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Summary

This paper reviews the biodiversity conservation issues relating
to management of coarse woody debris(CWD) inthewet eucalypt
production forests of Tasmania, with particular emphasis on
clearfell, burn and sow (CBS) silviculture and on fuelwood
harvesting. CBSisthe standard silvicultural systemintheseforests,
while fuelwood harvesting, as currently proposed, would involve
therecovery of ahigher proportion of felled biomassthan standard
CBS, aswell as some pre-existing CWD.

Studies and practices from around the world are considered that
have relevance to the temperate Australian forestry situation in
general, and the Tasmanian situation in particular. The paper
considers the ecological roles of CWD in natural forest
ecosystems, emphasising itsvalue as akey structural component
and as habitat for biodiversity (especially invertebrates). Temporal
continuity and spatial connectivity in supply of CWD, and
presence of larger-diameter CWD, emerge as key factors
determining community richness and composition. Whilst levels
of CWD naturally fluctuate spatially and temporally in wet
eucalypt forests, studiesfrom northern temperate and boreal forests
with similar dynamics demonstrate that, historically, management
of native forests has tended to result in a gradual diminution of
the CWD resource. Larger-diameter material isreadily diminished
through management, with potential consequencesfor dependent
biodiversity.

Suggested mitigation measures (landscape-level and coupe-level),
to accommodate biodiversity concerns and avoid a long-term
conservation management problem for forest managers in
Tasmania, centre on two main concerns. One is the likelihood
that current standard rotation lengths used in CBS are probably
too short to allow for the recruitment of sufficient CWD to replace
that which is lost through harvesting, regeneration burning and
natural decomposition. The other concern is that fuelwood
harvesting may significantly increase the impacts of CBS on
biodiversity in general and on threatened speciesin particular.

Keywords: forest management; logging; clearcutting; fuelwood; wood
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I ntroduction

In Tasmania, clearfelling, followed by regeneration burning and
sowing of native eucalypt seed fromlocal sources(called clearfell,
burn and sow’, and hereafter referred to as CBS) is the standard
silvicultural system in the lowland wet eucalypt forests (Hickey
et al. 2001). Whilst the extent to which clearfelling actually affects
biodiversity continues to be debated, a neglected aspect of the
debate isits effect on coarse woody debris (CWD). Much work
remainsto be donein Tasmaniato determinetypical natural CWD
volumes in wet eucalypt forests at different stages in their
development. In the present context, CWD is defined as fallen
dead wood, down to a small-end diameter of 10 cm. Recently-
collected data suggest that Tasmanian wet eucalypt forests have
the potential to support some of the greatest volumes of CWD in
theworld, rivalling or even exceeding forestsin parts of the USA
Pacific Northwest (Meggs 1996; Woldendorp et al. 2002a,b).
Clearly, consideration of CWD and itsbiodiversity isanimportant
part of assessing the ecological impact of Tasmanian forestry.

Information on CWD anditsbiodiversity in Tasmaniaisimportant
at present because plansfor introducing industrial -scal e fuelwood
harvesting intheseforests, which may involvetherecovery of some

Figure 1. Coarse woody debris, chiefly comprising logging waste,
following clearfelling in wet Eucalyptus obliqua forest in southern
Tasmania. Photo: Simon Grove.
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Figure 2. Coarse woody debris, chiefly comprising logging waste,
remaining in a clearfelled wet Eucalyptus obliqua forest in southern
Tasmaniafollowing a hot regeneration burn. Photo: Simon Grove.

pre-existing CWD aswell asahigher proportion of felled biomass
than standard CBS, are well advanced. CBS generally produces
large amounts of CWD aslogging residue (Fig. 1). Regeneration
burns reduce these amounts somewhat, but most of the larger
material, including pre-existing logs, survives the burn to decay
in situ (Slijepcevic 2001) (Fig. 2). Fuelwood harvesting could
potentially recover much of this‘waste', beforethe coupeisburnt
(Fig. 3), for electricity generation in awood-fired power station.

The management of CWD and its ecological values has
increasingly become a cornerstone of mainstream forestry in
Europe and North America, following a rapid rise in awareness
of itsvaluefor biodiversity (Harmon et al. 1986; Kirby and Drake
1993; Hanski and Hammond 1995; Freedman et al. 1996; Franklin
1989; Harmon 2001, Siitonen 2001). CWD management warrants
greater considerationin Australian forestry too (Lindenmayer and
Franklin 2002; Lindenmayer et al. 2002), but currently the
literature that would assist Australian managers is sparse, since
much of the international literature scarcely addresses the
Austrdian situation. This paper arose out of an interna review for
Forestry Tasmania (Grove et al. 2002) that examined issues of the
management of CWD with particular reference to Tasmania's wet
eucalypt forests. It is presented here to reach a broader audience,
since many of the issues are common throughout the eucalypt
forests of Australia. Its objectives are to review and discuss (1)
theecological functionsof CWD, (2) effects of production forestry
on CWD, (3) consequences of forestry-induced changesto CWD,
(4) the ecological values of CWD in managed forestsin Europe
and North America, and (5) some recommendations for CWD
management and further research in Tasmania.

Some of the ecological functions of CWD

CWD hasmany ecological functionsin anatural forest, themain
ones of which arereviewed here (and see also Lindenmayer et al.
2002). Most of the studies reported are from regions other than

Figure 3. Coarse woody debris, chiefly comprising logging waste, from
a clearfelled wet Eucalyptus obliqua / Eucalyptus regnans forest in
southern Tasmania. The CWD has been heaped for processing into
fuelwood. Note that this coupe forms part of a trial of fuelwood
harvesting, and represents a ‘ worst case scenario’ in terms of quantities
and types of residue harvested. Photo: Simon Grove.

