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Foreword

Under the National Forest Policy Statement signed by Tasmania in April 1995, the Tasmanian and Commonwealth governments agreed to a framework and a joint scientific and public consultation process for a comprehensive regional assessment (CRA) of Tasmanian forests leading to negotiation of a Regional Forest Agreement (RFA) for Tasmania. 

The CRA information is being gathered in two separate assessment processes: 

• a social & economic assessment which covers issues such as social impacts, forest resources including wood, mineral and other resources, forest uses such as tourism and apiculture, and industry development options; and 

• an environment and heritage assessment which covers issues such as cultural heritage, biodiversity, endangered species, old growth, wilderness, national estate and world heritage. 

This report is one of a series of reports being produced for the environment and heritage assessment component of the CRA. 
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Summary and recommendations 

The quantity and characteristics of the decaying-log resource (fallen, dead wood) was sampled in two 5-7 year old cable logged coupes, two 15-24 year old conventionally clearfelled coupes, and adjacent unlogged control stands of mature wet Eucalyptus obliqua forest in south-eastern Tasmania. Accumulations of decaying wood in unlogged stands ranged between a mean of 174 m3/ha and 455 m3/ha, among the highest reported for forested ecosystems. Neither logging method significantly impacted on the quantity or quality of decaying wood. Volumes after logging at least matched, and at conventionally logged coupes exceeded, those found in adjacent unlogged stands, a legacy from the pre-logging stand. Large diameter logs, with diameters >50 cm, were found to be an important component of this resource in all stands examined. Logging did not significantly effect the amount of internal wood decay or the frequence of occurrence of different types of wood-rot. A high level of variability for many of the parameters measured in this study was encountered both within and between stands. More intensive sampling within stands and a greater number of replicate sites is required for a more rigorous investigation of the impact of logging on this resource. 

The results of this study suggest that logging of mature wet eucalypt forest has a negligible impact on the decaying-log resource, at least in the short-term. Further research is required to determine the likely impact of second rotation logging of native forest and intensive forest management practices such as plantation forestry. These activities have the greatest potential to negatively effect the long-term quantity and quality of decaying wood in the forest, particularly through their impact on the continued supply of large-diameter logs at varying stages of decay, as has been shown overseas. 

Knowledge of Tasmania's log-dwelling invertebrate fauna is poor. Studies such as this which emphasise habitat conservation rather than single-species research need to be encouraged. The sustainable management of this much-neglected habitat will be greatly assisted by understanding the dynamics of decaying wood in forests of various types and under different management regimes. The methods used in overseas studies of the input and output (decay) of decaying wood are reviewed in order to provide a resource for future research. 

Recommendations

• No specific management prescriptions regarding the sustainable management of coarse woody debris (CWD) in Tasmania's mature wet eucalypt forests appear to be necessary for either cable logging or conventional logging whilst current utilisation standards are maintained. Prescriptions may be required at the second rotation but this requires further research. 

• No specific management prescriptions for conserving the biodiversity of Tasmania's cryptozoic log-dwelling invertebrates can be made until an understanding is gained of the dynamics of decaying wood in different forest communities (eg. dry eucalypt forest) and forests subject to different management regimes and/or disturbance histories. 

• The first step to gaining this knowledge should involve analysis of the substantial database from CFI plots held by the Forest Management Division, Forestry Tasmania. Analysis of this data should determine patterns of CWD accumulation and loss and identify adverse management practices and/or forest communities vulnerable to disturbance of CWD, which can then be targeted for field trials. 

• This study and studies conducted overseas have identified second-rotation logging of native forests and intensive forest management practices such as plantation forestry as having the potential for adverse impact on decaying-log habitat. These require urgent investigation. 

• Field studies of this resource require more intensive sampling designs within stands and more replicate stands than it was possible to complete in this study. 

• The line-intersect method has the potential to sample a greater amount of variation in CWD accumulations within a stand relative to plots or belt transects of the size used in this study. 

• Research into Tasmania's log-dwelling invertebrate fauna should be concentrated at the habitat level, examining invertebrate communities and their relationship to the decaying-log habitat. It is unlikely that we will ever obtain a complete catalogue of log-dwelling species, let alone determine each species' habitat requirements. 

• Future studies of single to few species of log-dwelling invertebrates require more detailed descriptions of microhabitat than is currently the case in order to relate these studies to knowledge of CWD dynamics. 

• Land managers and the public need to be educated that dead wood on the forest floor is not "waste", but has a number of important roles in forested ecosystems. In particular, the use of this resource as habitat by a diversity of organisms needs to be emphasised in terms of its importance in the conservation of the biodiversity of our forests. 

Introduction

Growth is inextricably linked with decay. You cannot have one without the other. In forest ecosystems decomposition of organic matter is the primary pathway for the return of nutrients to the soil. Yet, wood decay, as a component of the nutrient cycle, has generally been viewed as a negative phenomenon. As the majority of studies of wood decay have focussed on the loss of commercial timber to decay (eg. Leach 1940; Wagener & Davidson 1954; Kirk & Cowling 1984; Wardlaw et al in press), this perception is perhaps understandable. Further, there is a general public attitude that dead wood on the forest floor is "waste". This has been particularly evident in the debate on woodchipping of native forests (pers. obs.) and in relation to fire-wood collecting (Davies 1982). 

Nevertheless, there has been a growing recognition of the diversity of important roles that decaying wood has in forests (eg. Harmon et al 1986). Decaying wood in the forest or coarse woody debris (CWD) has been studied in terms of its importance in energy flow and nutrient cycles (Triska & Cromack 1980; Sachs & Sollins 1986). For example, Sachs and Sollins investigated the effects of forest management on the long-term productivity of Western Hemlock stands. They found that successive rotations of less than 90 years resulted in a substantial reduction in CWD causing a corresponding depletion of soil and forest floor nitrogen and a subsequent decline in the yield of commercial timber. Further, Swift (1977) has claimed that wood decay contributes significantly to the processes of soil development. Dead wood on the forest floor can also serve as erosion barriers on slopes and hence influence geomorphic processes (Franklin et al 1987). 

CWD is an important habitat for a diversity of organisms. It has been recognised that CWD increases habitat compexity and hence needs to be incorporated into management of biodiversity conservation (Hansen et al 1991). Decaying logs provide habitat for a succession of plants through their role as "nurselogs" (McCullough 1948). A continual supply of large logs in various stages of decay has been found to be important in maintaining the diversity of fungi (Bader et al 1995) and bryophytes (Andersson & Hytteborn 1991), including threatened species. The significance of decaying wood as a habitat for an array of invertebrates has long been understood by entomologists (eg. Graham 1925; Savely 1939; Wallace 1953; Elton 1966; Fager 1968; Hamilton 1978). Indeed, Elton (1966) has claimed that dying and dead wood provides one of the two or three greatest resources for animal species in a natural forest. He further estimated that removal of the decaying log resource would reduce species diversity of the British woodland studied by at least 20 %. 

In Australia, and Tasmania in particular, rotting logs have been identified as a critical habitat component for many invertebrates including threatened species (Greenslade 1985; Taylor 1990). However, our knowledge of log-dwelling invertebrates is poor, and of the habitat itself, very poor. The few studies that have been conducted on log-dwelling invertebrates in Tasmania have not greatly improved our knowledge of the decaying-log habitat (eg. Taylor 1990; Meggs 1996; Michaels 1996). In addition, it is unlikely that we will ever have a complete list of invertebrates in any major habitat as exists for vertebrates (New 1991). Because of this lack of knowledge, invertebrate ecologists and taxonomists have stressed the need for habitat conservation rather than puting resources into particular species (Key 1978; Hill & Michaelis 1988; New 1991). Yet, with respect to decaying-log habitat, we do not even have any base-line information against which to set standards for its appropriate conservation and management. 

It is clear that despite the recognition of the importance of this habitat in Tasmania's forests it has received little attention from land managers. Studies overseas have found that logging can severely reduce quantities of CWD in forested ecosystems and substantially alter the characteristics of this resource (eg. Gore & Patterson 1986; Spies et al 1988). This has in turn been found to alter log-dwelling invertebrate community structure and composition (eg. Chandler 1987; Vaisanen et al 1993). Hence, I undertook to investigate the effects of two modern logging practices, cable logging and conventional ground-based clearfelling (see Glossary for definitions), on the quantity and quality of the rotting-log resource in wet eucalypt forest in south-east Tasmania. The specific objectives of my research program were to: 

• quantify and characterise CWD in this forest-type 

• assess the impact of the two logging methods on CWD 

• assess the need for specific management prescriptions regarding CWD when clearing occurs 

• integrate the findings with the conservation requirements of Tasmania's cryptozoic log-dwelling invertebrate fauna. 

Methods 

2.1 Site selection
2.2 Site descriptions
2.3 Field methods
2.4 Analyses
All field work was conducted in State Forest in south and east Tasmania between June and October, 1996. Two logging treatments were investigated: wet forest, cable logged; and wet forest, conventional ground-based logged. For each logging regime two replicate sites were sampled: 

2.1 Site selection

Each site consisted of a logged (coupe) and contiguous unlogged (control) area. Sites were selected on the basis that the logged and unlogged areas were as closely matched as possible in plant community composition and structure (prior to logging), aspect and slope. Details on logged area history, if available, were obtained from Forestry Tasmania district coupe records. Where it was not possible to obtain a contiguous unlogged area of similar site attributes, a suitable area within one kilometre of the coupe was used. Sites had to be of sufficient age since logging in order to look at the longer-term impacts of logging rather than the initial impact. It should be noted that cable logging has only been in use for roughly a decade and therefore it was not possible to sample coupes of similar age to those conventionally logged. Replicate sites for each logging treatment were selected to be of similar age since logging, where possible. 

2.2 Site descriptions

WT40C is a small coupe in Wielangta State Forest, south-east Tasmania, logged by cable harvesting in 1988 (Fig. 1a & Table 1). This coupe was subject to a hot regeneration burn in 1989 and was artificially seeded to regenerate it back to native forest. It now contains Eucalyptus obliqua (Brown-top Stringybark) and E. globulus (Blue Gum), 3-4 m tall and had a canopy cover of 10-25 %. A dense understorey of Goodenia ovata to 60 % cover and the climber Clematis sp. to 30 % cover was observed. Prior to logging this stand consisted of mature E. obliqua and E. globulus ranging in height from 15-27 m with a canopy cover of 20-40 %. Regrowth of these two species from a wildfire in 1967 was also present to a cover of 1-10 %. The understorey consisted of Acacia dealbata (Silver Wattle), Olearia argophylla (Musk) and Pteridium esculentum (Bracken Fern). This stand can be characterised as border-line wet/dry eucalypt forest occurring in an area of predominately dry eucalypt forest. The adjacent unlogged, control stand also fitted this description and was very similar in plant species composition and structure. Mature E. obliqua, 20-25 m tall, dominated the stand with some mature E. globulus also present (Plate 1). Advanced regeneration of these two eucalypts and the occasional E. pulchella to 15 m was also present, possibly also a result of the 1967 fire. A lower canopy layer of all three eucalypts to 3-5 m was also found. The understorey was relatively open (Plate 2) and of similar species composition to WT40C prior to logging. 

Table 1: Sampling site characteristics (Age refers to time since regeneration burn; AMGR = Australian Map Grid Reference). 

	Site 
	Logging method 
	AMGR 
	Area (ha) 
	Age (years) 
	Burn 
	Aspect 
	Slope 
	Alt. (m) 
	Drainage 

	WT40C 
	Cable 
	5708-52723 
	16 
	7 
	hot 
	WSW 
	25-40O 
	150-170 
	moderate 

	
	Control 
	
	- 
	- 
	- 
	SW 
	30-40O 
	200-230 
	mod-good 

	TO6A 
	Cable 
	5717-53208 
	61 
	5 
	cool 
	S-SE 
	25-45O 
	580-640 
	mod-poor 

	
	Control 
	
	- 
	- 
	- 
	SE-ESE 
	30-35O 
	500-630 
	mod-poor 

	PC41 
	Conven-tional 
	4700-52174 
	203 
	15 
	hot 
	NNW-NNE 
	10-18O 
	280-450 
	poor 

	
	Control 
	
	- 
	- 
	- 
	NW-NE 
	12-20O 
	300-400 
	poor 

	WR7 
	Conven-tional 
	4765-52289 
	64 
	24 
	hot 
	SE-S 
	6-14O 
	150-220 
	poor 

	
	Control 
	
	- 
	- 
	- 
	SE-SSW 
	6-14O 
	70-260 
	mod-poor 


TO6A is a five-year-old coupe located just south-east of Lake Tooms in eastern Tasmania (Fig. 1b). Approximately 70 % of the coupe was cable logged due to steep, rocky slopes (Plate 3). The remainder was conventionally logged. Sampling was only conducted in the cable logged section. The cable logged area contained E. obliqua regeneration to 2 m tall and an overall crown cover of only 5-10 %. A hot regeneration burn was conducted in 1991 but the cable logged area sampled in this study did not burn well. This section of the coupe was dominated by Bedfordia salicinia (Blanket Bush) to a cover of 60 % (Plate 4). The occasional Atherosperma moschatum (Sassafras) sapling was found on the lower slope of the cable area, close to the access road. The coupe was initially logged in 1989/90 but another 630 tonnes of timber was removed in 1990/91 after a logging residue assessment revealed that an unacceptable quantity of commercial timber had been left on the ground by the contractor. The pre-logging stand was described as wet eucalypt forest and remnant rainforest, but with border-line wet/dry, open banks which was the area cable logged. 
E. obliqua again dominated with an understorey of Zieria arborescens (Stinkwood), Cassinia sp. and Gahnia grandis (Cutting Grass). The adjacent control stands consisted of mature E. obliqua wet forest to 35-40 m and a canopy cover of 10-20 %. The understorey was dominated by O. argophylla, B. salicinia, and A. moschatum. A number of Dicksonia antarctica (Manfern) were observed in the lower shrub layer indicating that this area may have been wetter than the cable logged area. 

