board has the potential to be able to incorporate the review of landscape requirements for the conservation of the CWD habitat across the entire commercial forest estate into its responsibilities.

Recommendation 14.  The Forest Practices Board consider developing guidelines for planning the management of CWD at landscape scales, and a role in the review and approval of such plans. 


Research on management of CWD

There are large information gaps that need to be filled before CWD biodiversity can be confidently managed in forest subjected to CBS silviculture and fuelwood harvest. Some key objectives are listed below, with priorities.

· Establish the breakdown rates of natural CWD, logging slash and live trees that might be felled green to provide CWD habitat. (High)

· Establish the dispersal capacities of representative saproxylic, or log-dependent, species in a range of taxonomic classes. (High)

· Establish the proportion of the saproxylic, or log-dependent, biota that falls into the at-risk class of slow dispersers that require large logs, and their geographical ranges. (Medium)

· Compare the biotas and successional stages of natural CWD with those of logging slash and trees felled and left to provide CWD habitats. (Medium).
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8.  Greenhouse Gas Balances

The Accounting Framework

Before going into details of stand-level Greenhouse gas implication of various management regimes, a few general points need to be made. To assess the Greenhouse implications of any proposal, the chosen time horizon for the analysis is crucial. This is illustrated in Figures 2 and 3.

Figure 2: Notional change in carbon stocks under two different notional management regimes. The vertical lines delimit two possible assessment periods that could be used. A third alternative is assessment over a 100-year period.
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This illustrates how different management regimes can lead to different trajectories in carbon stocks. One management regime leads to rapid fluctuations in carbon stocks, the other one leading to only gradual changes, but both attain the same carbon stocks at the end of a 100-year period. They could represent, in stylised form, the contrasting management regimes of plantation management and regrowth natural forest.

Figure 3.  Carbon fluxes under two different notional management regimes. The fluxes are derived from the carbon stocks shown in Figure 2.
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In the notional two management options, one (shown in pink) leads to high initial carbon uptake over the first 10 years, but large losses over the next 10 years. The other regime (in blue) leads to small, but on-going losses over the first 25 years and gains over the next 50 years. The losses of regime 2 are much smaller from the years 10 to 20 than those of management scenario 1. 

It shows that there is not a unique answer to the question of Greenhouse outcomes? It is important to recognise that the same information about future carbon stocks can be interpreted differently to derive different apparent greenhouse outcomes by simply considering different periods for analysis.

One may consider the initial emissions over, say, the first year in the life of a project as the relevant emissions as they are a direct and immediate result of the management choices. However, in Greenhouse terms that is not particularly relevant as climate change is a longer-term problem and does not respond directly to the emissions over a short period of a few years. If a system leads to increasing carbon stocks over a short period (say, a plantation) but the carbon stocks are pre-planned to be reduced again after a short period of time then the short-term benefit does not lead to a lasting benefit.

Alternatively, one may consider the 2008-2012 period as the relevant assessment period as that is the first commitment period defined in the Kyoto Protocol (UNFCCC 1997). Calculations under Kyoto rules are relatively simple for the present assessment as changes in carbon stocks in forest systems do not need to be quantified provided that no land-use change is involved (Schlamadinger et al. 2000). Any emissions avoided as a result of substituting fossil-fuel derived electricity by electricity generated from fuelwood can be counted as a gain whereas changes in forest carbon storage do not need to be considered. Changes in non-CO2 Greenhouse gas emissions and ancillary emissions do need to be assessed together with the potential for fossil-fuel substitution.

However, that simple case is only relevant under the specific accounting rules of the Kyoto Protocol. The analysis done here therefore takes a broader perspective and tries to assess the effect that utilisation of fuelwood would have on climate change in the longer term. In terms of the notional diagrams (Figs. 2 and 3), it is the net changes in carbon stocks over 100 years that are relevant for ultimate climatic impact and that are being assessed here.

Climate change is a longer-term problem that will only fully manifest itself over periods of many decades to centuries. Hence, it is not the rate of CO2 emissions in particular years that constitutes a concern in terms of climate change, but the resultant atmospheric CO2 concentration that results from many years of emissions. Hence, the relevant question is how the use of wood for electricity generation would affect net emissions of CO2 and other Greenhouse gases over a long time period. For that reason, a 100-year time horizon is applied for the present analysis.

There is also the question of how to credit and debit changes in carbon stocks relative to accounting for offset changes in avoided CO2 emissions the result from substitution of fossil fuels. For each land use, such as unlogged natural forest, or a regrowth forest with energy-wood usage, it is possible to calculate an average carbon density associated with that land use. A change in land use can then be calculated to lead to a loss or gain in stored carbon (Kirschbaum et al 2001).  That is a once-off change in carbon storage. 

The offset for fossil-fuel emissions and change in non-CO2 Greenhouse gas and ancillary emissions, on the other hand, are  multiple effects that potentially accrue at each rotation, and thereby multiple times. One could have taken the position that fuelwood is utilised only on one single occasion then the land-use can revert back to the land use that would have been practiced without the energy-wood removal. In that circumstance, there would be no lasting change in site carbon storage.

Hence, there is the difficulty of combining one Greenhouse implication that has no time horizon, the change in carbon storage, with another implication that accumulates over each successive rotation. This problem was resolved here by applying a 100-year planning horizon and calculating the fossil-fuel substitution benefit over a 100-year period by dividing 100 years by the planned rotation length. For plantations, the planned rotation length was taken to be 30 years and for regrowth forest an expected rotation length of 90 years was used. Hence, for plantations the fossil-fuel substitution benefit and other effects that occur with each rotation were multiplied by 3.33, and for regrowth forest by 1.11.

Energy Substitution

The question of the amount of CO2 emissions that can be avoided as a result of using fuelwood does firstly involve an estimation of the conversion efficiency. How many kW hr of electricity can be produced per ton of dry wood? That depends on the specific calorific energy content of wood and on the specifications of different power plants, with plants utilising more modern, and more expensive technology being able to generate more energy per unit of wood burnt. It is assumed here that the proposed Southwood power plant could obtain a conversion efficiency of 1.425 MWhr per tonne DW of wood
. 

To assess the fossil fuel saving made possible by that 1.425 MWhr being generated also requires an assessment of how the substituted marginal unit of electricity would have been produced. In other words: which power plant would be switched off as a result of the energy-wood power plant being switched on, and what energy source would have been used by that replaced energy plant?

Table 5: Conversion efficiencies for a range of power sources that might be substituted by fuelwood. Data by URS (2001).

	Electricity source
	Carbon content per unit of energy (kg CO2 GJ-1)
	System efficiency
	CO2 release per unit of electricity produced (kg CO2 kWhr-1)
	CO2 release for electricity delivered via Basslink (kg CO2 kWhr-1)

	Brown coal in Victoria
	114.7
	30.1%
	1.37
	1.41

	Black coal in NSW
	94.3
	35.2%
	0.96
	0.99

	Thermal gas on mainland
	57.0
	36%
	0.57
	0.59

	CCGT gas on mainland
	57.0
	53%
	0.39
	0.40

	OCGT gas in Victoria
	57.0
	32%
	0.64
	0.66

	Oil in Bell Bay
	77.4
	36.4%
	0.77
	n/a

	CCGT gas in Bell Bay
	57.0
	53%
	0.39
	n/a

	Diesel in Tasmania
	73.3
	30%
	0.88
	n/a

	hydro, wind
	0
	n/a
	0
	0


Calculations for the last column have assumed 2.8% transmission loss as given by URS (2001) for a southward flow of 300 MW. Transmission losses for northbound transmission are given as 4.7% at 600 MW.

Currently, essentially all of the electricity used in Tasmania is generated using hydro energy, with installed generating capacity and available dammed water resources capable of delivering 10,205 GW hr yr-1 compared to a current Tasmanian electricity demand of about 10,000 GW hr yr-1 (URS 2001). In addition, a 76 MW wind farm is currently being constructed in Tasmania, with plans to install at least another 400 MW over the next six years. An installed capacity of 476 MW with realistic yield estimation is projected to supply an additional 1,800 GW hr yr-1 when fully operational (URS 2001). Hence, over the foreseeable future, Tasmania is likely to have excess generating capacity from renewable sources to meet its domestic needs. An oil-fired power station at Bell Bay is used to provide stand-by capacity during any supply problems with hydro energy, but that facility does not generally need to be utilised.