Audtralia, but many of the same ecological principlesshould apply
to Tasmania and other parts of Australia.

Substratefor saproxylic and epixylic organisms

Conservation biologistsincreasingly recognisethevalue of CWD
as a key substrate for a vast but often overlooked component of
forest biodiversity (Speight 1989; Kirby and Drake 1993;
Hallenberg et al. 1994; Hanski and Hammond 1995; Hammond
1997; Dajoz 2000). Species dependent on decaying wood
microhabitats (e.g. many invertebrates and fungi) are called
saproxylic (Speight 1989), while those that colonise its surface
(e.g. many lichensand bryophytes) are called epixylic (e.g. Lagka
1992). Saproxylic speciesare aspeciosefunctional group in native
forest (Grove 2002a). In arecent Finnish study, 42% of the beetle
species caught in asurvey of mature boreal forest were saproxylic
(Martikainen et al. 2000), while in a German study, 56% of the
regional forest beetle species were considered to be saproxylic
(Kohler 2000). Since beetles account for some 40% of all insect
species (Grove and Stork 2000), and since Parker (1982) has
estimated that the number of species of CWD-dependent beetle
may outnumber all terrestrial vertebrates by at least two to one,
thistrand atesinto alarge number of dependent speciesworldwide.
At the Warra Long-Term Ecological Research (LTER) site in
Tasmania's southern forests, more than 350 beetle species have
been collected from Eucalyptus obliqualogs (Yeeet al. 2001) —
a large number compared to that found in many other studies
(reviewed in Grove 2002a). CWD al so supports many dependent
species in other insect orders (especially flies, @kland 1996;
Rotheray et al. 2001) and in other invertebrate taxa, such as
earthworms (Hendrix 1993), mites (Johnston and Crossley 1993),
velvet worms (Mesibov and Ruhberg 1991) and molluscs
(Caldwell 1996). Wood-rotting fungi in CWD are also diverse
(Nakasone 1993; Hoiland and Bendiksen 1996; Rydin et al. 1997;
Edmonds and Lebo 1998; Lumley et al. 2000; Nordén and Paltto
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2001). Many lichens (Barkman 1983; Qian et al. 1999) and
bryophytes (Rambo and Muir 1998; Odor and Standovér 2001)
are primarily epixylic; 165 bryophyte species have recently been
recorded on logs at Warra LTER site (Turner 2003). CWD in
aquatic systemsisrelatively poor in saproxylic speciesbut supports
some specidist invertebrates whose activities enhance the value of
CWD for other colonists (e.g. McKie and Cranston 1998).

Physical habitat structure

CWD addsgreatly to the structural complexity of theforest floor.
At the scale at which most forest-floor organisms operate, this
structural complexity increases the range of microclimates and
microhabitats availablefor exploitation, allowing greater numbers
of individuals and species to co-exist than would otherwise be
the case. For instance, a recent study on spider diversity in a
Canadian forest (Buddle 2001) concluded that CWD was ahabitat
component favoured by many otherwise purely terrestrial species,
especially web-builders. In the USA Pacific Northwest,
populations of small insectivorous mammals such as shrews can
be strongly correlated with the availability of CWD because of
its value in augmenting feeding habitat (Lee 1995; Butts and
McComb 2000). In California, Canada and Sweden, herbivorous
small mammal s such asvoles can show similar relationshipseven
though they do not directly depend on CWD for sustenance
(Tallmonand Mills 1994; Bowman et al. 2000; Ecke et al. 2001).

CWD may serve as an equally important provider of habitat
structure in aquatic systems (Bragg and Kershner 1999), though
these have beenlittle studied in the Tasmanian setting (e.g. Davies
et al. 2001). Invertebrate communities dependent on submerged
and floating dead wood can be speciose and abundant (Braccia
and Batzer 2001), in turn supporting vertebrate predators, such
asduck-billed platypus and (in the Northern hemisphere) salmonid
fish (e.g. Flebbe 1999).

Nesting or denning sites

Hollow logsin Australian forests are frequently used as dens or
nesting sites by a range of mammals and reptiles. In Tasmanian
wet eucalypt forests, partly rotten logs can be animportant nesting
site for little pygmy possums (Duncan and Taylor 2001).

Refuge from environmental extremes

CWD, especially intheform of large logs, retains moisture more
readily than doesfinelitter or the soil surface (Amaranthuset al.
1989). Some plants and animals that do not otherwise have any
association with CWD may neverthelessdepend onit for moisture
in dry conditions (Clausen 1964). Salamandersinthe USA area
casein point (Meanset al. 1996). Responsesto logging observed
amongst some frogs in New South Wales (Margules et al. 1995;
Lemckert 1999) can also be explained in terms of susceptibility
to desiccation. Long-beaked echidnas may also resort to foraging
amongst logs under dry conditions (Smith et al. 1989).

CWD also providesarefuge from other environmental extremes,
particularly fire. For example, the persistence of litter-dwelling
stag beetles in Tasmanian wet production forest (Michaels and
Bornemissza 1999) was attributed to their ability to survive
silvicultural burns by taking refuge beneath large logs. The
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preference by the endangered broad-toothed stag beetle Lissotes
latidens of the SE Tasmanian wet forest for forest with more than
10% ground cover of CWD (Meggs and Munks 2003) may also
be attributable to this effect.

In some situations, including late successional stages of eucalypt
forest or rainforest in Tasmania, logs are probably the main route
to successful establishment of tree seedlings (Harmon and Franklin
1989; McKenny and Kirkpatrick 1999), in part because of their
moi sture-retentive properties.