PC41 is a very large 15-year old conventionally logged coupe located west of the Picton River in southern Tasmania (Fig. 2a & Table 1). This coupe was densely stocked with E. obliqua and E. regnans (Swamp Gum) to 12 m, with a crown cover of 50 % (Plate 5). The understorey was dominated by 
2-3 m tall G. grandis to 70 % cover (Plate 6). Scattered shrubs of Phebalium squameum (Lancewood), Tasmannia lanceolata (Mountain Pepper), Phyllocladus aspleniifolius (Celery-top Pine) and Nothofagus cunninghamii (Myrtle Beech) were also observed. Overall it was a much wetter eucalypt community than either of the two cable logged stands. No details of the pre-logging stand were available. The adjacent unlogged stand was dominated by E. obliqua to 55 m, with a crown cover of 30 % (Plate 7). The understorey was dominated by Eucryphia lucida (Leatherwood) and P. aspleniifolius to 10-15 m. The shrub layer was dominated by a dense layer of Anodopetalum biglandulosum (Horizontal) to 40 % cover, with occasional A. moschatum saplings present (Plate 8). The ground cover consisted of abundant mosses and Blechnum wattsii (Hard Water Fern). 

WR7 is the oldest of the coupes sampled, having been conventionally clearfelled in 1971. It is located near the Tahune Forest Reserve in southern Tasmania (Fig. 2a). The regenerating forest at this coupe was stocked with E. obliqua and E. regnans to 20 m, with a canopy cover of 50 % (Plates 9 & 10). The understorey was dominated by Leptospermum lanigerum (Woolly Tea Tree) to 10 m with scattered Pomaderris apetala (Dogwood) present. A shrub layer of G. grandis, A. biglandulosum and 
E. lucida was found below this. No pre-logging information on forest 
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Figure 1a: Location of the transects in WT40C (a cable logged coupe in Wielangta State Forest, south-east Tasmania) and the adjacent control stand. 
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Figure 1b: Location of the transects in TO6A (a cable logged coupe in eastern Tasmania) and the adjacent control stands). 
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Figure 2a: Location of the transects in PC41 (a conventionally logged coupe in the southern forests of Tasmania) and the adjacent control stand. 
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Figure 2b: Location of the transects in WR7 (a conventionally logged coupe in the southern forests of Tasmania) and the adjacent control stands. 
community composition and structure was available. The adjacent unlogged stands were again dominated by mature E. obliqua, 40-55 m tall, with a crown cover ranging between 20-40 % (Plate 11). The understorey was relatively open and contained a mixture of species including P. squameum, E. lucida, P. apetala, L. lanigerum, A. moschatum, 
N. cunninghamii and Acacia melanoxylon (Blackwood). The shrub layer contained Bauera rubioides, T. lanceolata, Cyathodes glauca and 
D. antarctica. Abundant mosses and epiphytic ferns were observed on logs (Plate 12) and on manfern trunks. 

2.3 Field methods

Within each logged or unlogged area three 100 m x 20 m (0.20 ha) transects were sampled. Transects were located and oriented in a consistent way at each site. They were positioned up or down the slope, with aspects and slopes as consistent as possible between each transect. Transects were also at least 30 m from roads, the edges of coupes, creeks, drainage lines, etc. Every attempt was made to avoid snig tracks within coupes but in conventionally logged coupes they were unavoidable. Transects were placed as far from one another as possible to ensure independence of observations. 

Within each transect all logs with a mid-log diameter greater than or equal to 10 cm were sampled. The following data was recorded for each log: 

• length of log within the transect} volume of log calculated using 

• mid-log diameter}formula for vol. of cylinder 

• species or genus of log where identifiable 

• whether the log was grounded or suspended 

• % bark retained 

• % moss covering 

• % of exterior burnt 

• average depth of burning (mm) 

• decay class based on exterior appearance (1-least decayed à 5-most decayed - see Appendix I). 

A transverse section of all logs (mid-log diameter > 10 cm) which crossed the longitudinal centre-line of each transect was cut using a chainsaw (Plate 13). The following parameters were obtained from each disc section: 

• distance to the nearest end of the log 

• % solid wood, decayed wood, and air space 

• a description of the decay type based on moisture content, colour, and texture 

The diameter of all stags and stumps was measured at stump height (if 
> 5 cm diameter). In addition, in unlogged areas the diameter of all standing trees of the dominant species was measured at stump height (again if > 5 cm in diameter). 

2.4 Analyses

The experimental design used in this study represents a split-plot or partially nested design. The basic design is a block design, with a number of levels of a factor within each block (in this study - logged coupe and adjacent unlogged stand), and a second factor (cable or conventional) applied to the whole blocks with replicate blocks (sites) for each level of this factor (Quinn & Keough 1996). One reason for using this design was the expectation that a lot of variation between forested stands was likely and this variation might obscure effects of logging. This design was an attempt to remove this variation by subdividing a stand (i.e. site) into a logged and a contiguous unlogged area. 

This design also incorporated a measure of variability within each site/logged or unlogged combination by subsampling each stand with three belt transects. Although the only way to increase the power of the tests of the main effects is to increase the degrees of freedom by increasing the number of replicate sites (Quinn & Keough 1996), subsampling means that the data used in the analysis will be more representative than if only a single measurement was taken. Therefore, this was an attempt to improve the biological reality of the data. 

The basic ANOVA model for the experimental design used in this study is a three-way ANOVA with two fixed factors of main interest (i.e. logging method and cutover - encompassing logged and unlogged) and site as a random factor nested within the logging methods (p.78, Quinn & Keough 1996). 

For many analyses, a fourth fixed factorial factor was imposed on the data (eg. diameter class, exterior decay class). As all levels of the fourth factor appear in every level of all the other factors it can be considered to be crossed with all other factors. Therefore the three-way ANOVA became a four-way ANOVA with three fixed factorial factors and one random nested factor. When significant interaction effects were encountered they were interpreted, where possible, and the analysis was simplified by removing at least one factor. In each simplified analysis the mean-square residual for each factor from the original overall analysis was used. This was done because simplified tests of main effects should be considered as a subset of the original analysis (Quinn & Keough 1996). If this is not done, the simplified analysis will result in a different error term, which is not appropriate. 

All statistical analyses were conducted using Statistica for the Macintosh (Statsoft, Inc. 1984-1994). Significance levels of p<0.05 apply for all analyses. Where necessary, data was transformed to meet the assumptions of ANOVA. All graphs were produced using Excel 5.0 (Microsoft Corporation, 1985-1995). 

The details for each analysis were as follows: 

• Accumulated volume - 3-way ANOVA as described above; data was square-root transformed 

- 3-way ANCOVA with basal area & no. stems/ha as covariates 

- test of parallelism of slopes for volume and basal area. 

• No. logs/ha - 3-way ANOVA; log10 transformed 

- 3-way ANCOVA with basal area and no. stems/ha as covariates. 

• Site characteristics - basal area - 3-way ANOVA; log10 transformed 

- no. stems/ha - 3-way ANOVA; square-root transformed. 

• Size distribution of CWD - volume - 4-way ANOVA as described above; square-root transformed; Tukey's Honest Significant Difference (HSD) test 

- proportion of logs - 4-way ANOVA; arcsin square-root transformed; Tukey's HSD test. 

• Exterior decay classes - internal decay - one-way ANOVA; arcsin square-root transformed; Tukey's HSD test 

- volume - 4-way ANOVA; log10 transformed 

- proportion of logs - 4-way ANOVA; arcsin 

square-root transformed. 

• Log position - internal decay - 4-way ANOVA; arcsin square-root 

transformed 

- volume - 4-way ANOVA; square-root transformed 

- proportion of logs - 4-way ANOVA; untransformed; 

Tukey's HSD test. 

• Internal decay - 3-way ANOVA; arcsin square-root transformed 

- transects pooled due to low sample size 

- Pearson correlation coefficient with pairwise deletion 

of missing data. 

• Types of decay - % decay - 4-way ANOVA; arcsin square-root transformed; Tukey's HSD test. 

 

Results

3.1. Quantity of CWD
3.2. Size distribution of CWD
3.3 Distribution of logs by exterior decay classes
3.4 Log Position
3.5 Internal decay
3.6 Types of decay
3.1. Quantity of CWD 

Cable logging and conventional logging did not result in a significant change in the accumulated volume of CWD (Table 2 and Figure 3a). The volume of CWD in the cable logged and adjacent control areas averaged 190 ± 28 m3/ha and 189 ± 28 m3/ha respectively. Although conventional logging appears to result in higher volumes of CWD (Fig. 3a), 602 ± 47 m3/ha in logged areas versus 413 ± 66 m3/ha in control areas, high variability between volume estimates per transect in both the logged and control areas at PC41 (Fig. 3b) means that this apparent increase was not statistically significant. In general, volumes of CWD found at cable sites, incorporating both logged and control areas, were significantly lower than those found at conventional sites (F2,12 = 61.076; p = 0.016). 

Table 2: Volume (m3/ha) of CWD for each logging method and their respective control (unlogged) areas, and for each site pair separately (X = mean; SE = standard error). 

	
	
	Cable 
	Conventional 

	Volume (m3/ha) 
	
	logged 
	control 
	logged 
	control 

	X 
	
	190.78 
	188.56 
	602.25 
	413.19 

	SE 
	
	27.82 
	27.90 
	46.63 
	66.38 

	(n=6) 
	
	
	
	
	

	
	
	WT40C 
	TO6A 
	PC41 
	WR7 

	
	
	logged 
	control 
	logged 
	control 
	logged 
	control 
	logged 
	control 

	X 
	
	144.62 
	173.85 
	236.94 
	203.28 
	573.52 
	454.53 
	630.97 
	371.85 

	SE 
	
	24.57 
	36.54 
	33.69 
	48.38 
	91.62 
	135.50 
	40.68 
	44.28 

	(n=3) 
	
	
	
	
	
	
	
	
	


The number of logs per hectare did not differ significantly between logged and control areas for either logging method (Table 3 and Fig. 4a). Estimates of numbers of logs per hectare in cable logged areas were reasonably consistent within sites but highly variable between sites, averaging overall 1,323 ± 279 logs/ha. In contrast the control cable sites were highly variable both within and between sites averaging 624 ± 105 logs/ha. Overall estimates for conventional sites were reasonably consistent with logged areas averaging 915 ± 62 logs/ha and control sites 889 ± 84 logs/ha. Only the control site for PC41 exhibited high variability. The apparent increase in numbers of logs in cable logged areas is largely due to estimates at TO6A (Fig. 4b) but this site did not differ significantly from the others when site characteristics such as basal area and number of stems per hectare were taken into account. 
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Figure 3a: Accumulated volume of CWD found in cable logged, conventionally logged and control areas (mean ± se; n = 6) 
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Figure 3b: Accumulated volume of CWD for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3). 

Differences in site characteristics may have had some influence on the quantity of CWD observed. The basal area of cut stumps and stags in logged areas and standing trees, stumps and stags in control areas was higher at conventional sites but not significantly so (Fig. 5a). Nor was there a significant difference in the basal area between logged and control pairs despite consistently higher basal areas found in conventional control sites (Fig. 5b). Paired sites did, however, differ significantly from one another (F2,16 = 4.638; p = 0.026) with WT40C having a much lower basal area than the two conventional sites, PC41 and WR7. In terms of site productivity, based on relative basal areas, it may be possible to rank the sites from most productive to least as follows: PC41 = WR7> TO6A > WT40C, or on a broader scale, Conventional sites > Cable sites. 

Table 3: Number of logs per hectare for each logging method and their respective control (unlogged) areas, and for each site pair separately (X = mean; SE = standard error). 

	
	
	Cable 
	Conventional 

	No. logs/ha 
	
	logged 
	control 
	logged 
	control 

	X 
	
	1323.33 
	624.17 
	915.00 
	889.17 

	SE 
	
	278.58 
	104.17 
	62.08 
	83.51 

	(n=6) 
	
	
	
	
	

	
	
	WT40C 
	TO6A 
	PC41 
	WR7 

	
	
	logged 
	control 
	logged 
	control 
	logged 
	control 
	logged 
	control 

	X 
	
	765.00 
	528.33 
	1881.67 
	720.00 
	988.33 
	860.00 
	841.67 
	918.33 

	SE 
	
	86.22 
	146.18 
	262.45 
	155.43 
	37.56 
	171.56 
	111.70 
	67.72 

	(n=3) 
	
	
	
	
	
	
	
	
	


An attempt to explain the significantly lower volumes of CWD in cable sites in terms of basal area as a measure of site productivity was confounded by a significant interaction between the covariate (basal area) and the volume of CWD (Test of parallelism of slopes: F1,14 = 11.095; p = 0.005). Essentially, the magnitude of the increase in basal area from cable to conventional sites was significantly lower than the corresponding increase in volume of CWD. This appeared to be due to two factors. First, basal area in conventionally logged areas may have been consistently underestimated (Fig. 5b) and second, the high volumes of CWD in conventionally logged areas appear to have a disproportionate influence on the overall difference in volume between the two logging methods. Although this interaction effect makes the interpretation of the influence of site productivity difficult to determine, it is apparent that even if site productivity was influential it was not solely responsible for differences in volumes of CWD. 
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Figure 4a: Number of logs/ha found in cable logged, conventionally logged and control areas (mean ± se; n = 6). 
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Figure 4b: Number of logs/ha for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3). 
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Figure 5a: Basal area of cable logged, conventionally logged and control areas. At logged sites, basal area consists of cut stumps and stags, whereas at control sites it consists of standing trees, stumps and stags (mean ± se; n = 6). 
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Figure 5b: Basal area for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3). 

The significant difference in volume of CWD between conventional and cable sites can largely be attributed to the high volumes of CWD found in conventionally logged areas (Fig. 3a). This suggests that some factor associated with the logging itself is influencing volumes of CWD. Using the basal area of control sites as a measure of the previous stand, it was apparent that the intensity of the logging (the ratio of the volume of timber extracted to the estimated basal area of the pre-logged forest) was two to three times greater than at the conventionally logged sites (Logging Intensity Index - Table 4). The higher utilisation standards at the cable sites can largely be attributed to a greater volume of pulpwood per hectare being extracted relative to sawlog quality timber (Table 4). 