The Tasmanian energy system is currently separated from the power grid on the mainland so that any additional electricity could only be utilised within Tasmania. There are advanced plans, however, for the Tasmanian electricity system to be linked to the mainland via an undersea cable (Basslink). A gas pipeline is also currently being constructed that will allow future marginal electricity needs in Tasmania to be met with a gas-fired power station.

A number of different scenarios then need to be considered (Table 6).

Table 6: Different energy substitution scenarios.

	
	Bass-link used
	Power replaced
	Electricity utilised
	Carbon saving per kW hr of electricity generated [kgCO2 (kW hr)-1 ]
	CO2 saving from energy generation from fuelwood (tCO2 tDW‑1)
	Transmiss. losses via Basslink

	Case 1
	N
	Hydro, wind
	Tasmania
	0
	0
	0

	Case 2
	N
	Oil
	Tasmania
	0.77
	1.10
	0

	Case 3
	N
	Gas
	Tasmania
	0.39
	0.56
	0

	Case 4a
	Y
	NSW black coal
	Tasmania
	0.99
	1.41
	+2.8%

	Case 4b
	Y
	Vic. brown coal
	Tasmania
	1.41
	2.01
	+2.8%

	Case 5a
	Y
	NSW black coal
	Mainland
	0.96
	1.30
	-4.7%

	Case 5b
	Y
	Vic. brown coal
	Mainland
	1.37
	1.86
	-4.7%


Assumptions: the energy conversion efficiencies from Table 5 are used. The second-last column assumes an energy conversion efficiency of 1.425 MWhr (tDW)‑1 and transmission losses of 2.8 and 4.7% for southward and northward transmission, respectively. Transmission losses are given as positive if electricity is replaced that would be generated on the mainland but consumed in Tasmania, and as a negative for electricity flows in the opposite direction.

Case 1 applies if there is no Basslink, or if an existing link is already saturated with delivering renewable power from the other available sources (normal capacity of Basslink is 480 MW). If the electricity of wood-derived energy would replace electricity that would otherwise be generated from hydro or wind energy, then there would be no saving in fossil fuel use and hence no saving in Greenhouse gas emissions. This case might apply in the absence of a Basslink cable and in years when there is an excess of electricity available from other renewable sources.

Case 2 applies if wood-derived electricity were to substitute for electricity generated from oil produced within Tasmania. That case might be relevant if there is demand growth in Tasmania that exceeds the anticipated growth in renewable energy generating capacity.

Case 3 is similar to case 2 but anticipates the expected conversion of the Bell Bay power station from oil to gas. The saving is less than for case 2 because gas causes lower CO2 emissions per unit of electricity produced.

Cases 4 and 5 are both predicated on the Basslink being constructed and utilised. Case 4 assumes that there would be considerable growth in electricity demand in Tasmania and that this growth exceeds even the increasing supply of renewable energy, and that the marginal additional energy would be generated on the mainland rather than in Tasmania. Case 4a assumes that the extra supply comes from black coal in NSW and case 4b that it comes from brown coal in Victoria. 

Case 5 assumes that Tasmania would have an excess of renewable energy that could be exported to the mainland, but not to the extent that it reaches the 480 MW capacity of the Basslink cable. As for case 4, electricity supplies originating from NSW and Victoria are distinguished

In other words, Greenhouse gas savings could range from 0 to 2.01 tCO2 tDW-1 depending on the specific circumstances with respect to national energy demand and supply, and whether the Basslink project will proceed. 

Of these different cases, case 5 seems the most likely even though at the time of writing, it is not yet certain that the Basslink project will go ahead. If the Basslink is going to be constructed, and with the work currently under way and plans to install further wind-based generating capacity in Tasmania, it seems likely that Tasmania’s generating capacity of renewable energy will continue to exceed the State’s electricity demand for the foreseeable future. 

It is less certain, however, that Tasmania’s total excess generating capacity of renewable energy will not exceed the load rating of the Basslink cable. However, if that were the case, then there might also be a strong case for constructing further cables to link Tasmania and the mainland.

Simulation of forest carbon balances

To assess the effect of the proposed management regimes on carbon balances, simulations were run on unmanaged natural forest, regrowth forest and plantation forests. For all the simulation done here, a simple model of forest growth was used that keeps track of all the key carbon pools in the system. Details of the model are provided in Appendix 1. Forests of mixed-use history are also quantitatively important in supplying wood in the south-west of Tasmania. However, because of their diverse individual circumstances, it was not possible to choose one set of conditions that could adequately represented this category.

For the simulations in the following, parameters were chosen to obtain as far as possible consistent agreement with observations of biomass amounts supplied by Forestry Tasmania (Table 1) and post-harvest residues from Slijepcevic (2002). 

The estimates of average stand growth are low compared to other published estimates for the growth of these forests (Borough et al. 1978; Turnbull et al. 1988; West and Mattay 1993). This difference in estimates is due to the estimates by Forestry Tasmania include all forests within the study area irrespective of their conditions. In interpretation of the numbers provided in the following it must be kept in mind that they represent the average over all wet eucalypt forests in Tasmania.

However, no equivalent compilation exists for plantations, which created a particular difficulty in comparing the trends in plantations with those from regrowth forests. The few available numbers suggest scope for considerable enhancement of growth rates when stands are established through planted stock with optimal stocking, which ensures early site occupancy, and further facilitated by fertilisation and thinning (Tibbits 1986; Turnbull et al. 1986, 1993). 

Observed plantation performance is further boosted by a site selection process whereby only good sites with good expected growth potential are selected and used for plantation establishment. Hence, it is not valid to compare the growth or carbon storage of plantations on good sites with the growth or carbon storage of regrowth forests on all sites, including poorly productive ones.

The two internally consistent analyses are to compare regrowth forests and plantations on only good sites, or comparing regrowth forests and plantations on sites of average quality. Of those two options the latter has been chosen. This means, however, that plantation growth reports shown in the following may be less than can typically be observed in plantations on good sites.

Unmanaged natural forest

The natural unmanaged forest was assumed to be subject to regular fires every 100 years, with those fires killing 25% of living biomass. 40% of the killed biomass was assumed to be consumed in the fires and 60% to fall as litter. Every 300 years, a stand-replacing fire was assumed to kill the whole stand. Figure 4 shows the changes in all relevant pools in the system. 

Figure 4: Time course of key carbon pools in an unmanaged natural forest. The only disturbances included are fires every 100 years that kill 25% of trees, and stand-replacing fires every 300 years. The horizontal dotted line is the long-term average carbon density of the stand as a whole. It is shown here for a simulation run when all carbon pools had come to an equilibrium under the simulated conditions.
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For the natural stand, total site carbon storage was 521.8 tC ha-1 on average (first column in Table 4), with peaks of about 617 tC ha-1 just before the advent of a stand-replacing wildfire and a minimum of about 359 tC ha-1 some years after the previous stand-replacing wildfire. Individual pools show slight ups and downs in response to the various fires. Following a stand-replacing fire (at year 0), large amounts of litter were produced that largely decay away over the subsequent 50 or so years. However, woody litter remained at an average density of 100.4 tC ha-1 fed by on-going inputs due to natural mortality and greater inputs during fires. Fires also consume a proportion of litter and there are on-going losses through normal decay.

The tree component undergoes the greatest changes  with growth from 0 reaching 329 tC ha-1 in live biomass after 300 years (Fig. 4). On average over the simulated 300-year sequence, tree biomass is 239.6 tC ha‑1 (Table 8).

Logging mature forest

A range of forest growth scenarios are considered here. Firstly, the conversion of mature forest to regrowth forest, grown over 90 years. It uses the size of the natural forest shown in the previous Section as the starting point. Figure 5 shows the changes in key pools in the system during a first regrowth cycle. 