Rolein carbon storage, nutrient cycling and soil conditioning

CWD acts as a long-term store of carbon (Laiho and Prescott
1999; Mackensen and Bauhus 1999), whichisrel eased gradually
through decomposition (Jenisch and Harmon 2002).
Decomposition is brought about by fungi and other
microorganisms, often mediated by insectsand other invertebrates
(Swift 1977; Edmonds and Eglitis 1989; Hanula 1993; Schowalter
et al. 1998). Decomposing CWD isthe means by which many of
the nutrients, carbon and energy accumulated by the living tree
arereturned to the soil, hel ping to maintain level sof organic matter
and carbon therein (McFee and Stone 1966; Tate et al. 1993),
contributing to the soil weathering process (Kayahara1998), and
making nutrients available for re-use by future trees and other
organisms (Olson 1963; Laiho and Prescott 1999).

The presence of highly decayed CWD in soil also favours its
colonisation by mycorrhizal fungi (Smith et al. 2000) which can
be important for tree health.

Heterogeneity and variation in space and time: a key
ecological attribute of CWD

At the scales of space and time at which most organismsperceive
it, CWD isaheterogeneousresource (Hope 1987; Sigrist and Job
1996; Pyle and Brown 1999; Allen et al. 2000). Different CWD-
dependent species have preferences for different CWD
microhabitats, which is one explanation for the large number of
species supported by CWD. Some of the factors contributing to
this heterogeneity are discussed below.

Thehabitat value of CWD dependson how predictableitssupply
isin relation to population dynamics of particular species

Colonisation of CWD depends partly on its predictability of
occurrence and its degree of isolation from other CWD. There
are two aspects to this relationship: connectivity in space, and
continuity in time (Hanski 1999a). Each exerts an influence on
individual species depending on their own population dynamics.
Dispersal strategiesvary amongst species, with some speciesbeing
extremely sedentary while othersare very mobile. Whilst thereis
ample evidence from Europe and North Americathat some species
associated with dead wood are relatively poor dispersers (e.g.
Jonsson et al. 2001), the degree to which the biota is composed
of sedentary or highly mobile species may vary from place to
place, partly depending on the natural dynamics of CWD in the
landscape (McPeek and Holt 1992). Where CWD abundance
naturally fluctuates (as, for instance, in forestswhere CWD decays
very rapidly and/or inputs are sporadic), most dependent species
would be expected to be highly mobile. Where CWD abundance
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tendsto be more constant (as, for instance, in forestswhere CWD
decays slowly and/or inputs are more regular), more sedentary
species would be expected to predominate, and issues of habitat
connectivity and continuity may become more critical (Edman
and Jonsson 2001).

Exactly where Tasmania swet eucalypt forestslie with regard to
CWD dynamics at the landscape scale is unclear. Rates of decay
of logsarelikely to bevery low, favouring sedentary species, yet
inputsare naturally sporadic (influenced by wildfireswith areturn
frequency of 20-400Yy), favouring mobile species. Itislikely that
theforests support species assemblageswith arange of dispersal
abilities (asreported by Bashford 1990), with more mobile species
predominating at some pointsin time and in somelocations, while
more sedentary species predominate at others.

Evidence for the importance of connectivity and continuity
amongst saproxylic speciesismostly derived from studiesinwhich
the availability of CWD has been artificially reduced through a
long history of forest management, resulting in observable
differences in habitat occupancy with isolation. In Switzerland,
Schiegg (2000) found different assemblages of saproxylic beetles
and flies in forests characterised by differing degrees of
connectivity of CWD on the ground; plotswith higher dead wood
connectivity were associated with greater species richness. In a
Finnish study (Siitonen 1994), specialist beetle specieswere more
abundant in a forest containing abundant CWD than in one in
which dead wood was scarce. Alsoin Finland, Sippolaand Kallio
(1995) found a positive relationship between CWD volume and
beetle speciesrichnessat the stand (1 ha) scae. In Norway, @kland
et al. (1996) found a positive relationship between CWD volume
and beetl e speciesrichness at the broader (32 ha) but not the stand
(1 ha) scale. At al scales, the diversity of dead tree parts, the
number of large-diameter dead trees and the number of species of
polypore fungi wereall correlated with richness of beetle species
and with the abundance of many species; severa species were
absent below a certain density of CWD. In Germany, Pfarr and
Schrammel (1991) concluded that logsin areas where dead wood
was scarcewere still colonised by beetlesaslong asthey occurred
in a region in which most of the forest was characterised by
abundant CWD. In studiesinthe USA (Chandler 1991) and north-
eastern Queendand (Grove 2002b), the greater abundance of many
beetle species in old-growth compared to regrowth forest was
considered to be due to the greater prevalence of suitable dead
wood habitat in the old growth. In thelatter study, thiswasborne
out by the observed strong correlation between richness of
saproxylic beetle species and the volume of CWD in the
surrounding area (Grove 2002c).

In general, landscape-level habitat continuity islesslikely tobea
limiting factor for many saproxylic or epixylic speciesinregions
which are still largely forested, such as northern Fennoscandia
(Ohlson et al. 1997; Martikainen et al. 2000; Nordén 2001), and
perhaps parts of Tasmania. It becomes more relevant in regions
where forests are already reduced to small remnants, such asthe
UK (Dempster 1991; Rose 1993; Harding and Alexander 1994),
andalsolocally in Australia’sdry woodlands (Driscoll et al. 2000).