Table 4: The quantity of commercial timber removed from each site. Other includes rainforest timbers (e.g. myrtle), eucalypt regrowth, and veneer wood. L. I. Index = Logging Intensity Index based on the ratio of total timber extracted to the basal area of the adjacent control area. 

	Site 
	Pulp (m3/ha) 
	Sawlog (m3/ha) 
	Ratio (pulp:saw) 
	Other (m3/ha) 
	Total (m3/ha) 
	Basal area (m2/ha) 
	L. I. Index 

	WT40C 
	189.1 
	65.4 
	2.89 
	- 
	254.5 
	45.3 ± 4.0 
	5.62 

	TO6A 
	328.8 
	173.5 
	1.90 
	4.1 
	507.4 
	58.2 ± 20.0 
	8.72 

	PC41 
	174.5 
	187.8 
	0.93 
	0.6 
	362.9 
	122.7 ± 10.6 
	2.96 

	WR7 
	161.9 
	94.6 
	1.71 
	2.4 
	258.9 
	127.2 ± 21.8 
	2.04 



Source: Forestry Tasmania district coupe records. 

Sites also differed in terms of the number of stems per hectare (ie. stumps and stags in logged areas and stumps, stags and trees in control areas) with PC41 having significantly fewer stems per hectare than other sites (F2,16 = 5.875; p = 0.012). Of more concern was that, overall, significantly fewer stems were observed in logged areas (F1,2 = 31.288; p = 0.031) and this was consistent across all four sites (Fig. 6). 
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Figure 6: Number of stems/ha for each site-pair. At logged sites number of stems consists of cut stumps and stags, whilst at control sites it consists of standing trees, stumps and stags. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3). 

3.2. Size distribution of CWD

Cable logging and conventional logging did not result in a significant change in the distribution of the volume of CWD across the four diameter classes (Figures 7a & 7b). Although volume and diameter are correlated, volume is used as an estimator of biomass. The analysis was confused by a significant interaction between sites within logging methods and diameter class (F6,64 = 3.939; p = 0.002). Separate analysis of each logging method revealed this significant variation between sites existed in conventional sites only (F3,32 = 7.208; p<0.01). Despite these interaction effects, there was a clear trend overall in the distribution of CWD volume by log size classes as follows: large > medium = very large > small. Comparison of the size distribution of CWD between the two logging methods also revealed that much of the difference in total volume of CWD can be attributed to the larger diameter logs (Table 5). 

Table 5: Comparison of the distribution of the volume (m3/ha) of CWD across four diameter classes of logs for logged and control treatments separately. NS = Not Significant at p<0.05. 

	Diameter class 
	Cable logged 
	Conventionally logged 
	Tukey's HSD 

	10-20 cm 
	28.16 ± 4.49 
	23.67 ± 5.20 
	NS 

	20-50 cm 
	76.17 ± 5.72 
	135.61 ± 24.60 
	NS 

	50-100 cm 
	83.28 ± 23.58 
	273.17 ± 63.77 
	p = 0.008 

	100+ cm 
	3.36 ± 2.20 
	169.80 ± 53.59 
	p = 0.001 

	
	
	
	

	
	Cable control 
	Conventional control 
	

	10-20 cm 
	21.21 ± 7.66 
	27.24 ± 4.31 
	NS 

	20-50 cm 
	86.21 ± 13.80 
	102.26 ± 16.59 
	NS 

	50-100 cm 
	56.32 ± 15.39 
	212.43 ± 47.78 
	p = 0.014 

	100+ cm 
	24.82 ± 21.30 
	71.26 ± 21.84 
	NS 


The proportion of logs falling into each diameter class was very similar for control sites of both logging methods (Figures 8a & 8b). However, cable logging resulted in a significantly higher proportion of logs in the smallest diameter class relative to conventional logging (Table 6). Nevertheless, neither logging method resulted in a significant change in the size distribution of logs relative to control sites. Again interpretation of main effects was made difficult by significant variation between the distribution of logs at both conventional and cable sites (F6,64 = 14.821; p = 0.000). Separate analysis for each logging method did not make the interpretation any clearer. At cable sites there was a significant interaction between site, cutover (ie. logged or control) and diameter class (F3,32 = 3.555 ; p<0.05). At conventional sites the distribution of logs between the diameter classes varied significantly between sites (F3,32 = 15.878 ; p<0.001). However, analysis of each site separately indicated that this variation was not influencing the overall conclusions regarding the effects of each logging method or the effects of each relative to one another, as described above. 
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Figure 7a: Volume distribution of CWD in each of four diameter classes (representing small, medium, large and very large logs) at cable logged and control sites (mean ± se; n = 6). 
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Figure 7b: Volume distribution of CWD by diameter class at conventionally logged and control sites (mean ± se; n = 6). 
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Figure 8a: Proportion of logs in each diameter class at cable logged and control sites (mean ± se; n = 6). 
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Figure 8b: Proportion of logs in each diameter class at conventionally logged and control sites (mean ± se; n = 6). 

Table 6: Comparison of the proportion of logs in each of the four diameter classes of logs for logged and control treatments separately. NS = Not Significant at p<0.05. 

	Diameter class 
	Cable logged 
	Conventionally logged 
	Tukey's HSD 

	10-20 cm 
	0.60 ± 0.03 
	0.42 ± 0.06 
	p = 0.023 

	20-50 cm 
	0.35 ± 0.03 
	0.44 ± 0.04 
	NS 

	50-100 cm 
	0.05 ± 0.01 
	0.12 ± 0.03 
	NS 

	100+ cm 
	0.002 ± 0.001 
	0.02 ± 0.01 
	NS 

	
	
	
	

	
	Cable control 
	Conventional control 
	

	10-20 cm 
	0.55 ± 0.07 
	0.55 ± 0.04 
	NS 

	20-50 cm 
	0.37 ± 0.05 
	0.37 ± 0.03 
	NS 

	50-100 cm 
	0.03 ± 0.01 
	0.07 ± 0.02 
	NS 

	100+ cm 
	0.003 ± 0.002 
	0.009 ± 0.002 
	NS 


3.3 Distribution of logs by exterior decay classes

The exterior decay classes used in this study were reasonably good predictors of the extent of internal decay, with the exception of decay class 5 - the most decayed class (Fig. 9). They were, however, by no means perfect with substantial variation in internal decay for each decay class (Table 7a). Yet, given a sufficiently high sample size for logs much of this variation can be accounted for (Table 7b). 

Table 7a: Average percentage internal wood-decay for each of the five exterior decay classes. Decay class 1 represents the least decayed wood. 

	Decay class 
	mean % 
	se 
	max. % 
	min. % 
	n 

	1 
	15.85 
	1.50 
	100 
	0 
	192 

	2 
	28.08 
	2.19 
	100 
	0 
	166 

	3 
	40.86 
	4.06 
	100 
	2 
	56 

	4 
	54.44 
	7.12 
	95 
	5 
	18 

	5 
	45.00 
	11.03 
	80 
	15 
	6 


Table 7b: Tukey's HSD test for the percentage of internal wood decay in each of five exterior decay classes (p<0.05). 

	Decay class 
	1 
	2 
	3 
	4 
	5 

	1 
	1.00000 
	
	
	
	

	2 
	0.00002 
	1.00000 
	
	
	

	3 
	0.00002 
	0.01006 
	1.00000 
	
	

	4 
	0.00002 
	0.00063 
	0.43368 
	1.00000 
	

	5 
	0.03559 
	0.52970 
	0.99747 
	0.96712 
	1.00000 


Analysis of the distribution of volume of CWD between exterior decay classes was again confounded by numerous interaction effects (logging method, cutover, exterior decay class interaction - F4,8 = 14.944; p = 0.001). 
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Figure 9: Percentage of internal decay found in logs at increasing stages of decay based on their exterior appearance (mean ± se). 

Separate analysis of logging methods indicated that the pattern of the distribution of log volume between decay classes was not consistent between sites (site, exterior decay interaction - F4,40 = 3.649 ; p<0.05). Examination of individual sites indicated that at WT40C volumes were fairly evenly distributed between decay classes whilst at TO6A there was a significant variation between logged and control areas (cutover, exterior decay interaction - F4,20 = 3.129 ; p<0.05). Overall however, these interaction effects did not confuse the fact that cable logging did not significantly alter the volume of CWD in different stages of decay (Fig. 10a). 

At conventional sites, the distribution of volume amongst the five decay classes also varied between logged and control areas (cutover, exterior decay interaction - F4,4 = 24.171 ; p<0.01). Although the pattern of distribution differed between logged and control areas, logging did not result in a significant change in the volume of CWD in different stages of decay (Fig. 10b). However, this distribution suggests that conventional logging may result in a shift towards less decayed wood at the expense of more decayed wood. 

The pattern of distribution of the proportion of logs in each decay class differed between cable and conventional sites but not significantly. Again, however, interpretation was made difficult by a web of interaction effects at a number of levels. Overall two interaction effects were found: the proportion of logs in different stages of decay varied between sites (F8,8 = 19.931 ; p = 0.000) and between logged and unlogged areas (F4,8 = 19.931 ; p = 0.000). However, neither of these indicated a significant effect of logging for either logging method. There was some indication that cable logging led to a greater proportion of less decayed logs and a reduced proportion of more decayed logs (Fig. 11a). This pattern was not as apparent in conventionally logged areas (Fig. 11b). [image: image17.png](ey/ewn) smpoa Sorp



 

Figure 10a: Volume distribution of CWD for five stages of incresing decay at cable logged and control sites (mean ± se; n = 6). 
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Figure 10b: Volume distribution of CWD for five stages of incresing decay at conventionally logged and control sites (mean ± se; n = 6). 
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Figure 11a: Proportion of logs in each of five stages of increasing decay at cable logged and control sites (mean ± se; n = 6). 
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Figure 11b: Proportion of logs in each of five stages of increasing decay at conventionally logged and control sites (mean ± se; n = 6). 
Logs in the latest state of decay were very rare in conventionally logged areas but were in low abundance at control sites also (Decay class 5, Fig. 11b). Of interest was the uneven distribution of logs at all control sites, with the dominance of early decay stages. This pattern was, however, not as distinct at the cable control sites. 
3.4 Log Position

Log position had a significant influence on the extent of internal wood decay. Logs in contact with the ground had significantly higher levels of decayed wood than those suspended on rocks or other logs (F1,2 = 56.595 ; p = 0.017). Grounded logs averaged 32.32 ± 2.40 % decayed wood, whereas suspended logs averaged 21.74 ± 1.48 %. Also of interest is that the decay classes developed in this study applied equally well to grounded and suspended logs, with the exception of decay class 5 (Fig. 12). Only one suspended log in the latest stages of decay was observed, all others were generally partially embedded in soil. 
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Figure 12: Percentage of internal decay found in grounded and suspended logs in increasing stages of decay at logged and control sites of both logging methods (mean ± se; n = 12). 
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Figure 13a: Volume of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6). 
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Figure 13b: Proportion of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6). 

It is not clear whether logging altered the quantity of CWD in either position. The relative volume and proportion of CWD in a particular position varied significantly between logged and control areas at sites within both logging methods (volume: site, cutover, position interaction - F2,32 = 4.707 ; p = 0.016 ; proportion of logs: site, cutover, position interaction - F2,32 = 73.389 ; p = 0.000). It appears, however, that cable logging had some affect. At cable control sites a significantly greater proportion of logs were suspended relative to logged areas (Fig. 13b ; Tukeys HSD Test - p<0.001) whereas in conventionally logged areas logs occurred in both positions in relatively similar proportions. This pattern was not observed in a comparison of volume of CWD in each position (Fig. 13a). At conventional sites, a comparison of log volume (Fig. 14a) and the proportion of logs (Fig. 14b) suggests that logging resulted in a greater proportion of large logs (logs of high volume) in a suspended position. This may have implications for levels of decay at these sites. 
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Figure 14a: Volume of grounded and suspended CWD at conventionally logged and control sites (mean ± se; n = 6). 
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Figure 14b: Proportion of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6). 

3.5 Internal decay

Levels of wood decay were higher in unlogged areas than in logged areas (Fig. 15). This difference, however, was not statistically significant, although it approached significance (F1,2 = 15.733 ; p = 0.058). Also, there was no significant difference between the levels of decay in cable and conventionally logged sites. 

The extent of decayed wood was correlated with exterior decay class, which has been dealt with previously. Wood decay was also correlated with the extent of moss cover observed on logs (r = 0.263 ; p<0.05). There was no significant correlation between decay and bark retention, extent and depth of burnt wood, or the point along the length of a log that was cut to assess internal decay. Extent of bark and moss cover were consistently higher in unlogged areas, whilst the extent and depth of burnt wood was, not surprisingly, much higher in logged areas (Table 8). 
3.6 Types of decay

The occurrence of at least ten types of wood-rot was found in this study (Plates 14, 15 & 16). On the basis of their colour and textural characteristics they were described as follows: 

1. Orange/red/brown fibrous rot (Plate 15) 

2. Orange/red/brown crumbly rot 

3. Red blocky rot (Plate 16) 

4. Red blocky rot with seams of white fungal hyphae 

Table 8: Amount of bark and moss cover, and extent of burnt wood (including depth of charring) at each study site (X = mean; SE = standard error). 

	
	
	Cable 
	Conventional 

	
	
	WT40C 
	TO6A 
	PC41 
	WR7 

	Bark % 
	
	logged 
	control 
	logged 
	control 
	logged 
	control 
	logged 
	control 

	X 
	
	8.64 
	5.37 
	7.87 
	10.87 
	2.90 
	14.03 
	4.71 
	9.23 

	SE 
	
	0.98 
	0.88 
	0.53 
	1.03 
	0.49 
	1.36 
	0.75 
	1.10 

	Max. 
	
	100 
	90 
	100 
	95 
	90 
	100 
	90 
	100 

	Min. 
	