An uncertain question is whether wood products should be considered as part of the overall system. It generally is more consistent if wood products are not included in a comparison of this kind. Otherwise, the decay of previously produced wood products would also have to be considered so that the case where there is no overall increase in stored wood products would result in zero calculated net emissions. For completeness wood products are shown in the Tables as well, but they are not included in subsequent calculations.

In any case, the important comparison in the present context is that between the cases of with and without energy-wood removal. As fuelwood is completely consumed within one year, the decision about the treatment of wood products makes no difference for the values calculated here.

Figure 5: Time course of key carbon pools following the logging of mature forest, with re-establishment of regrowth forest thereafter under standard current logging conditions.
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Total site carbon storage was 617 tC ha-1 just before logging, reaching a minimum of about 280 tC ha‑1 about 10-15 years after logging and then recovering to about  495 tC ha-1 just before the next harvest (Fig. 5). On average carbon amounts, converting mature to regrowth forest leads to an estimated carbon loss of 162.9 tC ha-1, dominated by a loss of 103.8 tC ha-1 in the living-tree component, but also slight losses in the woody and other litter and soil carbon pools. This would be partly negated by slight gains in the wood-products pool if one were to consider that pool.

Additional utilisation of fuelwood would cause a further loss of 8.8 tC ha-1, mainly due to a reduction of 6.3 tC ha-1 of woody litter. Soil carbon was also calculated to be decreased by 2.5 tC ha-1. These changes in soil carbon are, however, highly uncertain as is discussed further below. The calculated difference of 8.8 tC ha-1 translates into a loss of 0.14 tC per tC in fuelwood.

Table 8: Changes in the main carbon pools with the conversion from mature to regrowth forest. All numbers give the long-term averages under respective management systems. In this system, 61 tC ha‑1 could be used for fuelwood. The last column expresses changes in carbon storage relative to the amount of fuelwood removed. 

	
	
	Standard current logging
	With energy-wood removal
	

	
	Initial
	Under regrowth
	Change
	Under regrowth
	Change
	Diff. between standard and fuelwood

	
	tC ha-1
	tC (tC fuelwood)‑1 

	Total
	521.8
	358.9
	-162.9
	350.1
	-171.7
	-8.8
	-0.14

	Stand
	521.8
	351.1
	-170.7
	342.3
	-179.5
	-8.8
	-0.14

	Trees
	239.6
	135.8
	-103.8
	135.8
	-103.8
	0.0
	0.00

	Woody litter
	100.4
	55.0
	-45.4
	48.7
	-51.7
	-6.3
	-0.10

	Other litter
	36.3
	27.5
	-8.8
	27.5
	-8.8
	0.0
	0.00

	Soil C
	145.5
	132.8
	-12.7
	130.3
	-15.2
	-2.5
	-0.04

	Products
	0.0
	7.8
	7.8
	7.8
	7.8
	0.0
	0.00


Logging regrowth forest

Most forest operations in Tasmania involve the logging of regrowth forest and reestablishment of a further rotation of regrowth forest, grown over about 90 years. For the simulation done here, the final values calculated 90 years after an initial logging of mature forest formed the starting values for a regrowth-logging cycle. Figure 6 shows the changes in key pools in the system. 

Figure 6: Time course of various carbon pools following the logging of regrowth forest, with re-establishment of a further rotation of regrowth forest thereafter. 
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In the regrowth simulation, total site carbon storage was about 490 tC ha-1 before logging and essentially the same after the next rotation under the same growth conditions. Woody litter carbon at first increased during logging, but most of that was then lost again during the subsequent regeneration fire. It dropped further over subsequent years due to on-going decay before stabilising as on-going losses were matched by new input from individual-tree mortality.

Table 9: Size of the main carbon pools in regrowth forest and the difference in pool sizes if energy-wood harvesting is included. The basic numbers are the same as in Table 8, but expressed per unit of fuelwood removal  the number are different because in the regrowth forest only 42 tC ha‑1 would be available for use as fuelwood.

	
	Average pool sizes
	Diff. between standard and fuelwood

	
	tC ha‑1
	tC (tC fuelwood)‑1 

	Total
	358.9
	-8.8
	-0.21

	Stand
	351.1
	-8.8
	-0.21

	Trees
	135.8
	0.0
	0.00

	Woody litter
	55.0
	-6.3
	-0.15

	Other litter
	27.5
	0.0
	0.00

	Soil C
	132.8
	-2.5
	-0.06

	Products
	7.8
	0.0
	0.00


Repeated logging under the same repeated schedule would have no on-going effect on changing carbon stocks as carbon gains during the growth phase are completely matched by the losses in subsequent harvests. There could be longer-term changes in soil carbon, but the available evidence suggest those to be small or not to occur at all (see below). 

Hence, the only question of interest in the case of logging regrowth forest is the change in carbon stocks as a result of inclusion energy -wood utilisation, and the relevant numbers for that are the same as for the use of fuelwood in logging mature forest. There would be a loss of about 6.3 tC ha‑1 from woody litter and 2.5 tC ha‑1 from soil organic carbon, but because less wood would be available for energy-wood utilisation, it translates into a slightly larger loss in carbon per unit of fuelwood removal (Table 9).

Logging regrowth forest and converting it to a plantation

For the simulation done here, a plantation was assumed to be established after logging a regrowth forest. This new plantation was grown for only 30 years before being logged. Figure 7 shows the changes in all relevant pools in the system. 

Figure 7: Time course of various carbon pools following the logging of regrowth forest and subsequent establishment of a plantation.
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For the plantation, total average site carbon storage slightly increased from 350 tC ha-1 for a regrowth stand to about 374 tC ha-1 under plantation without energy-wood utilisation (Fig. 7, Table 10). Plantations have a much higher growth rate than a regrowth forest so that despite the short rotation time of only 30 years, the plantation stand has about the same carbon stocks as a regrowth forest.

In making this statement, two factors need to be kept in mind, however. Firstly, there are no published growth rates available for plantations across the study area in Tasmania. Secondly, the growth estimates that are available refer to plantations established on good sites as those sites are preferentially selected for plantations. Growth estimates for regrowth forests, on the other hand, refer to an average estimated across all forests of all varying quality. These considerations affect the comparison between plantations and regrowth forests but they do not affect estimates of the additional effect of energy-wood removal.

The removal of fuelwood was estimated to reduce total site carbon stocks by 13.4 tC ha-1 with reductions mainly in soil organic carbon (-9.2 tC ha‑1) and also woody debris (-4.2 tC ha‑1). As the plantation system can deliver relatively large amounts of fuelwood, the difference in terms of changes in carbon stocks per unit of fuelwood {0.1 tC (tC fuelwood)‑1} than for the effect on regrowth forests. 

Table 10: Changes in the average values in the main carbon pools in converting a regrowth forest to a plantation. In this system, 42.0 tC ha‑1 could be used for fuelwood at the first harvest and 38.0 tC ha‑1 at each of the next harvests of plantation wood. The last column expresses changes in carbon storage relative to the amount of fuelwood removed in these three harvests. 

	
	
	Standard current practice
	With energy-wood removal
	

	
	Initial (regrowth)
	Under plantation
	Change
	Under plantation
	Change
	Diff. between standard and fuelwood

	
	tC ha‑1
	tC (tC fuelwood)‑1 

	Total
	350.1
	374.3
	24.2
	360.9
	10.8
	-13.4
	-0.10

	Stand
	342.3
	350.1
	7.8
	336.7
	-5.6
	-13.4
	-0.10

	Trees
	135.8
	111.7
	-24.1
	111.7
	-24.1
	0.0
	0.00

	Woody litter
	48.7
	26.6
	-22.2
	22.3
	-26.4
	-4.2
	-0.03

	Other litter
	27.5
	31.1
	3.7
	31.1
	3.7
	0.0
	0.00

	Soil C
	130.3
	180.8
	50.4
	171.6
	41.2
	-9.2
	-0.07

	Products
	7.8
	24.2
	16.4
	24.2
	20.6
	4.2
	0.03


Non-CO2 Greenhouse gases

In addition to carbon balances, the emission of other Greenhouse gases also need to be assessed. This principally involves the Greenhouse gases methane and nitrous oxide that are released during burning (Galbally et al. 1992; Prather et al. 2001). Other pollutant gases are also released, principally NOx, CO and NMVOC, but they are not Greenhouse gases. The release of these gases is calculated here with reference to the calculations in the National Greenhouse Gas Inventory (NGGI 1996a, 1996b) which lists specific emission factors for both forest fires and burning under industrial conditions. The result of these calculations is given in Table 11, with more details provided in Appendix 1.