Whatever the dispersal ability of dependent species, many are
thought to exhibit metapopulation dynamics in response to the
unpredictable occurrence of their chosen habitat (Hanski 1999b).
CWD isinherently a patchy resource in space and time. While a
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single piece of CWD (or afungal sporocarp on CWD) may last
long enough for several generations of aparticular species, sooner
or later it will decay away, resulting in thelocal extinction of that
species population, members of which will have to disperse to
find another piece (Whitlock 1992; Thomas 1994). As a general
principle, species able to disperse across large distances, such as
many spore-dispersing fungi (Edman and Jonsson 2001; Nordén
2001) and bark-beetles (Nilssen 1984), should be able to find
suitable habitat wherever it occursin the landscape. Specieswith
intermediate dispersal abilities, such aswinged insects, somefungi
(Talbot 1952; Stenlid and Gustafsson 2001) and some bryophytes
(Soderstrém and Jonsson 1989), should be ableto do so if suitable
habitat patches occur within perhaps a few hundred metres of
their previouspatch. The most sedentary species, such asflightless
or flight-reluctant saproxylic beetles (Greenslade 1972; Meggs
and Taylor 1999; Jonsson et al. 2001; Ranius and Hedin 2001),
velvet-worms (Barclay et al. 2000) and molluscs (Caldwell 1996;
Tattersfield et al. 2001), may be dependent on finding suitable
habitat patches within perhaps metres of their previous patch.

Evidence for metapopulation dynamics amongst saproxylic
speciesisincreasing (reviewed by Grove 2002a). Whitlock (1992)
demonstrated the existence of ametapopul ation structurein astudy
of thefungus-beetle Bolitotherus cornutusinthe USA, and Ranius
(2001) did so for the tree hollow-dependent scarab beetle
Osmoderma eremita in Sweden. In Norway, Sverdrup-Thygeson
and Midtgaard (1998) and Rukke and Midtgaard (1998) found
that the probability of occurrence of the fungus-beetle
Bolitophagus reticul atus decreased with distance at the scale of
sporocarps on a single log, logs in a stand, and isolated forest
blocksin an agricultural matrix.

The habitat value of CWD for particular speciesdependson its
decay stage and type

CWD existsin varying degrees of decay, from structurally intact
through to an amorphous mass that merges into the soil. Many
published studies have considered the succession of species
occupying dead wood asit decomposes, and most report that each
successional stage hasitsown characteristic species. Among these
studies are Shigo (1967) and Kaarik (1975) for microorganisms,
Dix and Webster (1995), Niemelaet al. (1995) and Boddy (2001)
for fungi; Soderstrom (1988) for lichens and bryophytes; and
Blackman and Stage (1924), Ingels (1933), Greenslade (1972),
Stephen and Dahlsten (1976) and Marshall et al. (1998) for insects.
A succession of insect species may occupy asingle wood-rotting
polypore fungal fruiting body (Jonsell et al. 1999).

At any particular stage of decay, different fungal and microbial
communities may give rise to different types of decay (brown
rots, white rots, wet or dry rots, etc.) (Meggs 1996; May and
Simpson 1997). Recent work in the Warra LTER site has
demonstrated clear associations between certain species or
assembl ages of saproxylic insect and certain types of decay (Yee
et al. 2001). In Japan, different species of stag beetle were found
to be associated with different types of decay (Araya 1993). In
Finland, different beetle assemblages were associated with dead
birch wood decayed by different fungi (Kailaet al. 1994), while
inthe UK and Sweden, different assemblages of insect have been
found toinhabit different partsof fruiting bodiesof different wood-
rotting fungi (Paviour-Smith 1960; Jonsell et al. 2001).
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The habitat value of CWD for particular speciesdependson its
history of exposureto fire

Many early successional species of insects, fungi, lichens and
bryophytes are fire-adapted, and this extends to those dependent
on CWD. Some specieswill colonise only charred wood or ash-
beds; others compete most successfully in such situations (Evans
1971; Warcup 1990; Wikars 1995). The proportion of the forest
saproxylic faunathat isfire-dependent may depend on the natural
fireregime. At least in Scandinavia, tree species pre-adapted
to fire disturbance support a richer and more host-specific
fire-dependent biota than tree species for which fire
disturbance is atypical (Wikars 2002). Some wood-rotting
fungi are stimulated to produce fruiting bodies by fire (Gribb
and Gribb 1971), and many apparently fire-dependent insects
are associated with these fungi, especially ascomycetes (Wikars
2002). Some micropezid fliesare attracted by wood smoke (Bickel
1996), presumably because it signals potential breeding sites
(larvae apparently feed in fungi on dead wood). Likewise, the
saproxylic buprestid beetle Melanophila acuminata has been
shown to be capable of detecting infrared radiation from forest
fires as a means of locating new breeding habitat (Evans 1966).
Lundberg (1984), Muona and Rutanen (1994), Ehnstrom et al.
(1995) and Wikars (1997) have dl highlighted the importance of
burning for the boreal forest insect faunas of Scandinavia,
particularly for associates of dead wood; Danks and Foottit (1989)
have also done so for Canadian borea forest. Lundberg (1984)
noted 54 Swedish beetle species for which dead burnt treeswere
themagjor habitat. Wikars (2001) and Penttiléand K otiranta (1996)
also noted the importance of firesfor certain wood-rotting fungi
in Scandinavia, including rare species.

Many Australian studies have examined the effect of forest fires
oninvertebrates (Bornemissza 1969; Campbell and Tanton 1981;
York 1991; Neumann 1992; Friend 1995; Collett 2000; York
2001), bryophytes (Brasell and Mattay 1984) and fungi (Gribb
and Gribb 1971; Warcup 1990; Taylor 1991), but these have
generally not expressly considered fire dependence amongst
CWD-dependent species. Packham et al. (2002) considered
macrofungi in some Tasmanian southern forest sites of different
ages and with different fire histories. Burnt wood and unburnt
wood on the forest floor were two key environmental factors
related to macrofungal community structure, thetwo factorshaving
relationships with very different communities. Similarly,
McMullan-Fisher et al. (2002) found that most of the macrofungi
apparent in clearfelled and burnt Eucalyptus regnans forest in
Victoria were growing on charred wood and burnt soil. These
fungi formed a distinct community comprising species largely
absent from later successional stages. Despite these last two
studies, thereisinsufficient information to say to what extent the
saproxylic and epixylic biota is fire-adapted in Tasmanian wet
eucalypt forest. However, the natural fire disturbance regime is
not dissimilar to that in parts of Scandinaviawhich support arich
fire-dependent saproxylic insect fauna (Wikars 1995).