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 

	n 
	
	458 
	316 
	1129 
	477 
	593 
	370 
	455 
	415 

	Burn % 
	
	
	
	
	
	
	
	
	

	X 
	
	83.24 
	51.64 
	27.44 
	5.28 
	79.53 
	0.68 
	33.09 
	1.65 

	SE 
	
	0.99 
	1.87 
	0.95 
	0.73 
	1.03 
	0.19 
	1.60 
	0.28 

	Max. 
	
	100 
	100 
	100 
	100 
	100 
	30 
	100 
	60 

	Min. 
	
	10 
	0 
	0 
	0 
	0 
	0 
	0 
	0 

	n 
	
	458 
	317 
	1119 
	471 
	593 
	411 
	452 
	421 

	Depth (mm) 
	
	
	
	
	
	
	
	
	

	X 
	
	1.65 
	0.71 
	1.31 
	0.06 
	1.34 
	0 
	1.52 
	0.83 

	SE 
	
	0.08 
	0.06 
	0.06 
	0.01 
	0.04 
	0 
	0.10 
	0.42 

	Max. 
	
	15 
	10 
	20 
	3 
	4 
	0 
	10 
	20 

	Min. 
	
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 

	n 
	
	433 
	317 
	1119 
	467 
	581 
	17 
	314 
	54 

	Moss % 
	
	
	
	
	
	
	
	
	

	X 
	
	0 
	0 
	0.82 
	42.10 
	4.56 
	38.38 
	10.50 
	27.10 

	SE 
	
	0 
	0 
	0.09 
	1.26 
	0.38 
	1.48 
	0.72 
	1.12 

	Max. 
	
	0 
	0 
	30 
	95 
	90 
	100 
	90 
	90 

	Min. 
	
	0 
	0 
	0 
	0 
	0 
	0 
	0 
	0 

	n 
	
	458 
	317 
	1131 
	520 
	551 
	514 
	503 
	545 


6. Orange/red clayey rot (Plate 14) 

7. Soft yellow fibrous rot 

8. Spongy white rot 

9. Other (includes blue stain fungi & wet, jelly-like rot) 

10. Yellow crumbly rot. 

For the purposes of analysis the seven most common rot-types were used: rot-types 8 and 9 were deleted as they did not occur in all stands, and rot-type 4 was combined with 3. The distribution of the percentage of internal decay according to rot-type varied significantly between the two logging methods (F6,12 = 3.487 ; p = 0.031). Separate analysis of cable sites indicated that the difference in the percentage of each rot-type also varied between sites (F1,211 = 6.069 ; p = 0.015). No significant differences were found at WT40C (Fig. 16a) whereas at TO6A there was a significantly higher percentage of blocky red rot relative to other rot-types excepting red fibrous and red crumbly rot (Fig. 16b; F6,140 = 6.275 ; p<0.001). A similar pattern was observed at conventional sites. Blocky red rot occurred at significantly higher percentages except in relation to red crumbly rot (Fig. 16c; 
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Figure 15: Percentage of internal decay found at cable logged, conventionally logged and control sites (mean ± se; n = 6). 
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Figure 16a: Percentage of each decay type in cable logged and control areas at WT40C (mean ± se). 

[image: image28.png]


 

Figure 16b: Percentage of each decay type in cable logged and control areas at TO6A (mean ± se). 
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Figure 16c: Percentage of each decay type in conventionally logged and control areas (mean ± se). 

F6,6 = 9.743; p<0.001). Neither type of logging had an effect on the percentage of any of the rot-types. 

All ten of the rot-types were found at cable sites, with red fibrous rot occurring the most frequently, followed by soft yellow fibrous rot and red clayey rot, although high variation was the rule (Fig. 17a). At conventional sites, spongy white rot was not observed. The same three rot-types were the most prevalent but in the following order from most frequent: soft yellow fibrous rot, red fibrous rot and red clayey rot (Fig. 17b). 

A comparison of these figures with the mean percentages of each rot-type (Figs 16a-c) indicate that although blocky red rot did not occur frequently, when it did, it did so at relatively high levels. The reverse was true for red fibrous rot and red clayey rot. 

Discussion

4.1 Effects of logging

The results of this study indicate that, in the short-term, cable logging and conventional logging of mature wet eucalypt forest does not result in any substantial change in the quantity and quality of decaying log resource. Volumes of CWD remaining after logging at least match, and in some cases exceed, those in unlogged forest. Whilst there are indications that logging led to a greater input of less-decayed wood, levels of internal decay did not differ significantly between logged and unlogged areas. In addition, the frequency of occurrence of particular decay types was not significantly affected by logging. 

These results need to be interpreted cautiously. First, they are particular to two logging methods and to mixed-age mature wet eucalypt forest communities. They may not, for example, apply to selectively logged forest or dry eucalypt forest. Second, a high level of variability of most of the parameters measured in this study was encountered at a number of different scales. Substantial variation existed between transects within coupes and control areas, between replicate sites for each logging method, and between the two logging methods. The combination of highly variable data and a small sample size (in terms of site-pairs) made analysis difficult, producing numerous interaction effects, which in turn, made interpretation of main effects, such as the effects of logging, difficult. A larger number of replicate sites may have revealed significant effects that were masked by the variation found in this study. 

Why such a small sample size? Whilst in terms of replicate site-pairs the sample size amounts to the bare minimum necessary to obtain a measure of natural variability, in terms of work-effort to collect the data, sampling was quite intensive. Over 4,500 logs were measured and described and roughly 10% of these were cut to measure and describe internal decay. Adding to this measurements of stumps, stags and trees, this amounts to the data set of over 6,000 lines of data. 
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Figure 17a: Frequency of occurrence of each decay type at cable logged and control sites (mean ± se). 
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Figure 17b: Frequency of occurrence of each decay type at conventionally logged and control sites (mean ± se). 

Even so, this level of sampling intensity only accounted for between 0.003-0.04 % of the area of the logged coupes. The collection of such a large data set is inherently time consuming and was also hindered by difficult working conditions such as steep, rocky slopes at cable logged sites and very dense undergrowth at conventionally logged and adjacent control sites. Under such conditions, completion of each site-pair took four weeks. This illustrates the inherent problems in conducting field studies in this area of research. This study is by no means alone in encountering these problems, as will be discussed later. 

Despite the inadequacies of the data set, in terms of the effects of logging on the quantity of CWD, the results of this study are consistent with similar studies from overseas. Gore and Patterson (1986) in a study of the mass of downed wood in hardwood beech forests of northern USA found that levels of CWD in the most recently cut stand actually exceeded that found in a 250 year-old uncut stand. Similarly, Spies et al (1988) found that the quantity of CWD in young post-fire Douglas-fir stands more closely matched that in old-growth stands than that in intermediate age or mature stands. It was the conclusion of both of these studies that the amount of CWD in these young forests was a legacy from the pre-disturbance old-growth stands. It is also clear from these and other studies of CWD that accumulation of CWD in mature wet eucalypt forests of south eastern Tasmania are among the highest reported for forested ecosystems (Table 9). 

The significantly higher volume of CWD found at conventional sites relative to cable sites cannot solely be attributed to better site quality and hence higher productivity in the southern forests. Most of the difference in volume is due to the higher quantities of CWD in the conventionally logged areas. This fact, when combined with the data on the quantities of timber extracted from each site, indicate that the cable sites were subjected to higher intensity logging than the conventional sites. This is unlikely, however, to have anything to do with inherent differences between the two logging methods. It is more likely to be a consequence of the prevailing market conditions at the time the coupes were logged. There is almost a ten year gap between the most recently logged conventional site examined (logged in 1979) and the oldest cable site (logged in 1988). Therefore, the significantly lower volumes of CWD at cable logged sites may be the result of the growth in the pulpwood market over this period. 

It should be noted that the measure of logging intensity used is based on the basal area of the adjacent control sites examined. The basal area of the pre-logging stand was not used as it appeared that basing this value on measurements of remnant stumps and stags led to a gross underestimate of pre-logging basal area. Further, the number of remnant stems (i.e. stumps and stags) in logged areas was significantly lower at all sites relative to control areas. There are two possible explanations for this. First, that inappropriate control sites were selected. This is highly unlikely given the fairly strict selection criteria used and the fact that each site was also visually inspected before being selected for sampling. Alternatively, logging and hot regeneration burning may remove much of the evidence of the size and the structure of the pre-logging stand, particularly the smaller understorey trees. Very few small stumps or stags were encountered in any of these coupes. Therefore it is likely that the understorey trees were destroyed by logging and burning or they became incorporated amongst the decaying wood on the forest floor. 

Table 9: Abundance of CWD in various forest types of the world. Managed refers to managed for wood production. For Area Sampled circular or rectangular plots were used unless otherwise indicated.  

	Forest 
	Location 
	Managed 
	Age (years) 
	Area sampled (ha) 
	Sample size 
	CWD diameter (cm) 
	No. logs/ha 
	Volume (m3/ha) 
	Biomass (t/ha) 
	Author(s)

	Coniferous forests 

	Abies balsamea 
	New Hampshire (USA) 
	
	12-70 
	0.125 in total 
	n=48* 
	>3 
	- 
	- 
	49.0! 
	Lambert et al (1980)

	Picea-Abies 
	Sweden 
	NO (Natural) 
	>200 
	0.02 
	n=8* 
	>5 
	650 
	73 
	- 
	Andersson & Hytteborn (1991)

	" 
	" 
	YES 
	80 
	" 
	" 
	" 
	1256 
	11 
	- 
	"

	Picea-Abies 
	Nthn Sweden 
	Y 
	110-300 
	0.10 
	n=11 
	³10 
	23-150 (X=93.6) 
	- 
	- 
	Bader et al (1995)

	Picea-Abies 
	Norway 
	Y 
	- 
	0.16 & 0.25# 
	n=49 
	- 
	- 
	0.6-372 
	- 
	Okland et al (1996)

	Pinus contorta 
	Wyoming (USA) 
	N 
	>240 
	0.10 & line-int. 
	- 
	- 
	- 
	- 
	1.5 
	Fahey (1983)

	" 
	" 
	N 
	>105 
	" 
	- 
	- 
	- 
	- 
	20.8 
	"

	Pseudotsuga menziesii 
	Oregon (USA) 
	N 
	>450 
	- 
	- 
	>7.5 
	- 
	- 
	218.0 
	MacMillan et al (1966)+

	Pseudotsuga menziesii 
	Pacific Nth-West (USA) 
	N 
	550 
	0.09 
	n=11* 
	>15 
	- 
	396 
	81.0 
	Sollins (1982)


Table 9: (continued)  

	Forest/species 
	Location 
	Managed 
	Age (years) 
	Area sampled (ha) 
	Sample size 
	CWD diameter (cm) 
	No. logs/ha 
	Volume (m3/ha) 
	Biomass (t/ha) 
	Author(s)

	Pseudotsuga menziesii 
	Pacific Nth-West (USA) 
	N 
	400 
	0.25 
	n=85 
	³10 
	415 
	313 
	66.0 
	Spies et al (1988)

	" 
	" 
	N 
	120 
	" 
	n=51 
	" 
	447 
	148 
	20.0 
	"

	" 
	" 
	N 
	65 
	" 
	n=30 
	" 
	600 
	248 
	43.0 
	"

	Spruce/Birch 
	New York (USA) 
	N 
	>300 
	- 
	- 
	>7.5 
	- 
	- 
	42.0 
	McFee & Stone (1966)+

	Tsuga heterophylla 
	Pacific Nth-west (USA) 
	N 
	120 
	0.405 
	n=1 
	- 
	- 
	- 
	212.0 
	Grier (1978)

	Hardwood - deciduous 

	Fagus grandifolia 
	New Hampshire (USA) 
	N 
	250 
	line- intersect 
	n=67* 
	All 
	- 
	- 
	41.9 
	Gore & Patterson (1986)

	" 
	" 
	Y 
	50 
	" 
	n=23* 
	" 
	- 
	- 
	32.0 
	"

	" 
	" 
	Y 
	1 
	" 
	n=11* 
	" 
	- 
	- 
	86.0 
	"

	Mixed age deciduous 
	Poland 
	N 
	200-400 
	1.00 
	n=1 
	- 
	- 
	60-71.3 
	- 
	Falinski (1978)

	Mixed oak 
	New Jersey (USA) 
	N 
	>250 
	- 
	- 
	>7.5 
	- 
	- 
	21.3 
	Lang & Forman (1978)+


Table 9: (continued)  

	Forest/species 
	Location 
	Managed 
	Age (years) 
	Area sampled (ha) 
	Sample size 
	CWD diameter (cm) 
	No. logs/ha 
	Volume (m3/ha) 
	Biomass (t/ha) 
	Author(s)

	Quercus alba 
	Indiana (USA) 
	N 
	mature 
	3.35 
	n=1 
	³5 
	38 
	46 
	16.5 
	MacMillan (1981)

	Quercus robur 
	Denmark 
	Y 
	55 
	0.16 in total 
	n=38* 
	All 
	- 
	- 
	4.8 
	Christensen (1977)

	Hardwood - evergreen 

	Primary rainforest 
	Papua New Guinea 
	N 
	mature 
	0.04 
	n=1 
	All 
	- 
	- 
	10.9! 
	Edwards & Grubb (1977)

	Eucalyptus obliqua 
	Sth-east Tasmania (Australia) 
	N 
	>150 
	0.20# 
	n=3* 
	³10 
	528 
	174 
	- 
	This study

	" 
	" 
	N 
	>150 
	" 
	" 
	" 
	720 
	203 
	- 
	"

	" 
	" 
	N 
	200-300 
	" 
	" 
	" 
	860 
	455 
	- 
	"

	" 
	" 
	N 
	200-300 
	" 
	" 
	" 
	918 
	372 
	- 
	"

	" 
	" 
	Y 
	7 
	" 
	" 
	" 
	765 
	145 
	- 
	"

	" 
	" 
	Y 
	5 
	" 
	" 
	" 
	1882 
	237 
	- 
	"

	" 
	" 
	Y 
	15 
	" 
	" 
	" 
	988 
	574 
	- 
	"

	" 
	" 
	Y 
	24 
	" 
	" 
	" 
	842 
	631 
	- 
	"


* subsamples of stands or pseudoreplicates 
+ cited in Triska & Cromack (1980) 
! figure includes standing dead wood 
# belt transect 

It is not clear that logging led to any significant change in the size-distribution of CWD. What is apparent, however, is that much of the volume of CWD at all sites consisted of large logs with diameters in excess of 50 cm. In fact at WR7, a conventionally logged coupe, three logs with diameters in excess of 100 cm together accounted for just over 80 m3 of the decaying wood, representing just over 20 % of the total quantity of CWD found in the three transects sampled in this coupe. This illustrates how the input of a single large tree can create a huge amount of potential substrate for wood-rotting fungi and habitat for log-dwelling fauna. Further, it is clear that although the larger size classes of logs have fewer individuals, they often comprise the majority of the volume of CWD. 