Table 11: Release of non-CO2 gases during forest fires and combustion in industrial boilers. All values are expressed per tDW.

	Basic information

	CO2 emission from burning wood (kgCO2 tDW‑1)
	
	
	
	
	
	1,687

	
	CH4
	N2O
	NOx
	CO
	NMVOC
	Total non-CO2

	C fraction
	0.46
	0.46
	0.46
	0.46
	0.46
	

	GWP
	21
	310
	0
	0
	0
	

	Forest fires

	N:C ratio
	n/a
	0.011
	0.011
	n/a
	n/a
	

	Emission factor
	0.01
	0.007
	0.1
	0.1
	0.022
	

	Mass ratio
	1.33
	1.57
	3.29
	2.33
	1.17
	

	Total emission (kg tDW‑1)
	6.1
	0.06
	1.7
	107
	11.8
	

	CO2 equil. (kgCO2 tDW-1)
	128.5
	17.2
	
	
	
	145.7 (8.6%)

	Industrial burning

	Derived energy (GJ tDW-1)
	17.9
	17.9
	17.9
	17.9
	17.9
	

	Emission (g GJ‑1)
	4.20
	4.10
	75
	680
	6.8
	

	Emission (kg tDW‑1)
	0.08
	0.07
	1.35
	12.2
	0.12
	

	CO2 equil. (kgCO2 tDW-1)
	1.6
	22.8
	
	
	
	24.4 (1.4%)

	Difference between forest and industrial burning (kgCO2 tDW-1)
	
	
	
	
	
	121.3 


Calculations are based on detailed sample calculation sheets given in NGGI (1996a, 1996b). 

For each tonne of wood (dry weight) that is burnt in forest fires, it is estimated that 6.1 kg methane and 0.06 kg nitrous oxide are released as well. Taking their respective greenhouse warming potential into account, that amounts to emissions of 128 and 17 kgCO2 equivalent tDW‑1 of methane and nitrous oxide respectively for a total of 146 kgCO2 equivalent tDW‑1. This needs to be compared with the 1.69 tCO2 tDW‑1 that would be released as CO2 if all fuel were converted to CO2 during burning. This adds a further 8.6% to the Greenhouse gas emissions resulting from forest fires.

Because of the more efficient burning process in industrial boilers, methane emissions under those conditions are much reduced if wood is burnt for energy generation, but it has little effect on nitrous oxide emissions. Total emissions are only 24.4 kgCO2 tDW‑1 for consumption under industrial conditions and add 1.45% to total Greenhouse gas emissions. So, for each tDW of wood that is burnt in an industrial boiler rather than in the forest, a Greenhouse saving of 121.3 kgCO2 tDW‑1 accrues.

While not important as Greenhouse gases, there are also other gases emitted during fires (Table 10). Carbon monoxide and non-methane volatile organic compounds (NMVOC) are essentially products of incomplete combustion, and their emissions can be greatly reduced if wood is burnt in industrial boilers that allows more complete combustion. NOx emissions are high even under industrial conditions, but that can be reduced through scrubbing exhaust fumes.

Table 11 gives sensitivity of non-CO2 Greenhouse gas emissions per unit of wood burnt during regeneration fires or for electricity generation. This is quantified further in Table 12 for the specific scenarios investigated above. The cases of regrowth forest re-established as natural forest for a further rotation or converted to a plantation are not distinguished in Table 12 as they have identical initial emissions of non-CO2 gases.

Table 12: Comparison of the release of non-CO2 gases as a result of logging mature or regrowth forest and with either all woody litter retained in the forest or partly used for electricity generation. These calculations are based on a 100-year horizon so that effects are multiplied by the number of rotations expected over 100 years. It only calculated the non-CO2 implications of fresh woody litter added due to logging operations.

	
	Woody litter
	burnt in forest
	burnt at power plant
	Forest
	Power plant
	
	

	
	
	
	
	CH4
	N20
	CH4
	N20
	Total 
	Difference

	
	tDW ha‑1
	tCO2 equivalents ha‑1

	Mature
	Current
	245.7
	122.9
	0.0
	15.8
	2.1
	0.00
	0.00
	17.9
	

	
	Fuelwood
	122.9
	61.4
	122.9
	7.9
	1.1
	0.19
	2.8
	11.9
	-6.0

	Regrowth
	Current
	168.6
	84.3
	0.0
	10.8
	1.5
	0.00
	0.00
	12.3
	

	
	Fuelwood
	84.3
	42.1
	84.3
	5.4
	0.7
	0.13
	1.9
	8.2
	-4.1

	Plantation
	Current
	521.2
	390.9
	0.0
	50.2
	6.7
	0.00
	0.00
	57.0
	

	
	Fuelwood
	260.6
	195.4
	260.6
	25.1
	3.4
	0.41
	5.9
	34.8
	-22.1


Calculations are based on details given in Table 11, the initial woody litter amounts calculated in the Sections given above and with the assumptions that 50% of woody litter could be used as fuelwood and that 50% of remaining woody litter would be consumed during regeneration burns in logging mature or regrowth forests. For plantations, it was assumed that 75% would be consumed during regeneration fires.

The data in Table 12 show that there are considerable emissions of non-CO2 Greenhouse gases that are emitted during regeneration burns after fires. They amount to estimated totals of 17.9 and 12.3 tCO2 equivalents per hectare during the regeneration burns carried out after logging mature and regrowth forests, respectively (Table 11). These emissions can be reduced by 6.0 and 4.1 tCO2 equivalents per hectare if half of the residual woody residue is used as fuelwood instead. 

Because of the larger productivity and the larger proportion burnt in regeneration fires for the establishment of plantations, non-CO2 Greenhouse gas emissions are even more important for plantations, with emissions of 57.0 tCO2 equivalents per hectare under current practice which could be reduced by 22.1 tCO2 equivalents per hectare (over a 100-year period) through the harvesting and use of fuelwood.

For forests in swampy locations there could potentially be further methane emissions if any woody litter decomposes under anaerobic conditions. The general wetness and cool conditions of the region makes that a possibility, but that is not quantified here.

The calculations done here are based on the default methodology used in constructing Australia’s National Greenhouse Gas Inventories. It is the standard recognised methodology, but it is also recognised that trace-gas emissions can vary greatly with specific conditions under which those fires take place. Emissions of methane, carbon monoxide and NMVOCs, in particular, are products of incomplete combustion, and there emissions are thus dependent on the heat and oxygen availability during fires. Fires are usually set on days and under conditions that allow good combustion, but it is not clear how these conditions compare with those when other forest fires occur in Australia which would generally also meet those conditions.

The estimates given in Tables 11 and 12 may therefore be either under- or overestimates of true emissions. As they are quantitatively quite large compared to carbon stocks changes and relative to other emissions related to the burning of biomass, it seems warranted to undertake further targeted research work to determine emissions of these trace gases with greater certainty.

Ancillary CO2 emissions

In handling and transporting wood from the forest to a power plant, there are other Greenhouse gas emissions involved. Energy is principally needed for wood handling on site, haulage to a power plant and chipping of wood (Table 13).

Table 13: Estimates of CO2 release in transporting wood from the forest to a power plant.