The value of CWD as habitat for particular species dependson
the tree taxon from which it was derived

Amongst saproxylic organisms, host-specificity israre at thetree
species level, although it is common at higher plant taxonomic
levels(May and Simpson 1997; Tavakilian et al. 1997; Rotheray

et al. 2001). In German forests, Kohler (2000) found that 13% of
the saproxylic beetle species were tree genus-specific. Host
specificity ishighest amongst organisms inhabiting freshly dead
wood (Dix and Webster 1995; Hammond et al. 2001) which still
retains chemical compounds derived from theliving tree (Sigrist
and Job 1996). As decomposition proceeds, host specificity
declines. The situation in Tasmania is not well understood, but
probably follows patterns similar to those seen elsewhere.

The habitat value of CWD for particular speciesdependson its
dimensions and its original position on the tree from which it
was derived

CWD of different sizes, or originating from different parts of the
tree (bole, branchwood) tends to support different though
overlapping combinations of saproxylic species (Hoiland and
Bendiksen 1996; Singh and Bhandari 1997; Schiegg 2001) and
epixylic species (McAlister 1995; Rambo and Muir 1998). For
saproxylic species, CWD diameter is thought to be a key
characteristic determining which speciesmake use of theresource.
Some are able to use their chosen substrate whatever its
dimensions (Palm 1959), but many are more particular (Elton
1966; Esaki 1996). For saproxylicinsects, most studies suggest a
positive relationship between the diameter of dead wood and
species richness, incidence or abundance (reviewed in Grove
2002a). For instance, Kleinevosset al. (1996) found more species
of saproxylic beetle on large-diameter CWD in German forests. In
theUSA, Torgersen and Bull (1995) found that carpenter antsprefer
largelogsto smaller ones. In Finland, Siitonen and Saaristo (2000)
found that the incidence of the red-listed saproxylic beetle Pytho
kolwens sin sprucelogswaspositively correlated with log diameter.

Jonsell et al. (1998) devised models based on known habitat
associations of Swedish red-listed invertebrates associated with
CWD. These models predicted that most species would occur in
CWD in the largest diameter-class, including 178 not found in
smaller diameter-classes. Only 94 species would occur in the
smallest, with only 13 of these not found in larger classes. Current
research projects at the Warra LTER site aim to clarify the
importance of log diameter in Tasmanian wet eucalypt forests
(Yeeet al. 2001; Grove and Bashford 2003). Various explanations
exist for the apparent favourability of large-diameter CWD. First,
it is a highly heterogeneous resource, allowing many specialist
speciesto coexist (Kolstrom and Lumatjérvi 2000). Second, large-
diameter CWD takes longer to decompose, and a more stable
microclimate is maintai ned within, favouring many species (Palm
1959). Third, large-diameter CWD supports more speciesof fungi,
including species apparently specific to large-diameter wood
(Kruys and Jonsson 1999; Nordén and Paltto 2001), on which
many saproxylic insects depend. A recent study from Eucalyptus
regnans forest in Victoria suggested a similar relationship with
diameter for some macrofungi (McMullan-Fisher et al. 2002).

The habitat value of CWD for particular speciesdependson its
location and orientation

CWD in contact with the forest floor is easier to colonise for
organisms that can move through or over the soil, such as
collembola (Marshall et al. 1998) and velvet-worms (Barclay et
al. 2000), whereas suspended CWD tends to be colonised more
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by airborne organisms such as bark-beetles (Nilssen 1984), scarab
beetles (Ranius and Hedin 2001) and many fungi (Nordén and
Larsson 2000). Whether CWD is in sun or shade affects its
moisture-retaining properties and its temperature, and therefore
which species can exploit it (Buisson 1999). Species favouring
cool, moist CWD will therefore predominate in shaded logs and
on sites with a southerly aspect in the southern hemisphere (e.g.
the velvet-worm Euperipatoides rowelli in NSW, Barclay et al.
2000), whilethose which are thermophilic or shade-intolerant will
predominatein sun-exposed logs and on siteswith amorenortherly
aspect. In Fennoscandian boreal forest, species in the latter
category areinthe mgjority, at least amongst the beetles (Jkland
et al. 1996; Martikainen 2001; Sverdrup-Thygeson and Ims2002).

Some potential impacts of production forestry on
CwD

By managing forests so that wood can be removed before it is
‘lost’ to decay, CWD is often progressively depleted. However,
natural CWD abundance partly depends on its rates of input and
output, and whether these are in equilibrium. Logging can alter
both rates, but especially the rate of input. The rate of input
might temporarily increase above natural levels through the
accumulation of logging residue, especially the first time a
mature nativeforest islogged. Such asituation hasbeen reported
for Tasmanian wet eucalypt forest (Meggs 1996), and northern
US beech forest (Gore and Patterson 1986). Heightened inputs
toriparian areas are also likely at this stage (e.g. Campbell and
Doeg 1989; Benda et al. 2002). Fire suppression and pest
outbreaks brought on by forest management can also increase
CWD levels (Edmonds and Marra 1999).

