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with unfertilised plants’ stem-P concentration tending to decrease
with increasing water supply, whereas the reverse was true for
fertilised plants. Leaf-P concentrations were comparably low. Leaf
symptoms of P deficiency, such as purple interveinal blotches in
mature leaves, were obvious in the last two weeks of the trial, in
the medium and well-watered plants (w. 45/30% FC and ¢.70%
FC). This was the case in both fertilised and unfertilised plants,
but not consistently across treatments.

Potassium (K) and magnesium (Mg)

The fertiliser tablet contained K and Mg. The K concentration in
both leaf and stem was enhanced following fertiliser application
(Fig. 7, Table 3), with changes in leaf-K concentration being more
pronounced. With increasing water supply, both leaf and stem-K
concentrations were reduced in fertilised and unfertilised plants
(Fig. 7) but K-uptake in leaf and stem was increased with biomass
increase (data not shown). The effect of water supply on stem-K
concentration was more gradual than on leaf-K-concentration.
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Figure 7. Effect of water supply and fertiliser application on leaf and
stem K concentration. (LSD-Fertiliser P <0.05)

Following fertiliser application, there was an increase in leaf
and stem Mg concentration (Fig. 8) and even a more significant
increase in leaf-Mg uptake (data not shown). Water supply did
affect leaf-Mg concentration but not stem-Mg concentration
(Fig. 8, Table 3).

Calcium (Ca), sodium (Na), boron (B) and sulphur (S)

Water or fertiliser application affected the concentration of Ca,
Na, B and S in stem or leaves. Fertiliser application increased
leaf- and stem-S concentrations and decreased leaf- and stem-B
concentration (Table 4). Increased water application decreased
leaf- and stem-S concentration, whereas it increased stem Ca
and Na concentrations. Stem-B concentration was not affected
by water application.
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Figure 8. Effect of water supply and fertiliser application on leaf and
stem Mg concentration. (LSD-Fertiliser P <0.05)

Table 4. Effect of fertiliser and water supply on leaf nutrient concentration in Eucalyptus pilularis seedlings

Leaf (significance and concentration, mg kg™)

Stem (significance and concentration, mg kg ™)

Factor or

treatment Ca Na B S Ca Na B S
Fertiliser ns ns Hkok Hokok * ns *k *ok
Water ns skksk sk * sk ns skksk
Fertiliser x water ns ns Hkk * ns * *
Replicate ns ns * ns ns ns ns ns
Fert 0 4500 4733 343a 960 b 2600 a 2240 13.8a 335b
Fert 1 4542 4475 26.6Db 1332 a 2385b 2064 11.9b 405 a
20% FC 4775 4800 a 30.5 ab 1313 a 2277b 1937 b 12.5 446 a
45% FC 4425 4937 a 27.8b 1240 b 2500 ab 2145 ab 12.5 380 b
70% FC 4362 4075 b 329a 886 ¢ 2700 a 2375 a 13.6 285¢

*F-Prob <0.05; **F-Prob <0.01; ***F-Prob <0.001; ns = not significant

a, b and c: values with similar letters are not significantly different at #-Prob <0.05
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Table 5. Effect of fertiliser and water supply on leaf and stem nutrient concentration in Eucalyptus pilularis seedlings

Factor or Leaf (significance and concentration, mg kg™") Stem (significance and concentration, mg kg ™)
treatment Zn Cu Mn Al Fe Zn Cu Mn Al Fe
Fertiliser ns ok ns * ns ns ns *E ok ns
Water sk sk kokok k% kokok sk ns ko s,k ns
Fertiliser x water ns ns ns ns ns ns ns ns ns ns
Replicate ns ns ns ns * ns ns ns * ns
Fert 0 13.7 43b 427 45.6b 46.5 329 8.5 196 a 161 a 23.8
Fert 1 14.8 58a 434 S55.1a 46.8 30.8 7.4 158 b 105b 233
20% FC 189 a 62a 545a 60.1 a 578 a 413 a 9.1 229 a 186 a 25.5
45% FC 13.8b 53b 403 b 48.5b 4940 29.1b 7.5 149b 117b 25.6
70% FC 10.0 ¢ 37¢ 344 ¢ 4240 327¢ 2530 7.3 152b 96 b 19.7

*F-Prob <0.05; **F-Prob <0.01; ***F-Prob <0.001; ns = not significant

a, b and c: values with similar letters are not significantly different at #-Prob <0.05

Zinc (Zn), copper (Cu), manganese (Mn), aluminium (Al) and
iron (Fe)

The leaf concentrations of Zn, Cu, Mn, Al and Fe were all reduced
with increasing water application (Table 5). Stem concentrations
of Zn, Mn and Al were also significantly reduced due to increased
water supply, and for Cu and Fe a similar tendency appeared
(Table 5). Fertiliser application decreased the Al and Mn
concentration in stems, whereas it increased concentration of Cu
and Al in leaves. There was no interaction between water supply
and fertiliser application for any of these elements.

Discussion

Plant growth

Plant growth increased with increasing water supply from 20%
to 95% FC in unfertilised plants. Fertiliser application enhanced
growth significantly and its effect increased with water supply.
However, for fertilised plants, medium water application (c.45%
FC) appeared sufficient for maximum growth. It appears as if
fertiliser application could, to some degree, substitute for water
supply, at least in this P-deficient soil. The P supply to roots is
mainly influenced by diffusion (Barber 1962), which in turn is
highly dependent on soil moisture. Increased water supply to
the unfertilised plants most likely improved P diffusion and thus
P supply to roots, whereas in the fertilised plants P supply was
improved by the fertiliser addition. Fabido et al. (1995) similarly
found that fertiliser and or water application increased eucalypt
growth and could partly be substituted where biomass production
is considered. This does not apply when plants are under severe
water stress.

At very low water supply, the effect of fertiliser application on
growth decreased, but was still significant when field capacity was
fluctuating between 25% and 45%. Even at ¢.20% FC the effect
of fertiliser application was measurable, but only when plants
had slowly adapted to the lower water supply (c¢.20% FC, not in
w.45-30% FC). At a field capacity below 20%, however, growth
ceased and fertiliser application did not change this. Reduced
growth is the first drought response by plants, potentially followed
by osmotic adjustment, change in leaf tissue elasticity and relative
water partitioning (Ngugy et al. 2003).

Photochemical efficiency

The change in photochemical efficiency of mature leaves with
time can be examined in terms of three observations:

1. Effect of drought and fertiliser application

Most importantly, the fertilised plants showed lower photo-
chemical efficiency than unfertilised plants under severe drought
conditions (treatments w.20% FC and w.30% FC with actual
12-20% FC and 14-30% FC, respectively). A number of authors
have shown the functioning of photosystem II, as measured by
the photochemical efficiency (£, /F,, parameter), to be relatively
insensitive to medium drought stress (Ogren 1990; Jefferies 1994;
Giardi et al. 1996; Lu and Zhang 1998) although it changes under
more severe water stress (Ogren and Oquist 1985; Methy et al.
1996; Pukacki and Kaminska-Rozek 2005). Rolando and Little
(2003) have used photochemical efficiency to detect water and
light stress in E. grandis, and it has been shown to correlate with
stem volume increment of black spruce after planting following
heat exposure of seedlings (Mohammed ef al. 1997).

The current data show that the lowest water regime caused severe
drought stress in fertilised plants, as measured by photochemical
efficiency, but only low drought stress in unfertilised plants.
While it has to be recognised that unfertilised plants had less
biomass to sustain than fertilised plants, the fertilised plants
showed a significantly increased number of necrotic leaves.
The considerable daily variation in photochemical efficiency of
fertilised plants (Fig. 5) was presumably due to daily variation
in heat and drought stress on the plants. It has been shown that
chloroplast function, including photochemical efficiency, can be
restored when plants experience more favourable conditions after
a stress period (Pukacki and Kaminska-Rozek 2005).

Other research also found that fertiliser application under drought
condition can reduce drought adaptation, such as affecting
osmotic adjustment of E. grandis, with P fertiliser having an
increasing effect and N fertiliser a decreasing one in a clay loam
soil (Graciano et al. 2005).
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2. Drought preconditioning of seedlings

The effect on photochemical efficiency of maintaining plants
at a lower level of water supply differed from that of rapidly
reducing water supply. Plants raised under long-term low water
supply (e.g. treatment w.20% FC) showed a higher photochemical
efficiency than plants raised under greater water supply but
subsequent drought (e.g. reducing water supply for w.45% to
w.30% FC). These results suggest that preconditioned seedlings
may display greater tolerance to water stress than non-conditioned
plants, and thus perform better during early establishment in
drought-prone areas. Guarnaschelli et al. (2003) found that
drought-preconditioned seedlings had reduced specific leaf area
and increased osmotic adjustment and showed higher productivity
and lower mortality in a subsequent growth test.

3. The effect of temperature change

The photochemical efficiency of well-watered plants (those
raised at 70% FC, both fertilised and unfertilised) may have been
reduced when the glasshouse temperature was reduced. Close
et al. (2004) have shown that a reduction in average minimum
temperature reduced the photochemical efficiency of photosystem
I (F,/F,) and increased the anthocyanin concentration. Increased
anthocyanin concentration was observed in our plants, although
mainly in young leaves not measured for photochemical
efficiency.