There is a general consensus amongst studies of CWD that management of forest for wood production leads, in the long-term, to reduction in the biomass of CWD (e.g. Gore & Patterson 1986; Spies et al 1988; Andersson & Hytteborn 1991; Bader et al 1995; Reid et al 1996). These studies have found that this is due to the fact that large diameter logs are not replaced as the rotation times between cutting do not allow sufficient time for trees to reach these sizes. Some of these studies have looked at the effects of intensive forest management practices where short rotation times, forest thinning and high utilisation standards are the rule. However, Spies et al (1988) found that even rotation times of 100 years for Douglas-fir forests of the Pacific North West USA will reduce CWD levels to less than a quarter of those found in old-growth stands. 

No second-rotation clearfelled native forest coupes are available for study in Tasmania as this harvesting and regeneration method has only been used since the late 1950's and planned rotation times are in the order of 80-100 years (A. Goodwin, FT, pers. comm.). However, an indication of what the future holds for levels of CWD in Tasmania's production forests is available from well-stocked research plots in wet eucalypt forest at various ages of regrowth after wildfire (Tables 10a & 10b). 

At the most productive sites, at 80 years of age the majority of trees have barely reached a diameter equivalent to the large diameter class of logs found in this study (Table 10a). It was large and very large diameter logs that constituted the greater part of the volume of CWD in all stands sampled. Even the dominant trees at 80 years of age at sites of high productivity do not obtain a diameter close to that of the very large logs encountered in this study (Table 10b). Of more concern is that at sites of low productivity even the dominant trees do not reach 50 cm in diameter at 80 years of age. However, whether this loss of large diameter trees will lead to a substantial drop in biomass of CWD in Tasmania's wet forests is unknown. This is dependent on a number of factors including the quantity of non-commercial timber left as residue after logging and the rate of decay of CWD in forests of this type. It is known, for example, that smaller logs decay faster than large logs (Harmon et al 1986). Therefore, the predominance of smaller diameter logs expected under rotation lengths of 80-100 years has implications for levels of CWD in native forest after successive rotations. 

Table 10a: Average tree diameters at various ages for wet eucalypt stands of variable site productivity. 
Data is from well-stocked research plots. The number of plots for each site index/age combination is given in brackets. Site index is a measure of productivity based on mean dominant tree height at 50 years of age. The lower the site index, the lower the productivity. WT40C is equivalent to S.I. 20; TO6A - S.I. 25-30; and PC41 & WR7 - S.I. 35-40. 

	Site
	Age (years)

	index
	40
	60
	80
	90

	20
	16.9cm (11)
	24.0cm (8)
	19.0cm (10)
	-

	25
	15.4cm (16)
	18.3cm (26)
	27.4cm (17)
	-

	30
	20.7cm (31)
	29.4cm (19)
	34.2cm (24)
	40.3cm (14)

	35
	22.5cm (38)
	32.1cm (28)
	44.3cm (11)
	-

	40
	27.3cm (56)
	39.0cm (24)
	52.3cm (23)
	59.3cm (6)

	45
	32.1cm (27)
	43.4cm (37)
	50.9cm (5)
	-



Source: Forest Management Division, Forestry Tasmania (unpublished data). 

Table 10b: Dominant tree diameters (the largest 30 stems/ha) at various ages for wet eucalypt stands of variable site productivity. 
Data is from well-stocked research plots. The number of plots for each site index/age combination is given in brackets. Site index is a measure of productivity based on mean dominant tree height at 50 years of age. The lower the site index, the lower the productivity. WT40C is equivalent to S.I. 20; TO6A - S.I. 25-30; and PC41 & WR7 - S.I. 35-40. 

	Site
	Age (years)

	index
	40
	60
	80
	90

	20
	31.6cm (11)
	40.1cm (8)
	46.5cm (10)
	-

	25
	35.9cm (16)
	47.0cm (26)
	54.6cm (17)
	-

	30
	41.0cm (31)
	51.6cm (19)
	59.1cm (24)
	64.9cm (14)

	35
	43.8cm (38)
	56.9cm (28)
	76.0cm (11)
	-

	40
	47.6cm (56)
	64.9cm (24)
	82.2cm (23)
	87.3cm (6)

	45
	58.9cm (27)
	70.9cm (37)
	80.3cm (5)
	-



Source: Forest Management Division, Forestry Tasmania (unpublished data). 

Conversion of native forest to plantation is likely to have a severe negative impact on the biomass of CWD due to the even shorter rotation times (in the order of 30 years) and higher utilisation standards used relative to native forest harvesting. Prior to plantation development logging residue is usually bulldozed into windrows (Plate 17) and are subsequently burnt. Whilst windrows may constitute a substantial biomass of CWD in the short-term, by the second rotation most of this resource has rotted away, with little to no replacement of log resource from the standing timber. Populations of invertebrates dependent on this resource would become locally extinct in such an agricultural habitat. Research into the need for specific prescriptions for the sustainable management of rotting-log resources is required where large areas of native forest are converted to plantation. Such prescriptions may, for example, take the form of habitat-tree clumps currently used for hollow-nesting animals. A mixed-age habitat-tree clump would ensure the continued input of dead wood of a significantly greater diameter than that of the surrounding plantation (Reid et al 1996). In the absence of such prescriptions, regeneration to native forest is preferable to plantation development. 

The reasonably good correlation between exterior decay class and internal decay offers encouragement that the system developed at the initial stages of this study may provide a quick and non-destructive means of assessing relative levels of wood-decay for comparisons across stands. However, they require further refinement, particularly to distinguish between decay classes three and four. Further, the level of variability in internal decay encountered in this study indicates that a sample size of at least fifty logs for each class is necessary to obtain a reasonably accurate prediction of internal decay. The poor correlation between decay class five logs and the percentage of internal decay is due to the higher degree of fragmentation of these logs which is apparent on an inspection of their exterior appearance but was not incorporated into the estimate of internal decay. 

The scheme of decay classes developed in this study are particular to wet forest and an attempt to apply them to dry eucalypt forest failed due to the lack of obvious differences in the external appearance of logs at these drier sites (L. Wilkinson, CRA, pers. comm.). 

The volume distributions among decay classes at control sites only broadly fit a model in which residence times in each decay class increase geometrically. Under steady-state conditions with respect to decay classes, this model leads to intermediate decay classes having the greatest volume or biomass (Harmon et al 1986; Spies et al 1988). Hence, the distribution approximates a normal or bell-shaped distribution. Alternatively, if residence time of the decay classes are equal this will lead to a positively skewed biomass distribution, where the least decayed class will have the greatest biomass or volume (Harmon et al 1986). It appears that the volume distribution among decay classes of the control stands in this study falls somewhere between these two models. 

Disturbance causes deviations from the expected steady-state decay class pattern. This was clearly evident at conventionally logged sites, less so at cable logged sites, where there was an apparent shift in the distribution of volume to the least decayed class of logs. In the long-term this can lead to a shift towards late-stage decay logs. Lambert et al (1980) observed a high proportion of well-decayed CWD in Abies balsamea stands greater than 30 years of age that originated after a wave of mortality. The distribution of CWD among decay classes can, therefore, provide evidence of catastrophes that have killed previous stands, converting live trees into substantial quantities of CWD. 

Logging also has the potential to affect the quality of the decaying-log resource. Of particular interest is the impact of regeneration burning and exposure of logs until canopy regeneration. It was clear from this study that logging and high-intensity regeneration burning had no substantial impact on the amount of internal decay observed. Levels of decay were not correlated with the extent or depth of burnt wood. Whilst a recently burnt coupe may look devastated (Plate 18), in reality only logging slash incorporating bark, leaves, and fine woody debris are consumed by the fire. CWD remains relatively unscathed, with the fire penetrating the exterior of logs to a depth of less than 2 mm. A sound outer layer of wood appears to act as an efficient insulating agent. Mesibov (1988a) also encounterd this phenomenon in a study of Tasmanian velvet worms. He broke open numerous fire-damaged logs and found a mass of moist, unburnt wood-rot and a teeming community of invertebrates. Observations during a study of the habitat requirements of an endemic Tasmanian log-dwelling stag beetle concur with these (Meggs 1996). However, it is possible that invertebrates re-invaded these burnt logs from fire-protected refuges. 

Factors that can control decomposition of CWD and that will be altered by the removal of forest canopy include temperature and moisture content (Harmon et al 1986). However, the effects of these have generally only been investigated qualitatively or in laboratory tests. Most wood-decaying fungi have a temperature optimum of 25•-30• C (Kaarik 1974). Fluctuations of temperature in exposed wood have been studied by Graham (1925) and Savely (1939). Graham (1925) found that on sunny days temperatures on the upper side of logs exceeded air temperature, whilst the underside of logs tended to follow the air temperature. Further, Savely (1939) showed that the interior of a log is fairly insulated from outside temperature fluctuations relative to the outer wood layers. 

Decay causing organisms cannot generally tolerate low moisture levels below 30 % but can tolerate a range of moisture conditions up to 160 % (Kaarik 1974). Increasing log size, contact with the soil, and shading all significantly increase moisture content (Harmon et al 1986). Increased moisture levels up to a point tend to enhance decay rates (Lambert et al 1980). Hence, elevated portions of a given log decay slower than portions of the same log in contact with the soil because of lower wood moisture levels and the lack of a direct pathway from the forest floor into the log for decay organisms (Foster & Lang 1982). In terms of absolute amounts of decay rather than decay rates, the results of this study also indicated an influential role for log position. It is therefore likely that turnover of CWD biomass at both the cable logged and conventionally logged coupes will be relatively slow due to the high proportion of suspended logs of all sizes at cable sites and the greater proportion of large suspended logs at conventionally logged sites. 

It has been found that intensive levels of selective logging of Norway Spruce forests in Sweden result in a decrease in numbers of wood-rotting fungal species including a number of threatened species (Bader et al 1995). This was not, however, due to any significant changes in abiotic conditions as a result of logging but was attributed to the significantly decreased availability of large and highly decayed logs caused by selective logging 100 years previous. 

This investigation into the effects of logging on decaying-log habitat would support the general argument that it is changes to the size-distribution and distribution of CWD among different stages of decay caused by intensive logging that pose the greatest threat to organisms dependent on this habitat for at least a part of their life-cycle. Yet, there is no evidence in this study to suggest that logging and regeneration burning of mature wet eucalypt forest significantly effects the integrity of decaying wood. 

4.2 Implications for log-dwelling invertebrates

It is self-evident that for any invertebrate dependent on the decaying-log habitat for even just a part of its life-cycle any substantial reduction in the quantity or quality of its habitat will have a negative impact on population sizes. The results of this study indicated that cable logging and conventional logging of mature wet eucalypt forest did not result in a reduction in the quantity of this habitat. In fact, conventional logging at the two sites investigated actually led to an increase in the volume of CWD. Nor did either logging method result in any significant change in the quality of this habitat. Logging did not significantly alter the distribution of CWD among different stages of decay, overall levels of decay, or the abundance and frequency of occurrence of different types of decay. Hence, no management prescriptions pertaining to decaying-log habitat appear necessary on the basis of these results. Again, it should be noted that this study applies only to the two logging methods and to a particular forest-type. 

Knowledge of Tasmania's cryptozoic log-dwelling invertebrate fauna is poor. Only a handful of studies have been conducted. All but one of these studies deal with either a single species or a few species and most of them do not provide adequate descriptions of the characteristics of their decaying-log habitat. Mesibov (1988a) investigated the distribution, habitat and conservation requirements of Tasmania's onychophoran fauna (velvet worms). He identified four species:
Ooperipatellus insignis, Euperipatoides leuckarti, the Giant Velvet Worm and the Blind Velvet Worm. The latter two species are listed as rare and endangered respectively under the Tasmanian Threatened Species Protection Act 1995. All are associated with wet forest communities and are known to shelter in and/or under rotting logs. The Giant and Blind Velvet Worms will tolerate some habitat disturbance but are considered vulnerable to high intensity regeneration burns after logging. Wildlife Priority Areas have been established for these species on State forest where specific management prescriptions apply to ensure minimal disturbance to their decaying-log habitat (Jackson & Taylor 1994). A fifth species of velvet worm, O. cryptus, also listed as rare, is now known from wet forest in North-west Tasmania (Mesibov 1993). This species lives in well-rotted logs and on the ground surface under woody litter. 

Of the approximately 30 species of lucanid beetle in Tasmania, at least 15 of which are log-dwelling for at least part of their life-cycle, two species have received most attention. Michaels (1996) investigated the occurrence of the endangered stag beetle, Lissotes latidens, in Wielangta State Forest. Its habitat comprises wet eucalypt gullies amongst otherwise dry eucalypt forest and it has been associated with friable rot (possibly equivalent to brown humus rot in this study). Log searches for this species also revealed the presence of another four families of Coleoptera: one species of carabid beetle; one cerambycid; one prostomid; and seven species of tenebrionid beetles. Meggs (1996) found that the vulnerable stag beetle, L. menalcas, occurred in a variety of wet forest communities ranging from mature mixed forest to 30 year old wet eucalypt regrowth forest. It was most commonly found in eucalypt logs containing red-clayey rot, although searching was biased towards rot of this type. There was also evidence that it can tolerate or re-invade areas subject to selective logging or wildfire. Just under one third of the records for this species occur in the southern forests where the two conventionally logged sites examined in this study are located. 