On the other hand, the rate of input of CWD will often decrease
in the longer term. Reductions in dead wood may be most rapid
and thorough through forest hygiene practices (Schmitt 1992),
salvagelogging (Maser 1996) or whole-tree, fuelwood or biomass
harvesting (Tritton et al. 1987; Wall 1999). Incremental losses
are aso likely under almost any silvicultural system, as existing
old trees die, the dead wood they produced decomposes, and the
younger trees of the residual or replacement stand have a lower
level of biomass and relatively small diameters. These changes
may extend to adjacent aquatic systems (e.g. Liljaniemi et al.
2002). CWD may eventually bereduced from abundanceto rarity.
This is the long-term prognosis for managed native forests
predicted by many researchers (e.g. Gore and Patterson 1986;
Spies et al. 1988; Andersson and Hytteborn 1991; Bader et al.
1995; Meggs 1996; Reid et al. 1996). Goodburn and Lorimer
(1999) reported that quantities of CWD on the forest floors of
selectively logged hardwood forestsin Wisconsin and Michigan
were only about 60% those found in old-growth forests, with
differences in large-diameter material being even more
pronounced. Inthe USA Pacific Northwest, Spiesand Cline (1988)
predicted that log abundance would be 30% of the pre-harvest
level at the end of thefirst 100-y rotation, and only 6% at the end
of the second. Fennoscandian production forests provide amore
extreme example, with coarse woody debrislevelsfalling by 90—
98% over the past century (Siitonen 2001). In other parts of
Europe, it is not even possible to say how much dead wood an
old-growth forest would have had, because thereisnoneleft. The
situation may be similar wherever native forests are heavily
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exploited for fuelwood (e.g. China: Nalepa et al. 2001; South
Africa: DuPlessis 1995; Australia: Driscoll et al. 2000).

Reductionsin CWD availability can be exacerbated by changes
in diameter-class distributions. Managed stands tend to lack the
largest-diameter trees which are often the main generators of
CWD, so the proportion contributed by large-diameter material
generally decreases (Grove 2001). Since small-diameter pieces
would be expected to decay morerapidly than larger ones(Harmon
et al. 1986), this can ultimately result in even less CWD in
managed stands. A surgein CWD contributed by logging residue
can aso dter therelative proportions of CWD in different decay
stages. Initidly, it will elevatelevelsof CWD in early decay stages.
As the logging residue decomposes, it contributes to pulses in
successive decay stages.

Fire management isacommon silvicultural tool with an effect on
CWD. Often the aim is fire suppression, to avoid losses of
merchantablewood to wildfire. In boreal forests, fire suppression
can lead to a reduction in early successiona forest and to an
increasein stand density, resultingin agreater prevaence of shaded
as opposed to sun-exposed CWD (Johnson et al. 2001). In other
forests, such as Tasmania swet eucalypt forests, burning following
clearfelling is a standard silvicultural practice. These forests are
naturally fire-prone, and wildfires of various scalesand intensities,
with areturn interval of 20400y (Hickey et al. 1999; Alcorn et
al. 2001), arethought to be the main source of large-scale natural
disturbance. This is one reason why clearfell, burn and sow
silviculture (CBS) haslong been considered the most appropriate
for managing these forests (Attiwill 1994). Burning is done to
reduce the amount of logging residue, especially fine litter, to
make sowing and/or natural regeneration easier in the resultant
ash-bed (Ashton 1987).

In Tasmania' s wet eucalypt forests, silvicultural alternatives that
involve much lower levels of post-harvest burns than CBS are
now being considered (Hickey et al. 2001). Because wildfireisa
natural event in these forests, no-burn alternatives may signal a
greater deviation from natural CWD dynamics compared to CBS.
Not burning residue may initially leavemore CWD, but it may be
amore homogeneous resource, asit will lack charred wood and
ash-beds. If a proportion of the CWD is then harvested as
fuelwood, its abundance, size-class distribution and spatial
arrangement will also be altered.

Some potential ecological consequences of forestry-
induced changesto CWD

Reducing the amount of CWD, and altering its distribution,
composition and dynamics, can greatly affect dependent
biodiversity. Writing from aUK perspective, Elton (1966) stated
that *if fallentimber and dlightly decayed treesare removed [from
a natural forest] the whole system is gravely impoverished of
perhaps more than a fifth of its fauna’. If anything, this is
likely to be an underestimate (reviewed in Grove 2002a).
Referring to North American forests, Huston (1996) stated
‘No other manageabl e property of the forest environment has
a greater impact on biodiversity than coarse woody debris.
Even [timber] harvesting...probably has a greater effect on total
forest biodiversity through the alteration and removal of coarse
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woody debristhan through itseffect asadisturbancethat * resets”
forest succession’.

In Europe, aregion where deforestation and forest management
have been intensive and long-term, many saproxylic and epixylic
speciesare now confined to theleast intensively managed forests
(Speight 1989; Hammond and Harding 1991; Stubbs 1991; Kirby
and Drake 1993; McLean and Speight 1993; Fowles 1997; Key
et al. 2000). European threatened specieslistsare often dominated
by CWD-dependent species, and would probably be even more
so if most such species were not so unfamiliar to the bulk of
ecologists and legislators (Berg et al. 1993). Examples include
lichens(Thor 1998), bryophytes (Laaka 1992), fungi (Stenlid and
Gustafsson 2001) and invertebrates (Geiser 1983; Shirt 1987; Blab
et al. 1994; Jonsell et al. 1998). In Sweden, logs are considered
the key habitat for 28% of the 739 red-listed forest invertebrate
species (Berg et al. 1995), whilein the UK, the removal of dead
wood is considered the main threat for 65% of the country’s 150
threatened woodland insect species (Hambler and Speight 1995).

Many other species dependent on dead wood are already extinct
throughout most of their prehistoric range, as evidenced by their
wider occurrence as subfossils in peat deposits (Buckland and
Dinnin 1993) or in early entomological collections (Speight 1989;
Nilsson and Baranowski 1997). Buckland and Dinnin (1993) list
17 saproxylic beetle speciesknowninthe UK only from subfossils,
mostly from peat deposits dating from 4880 years BP, and
speculatethat thelist will grow with further excavations. None of
these speciesisyet globally extinct, but most now surviveonly in
tiny refugia elsewhere in Europe. Hammond (1974) reported the
loss from the UK of afurther 20 beetle species over the past two
centuries, and afifth of theremaining saproxylic cerambycid beetle
faunais now considered threatened (Twinn and Harding 1999).