	
	Handling
	Hauling
	Chipping
	Total
	Additional
	kgCO2 (tDW)‑1 

	
	litres diesel per tonne green wood
	
	

	Minimum
	2.5
	1
	1
	4.5
	1.3%
	24.2

	Average
	3.25
	2.5
	1.5
	7.25
	2.1%
	39.0

	Maximum
	4
	4
	2
	10
	2.9%
	53.8


Estimates for fuel consumption in hauling are based on hauling distances between 25-100 km (for minimum and maximum values). Total extra emissions are the sum of handling, hauling and chipping. It is assumed that 1 L diesel emits 2.69 kgCO2 upon combustion, that a green tonne of wood consists of 50% water and dry weight to be 50% carbon so that the additional emissions from transport and handling could be calculated as extra CO2 emissions relative to the CO2 emissions from the burning of wood itself. Minimum and maximum give reasonable upper and lower limits and average is simply the average of these two estimates. If chipping is done by an electric rather than a diesel motor, it is assumed here that the same additional emissions would be involved.

If fuelwood is to be utilised, it will require additional handling of wood in the forest. The estimates for handling are probably somewhat overestimating because they are based on wood handling from normal logging operations. As much of the logging work needs to be undertaken in any case, the addition wood handling can probably be done at somewhat higher efficiency than the base work. These estimates might become higher, however, if attempts would be made to also recover smaller-diameter wood or extricate stumps. The calculations done here are predicated on the assumption that an excess of wood residue will be available and that only easily collectable material will be used.

Estimates of haulage are based on haulage distances of 25 for the minimum estimate and 100 km for the maximum estimate. The distances within the Southwood catchment are probably at the lower end of those estimates, but actual numbers will also depend on whether wood can be sources preferentially from site nearer the power station, or whether it will be necessary to collect all available material from the whole of the area.

The estimate for extra emissions related to chipping wood before feeding it into boilers is based on a diesel-driven chipper. If an electric chipper is used then the calculations should be done on the basis of the reduced electricity available from the Southwood power station, and that would lead back to the question as to which fuel source would be replaced. To avoid these extra complications, the power use and CO2 emissions related to the use of a diesel-driven chipper are used here.

One of the benefits of using wood-derived energy is that obviates the need for mining and transport of coal or other fossil fuels that are being replaced and an additional saving accrues through the saving of the ancillary emissions involved in the mining and transport of the replaced fossil fuel sources. This is only noted here, but no detailed calculations are carried out.

Coarse Woody Debris Decay

For the purposed of the current assessment, trends in coarse woody debris over time are one of the most important parameter to estimate. Unfortunately, there is not much known about the decay rates of coarse woody debris. This is partly due to the methodological difficulties in measuring the decay of woody debris over many decades. This is made more difficult by the fact that much coarse woody debris starts as standing dead wood where it decays only slowly. When dead trees finally fall over, a faster rate of decay can commence. 

Until recently, there has also been a lack of interest in the fate of coarse woody debris in forest ecosystem. It is only with a recent  upsurge in interest in coarse woody debris dynamics due to the recognition of the importance of coarse woody debris for some unique species of the forest ecosystem (Harmon et al. 1986; Grove et al. 2002). Coarse woody debris has also been recognised as a quantitatively important component of the forest’s carbon stocks, so that there has been increasing interest in the dynamics of coarse woody debris.

A recent review of available information was being undertaken by Mackensen and Bauhaus (1999). They reported a general dearth of information, especially from Australian studies. Slightly more information was found from overseas studies, especially the north-western United States where the majority of studies had been carried out. The work carried out there provided some general knowledge of the factors that can influence decay rates. One important relationship is the decrease in decay rates with increasing log size (Fig. 8), and a weak relationship between decomposition rate decreasing with increasing wood density (Mackensen and Bauhaus 1999).

Figure 8: Dependence of coarse-woody debris decay constant on log diameter for Pseudotsuga menziesii and Tsuga heterophylla, two well-studied north-American species. Redrawn from Mackensen and Bauhaus (1999).
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Mackensen and Bauhaus (1999) also carried out a small number of additional experiments to overcome some of the dearth of knowledge on Australian species. They used a single exponential decay model to describe the findings of their own work and to summarise much of the evidence they had obtained from the literature. A study on Eucalyptus regnans yielded a decay constant of 0.0407 (Mackensen and Bauhaus 1999).

According to durability tests carried out on different wood samples (da Costa 1979; Thornton et al. 1997) Eucalyptus obliqua, and E. regnans are two of the least durable Australian hardwoods. Hence, the decay rate for E. regnans may be similarly applicable for E. obliqua which constitutes the quantitatively most important component of the wet eucalypt forests in Tasmania. 

A constant decay rate of  0.0407 translates into 95% weight loss over about 75 years which is difficult to reconcile with the large amounts of coarse woody debris that are readily observable in wet eucalypt forests (Woldendorp et al. 2001). That apparent contradiction may be related a number of factors:

· there may be a relatively high input rates from dieing trees, or standing dead trees from a previous fire (Grove et al. 2002) that decay little while standing but provide a constant source of new material;

· decay rates may be lower in Tasmania than in Victoria’s E. regnans forests because of the lower temperatures in Tasmania;

· decay may be significantly slower in large-diameter trees (see Fig. 8) which may constitute the bulk of the coarse woody debris remaining after extended periods;

· decay may not be adequately described by a single exponential decay function but a two-component exponential function may be more appropriate, with the faster-decomposing fraction, essentially corresponding to the sapwood of trees accounting for the fast decay observed in relatively short observation, and the slower-decomposing component, corresponding to the heartwood, accounting for the coarse woody debris remaining after extended periods.

Consequently, for the present analysis, the decay of coarse woody debris was described a two-component system with different turn-over times. The resultant loss of coarse woody debris over 100 years is shown in Figure 9. The Figure also shows the sensitivity of carbon loss to doubling or halving decay rates.

Figure 9: Time course of loss of coarse woody debris over 100 years. Half of fresh wood was assumed to be decomposable and half more resistant material, with assumed decay rates of 0.02 and 0.06, respectively.
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With these parameters, there is some initial fairly rapid loss of carbon, with about 60% loss over the first 20 years, but the rate of loss diminishes rapidly thereafter, with about 6.5% of carbon still remaining after 100 years. 

That initial loss corresponds to the loss from more decomposable components, such as branches and smaller stems, wood in direct contact with the soil where it can remain moist for longer and facilitate decomposition. The material still remaining after even 100 years corresponds to large stems, especially where that is in elevated positions that prevent continuous wetness and retards decay.

Figure 9 also shows the sensitivity of the response to change in the parameter values, with the base parameters either doubled or halved. With decay rates halved, 19% of initial debris would still remain after 100 years, but less than 1% with decay rates doubled. Hence, the system dynamics show great sensitivity to this uncertain parameter.

Figure 10: Comparing the time course of loss of coarse woody debris over 100 years with a  single and double exponential decay models. The single decay-model uses 0.0407 as the parameters. The parameters for the double decay model are as given in Figure 9.
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Figure 10 compares the time course of decay with a single and double-exponential decay models. The parameters were chosen in such a way to get comparable decay rates over the first 20 years over which all the experimental observations are available. The comparison shows that the models have similar patterns over the first 20 years, but at the end of 100 years there is only 1.5% of wood remaining if described with the single exponential model but about 6.5% for the double exponential model.

It is likely that the best description of decay patterns could be obtained if coarse wood decay were modelled by

1) using a double-exponential decay model;

2) explicitly including log diameter as a factor affecting decay rates (Fig. 8);

3) including the slower decay of dead standing trees (as had been done by Grove et al. 2002).

Soil Organic Carbon Changes

Changes in soil carbon are potentially very important for Greenhouse balances because soil carbon tends to be more stable than other carbon pools so that any increases or decreases in soil carbon are potentially longer-lasting than changes in other carbon pools. Soil carbon also plays an important role in contributing to soil fertility both chemically and physically. 

Changes in soil carbon have already been assessed in preceding Sections, showing generally only slight changes in soil carbon following logging, or between the cases of removing woody litter or retaining it all on site. However, because of the importance of accurately assessing changes in soil organic carbon, and because the model used for the preceding simulations, the issue of changes in soil organic matter were investigated further.