The only study that has investigated log-dwelling invertebrate communities was also conducted in the southern forests (Mesibov 1988b; Taylor 1990). The occurrence of selected log-dwelling invertebrates in 19-year-old regeneration was compared with that in adjacent old-growth wet Eucalyptus obliqua forest. Species diversity was virtually identical, and just under two thirds of the total of 67 species found were common to both areas. The 67 species comprised: nine species of snail; seven species of centipedes; 14 species of millipedes; at least 30 species of beetle; and seven groups of Collembola. Of these, at least 14 were undescribed species. Most of the species that were only found in one area did not occur in sufficiently high numbers to conclude that more intensive searching would not have revealed their presence in the other area. Five types of decay were identified in this study: friable = humus rot in the present study; spongy = fibrous rot; mudguts = clayey rot; block = blocky rot; and skeletal = does not appear to correspond to any of the decay types described in this study. No clear preference by invertebrates for a particular species of log was found, nor was their any consistent correlation between invertebrate presence and absence and rot-type. 

All of these studies were beset with the problem of a lack of an efficient method for sampling large amounts of decaying-log habitat. Log searching is a destructive, labour intensive, time consuming method, limited by the searchers ability to access decaying logs with a solid exterior. Further, invertebrates are often patchily distributed and do not occupy all of the apparently suitable habitat within their range (Hill & Michaelis 1988). Hence, there is a large element of chance involved in searching such habitat. This, together with the practical limitations of the method leads to problems of proving the absence of a species at a site. Therefore, whilst there is a clear need for more knowledge of Tasmania's log-dwelling invertebrate fauna, obtaining this information will be difficult. Flight-intercept traps and pitfall traps may be useful for assessing the relative abundance of log-vagrants (i.e. those species that do not live in logs but may temporarily shelter and/or feed there) and those that only spend a portion of their life-cycle in decaying wood. However, there is some evidence that pitfall trapping is largely unsuccessful in sampling log-dwelling invertebrates. Of the 67 species found in Mesibov's (1988b) study, only four were also trapped in pits. Similarly, eight of the 13 beetle species found by Michaels (1996) during log searches were not collected in pitfall traps. There is, of course, still the requirement to prove the presence of a species in decaying-log habitat by log searching, even if trapping is successful. However, this need only be done a few times. For apparently obligate log-dwelling invertebrates such as Lissotes latidens and 
L. menalcas log searching is the only reliable method for sampling these species at present. 

Therefore, although there is a clear need for a catalogue of Tasmania's log-dwelling fauna, the compilation of such a list would require an enormous amount of resources. Many of these invertebrates have yet to be described. In the absence of such a catalogue, at the very least, research into the relative biodiversity of log-dwelling invertebrates in different forest-types under different management regimes is required. Alternatively, if the single-to-few species approach is continued, a more refined assessment of micro-habitat characteristics such as the preference for a particular species of log, rot-type, log-size, etc. is needed to make such studies relevant to research of CWD in Tasmania's forests. 

Studies overseas have generally described log-dwelling invertebrate communities in terms of a succession of organisms associated with different stages of decay (eg. Savely 1939; Wilson 1959; Elton 1966; Greenslade 1972; Moron et al 1988; Esseen et al 1992). These successional groupings are not distinct, however, and may overlap considerably. In general, logs at the intermediate stages of decay are considered to contain the greatest biodiversity of organisms (eg. Savely 1939; Wilson 1959; Heliovaara & Vaisanen 1984; Seastedt et al 1989; Esseen et al 1992; but see Wallace 1953). In addition, late-stage rotting logs are important habitat for a number of beetle families including Scarabaeidae, Lucanidae and Passalidae (Harmon et al 1986) and Cerambycidae (Torres 1994). Logging has been found to alter log-dwelling invertebrate community structure and composition (Heliovaara & Vaisanen 1984; Chandler 1987; Esseen et al 1992; Vaisanen et al 1993; Okland et al 1996). Again, the effects of logging are linked to intensive forest management practices including short rotation times, causing reductions in habitat biomass and shifting the distribution of biomass towards less-decayed wood and hence away from the critical habitat for most log-dwelling species. These studies have identified the need for prescriptions to ensure the retention of large diameter logs in various stages of decay when a stand is logged (eg. Esseen et al 1992; Vaisanen et al 1993; Okland et al 1996). There is no reason to believe Tasmania's log-dwelling invertebrate fauna would be any less vulnerable to such practices. Hence, there is an urgent need to assess the potential impact of second rotation logging in native forest on CWD. Although no second rotation, clearfelled coupes are yet available for study, it may be possible to estimate its impact by investigating forests of similar disturbance history; for example, stands that have been subject to two severe wildfires within an 80-100 year period, or similar aged regrowth from wildfire that has subsequently been clearfelled. The impact of plantation forestry also requires urgent investigation. 

4.3 Identification of data gaps

As this is the first study of its type in Australia, "data gaps" is something of an understatement. Decisions concerning the sustainable management of the decaying-log resource cannot be made until an understanding of CWD dynamics in Tasmania's natural forests is obtained. Information is required not just on accumulations of CWD at one point in time but also on rates of input of CWD and output (i.e. decay rates). Therefore, a review of methods used to obtain such data overseas is included. This information acts not only as a guide to the direction of future research but also provides the means for researchers to do this. 

As is apparent from this study, the study of decaying wood in the forest is presented with a number of problems. CWD varies widely in space and time; recruitment is often episodic which creates sampling difficulties; it is often massive, making manipulative experiments difficult; rates of production are difficult to measure, requiring long periods of observation over large areas; decomposition is slow, again requring long periods of investigation (Harmon et al, 1986); and even at a much smaller scale, decay rates can be highly variable due to heterogeneity within logs caused by differences in diameters, position on the ground, and decay preceeding tree death (Lambert et al, 1980). 

The scale at which most investigators have been interested is forest stands in the order of 50-100 ha. At this level, the amount of CWD at any one time, will be influenced by variation in: site productivity; species composition of the stand; age of the stand; history and frequency of disturbance; management history; climate, especially temperature, rainfall and wind-storm activity; and extent and rates of decay in both standing trees and ground-lying wood. Such variability dictates that large sample sizes must be used by researchers. 

4.3.1 Quantity of CWD at one point in time

Unfortunately, there has been a tendency amongst researchers attempting to quantify the amount of CWD in forests to use small sample sizes, and few to no replicates. Of the sixteen studies presented in Table 9, at least five of these calculate mean abundance on the basis of pseudoreplicates (i.e. subsamples of a single stand), whilst another four are studies with no replicates at all (i.e. n=1). The results of such studies cannot be taken as representative of say, a particular forest-type, as they do not contain a measure of variability between different stands of the same type. Therefore, the studies do not have a wider application than the area sampled. 

For example, Andersson and Hytteborn (1991) investigated the effects of forest management on the supply of decaying wood on the ground and the occurrence of bryophytes on the wood. They compared one managed forest and one natural forest, sampling each with eight 10 x 20 m (0.02 ha) plots. They found that wood volumes were significantly higher in the natural stand and concluded that the difference was due to timber harvesting in the managed stand. They then went on to apply these results to the conservation management of threatened bryophytes in Swedish forests. However without replicate managed and natural stands, they have not shown that the differences found are not due to some other factor or due to natural site variability in the supply of decaying wood. Therefore their conclusions have no wider application than to the two stands investigated. Gore and Patterson's (1986) study of the effects of forest management on the mass of downed wood in northern hardwood forests in New Hampshire, USA, is open to the same criticism. At the other end of the scale of sampling effort is the study by Spies et al (1988). This would have to be the definitive study of amounts of CWD in a particular ecosystem or forest type. They sampled 196 Pseudotsuga menziesii (Douglas-fir) stands representing three age classes. Within each stand they sampled five 0.05 ha plots (0.25 ha sample plot per stand in total). It should be noted, however, that this study was conducted over two years with a veritable army of field workers, a luxury in these sorts of studies. 

As can be seen in Table 9 these studies vary in species composition, locality, management level of the stand, sample size and level of replication, sampling method used, definition of CWD (i.e. minimum diameter), and the measure of abundance used (i.e. volume or biomass). Of most importance for comparisons of amounts of woody debris across ecosystems is the lack of consistency in method used, sample size and definition of CWD. 

Two methods have been used to estimate amounts of CWD: plots of various sizes and shapes; and the line-intersect method. The former has been the most popular with researchers (Table 9). Plot sizes have ranged from 0.04 ha to 3.35 ha. Smaller plot areas are more common due to the time consuming nature of locating and measuring every log within a particular area. Therefore, disregarding MacMillan's (1981) 3.35 ha plot which will be impractical in most forests, particularly those with large amounts of CWD, a plot size of 0.20-0.25 ha is the general rule. Square plots have dominated in these studies (eg. Grier 1978; Sollins 1982; Okland 1996). Spies et al (1988) and Andersson and Hytteborn (1991), being the exceptions using circular plots and rectangular plots, respectively. However, Warren and Olsen (1964) in a study to determine the most efficient method for assessing logging residue in New Zealand pine plantations, concluded that long rectangular plots sampled the pattern of distribution more adequately than other shaped plots. They used this finding to subsequently develop the line-intersect method which will be discussed shortly. 

Regardless of the plot shape used, the most disturbing aspects of the studies attempting to quantify CWD in various ecosystems is the general use of small plot sizes with few to no replicate sites. The bulk of the studies represent intensive samples of single stands of a particular forest or management type (eg. Christensen 1977; Falinski 1978; Grier 1978; MacMillan 1981). It is difficult to make comparisons across ecosystems, forest types, management regimes, etc., with such variable sampling intensities and no measure of natural variability in the different stands. Further, it is difficult to recommend a particular sampling intensity using the studies in Table 9, as Spies et al (1988) represents the only truly replicated study. Nevertheless, based on the variability encountered in my study and keeping in mind the logistical difficulties in sampling large areas, I suggest that a minimum plot size of 0.20 - 0.25 ha per stand and 10 replicate stands would be a good starting point. Of course this may not always be possible, particularly in Northern Europe, where few natural stands exist (Andersson & Hytteborn 1991), however, pseudoreplicated designs should be avoided wherever possible. 

The second method used to assess amounts of CWD is the line-intersect method developed by Warren and Olsen (1964) and subsequently refined (Van Wagner 1968; De Vries 1974; Anon. 1977; Pickford & Hazard 1978). The line-intersect method is used extensively in New Zealand, the United States and Australia to estimate volume of woody fuels and logging residues. This method consists of measuring the mid-diameter of each log which the intersect-lines cross. Using the mid-diameters and the total horizontal length of the intersect lines, an estimate of the log volume per hectare is given by the following formula: 

V = p2/8L * Sd2 

where V = volume of logs in metres, L = total length of intersect line used in metres, and d = mid-diameter of the log in metres. The assumptions underlying this formula are that all pieces are cylindrical, horizontal and randomly orientated. The latter being critical to the accuracy of this method. In general tractor logging fulfils this assumption whereas cable logging doesn't as the pieces tend to be oriented in one direction (Warren & Olsen 1964). However, by sampling a number of lines at right angles to one another, the effect of log orientation on accuracy of estimable volume is reduced (Van Wagner 1968) for both types of logging. It was also found that the longer the total sample length the greater the accuracy (Pickford & Hazard 1978). 

Warren and Olsen's (1964) study is thought to be the only one to assess the accuracy of volume estimates using the line-intersect method relative to those obtained using plots of the same length. Estimates for tractor operations were generally in agreement, line estimates overestimating by an average 3.7 ± 4.6% (range -14% to +16%) (from Table 3. p.273, Warren and Olsen 1964). As it is impractical to sample an entire coupe, there can be no assessment of the accuracy of either method relative to the actual volume of timber on the ground. However, given the agreement in the estimates, what is significant about the line-intersect method was that it took one fifth of the time to complete (4 hours versus 20 hours of plot sampling). The only other field assessment was of a 20 acre tractor logged coupe in Ontario, Canada (Van Wagner 1968). This area was subsampled with nineteen 100 foot sections of transect line. A mean volume with a standard error of only five percent was found, leading the author to conclude that this trial showed that the line-intersect method could provide an estimate of acceptable reliability. However, no replicate sites were studied to determine whether these results would be consistent at other sites. The author also stated that "without a practical way of verifying line-intersect field results, there seems to be no reason for not accepting them as correct" ( p.26 Van Wagner 1968). 

It is of interest that no field trials of the line-intersect method have been conducted in natural forests, nor in any sort of Australian forests. This method is used, however, by Forestry Tasmania in Continuous Forest Inventory plots (CFI) and in logging residue assessments to assess fuel loads in natural forest (Edgley 1985) (for full details of the application of the line-intersect method in Tasmania's forests see Forestry Tasmania, 1977 and Edgley 1985). It would be informative to compare estimates from both methods in Australian forests. 

It is unlikely, however, that the line-intersect method would be less time-consuming than the belt transect method used in this study. Based on the average number of logs crossed by the centre-line of the belt transect at conventional sites (23 ± 1.6 logs/transect-line) and the length of reference line recommended for assessing coupes greater than 50 hectares in area (1,000 m), approximately 280 logs would be crossed by roughly 1.2 km of plot-line. This is a similar number of logs to what was encountered in each belt transect at these sites and for this reason the line-intersect method is unlikely to result in significant savings of time. Nevertheless, the distinct advantage of this method lies in the fact that 1.2 km of plot-line (made up of multiple lines) will sample a greater level of variation across a coupe, simply because of the distance travelled. It should be remembered that the proportion of the coupe sampled by the three belt transects never amounted to more than 0.09 % of the area of these conventionally logged coupes. Also, estimates of CWD volume and numbers of logs/ha were highly variable between transects. To improve accuracy using belt transects (i.e. to obtain a standard error within 10 % of the mean) would require a greater number of transects, increasing sampling time per coupe even further. Therefore, it is recommended that any future field studies of this type employ the line-intersect method as outlined in Forestry Tasmania (1977) and Edgely (1985) in order to sample a greater range of CWD accumulations within a coupe or stand. 

