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Summary
We aim to assess current knowledge, and identify gaps in
knowledge concerning bell-miner-associated dieback (BMAD)
in south-eastern Australia. We review BMAD as a form of forest
dieback, and bell miner and psyllid interrelations. We then
consider indirect and direct causal factors associated with local
functional scales (tree crown), and finally, indirect and direct
causal factors associated with broader functional scales (forest
stand and landscape processes). This paper emphasises published
literature and is a summary of a more detailed report prepared
for the BMAD working group which explicitly included personal
communications with many researchers, managers and members
of conservation groups and the timber industry. We conclude that
BMAD is a significant threat to the sustainability of the moist
eucalypt forests of north-eastern NSW and south-eastern
Queensland, and to biodiversity conservation at a national scale.
There are serious deficiencies in the information base for most
BMAD issues. While there are clear interactions between bell
miners and psyllids, there are many other, less well quantified
interactions that may be of greater significance to the development
of the problem. We suggest that management and research efforts
towards solutions urgently target disturbances that lead to changes
in forest canopy structure, but there is unlikely to be a single or
simple management solution. An integrated management program
will be necessary as concentration on particular management
regimes in isolation is unlikely to resolve the BMAD problem
because BMAD is associated with interacting disturbances.
Keywords: forest management; applied research; literature reviews;
dieback; herbivores; bell miner; Manorina melanophrys; psyllids

Introduction
During the early 1990s, the remnant eucalypt forests of coastal
New South Wales (NSW) were increasingly recognised as
suffering from canopy dieback. This dieback apparently coincided
with an increase in populations of bell miners (Manorina
melanophrys) in the region. This form of dieback rapidly became
known as ‘bell-miner-associated-dieback’ (BMAD), with the

acronym being used to focus research and management attention
on the problem. It was soon recognised for its rapid expansion
and for its severe effect on the overstorey canopy, such that whole
stands of trees were killed. This led to concerns of a fundamental
change in species composition, and more general effects on the
biota and landscape of the region (Billyard 2004). The problem
is severe, with tens of thousands of hectares in north-eastern NSW
currently affected and over 2.5 million ha potentially vulnerable
(Ron Billyard, NSW Department of Environment and Conservation, 2004 pers. comm.). A substantial, but undefined, area of
south-eastern Queensland is similarly affected, although less
attention has been directed to it. BMAD occurs on both public
and private land and the area affected is expanding rapidly. The
severe impact of this form of forest canopy dieback has profound
implications for the conservation of the internationally significant
biodiversity of the region.
This paper is a summary of a more detailed report prepared for
the BMAD working group (Wardell-Johnson et al. 2005a) which
explicitly included personal communications with many
researchers, managers and members of conservation groups, and
the timber industry. This paper emphasises the published
literature, assesses the extent and relevance of existing scientific
knowledge, and identifies gaps in our knowledge of BMAD.

Eucalypt dieback and BMAD
BMAD refers specifically to eucalypt forest dieback associated
with the co-incidence of outbreaks of predominantly psyllid
species and colonies of the bell miner or bellbird (Manorina
melanophyrys). Bell miner is a honeyeater (family Meliphagidae)
distributed in coastal and sub-coastal regions of south-eastern
Australia. Other insect species, such as the leaf-mining microlepidopteran Acrocerops spp., observed in affected Eucalyptus
saligna canopies, can also build up to damaging levels. There is
a wealth of general information on these phenomena (e.g. Loyn
et al. 1983; Stone 1996, 1999; Clarke and Schedvin 1999).
In BMAD areas, there is a significant correlation between bell
miner density and the condition of affected eucalypt crowns (Loyn
et al. 1983; Clarke and Schedvin 1999; Stone 2005, this issue).
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In these areas, the sustained presence of bell miners creates
negative feedback mechanisms that maintain elevated and
damaging populations of psyllids in the eucalypt canopy (Stone
1996; Ewen et al. 2003). The departure of bell miners results in
a general decrease in herbivorous insect populations. However,
investigations into factors associated with the commencement or
facilitation of bell miner colonies, or damaging densities of
psyllids, have only been preliminary (e.g. Stone 2005, this issue).
Considerable research effort is being directed at mapping canopy
dieback (e.g. Coops et al. 2003, 2004; Stone et al. 2003; Stone
and Coops 2004). Some literature also directly links the
development of eucalypt crown decline with temporal occupation
by bell miner colonies (e.g. Ewen et al. 2003). However, we have
found no quantitative information on the history, distribution,
spread and extent of the BMAD problem.