Practical implications

The first two observations have practical implications for seedling
production. Where fertiliser increases the drought-susceptibility
of seedlings, its application might be reduced in drought-prone
areas. This may apply more to N than to P fertiliser, as Graciano
et al. (2005) have shown that under drought P fertiliser proved
beneficial on medium to heavy-textured soil, whereas N fertiliser
affected osmotic adjustment in water-stressed plants. Furthermore,
drought cycles during seedling production in the nursery appear to
improve seedlings’ resistance to drought and should be applied.

Water treatments in the current trial are comparable with the soil
water status in eucalypt plantations in Australia, although directly
comparable data are limited. Soil water content of around 8%
(g water g ! soil) has been measured for half the year, and 30-40%
in the humid half of the year, in a eucalypt plantation in Tasmania
(Paul et al. 2003). Those values are approximately comparable to
25% and 95% of field capacity (assuming clay loam soil). Field
capacity is dependent on soil texture, and comparisons of field
observations with current water treatments are indicative only. In
northern NSW, soil water contents of 18-38% (g water g! soil)
with an average of 28% for sandy clay loam soils were measured
during eucalypt plantation establishment (D. Thomas, Forests
NSW, 2005, pers. comm.). Values would approximately compare
to 30-100% of field-capacity and 45-60% of field-capacity,
respectively, in the current trial. Soil water content during
plantation establishment appears to be in a range where plant
response to fertiliser application occurred in our study. The severe
drought treatment applied will occur under rainfall shortages post
planting, when follow-up rains are unreliable.

Nutrient analysis

Phosphorus

It is important to know whether leaf-P or stem-P concentration is
the better indicator of the P status of eucalypt plants and which
might be used to assess fertiliser needs. In our two-factorial trial
the first factor, fertiliser application, significantly enhanced both
leaf- and stem-P concentration compared to unfertilised plants.
This is consistent with the findings of Dell et al. (1987), who also
suggested that stem-P concentration was more responsive to P
supply. The second factor, increased water supply, decreased leaf-P
concentration significantly, particularly for the fertilised plants,
whereas stem-P concentration remained mainly unchanged.

Probably due to increased leaf expansion, leaf-P concentration in
the fertilised ¢.70% FC plants was quite low. Stem-P concentration
(1492 mg kg ') and leaf-P concentration (760 mg kg !) in these
plants differed significantly. The question arises as to which
plant part is a reliable indicator of the P status of the plant. If it
is assumed that substantial translocation of stem-P to leaves will
occur during severe P deficiency, then our data suggest that stem-P
is a more reliable indicator of the nutritional status of eucalypts,
because it reflects previous P supply and is little affected by
changes in water supply — in contrast to leaf-P concentration.

The use of stem analysis as an indicator of the P status of a plant
needs to be further developed. Previous research suggests that
eucalypts are particularly efficient in translocating P within the
plant, for example by translocating P from wood during heartwood
formation (Hingston et al. 1990; Grove et al. 1996) and in a form
that is readily mobilised (Mulligan 1988). However, Grove et
al. (1996) considered the temporary seasonal storage of mobile
nutrients in the sapwood and bark of eucalypts has not been
adequately investigated, and this needs attention when further
addressing stem-P analysis.

Potassium (K) and magnesium (Mg)

Stem nutrient analysis also appears to be a useful indicator for
the K and Mg status of plants. Leaf- and stem-K concentration
were increased by fertiliser and decreased by water application.
Due to increases in water supply, there was a gradual decrease in
K concentration in leaf and stem of unfertilised plants. However,
those changes were abrupt in leaves of fertilised plants but
remained gradual in stems of those plants.

As a result, interpretations of leaf and stem-K concentration do
not agree for the fertilised plants in the higher water treatments
(45% FC, 70% FC), with stem analysis suggesting a medium
K status of plants and leaf analysis suggesting a high and low
K status of plants respectively. The gradual changes in stem-K
concentration due to fertiliser and water supply suggest that
stem analysis allows a more sensible assessment of the K status
of plants.

This also applies to the interpretation of the Mg status of
E. pilularis seedlings. Changes in stem-Mg concentration were
more gradual than those in leaf-Mg concentration. The Mg
concentration in both leaf and stem increased in response to
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fertilisation, and leaf-Mg concentration decreased in response to
water supply. Hence there was a discrepancy in the interpretation
of stem and leaf analysis for the fertilised ¢.70% FC treatment. As
the leaf-Mg concentration is most likely prone to growth dilution
effects, arguably it appears that stem-Mg concentration shows the
Mg status of plants more reliably.

Conclusion

This study has shown that while fertiliser application enhanced
seedling growth under medium and high water supply, it also
increased the sensitivity of eucalypt seedlings to drought.
Sensitivity to drought was less where seedlings were grown
at a constant low water supply than where exposed to drought
following growth at a higher level of water supply. Drought
preconditioning of seedlings and reduced application of fertiliser
in the nursery are recommended for seedlings intended for
planting on more drought-prone sites.

There was a contrast in the way leaf and stem nutrient concen-
trations responded to increasing fertiliser and water supply
respectively: P application increased both leaf and stem-P
concentrations, but stem-P concentration was not affected by
water supply — in contrast to leaf-P concentration. Hence
stem-P concentration may be a better indicator of the P status
of seedlings than leaf-P. Similarly the stem concentrations of K
and Mg appeared to indicate the nutritional status of E. pilularis
seedlings more reliably than leaf analysis. It is concluded that the
development of stem, bark or phloem nutrient analysis might be
further investigated.

Acknowledgements

The authors want to thank Bayer Ltd, for supporting part of the
trial and supplying the slow-release fertiliser tablets. We want to
thank Cumberland Forest staff for support in collecting the soil.
Special thanks to Caroline Raymond for constructive comments
on a previous draft.

References

Attiwill, PM. and Adams, M.A. (1996) Nutrition of Eucalypts. CSIRO
Publishing, Collingwood, Victoria, Australia.

Barber, S.A. (1962) A diffusion and mass-flow concept of soil nutrient
availability. Soil Science 193, 39—49.

Close, D.C., Beadle, C.L. and Battaglia, M. (2004) Foliar anthocyanin
accumulation may be a useful indicator of hardiness in eucalypt
seedlings. Forest Ecology and Management 198, 169—181.

Dell, B., Loneragan J.F. and Plaskett D. (1983) The phosphorus response
of Eucalyptus seedlings grown in a pallid zone clay treated with
three levels of lime. Australian Journal of Botany 31, 231-238.

Dell, B., Jones, S. and Wilson, S.A. (1987) Phosphorus nutrition of
jarrah (Eucalyptus marginata) seedlings: use of bark for diagnosing
phosphorus deficiency. Plant and Soil 97, 369-379.

Dighton, J. and Jones, H.E. (1992) The use of roots to test N, P and K
deficiencies in Eucalyptus nutrition. South African Forestry Journal
160, 33-37.

Fabido, A., Madeira, M., Steen, E., Kitterer, T., Ribeiro, C. and Araujo, C.
(1995) Development of root biomass in Eucalyptus globulus
plantation under different water and nutrient regimes. Plant and
Soil 168-169, 215-223.

Fisher, R. and Binkley, D. (2000) Ecology and Management of Forest
Soils. John Wiley and Sons Inc.

Giardi, M.T, Cona, A., Geiken, B., Kucera, T., Masojidek, J. and
Mattoo, A.K. (1996) Long-term drought stress induces structural
and functional reorganization of photosystem II. Planta 199,
118-125.

Graciano, C., Guiamet, J.J. and Goya, J.F. (2005) Impact of nitrogen and
phosphorus fertilization on drought responses in Eucalyptus grandis
seedlings. Forest Ecology and Management 212, 40—49.

Gregoire, N. and Fisher, R.F. (2004) Nutritional diagnosis in loblolly pine
(Pinus taeda L.) established stands using three different approaches.
Forest Ecology and Management 203, 195-208.

Grove, T.S. (1990) Twig foliar nutrient concentration in relation
to nitrogen and phosphorus supply in a eucalypt (Eucalyptus
diversicolor F.Muell.) and an understorey legume (Bossiaea
laidlawiana Tovey and Morris). Plant and Soil 126, 265-275.

Grove, T.S., Thomson, B.D. and Malajczuk, N. (1996) Nutritional
physiology of eucalypts: uptake, distribution and utilization. In:
Attiwill, P.M. and Adams, M. A. (eds) Nutrition of Eucalypts. CSIRO
Publishing, Collingwood, Victoria, Australia, pp. 77-108.

Guarnaschelli, A.B., Lemcoff, J.H., Prystupa, P. and Basci, S.O. (2003)
Responses to drought preconditioning in Eucalyptus globulus
Labill. provenances. Trees 17, 501-509.

Hingston, F.J., DeBoer, E.S. and Jones, M.S. (1990) Distribution of
nutrients in component parts of jarrah, Eucalyptus marginata, three
years after application of fertiliser. Division of Forestry and Forest
Products User Series 12, 1-27.

Jacobs, D.F., Salifu, K.F. and Seifert, J.R. (2005) Growth and nutritional
response of hardwood seedlings to controlled-release fertilization
at outplanting. Forest Ecology and Management 214, 28-39.

Jefferies, R.A. (1994) Drought and chlorophyll fluorescence in field-
grown potato (Solanum tuberosum). Physiologia Plantarum 90,
93-97.

Lamb, D. (1976) Variations in the foliar concentrations of macro and
micro elements in a fast growing tropical eucalypt. Plant and Soil
45, 477-492.

Lu, C. and Zhang, J. (1998) Effects of water stress on photosynthesis,
chlorophyll fluorescence and photoinhibition in wheat plants.
Australian Journal of Plant Physiology 25, 883—-892.