Studies quantifying amounts of CWD on the forest floor have also varied widely in the minimum size of woody material included in the estimate (CWD diameter, Table 9). Some authors (eg. Christensen 1977) have included all woody material from small twigs to massive fallen logs. At the other end of the scale, Sollins (1982) has only included woody material greater than 15 cm in diameter. It is surprising that there is no consistent definition of CWD. Harmon et al (1986) recommended 7.5 cm as the minimum diameter for CWD. In this study a minimum diameter of 10 cm was chosen as it was easier to visualise and distinguish CWD from finer woody debris or litter. Presumably Harmon et al (1986) recommends 7.5 cm as it equates to 3 inches and maybe more user friendly for researchers not familiar with the metric system (eg. USA). What the actual figure should be, is however, less important than the need for a consistent definition enabling ready comparison of amounts of CWD between different studies, ecosystems, etc. 

Biomass is a function of volume and weight or specific gravity. It is actually a more accurate measure of abundance because it takes into account density of the wood whereas volume can incorporate air spaces and voids. For this same reason biomass more accurately reflects decay because as decay increases, density and specific gravity decrease and track changes in decay much more closely than does volume. Hence biomass is more often quoted in studies of wood decay and in particular in studies of nutrient dynamics. Conversion of volume to biomass requires subsampling of logs and snags for density. Due to the relationship between density and decay, CWD is often categorised into three to five decay classes, generally on appearance, that are sampled to determine mean density for each class. Some authors in Table 9 have however used assumed values for density (eg. Sollins 1982; Spies et al 1988; Gore & Patterson 1986). An intensive, destructive sampling method has also been used to assess biomass (Edwards & Grubb 1977). This involved completely clearing a 0.04 ha plot of tropical rainforest in Papua New Guinea, cutting up all vegetation and dead wood, bagging it and weighing it. 

Despite the inadequacies of many of these studies and the difficulties associated with drawing comparisons across them, some patterns in amounts of CWD can be observed. It is clear that old-growth Douglas-fir forests of the Pacific North West USA have some of the highest accumulations of CWD of any ecosystems (Table 9: MacMillan et al 1977 in Triska & Cromack 1980; Sollins 1982; and Spies et al 1988) particularly in comparison to deciduous forests (eg. McFee & Stone 1966 in Triska & Cromack 1980; MacMillan 1981). In fact it has been claimed that estimated wood debris in old-growth Douglas-fir forests represents a larger above ground biomass than the entire above ground biomass of eastern deciduous forests (Triska & Cromack 1980). This is partly a function of high site productivity resulting in huge amounts of living wood biomass in Douglas-fir forests, but also a consequence of the cool-temperate climate of this region resulting in slow rates of decay for downed wood (Spies et al 1988). In contrast, Edwards and Grubb (1977) found relatively low amounts of CWD in a primary tropical rainforest in Papua New Guinea. Although this site was considered to be of high productivity, with large living biomass, the small accumulation of CWD was attributed to faster rates of decay of CWD in the warm humid tropics. The importance of age and disturbance history is also evident from these studies. Both Gore and Patterson (1986) and Spies et al (1988) investigated amounts of accumulated CWD in forests of varying age after wildfire or clearfelling and in old-growth forests of the same type. They found that there was a large amount of CWD present in young regrowth forests, a legacy from the pre-disturbance stand. This decreases at intermediate ages, until as the stand matures input from the present stand outstrips decay from the previous stand, and hence accumulation of CWD again increases. 

4.3.2 Input of CWD

The amount of CWD at any one time is, of course, a function of the rate of input and output of CWD in the forest. Research into rates of accumulation of coarse woody debris is inherently difficult due to the need for long-term observation. In general, there have been three main approaches to this problem: 

• the monitoring of permanent long-term study plots (eg. Falinski 1978; Sollins 1982) 

• dendrological studies that determine age of fallen boles (eg. Henry & Swan 1974) 

• comparisons of stands at different stages of regrowth to determine overall patterns of accumulation and loss ( Gore & Patterson 1986; Spies et al 1988). 

Falinski (1978) set up a one hectare permanent plot in which the initial volume of logs on the ground was assessed, each log was tagged, and the positions of all logs recorded on a detailed plot map. The plot was revisited each year for ten years and any newly fallen logs were measured tagged, and mapped. This study found that over the ten year period 4.03 m3 ha-1 of wood was added to the forest floor annually. Also, at the end of the ten year period the difference between the initial and final volumes of logs on the forest floor was only 11.3m3 ha-1. suggesting an annual accumulation of only 1.13m3 ha-1 y-1. This illustrates the fact that annual input will be greatly underestimated by merely assessing volume present at two points in time. Falinski found that over the same ten year interval the annual decrease in volume due to decomposition was 2.9m3 ha-1 y-1. Ten years is, however, still a relatively short time in which to determine trends in both processes of accumulation and decomposition. 

Similarly, Sollins (1982) used long term U.S. Forest Service growth and mortality plots (analogous to CFI plots in Tasmania's State forests) to calculate annual input of CWD. These 0.405 ha plots ranged in age from 16 to 46 years and were resampled every five years. At the establishment of each plot, the diameter at breast height (dbh) of all trees greater than 6.4 cm dbh was measured and these trees tagged. At subsequent samplings all living trees were remeasured, with dead trees being dropped from the assessment. Therefore Sollins' estimates of annual input includes standing dead wood. This study found annual input of dead material, encompassing both boles and branches, ranged between 1.5 to 4.3 Mg ha-1 y-1. Sollins also had access to data from a series of mortality strips set up at one site and amounting to a database of mortality over a 30 year period on an area of about 42 hectares. At the establishment of these mortality strips all recently fallen boles and standing dead trees >25.4 cm in diameter were blazed rather than tagged. The following year, the diameter and species of all snags and recently fallen trees not blazed was noted. These were in turn blazed and the process was repeated at 2 to 4 year intervals for 29 years. Annual mortality in this stand was found to be 4.5 Mg ha-1 y-1, which is likely to be a significant underestimate given the minimum diameter of logs and snags used. 

Dendrological studies are really only useful and applicable to assessment of massive, single event inputs of CWD brought about by events such as wildfires, windstorms, floods, insect outbreaks, etc. (Harmon et al 1986). This is partly due to the need to have large sample sizes of similar aged material in order to accurately estimate age. In reconstructing a forest history from living and dead wood a number of methods can be used (Jonsson & Esseen 1990). For the living forest counting the growth rings of increment cores and examining the pattern of rings for periods of suppression or release in growth can be used to estimate age and times of major change in the forest environment. Falling trees may also damage adjacent living trees resulting in scars that can be dated to estimate the year of death of the fallen tree. Growth records of fallen trees can also be obtained from ring counts. Examination of the soil for charcoal and buried, decayed wood can also aid identification of major disturbances and minimum size of tree at death. A combination of all these methods was used by Henry and Swann (1974) to study successional patterns over the course of hundreds of years in a maple-beech-birch forest in South-west New Hampshire, USA. They were able to trace the forest back more than 300 years during which massive inputs of CWD occurred due to two catastrophes: a fire in 1665 and a hurricane in 1938. 

Comparative studies of forests at different stages of succession after disturbance such as conducted by Gore and Patterson (1986) and Spies et al (1988), also do not estimate inputs of CWD on an annual basis. Instead, they analyse overall patterns using estimates of biomass and volume at particular times after disturbances such as wildfire (Spies et al 1988) or clearfelling (Gore & Patterson 1986). Generally they have found that after the initial pulse of input of CWD, there is a rapid decline in CWD, followed by a gradual increase to stable levels as the forest matures. Spies et al (1988) also found that with overmaturing of old-growth Douglas-fir there was a gradual decline in quantities of CWD. Analysis of such patterns enables the development of predictive models of the dynamics of CWD under different levels of disturbance (Spies et al 1988). 

Estimates of rates of input of CWD vary in the size used to define CWD, the length of the study and size of the area observed. Input rates are also primarily determined by the productivity and biomass of the trees in the ecosystem so it is no surprise that rates of input are considered largest in undisturbed old-growth Douglas-fir forests of the Pacific North West USA (eg. Sollins 1982), and lowest in deciduous forests (eg. MacMillan 1981). However, disturbance can also be important with input being highly sporadic. For example, Sollins (1982) found that values for individual measurement periods ranged from 0.2 to 13 Mg ha-1 y-1. Indeed, estimates of CWD input have been as high as 30 Mg ha-1 yr-1 due to disturbances during the observation period (Harmon et al 1986). This explains the need for long observation periods. In addition, annual rates of input of CWD have on some occasions been found to outstrip rates of leaf litter input (Sollins 1982), which have generally been considered the primary source of soil nutrients. Interestingly, Falinski (1978) found that the orientation of fallen trees in natural forest was not random but largely followed the direction of prevailing winds. This has obvious implications for the use of the line-intersect method for sampling CWD in natural ecosystems. 

The use of data from permanent U.S. Forest Service growth and mortality plots by Sollins (1982) offers encouragement that CFI plots in Tasmania's forests (and possibly also in other states) may be used for similar analysis . The first CFI plot was established in 1964 and there are now thousands scattered all across forests of various types, ages and disturbance histories (Edgley 1985). They were established primarily to provide data, at the resource level, for standing volumes and for growth. They are remeasured on a 10 year cycle but the second measurement is always five years after establishment. The data initially collected was basically growth data on tagged trees with trees dropped from further studies when they died, as for the U.S. Forest Service plots (Sollins 1982). Over the years the data collected has been refined and these improvements may help in estimating quantities and rates of turnover of CWD in Tasmania's forests (Edgley 1985). Improvements include: introduction of stem plans in 1978, mapping the location, to scale, of each tree on the plot; the inclusion of estimates of volumes of logs on the ground using the line-intersect method in 1980; and also in 1980, all standing dead trees >40 cm in dbh were to be measured, tagged and counted at the next plot measurement . There are, however, inadequacies in the data collected which will lead to underestimates of the true amounts of CWD accumulated. First, standing dead trees smaller than 40 cm dbh are not recorded; and second, logs on the ground are assessed on the basis of their marketability, with the exception of waste or cull logs - but even these are only assessed if they are a minimum of 3 m long and 15 cm in diameter. Nevertheless, the substantial database accumulated over the last 32 years offers an excellent starting point in assessing the dynamics of CWD accumulation and decomposition in Tasmania's forests, at least on a coarse scale. 

4.3.3 Output of CWD (decay)

As a first step in investigating the process of decomposition of CWD in the field researchers have frequently used a system of classification of decaying wood into a number of classes, generally three to eight, according to outward appearance. Any number or combination of characters may be used including: bark cover; colour and number of attached twigs and branches; cover of bryophytes and lichens; fungal species and size of fruiting bodies; colour, crushability, moisture and structure of wood; type of decay (eg. brown cubical versus white stringy rot); whether exposed wood is bleached; whether a log supports itself or has collapsed; and the presence of sapwood sloughing (Harmon et al 1986). 

Systems of decay classification tend to be species and or forest-type specific. One of the first developed was an eight-class system developed by McCullough (1948) defined by the presence of bark, branches, hardness of wood, shape or form of log, and fragmentation. However, the most widely used system was developed for Douglas-fir in the Pacific North West USA (eg. Sollins et al 1987; Spies et al 1988; Seastedt et al 1989). 

In summary this system works as follows (from Sollins et al 1987): 

Class 1 - logs freshly fallen, bark and all wood sound, current year twigs still attached. 

Class 2 - sapwood decayed but present, bark and heartwood mainly sound, twigs absent. 

Class 3 - logs still support own weight, sapwood decayed but some still present, bark sloughs, heartwood decayed but still structurally sound. 

Class 4 - logs do not support own weight, sapwood and bark mainly absent, heartwood not structurally sound, branch stubs can be removed. 

Class 5 - heartwood mainly fragmented, forming ill-defined, elongate mounds on the forest floor sometimes invisible from surface. 

This system has been adopted and extended by other authors working with different species and ecosystems, but all have generally relied on the following characteristics: bark, hardness, shape or form, and fragmentation (eg. MacMillan 1981: 5 class system in a deciduous oak forest; Andersson & Hytteborn 1991: 8 class system in a Norway spruce forest; and Bader et al 1995: 7 class system in a Norway spruce forest). Alternative classification systems have been based on depth of penetration of a steel rod (Lambert et al 1980) or on the succession of invertebrates in logs (Wilson 1959 - ants; Greendale 1972 - species of Staphylinidae; Esseen et al 1992 - mainly Coleoptera). Cline et al (1980) approached the problem from the reverse direction, thoroughly describing the characteristics of decaying stags in Douglas-fir forests of western Oregon, then using cluster analysis to reveal five stages of stag deterioration. 

Dead wood in the forest represents an immense nutrient store, mainly carbon but also small amounts of nitrogen, phosphorus, calcium, potassium, sodium and magnesium which are released slowly relative to leaf litter (Foster & Lang 1982; Fahey 1983). Hence decomposition processes have generally been studied in terms of nutrient budgets or cycles (eg. Christensen 1977; Grier 1978; Fahey 1983; Sollins et al 1987). 

Two methods have been used to determine rates of decomposition of CWD in various ecosystems. The method most often used is to determine percentage loss of mass or decrease in wood density over time. This relies on two factors which must be known. First, the age of the log must be accurately determined (ie. time since tree death). This can be done by: coring scarred trees damaged at the time of the fall; by coring nurselings (i.e. trees that have germinated on the surface of the logs) allowing for a lag time before which a log may be unsuitable for colonisation (eg. Sollins et al 1987); or from stand records of disturbance such as wildfire or clearfelling, clearly indicating the origin of logs in a stand (eg. Foster & Lang 1982). 