Bell miner and psyllid inter-relations
Bell miners are relatively restricted compared to psyllid
outbreaks, that is, there are many instances of psyllid outbreaks
in forests and woodlands where bell miner colonies do not occur
(e.g. Campbell 1992). There are many species of psyllids (see
Stone et al. 1995; Majer et al. 1997), and the groups of species
associated with particular forms of forest dieback have not always
been made explicit in the literature.
Bell miner colonies need tree crowns that can maintain high
densities of insects and a forest structure that provides suitable
nesting sites and can be defended (Loyn et al. 1983; Clarke and
Heathcote 1988). There is some evidence that bell miners nest in
dense understorey — habitat that can be rendered more favourable
by the opening of the overstorey canopy (e.g. Smith and Robertson
1978; Pearce et al. 1995; Bower 1998). Although it is generally
known that the bell miner is increasing in abundance and range
in the region affected by BMAD, there has been no quantification
of this phenomenon.
Research on psyllids and bell miners has been limited to a few
sites where psyllids and bell miners co-occur (e.g. Lyon et al.
1983; Stone 1996; Ewen et al. 2003). There are situations where
bell miners are a major factor in facilitating and sustaining psyllid
outbreaks. The limited direct evidence suggests that management
practices which create stand habitats favouring the establishment
of bell miner colonies are also more likely to favour psyllid
outbreaks (and vice versa; Stone 2005, this issue). In such
situations, colonisation by bell miners will lead to the exclusion
of other avian insectivores, resulting in an increase in the numbers
of psyllids and dieback of the eucalypt overstorey. However, the
associated floristic and structural factors have not been quantified.
The literature has demonstrated that appropriate management can
provide and maintain a diverse forest structure with the capacity
to maintain bird numbers and diversity (Kavanagh and Stanton
2003). A rich avifauna will not prevent insect outbreaks, but may
dampen arthropod abundances, and limit damage from herbivory
(e.g. Clark 1964; Clarke and Schedvin 1999). Research on the
interactions of bird assemblages and insect outbreaks has included
areas affected by BMAD (e.g. Lyon et al. 1983; Clarke and
Schedvin 1999).

Indirect and direct factors associated with
functional scale — tree crown
Insect herbivory
The direct causes of BMAD are difficult to disentangle, and have
not yet been effectively investigated. Outbreaks of some psyllid
species appear to be generally associated with host tree stress
(White 1971; Carnegie and Angel 2005). However, most herbivorous
insects on eucalypts lay their eggs on young expanding foliage
(Landsberg and Cork 1997). Therefore, environmental factors
that promote young foliage provide the opportunity for
herbivorous insects capable of exploiting this resource to rapidly
increase their populations (e.g. Ohmart et al. 1987). Once initiated,
outbreaks are likely to be associated with numerous interacting
factors and feedback loops. The lack of literature on the spread
of BMAD limits capacity to understand causal mechanisms, and
achieve management resolution.
Foliage chemistry
Glycaspis spp. (the psyllid taxa usually associated with BMAD)
are phloem feeders and obtain their essential nitrogen (N) from
free amino acids and other soluble N compounds. Both young
expanding eucalypt foliage and epicormic (replacement) foliage
have been shown to have higher free amino acid concentrations
than mature adult foliage (e.g. Journet and Cochrane 1978; Marsh
and Adams 1995). Also concentrations of certain free amino acids
have been shown to increase in foliage on sites with high levels
of soil nitrogen (e.g. Ohlson et al. 1995), although this does not
appear to be a consistent response for eucalypts (Marsh and
Adams 1995). On the other hand, stress-induced disruption of
the carbon and water balances in eucalypts can result in
accumulation of osmolyte amino acids (e.g. proline) in mature
leaves (e.g. Miles et al. 1982; Marsh and Adams 1995).
Foliage productivity
Studies have also demonstrated that environmental stresses such
as drought, salinity and waterlogging reduce crown evaporation
rates and foliar photosynthetic efficiency in affected eucalypt
crowns (e.g. Ladiges and Kelso 1977). This results in slower
rates of leaf initiation and expansion, thereby providing less
suitable foliage for most herbivorous insects. The impact of insect
defoliation is greater on trees where the rate of leaf consumption
or damage exceeds the rate of foliar replacement, and elevated
populations of herbivorous insects eventually crash through lack
of favourable food (e.g. Clark and Dallwitz 1975). While there
has been some progress in identifying links between disturbance,
soil fertility, insect herbivory and eucalypt decline in rural
environments (e.g. Landsberg et al. 1990), there has been a lack
of field-based or experimental research to resolve these links in
native forests.
The literature demonstrates that the maintenance and expansion
of psyllid outbreaks is influenced by changes in leaf phenology
in a eucalypt stand (e.g. Journet 1980). Eucalypt tree crowns
responding to increased penetration of sunlight into the canopy
possess more vigorously developing foliage favourable to psyllids
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(Pinkard et al. 1998; Medhurst 2000). Because most psyllid
species have several generations in a year (e.g. Moore 1961),
they can respond quickly to an increase in leaf production brought
about by increased sunlight and accelerated plant growth.
However, research to explicitly address these factors in relation
to BMAD has yet to be carried out.