Methy, M., Damesin, C. and Rambal, S. (1996) Drought and photosystem
II activity in two mediterranean oaks. Annales des Sciences
Forestieres 53,255-262.

Misra, R.K., Turnbull, C.R.A., Cromer, R.N., Gibbons, A.K. and
LaSala, A.V. (1998) Below and above-ground growth of Eucalytus
nitens in a young plantation. 1. Biomass. Forest Ecology and
Management 106, 283-293.

Mohammed, G.H., Binder, W.D. and Gillies, S.L. (1995) Chlorophyll
II fluorescence: a review of its practical forestry applications and
instrumentation. Scandinavian Journal of Forestry Research 10,
383-410.

Mohammed, G.H., Noland, T.L., Parker, W.C. and Wagner, R.G. (1997)
Pre-planting physiological stress assessment to forecast field growth
performance of jack pine and black spruce. Forest Ecology and
Management 92, 107-117.

Mulligan, D.R. (1988) Phosphorus concentrations and chemical fractions
in Eucalyptus seedlings grown for a prolonged period under
nutrient-deficient conditions. New Phytologist 110, 479—486.

Myers, B.J. and Landsberg, J.J. (1989) Water stress and seedling growth
of two eucalypt species from contrasting habitats. Tree Physiology
5,207-218.

Ngugi, M.R., Doley, D., Hunt, M.A., Dart, P. and Ryan, P. (2003) Leaf
water relations of Eucalyptus cloeziana and Eucalyptus argophloia
in response to water deficit. Tree Physiology 23, 335-343.

Ogren, E. (1990) Evaluation of chlorophyll fluorescence as a probe for
drought stress in willow leaves. Plant Physiology 93, 1280-85.

Ogren, E. and Oquist, G. (1985) Effects of drought on photosynthesis,
chlorophyll fluorescence and photoinhibition susceptibility in intact
willow leaves. Planta 166, 380—388.

Olsen, J.K. and Bell, L.C. (1990) A glasshouse evaluation of ‘critical’
N and P concentrations and N:P ratios in various plant parts of six
eucalypt species. Australian Journal of Botany 38, 281-298.

Australian Forestry 2008 Vol. 71 No. 1 pp. 54-63



Karin Weggler, Catherine Carney and Christine Stone 63

Paul, K.I., Polglase, P.J., O’Connell, A.M., Carlyle, J.C., Smethurst, P.J.,
Khanna, P.K. and Worledge, D. (2003) Soil water under forests
(SWUF): amodel of water flow and soil water content under a range
of forest types. Forest Ecology and Management 182, 195-211.

Pukacki, P.M. and Kaminska-Rozek, E. (2005) Effect of drought stress
on chlorophyll a fluorescence and electrical admittance of shoots
in Norway spruce seedlings. Trees: Structure and Function 19,
539-544.

Rhizopoulou, S. and Davies, W.J. (1993) Leaf and root growth dynamics
in Eucalyptus globulus seedlings growing in drying soil. Trees 8,
1-8.

Rolando, C.A. and Little, K.M. (2003) Using chlorophyll fluorescence to
determine stress in Eucalyptus grandis seedlings. Southern African
Forestry Journal 197, 5-12.

Schonau, A.P.G. (1981) The effects of fertilizing on the foliar nutrient
concentrations in Eucalyptus grandis. Use of bark for diagnosing
phosphorus deficiency. Fertiliser Research 2, 73-88.

Thomas, D.S., Montagu, K.D. and Conroy, J.P. (2006) Leaf inorganic
phosphorus as a potential indicator of phosphorus status,
photosynthesis and growth of Eucalyptus grandis seedlings. Forest
Ecology and Management 223, 267-274.

Wang, D., Bachelard, E.P. and Banks, C.G. (1988) Growth and water
relations of two subspecies of Eucalyptus globulus. Tree Physiology
4, 129-138.

Whitehead, D. and Beadle, C.L. (2004) Physiological regulation of
productivity and water use in Eucalyptus: a review. Forest Ecology
and Management 193, 113—140.

Australian Forestry 2008 Vol. 71 No. 1 pp. 54-63



64

Rate of spread of myrtle wilt disease in undisturbed Tasmanian rainforests

J.M.Packham!, H.J. Elliott?3? and R. Bashford*

110 McKenzies Rd, Leslie Vale, Tasmania 7054, Australia
2474 Nelson Rd, Mt Nelson, Tasmania 7007, Australia
3Email: helliott@ozemail.com.au
4Forestry Tasmania, GPO Box 207, Hobart 7001, Australia

Revised manuscript received 23 January 2008

Summary

The long-term rate of spread of myrtle wilt disease was monitored
in plots within undisturbed forests at six localities in Tasmania
representing a range of rainforest types containing myrtle,
Nothofagus cunninghamii. The incidence of myrtle wilt, indicated
by trees showing evidence of attack by the mountain pinhole
borer Platypus subgranosus, at the start of the monitoring period
was 15.8-45.4% of standing trees across the range of sites. After
12—18y, the incidence was 16.8—-50.9%, representing an increase
in myrtle wilt of 0.08-0.67% per year.

There was a significant effect of rainforest type on both disease
incidence and the level of physical damage to myrtle trees (broken
limbs and stem wounds), callidendrous rainforests having higher
disease and damage levels than thamnic and implicate stands. The
effect of altitude on disease incidence was also significant, with
myrtle wilt levels being lower at higher altitudes.

The factors affecting the levels of myrtle wilt and the current
significance of the disease in Tasmanian rainforests are discussed;
disease levels recorded over the sampling period indicate a
currently stable situation.

Keywords: wilts; rain forests; disease surveys; disease prevalence; spread;
myrtle wilt disease; Nothofagus; Tasmania

Introduction

Myrtle wilt is the main cause of death of myrtle, Nothofagus
cunninghamii (Hook. Oerst.) in cool temperate rainforest in
Tasmania (Elliott ez al. 1987) and Victoria (Packham and Kile
1992). Tree death results from infection from the pathogenic
hyphomycete fungus, Chalara australis (Kile and Walker 1987),
which enters attacked trees through wounds or via root grafts with
nearby diseased trees (Packham 1991, 1994).

The occurrence of dead and dying myrtle trees in cool temperate
rainforest was first reported by Howard (1973), who noted that
affected myrtles had extensive attack by the mountain pinhole
borer, Platypus subgranosus Schedl., and for some years this
insect was assumed to be a vector of a pathogenic fungus.

Although P. subgranosus attack is usually associated with dead
and dying trees, Kile and Hall (1988) showed that Chalara was not
dependent on P. subgranosus for entry into trees and that infection
occurred prior to attack by the beetles. Platypus subgranosus
attacks wounded and burnt trees, but only trees infected with
Chalara suffer sustained attack (Kile et al. 1990).

Myrtle wilt is widespread in Tasmanian rainforests. Surveys
along transects through a range of undisturbed rainforest types
and localities across the state showed that an average of 24.6%
(range 9.4-53.4%) of standing myrtles were dead or dying from
the disease. At the time of the surveys (mid-1980s), dying trees
were occurring at an average rate of 1.6% of live trees per year
(Elliott et al. 1987). After further investigation of the time taken
by attacked trees to die, the mortality rate was revised down to
0.61% (range 0—1.73%) per year (Packham 1994).

The high level of myrtle wilt observed in rainforest areas in
Tasmania in the 1970s and 1980s was a great concern to forest
managers. The mechanism of spread of this disease was not fully
understood at the time, and the longer-term potential for increased
incidence was unknown. Disturbance exacerbates the effects of
myrtle wilt (Howard 1973) and there were numerous observations
by the present authors through the 1970s and 1980s of increased
incidence of dying myrtles adjacent to roading and logging
disturbance. Monitoring of disease spread in rainforests disturbed
by a range of logging and regeneration treatments showed that
cumulative mortality of myrtle 10-26 y after treatment ranged
from 25.4 to 44.8%. Annual mortality rates from myrtle wilt were
initially high at all sites after treatment, but after 3-9 y they had
declined significantly to stabilise at background levels previously
reported for undisturbed myrtle forests (Elliott e al. 2005).

Myrtle wilt was also commonly observed in undisturbed, often
remote rainforest areas, many of which were in conservation
reserves. Thus, from a nature conservation view as well as a timber
production view, knowledge of the potential impact of the disease
was required. We established plots to assess the rate of spread of
myrtle wilt across a range of rainforest types and localities in order
to monitor changes in the incidence of the disease over the medium
to long term. This paper reports the changes in the incidence of
myrtle wilt in these undisturbed forests over a 12—18 y period.
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Methods

Plot establishment

Permanent plots were established at six sites across Tasmania
representing major rainforest types as defined by Jarman et al.
(1984). The forest at all sites had either never been disturbed
or had remained undisturbed for several decades with minimal
signs of previous disturbance present. Site descriptors, including
vegetation types, are listed in Table 1 and site locations are shown
in Figure 1.
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Figure 1. Plot locations

Table 1. Site descriptors for myrtle wilt rate-of-spread plots
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The Arve Loop site was set up in 1982 as a 3.5 ha rectangular
plot, and the location and diameter at breast height over bark
(dbhob) of 327 myrtle trees >5 cm diameter were recorded. In
1990, diameters of the plot trees were remeasured and trees that
had grown into the 10 cm class in the intervening 8 y at this site
were included in the survey, but trees which had grown into the
5-10 cm class were not included.