Reviews of the literature generally confirm that there is generally only a slight change, if any, in soil organic matter storage following normal forestry operations (Johnson, 1992; Johnson & Curtis, 2001). Johnson (1992) reviewed the literature and collated the finding from studies that followed the change in soil organic carbon storage after forest operations. That work was repeated and expanded in 2001 (Johnson and Curtis, 2001). Figure 11 shows the main findings from their review.

Figure 11: Review of studies that investigated changes in soil carbon after forestry operations. Shown are the number of observations that reported changes in specified ranges. Redrawn from Johnson and Curtis (2001).
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Individual studies reported findings ranging from losses of over 80% of soil carbon to gains of more than 70% of soil carbon. The average across all the studies centred on 0 change and suggest that under normal harvest operations there would be no change in soil carbon. 

Murty et al. (2002) recently completed a review of changes in soil organic carbon after the more drastic management change of changing land use from forest to agriculture. Murty et al. (2002) found no change in soil carbon if forests were converted to uncultivated pasture, but there was a loss of soil carbon by 20-30% if forest was changed to cultivated land-uses. It is not clear whether it is the cultivation itself that acts to stimulate decomposition activity and thereby lowers soil organic carbon storage, or whether that is merely a surrogate for more intensive land management. It is worth noting, however, that Johnson (1992) also observed that the inclusion of soil cultivation as part of forestry operations led to reduced soil organic carbon storage. This emphasises the importance of care being taken with management systems that disturb the forest soil.

Johnson and Curtis (2001) also looked at studies that reported changes in soil carbon after fires and also could find no consistent effect on soil carbon amounts. Of all management options investigated, soil carbon increases were only observed if fertiliser was added to the system, or if nitrogen-fixing legumes were introduced into the forest. This underscores the importance of ensuring that legumes are re-established early after logging so that nitrogen essential for good regrowth is quickly restored in the system.

Within the studies reviewed by Johnson and Curtis (2001), there were indications that whole-tree harvesting had a relatively more negative effect on soil carbon storage than sawlog harvesting only. Whole-tree harvesting in these studies involved removal of bark, branches and foliage. These biomass components are rich in nutrients, and their removal can understandably lead to impoverishment of any site in nutrients with consequent effects on site carbon storage. Hence, it is important that removal of biomass components other than the stem be avoided. If only stems are removed, then effects on site nutrient budgets and consequently on soil organic carbon storage should remain minimal.

These simulations were also repeated with the CenW forest growth model (Kirschbaum 1999; Kirschbaum and Paul 2002) that has more a more complete representation of plant and soils processes than was used for the modelling in the preceding Sections. Importantly, it includes the nitrogen cycle concurrent with the carbon cycle based on the CENTURY model (Parton et al. 1987) which puts an additional constraint on changes in soil carbon which is more realistic than the unconstrained simulations that have been used above. 

Only a single simulation was run: logging of a mature forest and allowing it to regrow for a further 100 years. Upon logging under current conditions, it was assumed that 25% of wood was removed in products and 25% lost in a regeneration burns. With the use of fuelwood, it was assumed that a further 25% of wood was removed as fuelwood. Figure 12 shows changes in soil organic matter over 100 years following the logging operation under the two management scenario.

Figure 12: Time course of changes in soil organic carbon pools following the logging of a mature forest and regenerating it as regrowth forest either under standard current practice or with additional energy-wood removal. Harvesting occurred in year 10.
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Upon logging in year 10, there was an immediate increase in soil carbon due to the addition of fresh readily decomposable litter (leaves, fine roots) produced during the logging operation. There was a further increase in soil carbon over the next 20 years, especially in the case without harvesting of fuelwood. The difference between the two cases reached a maximum of about 10 tC ha‑1 about 25 years after harvesting. However, that differences was not maintained and the two cases became more similar again as more and more of the originally retained woody debris is lost to decay. 

A difference of about 3 tC ha‑1 remained until the end of the 100-year run. That difference is related to a difference of about 55 kgN ha‑1 in total site nitrogen balance (about 1% of total site nitrogen stores) between the two cases (data not shown). This difference in nitrogen is approximately equal to the amount originally removed in the removal of wood (see the Section on nutrient balances). As soil organic matter contains both carbon and nitrogen in fairly well-defined ratios, available site nitrogen reserves put a strong constraint on potential changes in soil organic carbon storage.

Summary and Recommendations

The key findings of this analysis on Greenhouse gas balances are summarised in Table 14.

Table 14: Summary findings of key effects of using fuelwood on CO2 equivalent emissions. Negative numbers refer to savings and positive numbers to additional emissions.

	
	GHG saving
	Woody litter
	Soil organic carbon
	non-CO2 GHGs
	Ancillary
	Total
	Total
	Southwood



	
	tCO2-e (tDW)‑1
	tCO2-e ha-1 
	ktCO2-e yr‑1 

	Mature to regrowth
	-1.304
	0.188
	0.074
	-0.121
	0.039
	-1.124
	-69.0
	-228

	Regrowth to regrowth
	-1.304
	0.274
	0.108
	-0.121
	0.039
	-1.004
	-42.3
	-204

	Regrowth to plantation
	-1.304
	0.060
	0.129
	-0.121
	0.039
	-1.197
	-156.0
	-243


GHG savings are based on case 5a (see above), assuming a energy conversion efficiency of 1.425 MW hr (tDW)‑1 and total Greenhouse gas impact of the Southwood project is based on annual consumption of 203,000 tDW (assuming that the plant produces 36 MW of electricity and operates for 92% of the year). 

Overall, Greenhouse balances are dominated by the saving due to the offset of fossil fuel emissions. However, that finding depends firstly on the type of electricity generation that will be replaced by the new power plant based on energy-wood generation, and on the assessment horizon. A significant Greenhouse emission offset results if the system is analysed over a long time horizon which is considered appropriate for mitigation of a long-term problem such as climate change, and if the energy offset is a fossil fuel which seems likely given the establishment of Basslink and increasing energy demand in Tasmania.

The benefit of a fossil-fuel offset must be balanced against slight carbon losses from the reduction in coarse woody litter and soil organic carbon in the forest as well as additional emissions related to transport and handling, but these offsets are likely to be small. There is, however, insufficient knowledge of decay rates of coarse woody debris of Australian species in general, or those in the wet eucalypt forest, in particular. Similarly, the relationship between the decay of coarse woody debris and soil organic matter dynamics is incompletely understood. It is considered unlikely, however, that better detailed knowledge of these relationships would result in very different conclusions.

Based on the use of standard methodology for greenhouse gas inventories, there are significant further savings due to reduced emission of non-CO2 Greenhouse gases, essentially because combustion in industrial boilers provides a cleaner burn than the often incomplete combustion in forest fires that can leads to significant releases of products of partial combustion, especially methane. It is unclear, however, whether application of standard methodology is likely to under-or overestimate those emissions, but since emissions are strongly affected by the particular conditions during fires, it would seem unlikely that standard methodology would provide the correct estimate. 

Recommendation 16.  The use of fuelwood is likely to have considerable greenhouse benefits. However, because of the potentially large contribution of non-greenhouse gases to total greenhouse gas balances, further research to better quantify non-CO2 emissions under a range of field burning conditions is warranted.

The overall benefit can be expressed as being between 1.0 tCO2-e (tDW)‑1 for wood derived from regrowth forests and 1.20 tCO2-e (tDW)‑1 for wood from plantations. These slight differences arise because of the differential effects on woody debris and soil organic carbon pools in the different forest systems, but numbers are very similar because they are dominated by fossil-fuel substitution benefit, and there are no differences in that benefit.

When the data are expressed in terms of Greenhouse saving per hectare, they range from 42.3 tCO2-e ha-1 for regrowth forests over 69.0 tCO2-e ha-1 for logging mature forests to 156.0 tCO2-e ha-1 for plantation wood. The difference between regrowth and mature forests is due to the different amounts of fuelwood likely to be available from those different systems, whereas the larger benefit from the plantation system is due to the fact that benefits can accrue over multiple rotations within the considered 100-year assessment horizon.