Indirect and direct factors associated with
functional scale environmental disturbances and
landscape processes
A range of multi-tropic attributes (e.g. local climate/host tree
condition and structure/natural enemies) has been identified as
contributing to elevated psyllid populations (e.g. Clark 1964).
Fragmentation, changed disturbance regimes (particularly fire
and logging), and pathogens are implicated (Wardell-Johnson
and Lynch 2005, this issue). Changes in nutrients and other soil
constituents, climatic regimes and hydrological factors have also
been implicated in BMAD and other forms of eucalypt decline
associated with insects (White 1969; Landsberg 1990; Landsberg
et al. 1990). There has been no attempt to unravel the various
competing disturbance factors (although see Landsberg and Wylie
1991), with some literature relying on anecdotal evidence and
taking an advocatory approach to the problem. We examine the
extent to which the literature addresses these issues.
Forest fragmentation
Forest fragmentation, including internal fragmentation (e.g. roads
and power lines), is recognised as a major biodiversity threat
(e.g. Saunders et al. 1991; Laurance et al. 1998). The northeastern region of NSW is no exception (e.g. Piper and Catterall
2003), and there is some suggestion that interacting factors
associated with forest fragmentation tend to favour bell miners,
and hence BMAD (see Wardell-Johnson and Lynch 2005, this
issue). However, there has been no quantification or testing of
hypotheses associated with suggestions concerning fragmentation.
Logging
Logging and associated disturbances can have direct and indirect
effects on overstorey, midstorey and understorey structure and
floristics (e.g. Kanowski et al. 2003; Wardell-Johnson et al.
2005b). While there is an extensive literature on logging and the
forest biota of north-eastern NSW — including environmental
impact statements and management plans, which refer to
particular areas, species and biotic communities, we are not aware
of site-based studies in eucalypt forests which have targeted
BMAD, despite logging and associated activities being carried
out during the period up to and beyond the time of recognition of
BMAD in the region (Flint et al. 2004). Thus studies directly
associating logging, forest structure, floristics and BMAD have
not been carried out. While the proliferation of dominant
understorey weeds, such as lantana (Lantana camara), in northeastern NSW has been attributed largely to the disturbance caused
by logging and associated activities (e.g. Wardell-Johnson et al.
2005b), no direct link between BMAD and lantana has been
established.
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Weeds
While lantana may not be a primary causal factor initiating
BMAD, the literature suggests its presence reflects increased
crown opening (Bower 1998; Wardell-Johnson et al. 2005b),
which in itself may be a contributing cause for potential increases
in psyllids. There has been advocacy for management strategies
which reduce weed encroachment and identify and maintain
ecological barriers to lantana spread (Gentle and Duggin 1997).
Because large areas in the region affected by BMAD are
dominated by lantana, there has also been advocacy towards the
use of fire as a means of lantana control (e.g. Jurskis 2000).
Soil nutrients
The relationship between nutrients, fire and understorey structure
has received some attention (e.g. Raison 1979; Adams and
Attiwill 1986; Smith and Smith 1990; Ellis and Pennington 1992;
Jurskis and Turner 2002). There is general agreement that the
establishment of a dense shrubby understorey contributes to
lowering the carbon/nitrogen (C/N) ratio, and to increased
nitrogen mineralisation (e.g. Adams and Attiwill 1986). Higher
concentrations of free amino acids in eucalypt foliage may occur
in eucalypt stands growing in soils having relatively high soil
nitrate to ammonium ratios (Adams and Atkinson 1991). Stone
(2005, this issue) reports a positive correlation between bell miner
density and soil ammonium content among small plots of native
forest in the Richmond Range, northern NSW.
Fire regimes
There is also general agreement with a converse position that
frequent low-intensity fires are associated with a grassy understorey
of fire-tolerant species producing litter of higher C/N ratios and
reduced soil moisture (Raison et al. 1990; York 1999; Guinto et
al. 2001). These soil conditions may provide a competitive
advantage to eucalypt species that assimilate nitrogen as
ammonium. However, the optimal range of inorganic N
concentrations in the soil, and whether affected stands deviate
beyond this range, has not been quantified for the species of
eucalypts affected by BMAD. There is a suggestion that
increasing the frequency of fire will also reduce lantana in such
sites (e.g. Jurskis 2000), although this may also lead to the
dominance of herbaceous weeds, particularly grasses (Gentle and
Duggin 1997).
Limiting the tendency towards nitrification may provide a
mechanism for facilitating the dominance by eucalypts in
frequently burnt sites that are otherwise favourable to nitrophilic
species (including mesic understorey species and rainforest trees
— Ellis and Pennington 1989; Jurskis and Turner 2002). In
establishing eucalypt plantations, any other dominant plant
species present, including grasses, compete with the eucalypts
(e.g. George and Brennan 2002), but even in the absence of an
understorey, eucalypts can still become ‘unhealthy’ for many
reasons independent of the processes associated with BMAD (e.g.
Landsberg et al. 1990).
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For the environments in which BMAD occurs, arguments have
been presented suggesting a need both for more frequent fire,
and for less frequent fire in particular ecosystems (cf. Jurskis
2000 with Benson and Redpath 1997). However, the position
concerning fire history is complex, and it is likely that fire regimes
have in the past differed between vegetation types, locations and
regions (see Henderson and Keith 2002; Wardell-Johnson et al.
2004). Recent literature, which provides anecdotal, rather than
site-based survey data or experimental evidence, has not
contributed to the development of fire regimes related to clear
management objectives under current and likely future circumstances.
Rather, an adaptive management program that includes
monitoring and evaluation of various options is advocated.
Experienced field botanists in north-eastern NSW argue that there
is a greater diversity of forest types in the areas affected by BMAD
than warrants categorisation of forests simply into ‘grassy’ or
‘shrubby’ understorey types (J. Hunter, NSW Department of
Environment and Conservation, National Parks and Wildlife
Service; D. Binns, Forests NSW, 2005 pers. comm.). While high
quality, quadrat-based data exist for the area, limited analysis or
publication has precluded effective assessment of forest types
and structures affected by BMAD. The possibility of different
factors being associated with the spread of an outbreak than with
its initiation may preclude clear assessment about species and
vegetation types.
Pathogens