The other five sites were established in 1988—1989 in homogen-
eous forest areas of the desired rainforest type. At each site,
sufficient circular plots of 50 m radius (0.79 ha) were established
to obtain a minimum of about 200 standing myrtle trees with
a dbhob >15 cm (including standing dead trees identifiable as
myrtles). At each site, the first plot was located when the first
myrtle recently attacked by P. subgranosus or dying from myrtle
wilt>100 m from the road edge was found. The centre of the plot
was then obtained by measuring 50 m from this tree on the same
bearing. Any subsequent plots at the site were established when
a currently attacked tree was found, at least 150 m from the edge
of the previous plot. Orientation from the first plot depended on
the size and shape of the rainforest area. The centre of each plot
was marked with a steel picket and all standing myrtle trees over
the threshold diameter were numbered with yellow paint on the
stem, and distances and compass bearings from the centre peg
were recorded. All numbered trees were assessed at each sampling
occasion. Trees in these circular rate-of-spread plots which grew
into the threshold diameter class (=15 cm dbhob) after the first
assessment were included in subsequent assessments, except the
most recent one.

Health and damage assessments

At plot establishment and at each subsequent assessment, all
numbered standing myrtle trees (alive and dead) were assessed
for health status using eight health categories (Table 2). The Arve
Loop plot was assessed on seven occasions over 18 y; plots at all
other sites were assessed on four occasions over an 12-y period.
Attack by P. subgranosus was used as an indicator of infection
by myrtle wilt disease. Dead and dying trees with evidence of
P. subgranosus attack and live trees with recent attack were
assumed to have myrtle wilt disease. Trees assessed as health
status class 2 (healthy but with old P. subgranosus attack on
the lower stem) were not included in the total of diseased trees

Grid reference

Site (1:100000 series) Geology Altitude (m) Forest type*

Arve Loop 796242 Jurassic dolerite 440460 Eucalyptus regnans, E. obliqua over thamnic
rainforest T1a/T3a

Five Road 526694 Ordivician limestone 440 Scattered E. delegatensis over callidendrous
rainforest Cla

Frodshams Pass 496573 Cambrian dolomite 540 Implicate/thamnic rainforest [4a/T1b

Simons Road 442207 Devonian granite 820 Callidendrous rainforest C2a

Lake Chisholm 370444 Precambrian mudstone 120-180 E. ovata, E. nitida over callidendrous/thamnic
rainforest CT1a/T3a

Pipeline 18 Mile Peg 583273 Tertiary basalt 500 Thamnic rainforest Tla

*Rainforest type classification after Jarman et al. (1984): callidendrous = tall trees, park-like with open understorey; thamnic = trees of moderate
height with a shrubby, relatively open understorey; implicate = shorter trees with an open canopy and a tangled understorey
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Table 2. Health status classes (HSC)*

. Healthy

~N NN AW =

. Healthy, but with old Platypus subgranosus attack (entry holes) on lower stem

. Healthy, but with current P. subgranosus attack (frass accumulation on lower stem)

. Dying (orange/brown foliage retained on the tree) with current P. subgranosus attack

. Dead <3y (fine twigs remaining on the tree); P. subgranosus attack (old or current) present
. Dead >3 y (main branches only present); P. subgranosus entry holes present on lower stem
. Dead, but with no evidence of P. subgranosus attack

8. Tree alive but with major crown dieback, cause unknown

*From Elliott et al. (1987)

as they were considered to have resisted infection by myrtle
wilt disease.

The cumulative incidence of myrtle wilt at each site at each
assessment was obtained by dividing the number of diseased trees
(health status classes 3—6) by the total number of standing myrtle
trees (health status classes 1-8), expressed as a percentage.

Trees in the circular plots (i.e. at all sites except Arve Loop) were
assessed for recent damage at the first measurement using four
damage categories (Table 3).

Analyses

The effects of rainforest type on the initial (1988—1989) incidence
of myrtle wilt and of recent damage at the sites where circular plots
were established were tested by analysis of variance (ANOVA),
adjusted for altitude by using it as a covariate. The data were first
transformed using the arcsin of the square root of the percentage
of trees diseased or damaged. The Arve Loop plot was omitted in
the test on recent damage as this variable had not been assessed
throughout the plot at establishment (1982). For the analyses, the
Lake Chisholm plot, which was a callidendrous/thamnic rainforest
type was considered to be thamnic.

Table 3. Tree damage classes (DC)*

1. No damage

2. Broken limbs in the crown

3. Stem damage

4. Broken limbs in crown and stem damage

*From Elliott et al. (1987)

Table 4. Incidence of myrtle wilt in standing trees

Results

At plot establishment, the cumulative incidence of myrtle wilt
ranged from 15.8% at Frodshams Pass to 45.4% at Five Road.
After 12-18 y the cumulative incidence across all sites ranged
from 16.8% to 50.9% with Frodshams Pass and Five Road still at
the low and high points of the range respectively. This represents a
slow rate of increase in myrtle wilt incidence over the monitoring
period, ranging from 0.08% per annum at Frodshams Pass to
0.67% at Lake Chisholm (Table 4). At some sites there was a
slight initial increase in percentage of diseased trees but the rate
of increase slowed considerably to become static at many sites,
particularly between the penultimate and final measurements

(Fig. 2).

The number of trees assessed at each site remained essentially
constant through the monitoring period (Table 4). The minor
fluctuations in standing tree numbers resulted from addition of
trees growing into the diameter range between assessments, and
losses from dead trees falling to the forest floor.

There was a significant effect of rainforest type on myrtle wilt
incidence at the first measurement (Table 5). The callidendrous
sites (Five Road, Simons Road) and the callidendrous/thamnic site
(Lake Chisholm) had higher disease incidence than the thamnic
and implicate sites (Arve Loop, Frodshams Pass and Pipeline 18
Mile Peg). The effect of altitude on disease incidence was also
significant, the occurence being less at higher altitudes.

The incidence of recent damage in the rate-of-spread plots at the
first measurement ranged from 6.8% at Pipeline 18 Mile Peg to
23.9% at Five Road. Callidendrous sites had a higher incidence of
recently damaged trees than thamnic and implicate sites (Table 6).
The significant effect of rainforest type on the incidence of recent
damage is shown in Table 7.

. Diseased myrtle at plot Diseased myrtle at final Increase
Site No. trees assessed* establishment (%) assessment (%) %y
Arve Loop 327 (327) 25.1 32.9 0.43
Lake Chisholm 347 (339) 36.9 449 0.67
Five Road 392 (379) 45.4 50.9 0.46
Simons Road 318 (311) 28.0 31.8 0.32
Pipeline 18 Mile Peg 243 (244) 19.8 22.7 0.24
Frodshams Pass 190 (188) 15.8 16.8 0.08

*Number of trees at first assessment; number of trees at final assessment in parentheses
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Table 5. ANOVA of percentage of diseased trees by rainforest type at
first measurement, adjusted for altitude (data transformed to arcsin

square root of percentage diseased)

Source of variation

Significance

F ratio level

Covariate: altitude
Main effect: rainforest type

29.290
96.076

0.0325
0.0103

Residual
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Figure 2. Cumulative incidence of myrtle wilt

Discussion

Packham (1994) concluded that myrtle wilt was probably an
endemic disease although levels may have increased in the
recent past. Read and Hill (1985) found that Tasmanian rainforest
was normally self-replacing, with no major changes in species
composition or dominance occurring, and with myrtle maintaining
its dominance by seedling regeneration in canopy gaps caused by
the death of old myrtles. Myrtle wilt is the prime cause of death

and subsequent gaps in myrtle-dominated rainforest, and is thus
an effective agent for the gap regeneration process.

Extensive studies of myrtle wilt in the 1980s and early 1990s
established that the average annual mortality from myrtle wilt at
the time was 0.61% per annum and that this level of mortality
was unlikely to lead to any permanent changes in forest structure
(Packham 1994). Although myrtle wilt disease is a continuing
phenomenon in Tasmanian rainforests, the low rate of increase
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Table 6. Incidence of recent damage in circular rate of spread plots at first measurement (DC = damage class)

No. of myrtles in damage class Fraction damaged

Site Rainforest type | 5 3 . (DC 2-4/1-4) (%)
Simons Road Callidendrous 209 25 12 3 16.1
Five Road Callidendrous 204 56 6 2 23.9

(+ eucalypts)
Lake Chisholm Callidendrous/thamnic 208 11 10 4 10.7

(+ eucalypts)
Pipeline 18 Mile Peg ~ Thamnic 192 6 8 0 6.8
Frodshams Pass Implicate/thamnic 152 11 2 2 9.0

Table 7. ANOVA of percentage of damaged trees by rainforest type adjusted for altitude

Source of variation

Covariate: altitude
Main effect: rainforest type
Residual

DF Fratio  Significance
level
13.635 0.1661
260.059 0.0432

recorded in the present study over 12—18 y of monitoring indicates
a currently stable situation. This result supports the prediction of
Packham (1994).

Analysis of a sequence of colour aerial photos of an area of
undisturbed rainforest taken in 1978-1979, 1984-1985 and
1996-1997 identified 109, 97 and 102 dead or dying tree crowns
respectively (Mesibov 2002). Exact rates of spread cannot be
calculated from this photo sequence because myrtle wilt may
not have been the only cause of death and the tree crowns
identified on the photos may not always represent individual
trees. However, the study clearly showed that myrtle wilt in this
area of Tasmanian rainforest was widely spread in space and time
(Mesibov 2002).