The proposed Southwood plant would require an estimated 203,000 tDW of wood resources per year of its operation. In terms of the total Greenhouse benefit, this would translate into an offset saving between 204 and 243 ktCO2-e yr‑1, depending on the source of the wood material. Excluding emissions from land-use change, Australia’s total Greenhouse gas emissions were 458.2 MtCO2-e in 1999 of which stationary energy sources contributed 259.8 MtCO2-e (NGGI 1999). The proposed Southwood power station could thus substitute for approximately 0.1% of Australia’s Greenhouse gas emissions from stationary sources, and 0.05% of Australia’s total Greenhouse gas emissions.
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Discussion of requirements for obtaining Renewable Energy Certificates (RECs)

The renewable Energy (Electricity) Regulations 2001, state that in order for electricity generated from combustion of wood waste from native forests to qualify for Renewable Energy Certificates (RECs), the wood waste must:

i) not be the primary purpose of harvest

ii) meet relevant planning/approval processes during its production

iii) meet Ecologically Sustainable Forest Management (ESFM) principles.

This report is relevant to parts of (ii), and particularly point (iii) above.  Ecological sustainability is defined in the Renewable Energy Act (2000) only at the level of high order principles (e.g. integrating economic, environmental and social factors; applying the precautionary principle; maintaining inter-generational equity; maintaining ecological integrity etc).  No guidance is given as to how these should be implemented.  The regulations suggest that ESFM could be demonstrated in relation to RFA requirements, or via approval by the Minister.  Again this is unclear, and will require detailed discussion with the Office of the Renewable Energy Regulator (ORER).

This report provides an assessment of the ecological (environmental) aspects of ESFM relating to harvest of native forest residues for fuelwood.  It thus is a relevant input to the broader assessment of ESFM by the ORER.

Research and Development Needs

A number of key R&D needs have been identified, and these are summarised here.  Reference is made back to sections of the report where the issue has been discussed in detail.

Management of CWD

· Development of procedures for modelling the temporal dynamics of CWD across the total forest estate.  This requires better understanding of the inputs and decay rates of a range of woody biomass components (see Sections 2 and 7).

· Establishing the dispersal characteristics of representative log-dependent species in a range of taxonomic classes (Section 7).

· Establishing the proportion of biota that are dependent on large logs, and that are at risk because of slow dispersal (Section 7).

· Comparison of the biota and successional change for natural CWD, classes of logging slash, and trees felled and left to provide CWD habitat (Section 7).

Protection of soils, water and nutrient cycles

· Further development of the visual assessment methods proposed by Pennington and Laffan (2001) for monitoring the effects of harvesting intensity on soil disturbance and consequences for seedling regeneration and water values (Section 3).
· Studies of temporal nutrient dynamics in accumulating duff layers and CWD in cool wet eucalypt forests of southern Tasmania (Section 5).
· The role of wattles in replacing N lost by harvesting and fire, and their effect on N dynamics over the forest rotation.  New methods are required (eg. use of stable isotopes) for such studies, necessitating collaboration with an institute with advanced technology (Section 5).
Plant Biodiversity

· Measurement and understanding of patch-to-patch variation in plant species composition to enable coupe-level variation to be interpreted at the scale of the forested landscape.  Such studies will incorporate responses following a range of natural and managed disturbance regimes (Section 6).

Greenhouse

· Studies to better quantify non-CO2 greenhouse gas emissions under a range of field burning conditions (Section 8).

Appendix 1 - Details of Greenhouse Gas Calculations

The Greenhouse balance calculations were based on a simple growth model that keeps track of all the key carbon pools in a forest ecosystem. Total biomass, B, was calculated as:

B = Bmax [1 - exp(-r a)]n
(1)

with Bmax being the maximum total biomass of a mature stand and ‘a’ is stand age in years and ‘r’ and ‘n’ are parameters.

Stem biomass was then calculated as:

S = B rmax (B / Bmax)xp
(2)

where rmax is the maximum proportion of total biomass that can be contained in the stem and xp is an empirical exponent.

Bark, Bk, coarse roots, Rc, fine roots, Rf, leaves, L, and branches, Bc are calculated as:

Bk = S [bkmin + (bkmax - bkmin) exp(bk1  B / Bmax)]
(3a)

Rc = [rc1 (S + Bk)]
(3b)

Rf = F [rfmin + (rfmax - rfmin) exp(rf1 B / Bmax)]
(3c)

L = F [lmin + (lmax - lmin) exp(l1 B / Bmax)]
(3d)

Bc = F - Rf - L
(3e)

where F is the total amount of fine material in fine roots, branches and leaves so that

F = Rf + Bc + L 
(4a)

F = B - S - Bk - Rc
(4b)

Wood density is taken as a constant without inclusion of age effects on wood density. 

The other parameters in eqn. 3 are empirical parameters given in Table A1.

Table A1: Parameters used in describing stand characteristics. Parameters were chosen to achieve consistency with the growth equations given by West and Mattay (1993) and unpublished information made available by Forestry Tasmania. Wood density is taken from Ilic et al. (2000)

	Bmax
	 700 tDW ha‑1 
	rc1
	0.25
	rfmax
	0.4 

	r
	 0.015
	wood density
	0.568 
	rfmin
	0.25 

	n
	 1.25
	bkmax
	0.20 
	rf1
	-2.0 

	rmax
	 0.7
	bkmin
	0.050 
	fmax
	0.2 

	xp
	 0.3
	bk1
	-3.0 
	fmin
	0.15 

	
	
	
	
	f1
	-2.0 


Stand characteristics of a typical stand are further illustrated through Figures A1-A4.

Figure A1: Growth of biomass components over time without disturbance. Total tree biomass, stem mass, coarse roots and stem volume are shown in (a) and branches, fine roots, bark and foliage in (b).
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Figure A2: Wood growth rates for natural regrowth forest.
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For simulating plantation growth, eq. 1 was used with the parameters given in Table A1. Figure A3 contrasts the growth rates used for natural regrowth stands and plantations. To simulate plantation growth, the following parameters were used: Bmax = 1000 tDW ha‑1, r = 0.035 and n = 1.4. Plantations were assumed to be managed of a shorter rotation of just 30 years.

Figure A3: Current annual increments for regrowth forests and plantations.
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During stand growth, biomass can be removed either by thinning or through fire. Subsequent stem growth was calculated as though the stand had been rejuvenated by the disturbance. This was done by calculating an ‘equivalent’ stand age of the thinned or fire-affected stand:

Since B = Bmax [1 - exp(-r a)]n according to eq. 1, an ‘equivalent age’ could be calculated as:

a = -ln{1-[B (1-floss)/Bmax](1/n)} / r
(6)

where floss is the proportion of stems lost in the fire or thinning operation and the other parameters are as defined previously. Subsequent growth of stems and all biomass components was then calculated like that of a younger stand. 

Annual growth of each biomass component, Bx, other than the stem was calculated as:

Bx = [Bx(a) + Bx(a-1)] + Bx(a) tx
(7)

where Bx(a) is the equilibrium size of the biomass component at age ‘a’, Bx(a-1) is the size of the biomass component in a stand one year younger and tx is the turn-over rate of each biomass component. Turn-over rates of all biomass components other than the stem are given in Table A2. In addition to that physiological turn-over rate, further turn-over due to natural self-thinning had to added. It was assumed that 1% of trees died naturally every year in natural and regrowth stands but that there was no natural mortality in plantations.

Table A2: Turn-over rates of different biomass components.

	Branches
	0.07 

	Bark
	0.10 

	Leaves
	0.50 

	Coarse roots
	0.07 

	Fine roots
	0.50 


Following partial defoliation through thinning or fire, biomass components other than the stem exponentially increased back to the trajectories that they would have followed without the intervening thinning, with the time course of following that exponential course dependent on the respective turn-over times of the different biomass pools. Hence, leaves retain canopy closure relatively faster (after 5 - 10 years) whereas branches require 20 to 30 years before reaching the same extent as they would have had without fire or thinning.

Table A3: Fates of different biomass components during thinning. Two different options are given for the initial harvest at time 0 which represent the two central scenarios investigated here. Thinning rates apply only to the plantation scenario. No thinning was assumed for the regrowth scenario.