Regarding effects of forestry-induced changesin CWD, oneissue
is how CWD distribution and dynamics in the managed forest
relate to the population dynamics of dependent species. Intheory,
if CWD becomes so sparsely distributed that species dependent
on it cannot readily crossfrom one piece or patch to another, then
they may die out as their own patch becomes unsuitable or
disappears. Likewise, if CWD vanishestemporarily from apiece
of forest, then it may be recolonised only by those species for
which the nearest sourceis sufficiently near to enable them to do
so — that is, the more mobile species. Both these issues are
difficult to quantify, especially when there may be several time-
dependent processes at work over different time-scales (e.g.
decomposition of remnant logs over decades, annual or multi-
annual life cycles of insects, change in the mean age of standsin
the landscape over severa years as more and more coupes are
treated). Referring to butterflies, Thomas (2000) found that the
speciesleast abletotolerate habitat fragmentation were those with
medium levels of mobility. Species with higher mobility could
disperse amongst widely scattered patches, while species with
low mobility tended to occur at higher densitiesin their favoured
patches and hence were less prone to extinction, at least in the
short to medium term.

Studies that have examined the impacts of management-induced
changes in CWD distribution and dynamics have aready been
mentioned above. Whilst most studies have been carried out within
single blocks of forest, some have taken a landscape-scale
approach. Together they suggest that effects of reduction of CWD
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arelikely to manifest themselves at many scal es; sometimesthey
may be evident only at the landscape scale. Fahrig (2001) found
that habitat quality in the matrix was as critical asits quality in
remnants. If matrix quality washigh enough, speciescould survive
in the landscape even if remnants were sparse. If it was low,
however, species extinctions would be avoided only by
mai ntai ning abundant habitat remnants.

The effects of fire suppression on fire-adapted CWD-dependent
biodiversity can be marked. In Fennoscandia, fire suppression
threatens many fire-adapted saproxylic insects as well as
thermophilic, shade-intolerant and poorly competitive speciesthat
can comprise a large proportion of the regional fauna (Wikars
1995; Pkland et al. 1996; Martikainen 2001). In southern Sweden,
wheresilvicultural burnsare nolonger thenorm, asinglewildfire
sitewasfound to support 27 endangered wood-living insect species
(Ahnlund and Lindhe 1992) — many of them endangered because
of fire suppression and the dominance of no-burn silviculture in
the region as a whole. There is now the suggestion of similar
effects in Canadian boreal forests (Pedlar et al. 2002). In a
Tasmanian study, most of the fungi forming mycorrhizas with
eucalypt seedlings growing on clearfelled and burnt sites were
found to be fire-adapted ascomycetes belonging to 58 species
(Warcup 1991). Presumably these would be much less prevalent
in the absence of silvicultural burns.

Catering for the ecological values of CWD in
managed forests: North American and European
experience

Historical perspective

The forestry profession’s relationship with CWD continues to
change to reflect the values and concerns of society. Harmon
(2001) reviewed historical trendsin thisrelationship in the USA
Pacific Northwest — trends that are mirrored elsewhere. He
considered that natural forest management had gonethrough three
phases with respect to its treatment of CWD: (1) ‘wasteful
logging’; (2) waste reduction — salvage logging and fuelwood
harvesting; and (3) CWD retention. During the first phase,
primarily involving logging of old-growth forests, CWD levels
either increased or declined slightly depending on intensity. In
the second phase, with increasing awareness of resource limits
and economic efficiency, forestry practicesresulted in much lower
levels of CWD. Lofroth (1998) argued that the characteristic
attitude during this phase amounted to ‘zero waste tolerance’.
Alarm at the ecol ogical effectsof thisforestry hasled to the current
adoptioninthisregion of forestry standards (Harmon'sthird phase)
that specify management practices for the retention of CWD.
Harmon (2001) concluded that, for the USA Pacific Northwest,
‘forest managers are moving away from a‘* blanket” removal
of all the woody detritus possible, to leaving and even
enhancing the amountsin forests'. During this period, retained
CWD levelshave begun to rise, though they have not generally
reached natural levels.

The transition from Harmon’s phase 2 to phase 3 is not proving
an easy one for the forestry profession. It can lead to conflicting
legislative requirements, as is the case in British Columbia
(BCMoF 2000), where current standards specify the removal of
CWD for forest health and hygiene reasons, while planned
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standards specify its retention for biodiversity. Even in Sweden,
wherethebiodiversity value of CWD iswell appreciated, thereis
growing pressure from industry to use ‘ waste’ wood for fuelwood
— but equally agrowing resistance to doing so (Ehnstrom 2001).
Elsewhere in Europe, industrial fuelwood is increasingly either
sourced from ‘traditional’ plantation waste (Nufiez-Regueira et
al. 2002) or from energy plantations (Ford-Robertson et al. 1993),
so hiodiversity concerns are fewer.

Harmon (2001) has suggested that a future phase of forest
management (phase 4) in the USA Pacific Northwest might see
CWD returnto near-natural levels. Thiswould require extending
the current static concept of forestry standardsto amore dynamic
one. One shortfall of the current approach, because the main
management intervention occursat harvesting, isthat the adoption
of minimum standards can |ead to static management of adynamic
entity. In other words, prescribing the retention of certain amounts
of CWD now may not be sufficient to ensure that CWD existsin
ecologically appropriate amounts through the ensuing decades
and centuries. Adopting amore dynamic approach might involve
landscape-scale modelling of CWD in relation to forest
management and natural disturbance at all stages of the
silvicultural cycle, and setting standards for each stage.