The incidence of myrtle wilt disease was generally higher at
plot establishment in the sites supporting a callidendrous forest
type (Jarman et al. 1984). A similar relationship of disease
incidence to rainforest type was found in the extensive surveys
of'undisturbed rainforest by Elliott et al. (1987). In callidendrous
rainforest in Tasmania, the dominance of myrtle is greater than in
thamnic and implicate rainforest and it may be that the favourable
growing conditions for myrtle found in callidendrous forest also
favour development of the species-specific myrtle wilt disease.
Re-analysis of the data set of Elliott et al. (1987) by Packham
(1994) indicated that the absolute and relative myrtle densities
were greater in callidendrous than thamnic or implicate rainforest,
and higher in pure rainforest than in mixed forest. The higher
density of myrtle stems in the more fertile callidendrous forests
may promote more root contacts, thus facilitating disease spread
through root grafting. Analysis of the distribution of diseased trees
by Packham (1994) showed a distinct clumping effect, supporting
a theory that clumping is at least partially caused by the transfer
of the disease via root grafts between neighbouring trees.

The incidence of recent damage followed the same trend as
disease incidence in relation to rainforest type, although whether

damage is the cause or effect of disease in this case is not clear.
Tree wounds provide infection sites for C. australis (Kile and
Walker 1987) but it is difficult to separate cause and effect because
falling stems and branches from dead and dying trees may damage
adjacent healthy trees, thereby increasing their susceptibility to
infection. However, in mixed forests where overtopping eucalypts
frequently shed branches onto the rainforest understorey, groups
of damaged myrtles are often found dying from myrtle wilt.

The myrtle wilt rate-of-spread plots are important long-term sites
which should continue to be used to monitor the health of myrtle
rainforest in Tasmania. It is intended that future assessments
will be conducted at intervals of 10 y unless sudden increases in
general disease levels warrant shorter intervals.
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Summary

This paper presents the results of a study of tree growth in farm
forestry eucalypt plantations in the low- to medium-rainfall
(450-700 mm y ') regions of New South Wales, Australia, in an
attempt to estimate the productivity of the plantations. The species
measured include Eucalyptus camaldulensis, E. botryoides,
E. globulus, E. albens, E. polyanthemos, E. microcarpa,
E. melliodora, E. sideroxylon, E. crebra and Corymbia
maculata. At age 10 y, mean dominant height (100 tallest trees
per hectare) ranged from 7.5 to 18.8 m, mean top basal area
(thickest 100 stems ha!) from 1.5 to 9.2 m? ha!, volume from
9.5 to 125.9 m? ha'!, total above-ground biomass from 12.5 to
105.8 t ha™!, and mean carbon density (above ground) from 11.2
to 35.2 thal.

Keywords: arid climate; plantations; growth; productivity; height; basal
area; volume; farm forestry; environmental factors; eucalypts

Introduction

The establishment of plantations in landscapes prone to dryland
salinity in Australia is one means of reducing the recharge that
drives the salinisation process (George et al. 1999; Morris and
Collopy 1999). Due to low growth rates, less established forestry
infrastructure and greater distances to markets, commercial
agroforestry in the low- to medium-rainfall region of Australia is
unlikely to generate an economic return based on wood products
alone (Zorzetto and Chudleigh 1999). However, packaging the
environmental services such as carbon sequestration, salinity
control and biodiversity enhancement that farm forestry provides
with timber products may provide a means of attracting investment
in reforestation in areas otherwise considered marginal for farm
forestry (Grieve!; Walsh et al. 2003).

Large areas of land that are potentially available for farm forestry
in Australia do not suit most of the hardwood and softwood
species that traditionally have been grown in plantations; hence
species likely to succeed on low-rainfall sites have had little

! Grieve, A.M. (2003) An overview of the environmental service indices developed
for use in the NSW Environmental Services Scheme, Environmental Markets
Team. Forests NSW Internal paper, June.

or no commercial development (Ryan et al. 2002). As a result,
empirical site assessment systems that are already developed to
estimate site productivity for commercial species will have little
direct utility for farm forestry. As most of the plantations that
have been established in low- to medium- (450-700 mm y ')
rainfall environments in New South Wales (NSW) are generally
less than 15 y old, there are virtually no long-term growth data
from which to develop robust empirical yield prediction models
for various hardwood species. As a consequence, estimates of
plantation productivity in low- to medium-rainfall areas generally
rely on process-based models (e.g. 3-PG, ProMod) using data of
varying quality, accuracy and resolution with a reliance on expert
knowledge and opinion to calibrate and validate the models (Bugg
et al. 2002; Ryan et al. 2002).

This difficulty in developing both empirical and process-based
models to estimate productivity on unplanted land is not confined
to Australia. In the United Kingdom (UK), changes in UK
forest policy, combined with ongoing reforms of the Common
Agricultural Policy, have lead to suggestions that the area under
forestry in the UK is likely to expand significantly over the next
half-century (Bateman and Lovett 1998). As a result, considerable
effort is being channelled into developing empirical models to
predict growth of commercial species on unplanted land across
diverse terrain in the UK, using a range of environmental attributes
(e.g. Worrell and Malcolm 1990; Macmillan 1991; Bateman and
Lovett 1998).

This study is concerned with the productivity of farm forestry
plantations in the low- to medium-rainfall (450-700 mm y ')
arcas of NSW, Australia. Our objective was to examine the
current productivity and carbon sequestration potential of
eucalypt plantations along the western slopes and plains of
NSW, using measurement data from permanent sample plots
(PSPs) established in the latter half of 2002. We predict mean
dominant height, mean top-basal area, stem volume and carbon
sequestration potential at age 10 y for a range of eucalypt species.
The results are then compared to other published estimates of the
potential productivity of plantations in the low-rainfall areas of
south-eastern Australia, and opportunities for improving estimates
are discussed.
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Data and methods

Sampling strategy and study sites

The sampling strategy was aimed at eucalypt plantations that were
Sy of age or older and were a block planting no less than 2 ha
in size. The size of the plantations ranged from 3 to 31 ha, and
age from 5 to 14 y (Table 1). The sample plots were located at
least 10 m from the boundary of each plantation to avoid possible

Armidale

12
10 ©

12@Quirindi

edge effects. Plot sizes ranged from 0.04 to 0.16 ha, tree stocking Dubbo g

from 175 to 1150 stems ha™! (Table 1), and the number of stems

per plot from 16 to 76. Eighty-eight per cent of the plots had @ Orange
between 22 and 49 stems per plot. In each plot stem height and 9 Sydney
diameter at breast height over bark (dbhob, 1.3 m) were measured 6 1. ©

e “25 Canberra

for each tree using a Vertex III hypsometer ultrasonic signal
g yp g Wagga Wagga 76 2 e

device and a diameter tape, respectively. In total, 73 sample plots
were established across 12 properties (Table 1), providing 2908
individual tree measurements. Figure 1 shows the location of the

12 properties on which PSPs were established.
Figure 1. Location of the study properties and plantations in NSW,

Australia. The numbers refer to the location ID shown in Table 1.
Measurement trees

Eucalyptus camaldulensis Dehnh. (river red gum) was the most
common species planted, occurring on 6 of the 12 properties
(Table 1) and providing 34% of the total number of tree
measurements (Table 2). This species also had the greatest range

Table 1. Summary of the property names and locations, the age class, species mix, size and current stocking of the plantations, and the number
and size of the measurement plots established in each of the plantations

D Property Location Latitude (S) Year Species Plantation ~ No. Plotsize Current stocking at
name and longitude  planted p size (ha)  plots (ha) 1.3 m (stems ha ')
1 Avondale Coolamon 34°47'147°13" 1995 E. camaldulensis, 6 9 0.04-0.07 420-1150
E. sideroxylon,
E. microcarpa,
E. melliodora
2 Fairfield Marrar 34°52' 147°21' 1992 E. camaldulensis 4 4 0.05 830-960
3 Mona Vale Ladysmith 35°11', 147°29' 1989  E. melliodora 3 3 0.06-0.1 290-640
4 Burnbank Ladysmith 35°12',147°38" 1994, E. camaldulensis, 7,4 8 0.06-0.13 350-910
1996  E. botryoides,
E. polyanthemos
5 Tufnell Park Wantabadgery 35°01', 147°38' 1994 C. maculata 5 4  0.06-0.07 310440
6  Rockdale Narrandera 34°39', 146°28' 1990 E. camaldulensis 31 8 0.16 175-220
7 Old Culcairn 35°40', 147°10' 1990, E. melliodora, 13,6 5 0.06-0.09 480-730
Carabobola 1991 E. albens,
E. sideroxylon
8  Lindfield Mullengandra  35°54', 147° 06' 1991 E. globulus, 12 6 0.08-0.16 230-450
C. maculata
Hillcrest Young 34°15', 148°19" 1988 E. camaldulensis 8 5 0.12-0.14 300-380
10 Connamara Pine Ridge 31°32',150°28' 1996  E. sideroxylon, 5 5 0.09-0.12 330470
E. melliodora,
E. albens
11 Paringa Pine Ridge 31°33', 150°29" 1996, E. sideroxylon, 14 12 0.05-0.1 390-770
1997 E. crebra,
E. melliodora
12 Davidson Attunga 30°57', 150°52' 1990 E. camaldulensis, 8 6 0.07-0.12 330-670

E. melliodora

Australian Forestry 2008 Vol. 71 No. 1 pp. 70-77



72 Growth and carbon sequestration rates of eucalypts in NSW

Table 2. The percentage of the total number of trees measured
represented by each species and the year they were established