	Age
	Thinned  (%)
	Retained on site (%)
	Removed as products (%)
	Used as fuelwood (%)

	0
	100
	50
	50
	0

	0
	100
	25
	50
	25

	10
	30 
	0
	100
	0

	15
	30 
	0
	100
	0


At the initial harvest, it was assumed that only 50% of stemwood was removed for products. 50% was then either left on site or half of it used for fuelwood. The material left on site was then assumed to be subject to a regeneration burn, with 80% of fine material consumed in the fire and 50% of the coarse woody material left on site.

Thinning was assumed to be carried out only in plantations according to the schedule given in Table A3. At each initial thinning, it was assumed that all thinned stems would be removed from the site. 

Soil organic matter was simulated as two pools, an active and an ‘inert’ pool. Specified fractions of litter pools could form active soil organic matter. Active soil organic matter could be lost by decomposition and released to the atmosphere or ‘encapsulated’ to form ‘inert’ soil organic matter. ‘Inert’ soil organic matter could also be formed as charcoal formation during fires. Specifically, changes in active soil organic matter, dSa/dt, were calculated as:

dSa/dt = f(Lt) - s1 Sa - e Sa
(8)

where Sa is the pool of active soil organic matter, Lt is the total mass of litter, f is the fraction of litter that forms active soil organic matter, s1 is the fraction of active soil organic matter that decomposes annually and e is the fraction encapsulated to form ‘inert’ soil organic matter. The conversion of litter to active soil organic matter is expressed here as a single pool and fraction that is converted. It is actually treated in much greater detail in the model, with specified fractions of each biomass pool first being separated into decomposable and resistant fractions, with each separate pool decomposing at their respective turn-over times and specified fractions being lost as CO2 or converted to organic matter.

The change in ‘inert’ soil organic matter, dSi/dt, is then calculated as:

dSi/dt = e Sa - s2 Si
(9)

where Si is the pool of ‘inert’ soil organic matter and ss is the fraction of ‘inert’ soil organic matter that decomposes annually.

Table A4: Parameters that control the dynamics of soil organic matter and coarse woody debris.

	s1
	0.08

	e
	0.02

	s2
	0.005

	fd
	0.06

	fr
	0.02

	pd
	0.5


Despite its relative complexity, this model is still a vast simplification of the carbon cycle in the soil. In particular, if soil nutrient cycles had been modelled together with the corresponding carbon pools, then actual changes would have been likely to have been smaller than simulated here. Nutrient pools provide a negative feed-back effect that mitigate against rapid changes in soil organic matter. In reality soil carbon cannot build up significantly without concomitant increases in soil nutrients contained in soil organic matter and losses are reduced because nutrients mineralised during soil carbon losses allow greater subsequent plant productivity and greater carbon input into the system. These changes are explored in some greater depth in the main Section.

With the model as described soil organic matter changes following a 200-year sequence are shown in Fig. A5. Active soil organic matter increases following the initial harvest as litter, especially from dead coarse roots, is turned into active organic matter. It then decreases as the new stands initially produces less litter through normal turn-over than did the previous mature stand. It then increases again with increasing size and turn-over of biomass pools, before the pattern is repeated after the harvest at year 100.

The ‘inert’ pool changes relatively much less. It shows a sudden increase in response to the fires as years 50 and 150 due to the influx of charcoal produced during the fires.

Figure A5: Response of soil organic matter during a 200-year sequence. For this simulation, it was assumed that a mature stand was originally cut at time 10, and then underwent two regrowth cycles. Logging occurred in years 100 and 190 as indicated by arrows in the Figure.
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For the present analysis, the decay of coarse woody debris is the most critical individual aspect. Its decay is modelled here as a two-component system with different turn-over times so that:

Dt = Dd + Dr
(10)

where Dt is total woody debris and Dd and Dr are decomposable and resistant fractions, respectively and 

Dd / dt = pd Df - fd Dd 
(11a)

Dr / dt = (1 - pd) Df - fr Dr 
(11a)

where pd is the proportion of fresh dead wood classified as decomposable dead wood, Df is the amount of fresh dead wood being produced and fd and fr are the annual loss fractions of decomposable and resistant dead wood, respectively. The values used for these parameters is given in Table A3.

Fires were assumed to occur at following an initial harvest in order to foster regeneration of a new forest stand. This is a regeneration burn that removes only litter. No subsequent fires were assumed to occur over the life of the rotation. Key parameters that describe the burning pattern are given in Table A5.

Table A5: Key parameters that describe burning regimes.

	
	Year 
	Fraction of stem C burnt
	Fraction of stem C that becomes
debris
	Fraction of fine litter C
burnt
	Fraction of coarse woody C burnt 

	Natural forest
	50
	0.1
	0.15
	0.75
	0.2

	
	300
	0.25
	0.75
	0.8
	0.2

	After logging (regrowth)
	0
	n/a
	n/a
	0.8
	0.5

	After logging (plantation)
	0
	n/a
	n/a
	0.8
	0.75


Under the natural fire regime, there are assumed to be fires every 100 years, with the two burning events alternating. After 300 years, there is assumed to be a stand-replacing fire. Different burning efficiencies were assumed for regrowth and plantations because the preparation for plantation establishment usually involves the windrowing of woody debris which then achieves a greater burning efficiency.

Calculations of non-CO2 trace gas emissions

Trace gas emissions, Ex,f, for each type of trace gas, x, during forest fires are calculates as:

Ex,f = W (C/W) (N/C) ex,1 Mx Gx
(12)

where W is the dry weight of biomass being burnt, (C/W), is the proportional carbon content of that biomass, (N/C) is the ratio of nitrogen to carbon in that biomass, ex,1 is the emission factor for each trace gas, Mx is the weight of each trace gas relative to carbon and Gx is the Greenhouse warming potential of each trace gas. This calculation is relevant for N2O and NOx, whereas calculations for the other trace gases can omit the term (N/C). Resultant emissions are expressed in kg CO2 equivalent.

Trace gas emissions during industrial burning, Ex,i, for each type of trace gas are calculates as:

Ex,i = W (E/W) ex,2 Gx
(13)

where (E/W) is the energy content per unit biomass and ex,2 is the emission rate for each trace gas. The relevant factors in Eqs. and are given in Table 6.


















� Saproxylic animals are “dependent, during some part of their life cycle, upon the dead or dying wood of moribund or dead trees (standing or fallen), or upon wood-inhabiting fungi, or upon the presence of other saproxylics” (Speight 1989).


�Quantities in this Sections have been expressed in different units as relevant in specific contexts. They can be converted as 1 tC = 3.667 tCO2 ( 2 tDW ( 4 t(green, or fresh, weight of wood). The exact conversions differ because of variable carbon content of biomass and different moisture contents of wood. 1 t (tonne) = 1000 kg. Energy can be expressed in units of either kWhr, the unit usually used for measuring electricity, or in Joules (J), a more general descriptor of energy content. They can be converted as 1 kWhr = 3.6 MJ.


�Quantities in this Sections have been expressed in different units as relevant in specific contexts. They can be converted as 1 tonne carbon (1 tC) = 3.667 tCO2 ( 2 tDW ( 4 t(green, or fresh, weight of wood). The exact conversions differ because of variable carbon content of biomass and different moisture contents of wood. 1 t (tonne) = 1000 kg. Energy can be expressed in units of either kWhr, the unit usually used for measuring electricity, or in Joules (J), a more general descriptor of energy content. They can be converted as 1 kWhr = 3.6 MJ. Conversion efficiency for the power plant was calculated as basic energy content of wood times plant efficiency and converted to units of kWhr tDW�1: 19.0 MJ (kgDW)�1 x 27% / 3.6. Energy contents and typical plant efficiencies were obtained from �HYPERLINK "http://www.ieabioenergy-task32.com/overview.html"��http://www.ieabioenergy-task32.com/overview.html� and � HYPERLINK "http://www.ieabioenergy-task32.com/database/biomass.php" ��http://www.ieabioenergy-task32.com/database/biomass.php�.
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