L egal and policy aspects

In Europe and North America, maintenance of CWD is now
generally given relatively high priority in forest policy and
planning. For instance, Guideline 4.2h of the Helsinki Process
(developed to ensure that sustainability criteria are met at the
operational level in the participating countries of Europe) states
that ‘ standing and fallen dead wood...should be left in quantities
and distribution necessary to safeguard biological diversity’. The
voluntary Pan-European Forest Certification System has since
adopted these criteria, and many European countries now have
national or regional standards based on the Helsinki criteriaand
indicators (Grove 2001). In Swedish boreal forest, national Forest
Stewardship Council certification criteria require not just the
maintenance of CWD but its enhancement (Raivio et al. 2001).
For instance, the Swedish National Board of Forestry aims to
increase dead wood levels by 50% during this decade (Ehnstrém
2001). In Sweden and Finland, certification criteria require the
re-introduction of prescribed burning following clearfelling,
specifically for fire-dependent species (Raivio et al. 2001). In
the USA, management standards are devised on a bioregional
(or forestry regional) basis. Many such regions have standards
relating to the retention of dead wood, though often referring to
forests managed under selection systems and focusing on standing
dead trees.

Practical aspects

Despitethe legal and policy framework that existsin many parts
of theworld to support CWD retention and enhancement, thereis
littleinformation on how thisisdonein practice. Most documented
interventions concern techniques for maintaining or enhancing
forest stand structure to cater for biota dependent on standing
dead trees (Morrison and Raphael 1993; Ross and Niwa 1997;
Graves et al. 2000; Harris 2000; Hallett et al. 2001). There has
been comparatively little emphasis on intervention for logs on
the ground. This may reflect the prevalence of selection
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silvicultural systems, in which catering for standing dead trees
ultimately ensures that |ogs are catered for too. Franklin (1989)
mentioned the idea of felling ‘cull’ trees to supplement CWD
levels, but again thisrefers to a selection system, as do the more
numerous references from the UK concerning what amounts to
intensive care for dead wood (Warren and Key 1991; Kirby and
Drake 1993).

Some recommendationsfor CWD management
and further research in Tasmania

If the conceptual model developed by Harmon (2001) of the
historical development of the forestry profession’s attitudes
towards CWD management has any relevancein Tasmania’ swet
eucalypt forests, it seems that native forest management hereis
still in phase 1 (‘wasteful logging’) but considering entering phase
2 (‘waste reduction’). Ecologically it would make more sense to
skip phase 2 atogether, and to proceed to phase 3 or even to
phase 4. In phase 3, it is envisaged that CWD levels would not
drop greatly below natural levels because of the application of
static forestry standards at thetime of harvesting. In phase4, itis
envisaged that CWD would be maintained at near-natural levels
through the prudent application of forestry standards throughout
thesilvicultural cycle.

Native forest management is likely to be most compatible with
biodiversity conservation (including that for CWD-dependent
biota) when it most closely mimics natural forest dynamics
(Hansen et al. 1991). This applies the world over, even though
natural forest dynamics and silvicultural systems may differ. In
Tasmania'swet eucalypt forests, wherewildfireisthemain large-
scaledisturbance, theuse of clearfelling followed by regeneration
burning may currently be allowing the survival of speciesthat in
the long-term would be disadvantaged by the ‘benign neglect’
approach adopted in adjacent conservation areas (Brown 1996).
Thus, to some extent, the fate of many species may depend on
how the production forest estate is managed. However, CBS, as
currently practised, does not adequately cater for forest structural
complexity (Franklin 1989) — at least at the coupe level. If it
were to do so, much longer rotations might be required (Hickey
1994), coupled with strategies (such as aggregated retention) to
maintain mature forest structures (e.g. commercially overmature
trees, standing dead trees and large-diameter |ogs) within coupes
throughout the silvicultural cycle.

On the basis of current understanding, the following key interim
mitigation measuresfor reducing the potential effects of fuelwood
harvesting are recommended:

1. providing fuelwood primarily from coupes scheduled for
conversion to plantation (sincethese will be managed on short
rotations and will be unable to support much CWD in the
long term);

2. limiting the intensity and extent of fuelwood harvesting in
non-conversion forest, especially for larger-diameter and
longer-lived CWD;

3. monitoring to determine the efficacy of these interim
mitigation measures.

Itisalso clear that ecological knowledgeis currently insufficient
for firm conclusions to be drawn regarding the full nature and
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extent of likely effectsof fuelwood harvesting, or indeed of CBS.
Two recent publications propose research agendasto address key
gaps in knowledge: Jonsson and Kruys (2001) with respect to
Scandinavian boreal forests, and Lofroth (1998) with respect to
forestsin British Columbiaand the USA Pacific Northwest. Many
of the suggestions are equally relevant in Tasmania and are
incorporated here, and also appear in arecent independent review
of Tasmanian fuelwood harvesting plans (Raison et al. 2002).

1. Refineloca modelsof the dynamicsof CWD and incorporate
sensitivity analyses, and develop them as tools for risk
management.

2. Review the degreeto which alternative silvicultural systems
currently being trialled in wet eucalypt forest at Warra may
address some of the concerns regarding management of dead
wood raised in thisreview.

3. Investigate the feasibility of extending the length of CBS
rotations.

4. Investigate the extent, composition and ecology (especially
dispersal ahility) of local biota dependent on dead wood (in
CWD, standing dead trees and living trees), and the effects
of different silvicultural systemson these (including no-burn
and low-burn options).

5. Develop robust landscape-level planning tools that address
concerns for biodiversity at all appropriate scales.

6. Assesstheextent towhich mitigation measuresused elsewhere
in the world can be applied in Tasmania.
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