Fraction of the total

Species number of trees Year established
measured (%)
E. camaldulensis 34 1988, 1990, 1992,

1994, 1995,1996

E. melliodora 17 1989, 1990, 1991,
1995, 1996,

E. albens 4 1996

E. microcarpa 5 1995

E. polyanthemos 7 1994

E. sideroxylon 10 1990, 1991, 1995, 1996

E. crebra 5 1997

C. maculata 6 1991, 1994

E. botryoides 8 1994, 1996

E. globulus 4 1991

in age class with plantations ranging from 6 to 14 y old (Table 2).
The four box species E. albens Benth. (white box), E. microcarpa
(Maiden) Maiden (grey box), E. melliodora Cunn. ex Schauer
(yellow box) and E. polyanthemos Schauer (red box) collectively
provided 33% of the total number of trees measured (Table 2) and
occur on 8 of the 12 properties (Table 1). The box species ranged in
age from 6 to 13y, with only E. melliodora having more than one
age class (Table 2). The ironbarks E. sideroxylon Cunn. ex Woolls
(Mugga Mugga ironbark) and E. crebra F.Muell. (narrow-leaved
ironbark) constituted 10% and 5% of the total number of trees
measured, respectively (Table 2), with E. sideroxylon occurring on
four properties and E. crebra on one. The former had an age class
range of 6—12 y whilst the latter had one age class, 5 y. Corymbia
maculata Hook. (spotted gum) occurred on two properties and
provided 6% of the total number of measurements, with age
classes of 6 and 11 y. Eucalyptus botryoides Smith (southern
mahogany) and E. globulus Labill. subsp. bicostata (Maiden et al.)
Kirkpatr. (southern blue gum) were each confined to one property
and represent 8% and 4% of the total number of trees measured

respectively. The former species was 6 and 8 y of age, and the
latter 11 y, at the time of measurement (Table 2). For modelling
purposes, growth data for the four box species (E. albens, E.
microcarpa, E. melliodora, E. polyanthemos) and the two ironbark
species (E. crebra, E. sideroxylon) were combined into a box and
ironbark group, respectively.

Site attributes: rainfall

Values of long-term mean annual rainfall (MAR) for each
plantation obtained from interpolated daily rainfall and climate
surfaces maintained by the Queensland Department of Natural
Resources and Mines (Jeffrey et al. 2001), show that MAR
across the measurement plots ranged from 459 to 678 mm
(Table 3). These values, however, may not be a true reflection
of the amount of rain received by each plantation since its
establishment. Hence, for each plantation, an estimate of the MAR
received by the plantation between the year it was established
and the measurement date was calculated from the interpolated
daily rainfall data (Table 3). Half of the properties (Avondale,
Monavale, Rockdale, Old Carabobola, Lindfield and Davidson)
received rainfall within £15 mm of the long-term annual mean.
MAR at Connamara and Paringa was >100 mm above of the long-
term average, whilst Tufnell Park received 40 mm less than the
long-term average. The remaining three plantations — Fairfield,
Hillcrest and Burnbank — received an additional 27 mm, 34 mm
and 72 mm of rainfall annually respectively when compared to
the long-term average (Table 3).

Modelling methods

Dominant height at age 10 y

The quantification of height growth in even-aged forest stands
can be used for assessing the potential productivity of forest
land (site quality). Dominant height is used in preference to
measures such as volume because it is more easily measured
and is relatively independent of variations in stand density and
thinning treatments. In this study, dominant height is defined as

Table 3. Climatic data for each of the properties and plantations

Property Long term Actual® MAR received Difference between long-term Annual pan
MAR?® (mm) by the plantation (mm) MAR and actual MAR (mm)  evaporation (mm)
Avondale 501 499 -2 1674
Fairfield 562 589 +27 1632
Mona Vale 647 658 +11 1568
Burnbank 578 650 +72 1626
Tufnell Park 569 529 -40 1585
Rockdale 459 455 -4 1715
Old Carabobola 630 620 -10 1532
Lindfield 678 693 +15 1442
Hillcrest 614 648 +34 1388
Connamara 625 727 +102 1788
Paringa 625 727 +102 1788
Davidson 618 615 -3 1836

*Mean annual rainfall
PEstimated as described in text
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the mean height of the trees in a plot which correspond to the 100
tallest trees per hectare.

Due to the very small number of suitable plantations in the region,
the field measurement data in this study were collected from plots
of differing ages. An attempt was made to ‘normalise’ the dominant
height to a base age by projecting the data forward or backward to
abase age of 10 y using a path-invariant projection equation. Ten
years was chosen as the base age, as this was roughly the mid-point
of plot ages and it minimised the average projection interval for the
plots. An unpublished Forests NSW dominant height projection
equation developed for C. maculata (Muhairwe?) was used to
normalise the data (Equation 1 — coefficients not provided). The
range of projection intervals between the initial age and the base
age was between 0 and 5.6 y.

By

H, = — A
1 —(1—By/H)) x (A;/Ay)"!

, ey

where H, = mean dominant height at future age; H, = current
mean dominant height (m); 4, = current stand age (y); 4, = future
stand age (y); and B, and B, are coefficients.

Basal area increment model

Basal area for each plot at the time of measurement was
calculated as the sum of the cross-sectional area of each tree
(using dbhob) and dividing by the plot area. As with the dominant
height data, the basal area data were normalised to a base age of
10 y using an unpublished Forests NSW basal area projection
equation developed for C. maculata (Muhairwe?) (Equation 2
— coefficients not provided).
age,

Bs
BA, = exp (ln(BAl) X <—>

age,
Bs
+ B, x (1 _ <—agel> )) , )
age,

where BA, and BA, are basal area at age, and age, respectively
and B,, B, and B, are coefficients.

The error associated with using a single generic model is small due
to the projection period being relatively short and the expectation
that initial basal area is driving the growth predictions. For this
study, the ranking of plots on the same footing was more important
than accurate estimation of final yield.

Top basal area

A perennial problem with diameter or basal area per hectare
measures is that they are intrinsically related to stocking. By
definition, basal area is correlated with stems per hectare,
especially with lower absolute numbers. To permit comparison
among plots with differing stocking levels, the average basal arca
of the thickest 100 stems ha™! (top basal area) was calculated for
each plot on the premise that it would be reasonably invariant to
the effects of stocking. This approach is not ideal, as trees grown at
high stocking levels will interact and tend to have lower diameters

2Muhairwe, C. (2003) Growth and yield models for eucalypt plantations.
Unpublished Forests NSW internal report.

than those of a similar age grown at lower stocking, but it does
provide a first-order method of removing stocking as a factor
when comparing basal area at age 10 y among plots.

Volume

The basal area for each tree projected to year 10 was estimated by
adjusting the basal area at the time of measurement by the same
proportion that the stand basal area changed (Equation 3):

BA,

B, =B, x —=,
2 1 BA,

3)
where B, and B, is the individual tree basal area at ages 1 and 2

respectively and B4, and BA, are the stand basal areas at ages 1
and 2 respectively.

The height of each tree projected to year 10 was estimated in the
same way using the ratio of dominant heights (/7,/ H,) multiplied
by the tree height at time of measurement. The volume (V) of each
tree was then estimated from height and diameter at age 10 y using
the formula for the volume of a cone modified to account for the
section of the tree between the base and 1.3 m (Equation 4). Tree
volumes were then summed to obtain a plot volume:

V =0333BA(H—13)+13BA. 4)

A cone rather than a more complex shape function was deemed
an acceptable and conservative estimator of volume given the
projection was to age 10y and the lack of species-specific volume
equations and taper functions.

Above-ground biomass

Total above-ground biomass (AGB) at age 10 y for each plot
was estimated using the following general allometric equation
for E. pilularis (Equation 5) published by Montagu et al. (2005).
These authors demonstrated that the total aboveground biomass
for E. pilularis from across a range of ages and growth forms was
well estimated by the equation:

AGB = exp ( —3.270 + 2.707 x In(dbhob + 1))
x (0.971) . (5

The diameters of all trees were converted to AGB using the above
equation and the result expressed as tonnes per hectare. Total
carbon was estimated assuming that the carbon content of AGB is
50%. The use of this general equation rather than species-specific
equations was deemed acceptable for the purposes of this study,
since reliable allometric equations for most of the species do
not currently exist and the objective was merely to give an
indication of the likely rates of biomass accumulation and carbon
sequestration by plantings in this rainfall zone.

Results

Tree growth

The results of modelling dominant height and basal area to age
10y for the various eucalypt species are shown in Figures 2 and 3.
Figure 2 shows the trajectories of the growth curves for the range
of site indices for E. camaldulensis, and has been provided mainly
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Figure 3. Boxplot of mean dominant height and mean top basal area at age 10 y for each of the tree species. The line across each boxplot denotes
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as a visual check on the behaviour of the model. Dominant height
was greatest for E. botryoides, E. globulus and C. maculata, and
ranged from 14.1 to 18.8 m, 13.5to 16 m and 13.9 to 16.0 m for
these three species, respectively (Fig. 3). For the ironbark group,
dominant height ranged from 8.5 to 13.7 m; for E. camaldulensis,
8.4 to 13.2 m; and for the box group, 7.5 to 13.1 m (Fig. 3).