Other authors claim that decay rate estimates based on changes in density alone will underestimate decay rates as they do not include decay due to fragmentation. This is considered particularly important where snags are included in estimates of rates of decay because these have higher fragmentation rates than logs (Harmon et al 1986). Instead, these authors obtain decay rates from the ratio of CWD input over time to current biomass of CWD based on a chronosequence of stands (eg. Sollins 1982; Spies et al 1988). This method relies on the assumption that biomass of CWD is in a steady state, indicating that longer observation periods are critical in application of this method to decay rates. For example, Spies et al (1988) claimed that Douglas-fir stands of the Pacific North-west USA may take upwards of 1,000 years to reach a steady state which may never be reached given the potential for disturbance within this time frame. A simple exponential model developed by Olsen (1963) for decomposition of organic matter is applied to the data, revealing a decay constant and half-time (analogous to a radioactive half-life). Carpenter (1981) has argued that this model is too simplistic as it assumes that CWD is homogenous, with all of its constituents decaying at the same rate. Decomposition of CWD is, however, a complex process. It is not a homogenous substrate. Hence, Carpenter developed a general model of decay of organic matter that incorporates the notion that more or less decomposable substances may be created during the decay process, representing a continuum of decomposability. Despite the added realism of this model, the simple exponential model remains popular with ecologists (eg. Spies et al 1988). 

Conclusions

It is clear that the study of CWD in forested ecosystems is presented with a number of problems, particularly with respect to the need for large sample sizes. This study has by no means been an exception to this. Hence, the results of this study need to be interpreted cautiously. It is apparent that neither cable logging nor conventional logging of mature wet-eucalypt forest have a substantial impact on the decaying-log resource, in the short-term. However, the high level of variability in many aspects of CWD evident both within and between stands suggests that this study could easily have missed subtler impacts, if they existed.

Knowledge of this habitat and its resident fauna is extremely poor in Australia. This study represents only the very beginning of our understanding of this complex system and our potential impact on it. Future research into this much-neglected habitat will require a multi-disciplinary approach, bringing together ecologists, mycologists, entomologists, wood scientists, foresters, chemists, and the like. Research should be targeted at the impact of second rotation harvesting and intensive forest management practices such as plantation forestry, as studies overseas have found that the decaying-log habitat is vulnerable to such practices. Sustainable management of our forests must encompass all of their habitat components if we are to conserve the biodiversity of forest ecosystems. This study has gone someway to filling a substantial gap in our knowledge of one such component, the decaying-log habitat.

Appendix I: Decay classes for rotting logs based on an assessment of exterior appearance 

A system of five decay classes based on the following features (in no order of priority) of eucalypt logs was developed: 

shape or form of the log. 

• presence of splits or cracks. 

• presence of bark. 

• presence of fungal fruiting bodies on exterior surface. 

• presence of creases, holes, wounds and other minor imperfections. 

• presence of obvious rotting wood visible in splits, breakage points, wounds, ends of log, etc. 

• a measure of the hardness of the wood (determined by a swift kick with a steel-capped boot). 

The decay classes developed and the sorts of features that apply to each were as follows: 

Decay class 1 - (least decayed) logs that are entire, usually cylindrical in shape (i.e. looking like a tree lying down), may be freshly down but not always (some take ages to rot, others begin to rot while still standing), may or may not have bark. Few (< 5%) imperfections such as splits, holes, etc. exposing rot. No fungal fruiting bodies present. Hard, sound wood. 

Decay class 2 - presence of fungal fruiting bodies (sometimes found on logs which would otherwise be classified as Class 1 logs). Presence of splits, cracks wounds, decayed ends showing signs of rot to an overall surface area of no more than 10%. May have a small amount of bark present 
(< 5%). Retains much of its original shape. 

Decay class 3 - beginning to lose "tree-like" appearance. Logs containing split, cracks, etc. exposing rot to an overall surface area of 11-20%. Exterior may be moderately soft. No bark retained. 

Decay class 4 - losing much of its "log-like" appearance with often large sections of exterior wood missing. Exposed rot to 21-50% of log surface area. May be moderately soft. 

Decay class 5 - (most decayed) rotting wood roughly in the shape of a log, often only solid wood present along sides of log, often embedded partly in the soil. > 50% of surface area consisting of rot. Usually soft and wet. 

It was adapted somewhat for logs of other species such as Nothofagus cunninghamii which retain much of their bark even at late-stages of decay. However, it proved to be a relatively quick and easy means of assessment and both myself and other field workers were in consistent agreement after only a few days. 

Appendix II: Summary of the project terms of reference 

• To assess the impact of two current timber harvesting techniques, cable logging and conventional clearfelling, on the quantity and quality of the rotting-log resource in wet forest in Tasmania's south and east 

• To assess the need for specific prescriptions regarding this resource, such as the retention of logs when clearing occurs 

• To integrate the findings with the conservation requirements of Tasmania's cryptozoic log-dwelling invertebrates. 

Glossary

• ANCA - Austalian Nature Conservation Agency 

• ANCOVA - Analysis of covariance 

• ANOVA - Analysis of variance 

• Basal area - A measure of forest structure based on the accumulated surface area (in m2/ha) of a transverse plane through a standing tree. Usually calculated from a tree's dbh but in this study from diameter at stump height 

• Biomass - A measure of abundance based on volume and density 

• Cable logging - A type of clearfelling using a hauling system of winches, blocks and cables to move logs from the point of felling to the landing. Avoids the use of ground-based tractor haulage on steep slopes and/or on highly erodable soils 

• CFI - Continuous Forest Inventory 

• Clearfelling - The felling and removal of all or nearly all commercial trees from a specific area in one operation 

• Conventional logging - A type of clearfelling using a hauling system of whelled, ground-based machinary to drag logs from the point of felling to a nearby landing 

• Covariate - A variable that is concomitant with the variable of interest 

• Cryptozoic - (of animals) Inhabiting crevices, eg. under stones, leaves, in or under logs, etc. 

• CRA - Comprehensive Regional Assessment 

• Cutover - A grouping variable used in the analyses in this study to encompass logged and unlogged treatments 

• CWD - Coarse woody debris. Any dead woody material too large to be considered part of the litter. May include both logs and stags. 

• Dbh - Diameter at breast height 

• Dendrology - Study of tree age using growth rings 

• Endangered - Flora or fauna species in danger of extinction, whose survival is unlikely if the causal factors continue operating 

• Forest stand - A discrete forest community distinguished from surrounding areas by its plant species composition and structural characteristics 

• FPU - Forest Practices Unit 

• FT - Forestry Tasmania 

• Heartwood - Non-living and commonly dark-coloured wood in which no water transport occurs; it is surrounded by sapwood 

• Interaction effect - (in an ANOVA) When the difference between the levels of one factor is not consistent across other factors 

• Landing - An area to which logs are pulled and where logs are loaded onto trucks, i.e. the working area for cross-cutting, sorting and loading of logs 

• Logging slash - Material left on the ground after harvesting operations including tree heads, shrubs and other non-merchantable woody material 

• Log position - Logs were categorised as either grounded (when the majority of a log was in contact with the soil) or suspended (when the majority of a log was suspended above the soil, either resting on another log or on rocks 

• PC41 - Picton 41, a conventionally logged coupe in the southern forests of Tasmania 

• Pers. comm. - Personal communication 

• Pers. obs. - Personal observation 

• Pseudoreplicates - subsamples of a single treatment or replicates that are not statistically independent 

• Rare - Flora and fauna species that are not at present endangered or vulnerable but are at risk of becoming so. Often localised in restricted geographical areas or habitats 

• Regeneration burn - A controlled burn used to renew a tree crop after harvesting. Commonly used in wet eucalypt forest after clearfelling operations 

• RFA - Regional Forest Agreement 

• Sapwood - Outer part of the wood of stem or trunk, usually lighter in colour than heartwood, in which active conduction of water takes place 

• Selective logging - Felling and removal of part of the forest crop 

• Snig track - A track along which logs are pulled from the felling point to a nearby landing 

• Specific gravity - A measure of density 

• Stag - Standing dead tree (often referred to as a "snag" in overseas studies) 

• TO6A - Tooms 6A, a cable logged coupe in eastern Tasmania 

• Understorey - That part of the forest vegetation growing below the forest canopy 

• Utilisation standards - A relative measure of the quantity of commercial timber that can be expected to be harvested from a particular coupe in one operation 

• Vulnerable - Flora or fauna species believed likely to move into the endangered category in the near future if causal factors continue operating 

• Wildlife Priority Area - Area of high importance for fauna not contained in other reserves. In such an area conservation of fauna is given a higher priority than wood production 

• WR7 - Warra 7, a conventionally logged coupe in the southern forests of Tasmania 

• WT40C - Wielangta 40C, a cable logged coupe in Wielangta State Forest, south-east Tasmania. 
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Tables

· Table 1: Sampling site characteristics (Age refers to time since regeneration burn; AMGR = Australian Map Grid Reference).     

· Table 2: Volume (m3/ha) of CWD for each logging method and their respective control (unlogged) areas, and for each site pair separately (X = mean; SE = standard error).     

· Table 3: Number of logs per hectare for each logging method and their respective control (unlogged) areas, and for each site pair separately (X = mean; SE = standard error).     

· Table 4: The quantity of commercial timber removed from each site. Other includes rainforest timbers (e.g. myrtle), eucalypt regrowth, and veneer wood. L. I. Index = Logging Intensity Index based on the ratio of total timber extracted to the basal area of the adjacent control area.     

· Table 5: Comparison of the distribution of the volume (m3/ha) of CWD across four diameter classes of logs for logged and control treatments separately. NS = Not Significant at p<0.05.     

· Table 6: Comparison of the proportion of logs in each of the four diameter classes of logs for logged and control treatments separately. NS = Not Significant at p<0.05.     

· Table 7a: Average percentage internal wood-decay for each of the five exterior decay classes. Decay class 1 represents the least decayed wood.     

· Table 7b: Tukey's HSD test for the percentage of internal wood decay in each of five exterior decay classes (p<0.05).     

· Table 8: Amount of bark and moss cover, and extent of burnt wood (including depth of charring) at each study site (X = mean; SE = standard error).     

· Table 9: Abundance of CWD in various forest types of the world. Managed refers to managed for wood production. For Area Sampled circular or rectangular plots were used unless otherwise indicated.     

· Table 10a: Average tree diameters at various ages for wet eucalypt stands of variable site productivity.     

· Table 10b: Dominant tree diameters (the largest 30 stems/ha) at various ages for wet eucalypt stands of variable site productivity. 
Figures

· Figure 1a: Location of the transects in WT40C (a cable logged coupe in Wielangta State Forest, south-east Tasmania) and the adjacent control stand.   

· Figure 1b: Location of the transects in TO6A (a cable logged coupe in eastern Tasmania) and the adjacent control stands).   

· Figure 2a: Location of the transects in PC41 (a conventionally logged coupe in the southern forests of Tasmania) and the adjacent control stand.   

· Figure 2b: Location of the transects in WR7 (a conventionally logged coupe in the southern forests of Tasmania) and the adjacent control stands.   

· Figure 3a: Accumulated volume of CWD found in cable logged, conventionally logged and control areas (mean ± se; n = 6)   

· Figure 3b: Accumulated volume of CWD for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3).   

· Figure 4a: Number of logs/ha found in cable logged, conventionally logged and control areas (mean ± se; n = 6).   

· Figure 4b: Number of logs/ha for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3).   

· Figure 5a: Basal area of cable logged, conventionally logged and control areas. At logged sites, basal area consists of cut stumps and stags, whereas at control sites it consists of standing trees, stumps and stags (mean ± se; n = 6).   

· Figure 5b: Basal area for each site-pair. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3).   

· Figure 6: Number of stems/ha for each site-pair. At logged sites number of stems consists of cut stumps and stags, whilst at control sites it consists of standing trees, stumps and stags. Hatched bars are the cable sites and solid bars are the conventional sites (mean ± se; n = 3).   

· Figure 7a: Volume distribution of CWD in each of four diameter classes (representing small, medium, large and very large logs) at cable logged and control sites (mean ± se; n = 6).   

· Figure 7b: Volume distribution of CWD by diameter class at conventionally logged and control sites (mean ± se; n = 6).   

· Figure 8a: Proportion of logs in each diameter class at cable logged and control sites (mean ± se; n = 6).   

· Figure 8b: Proportion of logs in each diameter class at conventionally logged and control sites (mean ± se; n = 6).   

· Figure 9: Percentage of internal decay found in logs at increasing stages of decay based on their exterior appearance (mean ± se).   

· Figure 10a: Volume distribution of CWD for five stages of incresing decay at cable logged and control sites (mean ± se; n = 6).   

· Figure 10b: Volume distribution of CWD for five stages of incresing decay at conventionally logged and control sites (mean ± se; n = 6).   

· Figure 11a: Proportion of logs in each of five stages of increasing decay at cable logged and control sites (mean ± se; n = 6).   

· Figure 11b: Proportion of logs in each of five stages of increasing decay at conventionally logged and control sites (mean ± se; n = 6).   

· Figure 12: Percentage of internal decay found in grounded and suspended logs in increasing stages of decay at logged and control sites of both logging methods (mean ± se; n = 12).   

· Figure 13a: Volume of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6).   

· Figure 13b: Proportion of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6).   

· Figure 14a: Volume of grounded and suspended CWD at conventionally logged and control sites (mean ± se; n = 6).
· Figure 14b: Proportion of grounded and suspended CWD at cable logged and control sites (mean ± se; n = 6).
· Figure 15: Percentage of internal decay found at cable logged, conventionally logged and control sites (mean ± se; n = 6).
· Figure 16a: Percentage of each decay type in cable logged and control areas at WT40C (mean ± se).
· Figure 16b: Percentage of each decay type in cable logged and control areas at TO6A (mean ± se).
· Figure 16c: Percentage of each decay type in conventionally logged and control areas (mean ± se).
· Figure 17a: Frequency of occurrence of each decay type at cable logged and control sites (mean ± se). 

· Figure 17b: Frequency of occurrence of each decay type at conventionally logged and control sites (mean ± se).