floristics and structure in correlations with various BMAD related
parameters at these sites. Linking plot-based research and
landscape-scale processes is a fruitful research direction for
BMAD (see Wardell-Johnson and Lynch 2005, this issue).

Conclusion
BMAD is a nationally significant conservation problem that has
the potential to reduce the chances of achieving sustainable forest
management in south-eastern Australia. There is a strong
likelihood that there will be significant biodiversity loss in the
medium future in the general region, including south-eastern
Queensland, as well as reduced available timber volumes.
Blaming bell miners for the problem and instituting management
actions to remove or reduce bell miner populations will not
necessarily lead to its resolution.
There are serious deficiencies in the information base for most
issues concerning BMAD. While the literature has demonstrated
a clear interaction between bell miners and psyllids, there are
many other, less well quantified interactions that may be of greater
significance to the development of the problem. To address
BMAD, it is suggested that management and research efforts be
directed towards solutions that ameliorate forest structure. A pilot
study using 24 plots in the Richmond Range has demonstrated
one recommended research direction. A second research
direction, the establishment of an adaptive management strategy
associated with appropriate monitoring and evaluation is also
advocated in relation to fire and introduced species management.

Changed hydrological balances and climatic regimes, and an
increased presence of soil-borne pathogens, have all been
implicated in BMAD (White 1970; Clarke and Schedvin 1999;
Vertessy et al. 2001). However, the research associated with these
forms of disturbance remains very scant in relation to BMAD.
Recent research has demonstrated an increasingly wide geographic distribution and impact of Phytophthora spp., and has
suggested that soil pathogens may be another form of disturbance
relevant to BMAD (Clarke and Schedvin 1999).

There is likely to be no single or simple management solution. In
managing forests, it is necessary to recognise that there is a
complexity of connections and interactions, many of which have
yet to be deciphered. Because BMAD is associated with areas
subject to interacting disturbances, concentration on particular
management regimes in isolation is unlikely to resolve the BMAD
problem. Rather, an integrated management program with specific
objectives and experimental trials will be necessary.

Management developments
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