Top basal area was greatest for E. camaldulensis and the most
variable, ranging from 1.5 to 9.2 m? ha~!. As with dominant
height, top basal area was similar for E. botryoides, E. globulus
and C. maculata, and ranged from 4.5 to 6.0 m?> ha!, 4.8 to
7.0 m? ha~! and 4.0 to 6.7 m? ha! for these three species,
respectively. The ironbark group top basal area ranged from 2.2
to 4.7 m?ha!, followed by the box group with 1.6 to 3.1 m?ha!

(Fig. 3).

The estimates of volume attained at age 10y for the various species
show a high degree of variability, particularly for E. camaldulensis
and E. botryoides which ranged from 13.3 to 87.9 m3 ha! and
52 to 125.9 m3 ha! respectively (Fig. 4). For the other species,

volume estimates ranged from 64.2 to 85.6 m3 ha™! for E. globulus,
40.9 to 65.7 m3 ha! for C. maculata, 15.7 to 54.6 m3 ha™! for the
ironbark group and 9.5 to 48.2 m? ha! for the box group. The
large range in volume estimates for E. camaldulensis is due to
five high-productivity plots (45.1 to 87.9 m3 ha™!, see Fig. 4) in
a single plantation (Hillcrest, Table 1) established in 1988 over a
shallow water-table, where it is assumed the trees have had access
to water additional to rainfall. The range in volume estimates
for E. camaldulensis is greater than the difference in the volume
estimates between the species and can be attributed largely to
the range of site conditions where this species was planted. In
contrast to E. camaldulenis, the box species — whilst planted on
a similar range of sites — showed much less variation in their
predicted growth. The volume estimates for C. maculata, which
occurred on two sites, and E. globulus and E. botryoides, which
occurred on one site each, need to be treated with caution, as the
sites in question are not representative of conditions in the low- to
medium-rainfall areas of NSW.
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Figure 4. Scatterplot showing the range of volume estimates at age
10 y for each of the tree species. The symbols represent the different
properties and plantations.

Biomass accumulation

Total AGB ranged from 12.5 to 40.7 t ha! for the box species,
16.5 to 51.2 t ha™! for the ironbark species, 14.1 to 105.8 t ha™!
for E. camaldulensis, 36.5 to 55 t ha™! for C. maculata, 54.8 to
74.8 tha ! for E. globulus and 46.5 to 94.3 tha™! for E. botryoides
(Table 4). The mean annual biomass increment was 2 to 3.4 tha™!
for the box species, 2 to 3.6 t ha™! for the ironbark species, 2.2 to
6.7 tha™! for E. camaldulensis, 3.8 to 4.7 t ha™! for C. maculata,
6.8 tha™! for E. globulus and 7 t ha™! for E. botryoides (Table 4).
Grierson et al. (1992) reported a biomass accumulation rate of
1.5-2 t ha ! y! for box-ironbark communities in south-eastern
Australia, a rate similar to that reported here for the box and
ironbark species (2-3.6 t ha™! y!). The mean above-ground
carbon density at age 10 ranged from 10.1 to 16.9 t ha™! for
the box species, 10.1 to 18.1 t ha™! for the ironbark group, 11.2
to 33.7 t ha! for E. camaldulensis and 19.1 to 23.3 t ha™! for
C. maculata. For E. globulus and E. botryoides, mean above-
ground carbon density at age 10 y was 33.8 tha! and 35.2 t ha™!,
respectively (Table 4).

Discussion

Wong et al. (2000) used an empirical modelling approach to
estimate growth of six eucalypt species in south-eastern Australia,
two of which — E. botryoides and E. globulus — were common
to this study. For their lower-rainfall sites (600-699 mm y 1) in
the Gippsland region of eastern Victoria, their ranges of dominant
heights at age 10 y for E. botryoides were 14—18 m on deep
sands and 11-14 m on texture-contrast soils, a result similar to
our estimate for this species (14-19 m). For E. globulus, their
ranges of dominant heights at age 10 y were 13—16 m on deep
sands and 14—17 m on texture-contrast soils, again a result similar
to our estimate for this species (13—16 m). On their poorest sites
(site index of 14, height (m) at age 10 y), E. globulus attained

a volume of 89 m3 ha™! and 81 m? ha! in trials in Victoria
and South Australia respectively, which is within the range
(64.2-85.6 m3 ha™!) of our estimated volume at age 10 y for this
species. Using these authors’ South Australian growth projection
for E. globulus with a site index of 14 m and 16 m at age 10 y
(i.e. the range of dominant heights at age 10 for £. globulus in our
study), stem volume for this species in our study at age 20 y is
estimated to range from 167 to 232 m3 ha~!, which equates to an
MAI 0f 8.4-11.6 m? ha!. The South Australian volume projection
was chosen as it is derived from plantations receiving an MAR
similar to that of the plantations in our study.

Booth ez al. (2007) reported a minimum, mean and maximum site
index (dominant height) value at age 10 y of 2.6 m, 14.7 m and
29.7 m respectively for the combined growth of E. grandis Hill
ex Maiden (flooded gum), E. globulus, E. saligna Smith (Sydney
blue gum), E. camaldulensis and C. maculata. Their samples were
located on a wide range of sites across mainland south-eastern
Australia, where annual rainfall varied from a minimum of
227 mm to a maximum of 1830 mm, with a mean of 745 mm.
The much greater site index values reported by these authors
are probably a reflection of the high rainfall and the irrigation of
some sites. Nevertheless , the estimates of site index at age 10y
presented herein are consistent with previous studies.

Bugg et al. (2002) undertook a strategic assessment of land across
NSW to determine its biophysical capability and suitability for
growing softwood and hardwood plantations for wood production,
carbon sequestration, salinity abatement and land rehabilitation.
Using the process-based model 3-PG (Landsberg and Waring
1997) they assessed the biophysical potential of land to grow
trees and defined six productivity classes based on stem volume
at age 20 y. The potential productivity of E. globulus at age 20 'y
(8.4-11.6 m? ha™! y!) presented herein equates to a productivity
class 4 as defined by these authors. Areas of productivity class
4 are considered to be of low productivity (i.e. non-commercial
growth rates) and unsuited for conventional plantations but sites
where tree planting could provide environmental benefits. Given
that the productivity of the other species in our study was either
similar to or less at age 10 y than that of E. globulus, it is also
unlikely that they will generate an economic return based on
wood products alone.

Since our measurement in 2002, E. globulus has suffered
considerable mortality (up to 50%) due to water stress caused
by a prolonged drought, and thus will not achieve the volume
growth estimated above. Dutkowski (1995) reported significant
mortality (600 ha) in 3—6-y-old blue gum plantations in
Western Australia due to water stress induced by a major
drought in 1993-1994. Susceptibility to drought is an important
consideration when matching species to sites in low-rainfall
environments characterised by highly variable annual rainfall,
and particularly for eucalypts with a water-use strategy similar
to that of E. globulus (White et al. 2003). These authors suggest
that whilst E. globulus is well adapted to short periods of water
stress punctuated by rainfall events, it is particularly vulnerable
to prolonged periods of water stress. On sites where water storage
capacity is insufficient to buffer the deficit between summer
rainfall and evaporative demand, the physiological traits that
enable the rapid growth of this species render it vulnerable to
drought death. As with E. globulus, the E. botryoides plantation
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Table 4. Mean volume, total above ground biomass and carbon density at age 10 y, the range in biomass values and annual biomass increment
for each of the tree species

Mean annual

Species Property Volume range Mean above-ground biomass incre Biomass range  Mean carbon ~ No. of
31 -1 : -1 - -1 ; -1
(m” ha™) biomass (tha ) ment (t ha ') (tha™) density (tha )  plots
Box group Connamara 25.0-25.6 234 23 22.4-24.3 11.7 2
(E. melliodora, Paringa 26.5-48.2 33.7 34 23.8-40.7 16.9 3
E. albens, Davidson 31.6 32.7 33 - 16.4 1
E. macrocarpa, Mona Vale 9.5-31.6 20.1 2.0 12.5-25.5 10.1 3
E. polyanthemos) Old Carabobola 15.6-29.6 232 23 17.7-34.0 11.6 4
Avondale 24.5-31.3 273 2.7 24.0-31.3 13.7 4
Burnbank 35.7 31.8 32 - 15.9 1
Ironbark group Connamara 15.7-25.4 20.2 2.0 16.5-23.9 10.1 2
(E. sideroxylon, Paringa 20.6-54.6 36.2 3.6 20.2-51.2 18.1 9
E. crebra) Davidson 27.3 26.7 2.7 - 13.4 1
Old Carabobola 27.2 30.1 3.0 - 15.1 1
Avondale 29.2-35.9 359 3.6 32.5-394 18.0 2
E. camaldulensis Connamara 24.4 223 2.2 - 11.2 1
Davidson 26.3-40.6 33.7 34 26.4-42.8 16.9 4
Avondale 33.8-49.4 422 4.2 34.8-47.8 21.1 3
Burnbank 36.3 324 32 - 16.2 1
Hillcrest 45.1-87.9 67.3 6.7 47.2-105.8 33.7 5
Fairfield 23.1-67.7 423 42 23.9-62.9 21.2 4
Rockdale 13.3 31.7 32 14.1-33.0 15.9 8
C. maculata Tufnell Park 47.6-65.7 46.6 4.7 40.1-55.0 233 4
Lindfield 40.9-47.8 38.2 3.8 36.5-39.9 19.1 2
E. globulus Lindfield 64.2-85.6 67.6 6.8 54.8-74.8 33.8 4
E. botryoides Burnbank 52.0-125.9 70.4 7.0 46.5-94.3 35.2 6

has also suffered high mortality due to water stress induced by
the current drought in NSW. Whilst both of these species are by
far the most productive in our study, they are also a high risk.
On sites where sources of water additional to rainfall may be
exhausted or unavailable, even for a short time, there is an obvious
trade-off between production and risk when considering which
species to plant.

Accurate estimates of tree growth rates in low- to medium-rainfall
environments in Australia are essential to provide landholders and
potential investors with reliable forecasts of the economic and
environmental benefits of farm forestry. At present there is little
information on the specific adaptations of different tree species
and their potential growth rates across broad regions and particular
sites in low-rainfall environments. A major limitation of this study
and others (e.g. Wong et al. 2000; Booth et al. 2007) is the lack of
comparable species trials planted using the same genetic material
and establishment techniques over a wide range of conditions.
This issue is currently being addressed through the establishment,
by Forests NSW, of 50 dryland species demonstration trials across
NSW covering the range of seasonal rainfall regimes in the state.
The trials, planted in 2000, have been established using the same
genetic material and establishment techniques in replicated blocks,
each site being 2 ha in size (Barton and Parekh 2005). The species
planted include E. camaldulensis, E. sideroxylon, E. cladocalyx
F.Muell. (sugar gum), E. argophloia Blakely (Queensland western

white gum), C. maculata, C. variegata F.Muell. (spotted gum),
Pinus pinaster Aiton (maritime pine), Acacia mearnsii DeWild.
(black wattle) and two eucalypt hybrids.

The aim of the trials is to develop knowledge of species x site
interactions and potential growth rates to improve the planning
of afforestation for environmental and commercial benefits in
the low- to medium-rainfall area of NSW (Ryan et al. 2005).
The trials also provide the opportunity to undertake physiological
measurements of key species to parameterise and validate
physiological growth models that can simulate growth of farm
forestry plantations across broader areas. This knowledge will
be used to underpin decision support and risk analysis tools to
guide tree planting in the low- to medium-rainfall environments
of NSW.

Conclusions

This study shows that potential productivity varies within and
between the eucalypt species measured. The more productive
species E. botryoides and E. globulus showed early promise, but
they have both suffered significant mortality due to prolonged
water stress. For these species to remain productive in the low- to
medium-rainfall zone, sources of water additional to rainfall are
required. The productivity of E. camaldulensis varied considerably,
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due largely to the range of site conditions on which it had been
planted. On the better sites, its productivity overlapped that of
E. botryoides and E. globulus. C. maculata and the ironbarks
showed promise, and their productivity also overlapped that of
E. botryoides and E. globulus. Whilst the results for C. maculata
need to be treated with some caution due to a lack of replication
across a range of site conditions, its performance along with that
of E. camaldulensis and E. sideroxylon in other trials established
in similar environments is consistent with that reported here
(C. Barton unpublished). Of the species examined in this study,
E. camaldulensis, E. sideroxylon and C. maculata present the best
trade-off between production and risk when considering which
species to plant in the low- to medium-rainfall arcas of NSW.
We must add a word of caution regarding C. maculata, based on
experience within Forests NSW: this species is susceptible to frost
damage when young, a problem that may in part be addressed by
planting frost-tolerant provenances in frost-prone areas.

The recent establishment of replicated trials by both Forests NSW
and the Australian Low Rainfall Tree Improvement Group, using
similar establishment methods and genetic material, provides
a great opportunity to augment the present work and improve
estimates of potential productivity for a wider range of species
across broad areas and specific sites. The information collected
from these trials will assist in providing landholders and potential
investors with tools for decision support and risk analysis to
maximise the potential commercial and environmental outcomes
from farm forestry plantations in the low- to medium-rainfall
environments of NSW.

Acknowledgements

This project was funded by the NSW State Government under
the NSW Salinity Strategy. Thanks to Anthony Signor (formerly
NSW Agriculture), Brendan George (NSW DPI) and Rob Kuiper
(formerly Murray Riverina Farm Forestry) for assistance in
identifying plantations suitable for this study. We also thank
anonymous reviewers for their constructive suggestions for
improving this manuscript and the landowners who allowed
access to their plantations, without which this study would not
have been possible.

References

Barton, C.V.M. and Parekh, J. (2005) Species Demonstration Trials in
the 500—-700 mm Rainfall Zone of NSW: Establishment. Technical
Paper No. 72. Forest Resources Research, Science and Research,
NSW Department of Primary Industries.

Bateman, I.J. and Lovett, A.A. (1998) Using geographical information
systems and large area databases to predict yield class; a study of
Sitka spruce in Wales. Forestry 71, 147-168.

Booth, T.H., Jovanovic, T., Snowdon, P., Mummery, D., Battaglia, M.,
Sands, P. and Fife, D.N. (2007) Potential productivity assessment.
Acreport to the Joint Venture Agroforestry Program. Rural Industries
Research Development Corporation Publication, Canberra,
Australia.

Bugg, A.L., Roppola, A., Keenan, J., Watt, M., Spencer, R.D. and
Brinkley, T. (2002) A strategic assessment of the potential for
hardwood and softwood plantations NSW. Australian Journal of
Environmental Management 9, 115-123.

Dutkowski, G.W. (1995) Genetic variation in drought susceptibility of
Eucalyptus globulus ssp. globulus plantations in Western Australia.
In Potts, B.M., Borralho, N.M.G., Reid, J.B., Cromer, R.N., Tibbits,
W.N. and Raymond, C.A. (eds) Eucalypt Plantations: Improving
Fibre Yield and Quality. CRC for Temperate Hardwood Forestry,
Hobart, Tasmania, pp. 199-203.

George, R.J., Nulsen, R.A., Ferdowsian, R. and Raper, G.P. (1999)
Interactions between trees and groundwaters in recharge and
discharge areas: a survey of Western Australian sites. Agricultural
Water Management 39, 91-113.

Grierson, P.F., Adams, M.A. and Attiwill, P.M. (1992) Estimates of
carbon in the above-ground biomass of Victoria’s forests. Australian
Journal of Botany 40, 631-640.

Jeffrey, S.J., Carter, J.O., Moodie, K.B. and Beswick, A.R. (2001)
Using spatial interpolation to construct a comprehensive archive
of Australian climate data. Environmental Modelling and Software
6, 309-330.

Landsberg, J.J. and Waring, R.H. (1997) A generalised model of forest
productivity using simplified concepts of radiation-use efficiency,
carbon balance and portioning. Forest Ecology and Management
95, 209-228.

Macmillan, D.C. (1991) Predicting the general yield class of Sitka spruce
on better quality land in Scotland. Forestry 64, 359-372.

Montagu, K.D., Duttmer, K., Barton, C.V.M. and Cowie, A.L. (2005)
Developing general allometric relationships for regional estimates
of carbon sequestration: an example using Eucalyptus pilularis
from seven contrasting sites. Forest Ecology and Management
204, 113-127.

Morris, J.D. and Collopy, J.J. (1999) Water use and salt accumulation by
Eucalyptus camaldulensis and Casuarina cunninghamiana on a site
with shallow saline groundwater. Agricultural Water Management
39, 205-227.

Ryan, P.J., Harper, R.J., Laffan, M., Booth, T.H. and McKenzie, N.J.
(2002) Site assessment for farm forestry in Australia and its
relationship to scale, productivity and sustainability. Forest Ecology
and Management 171, 133-152.

Ryan, P.J., Walsh, P.G. and Leppart, P. (2005) State Forests of NSW
species trial site characterisation report. CSIRO Forestry and
Forests Products Client Report No. 1545 for Australian Greenhouse
Office, Canberra.

Walsh, P.G., Montagu, K. and Barton, C.V. (2003) Macquarie catchment
pilot project, New South Wales, Australia: a cost-effective, market-
based approach to reducing salinity through tree planting. Unasylva
212, 37-39.

White, D.A., Battaglia, M., Macfarlane, C., Mummery, D., McGrath, J.F.
and Beadle, C.L. (2003) Selecting species for recharge management
in Mediterranean southwestern Australia: some ecophysiological
considerations. Plant and Soil 257, 283-293.

Wong, J., Baker, T., Duncan, M., McGuire, D. and Bulman P. (2000)
Forecasting Growth of Key Agroforestry Species in Southeastern
Australia. Rural Industries Research and Development Corporation
Publication No. 00/68, Canberra.

Worrell, R. and Malcolm, D.C. (1990) Productivity of Sitka spruce
in northern Britain: 2. Prediction from site factors. Forestry 63,
119-128.

Zorzetto, A. and Chudleigh, P. (1999) Commercial Prospects for Low
Rainfall Agroforestry. Rural Industries Research and Development
Corporation Publication No. 99/152, Canberra.

Australian Forestry 2008 Vol. 71 No. 1 pp. 70-77



Referees 2007

The editors of Australian Forestry are pleased to acknowledge the important contribution of referees to the journal in 2007.

Debbie Andrew
Mike Austin
lan Bevege

Jon Brand
Matthew Brookhouse
Alan Brown
Geoff Cary
Myron Cause
Tim Clancy
Laurie Cookson
Jim Cox

Dick Curtin
John Davidson
Peter Davies

Mark Dieters
John Doran

Ross Florence
Peter Gadgill
Malcolm Gill
Steve Harrison
Gary Johnson
Bill Kerruish
Mark Lutze

Tek Maraseni
Richard Marchant
Clare McArthur
Lachie McCaw
Bob McCormack

Frank McKinnell
William Milne-Home
Bill Neilsen
Mark Nester
John Raison

Jan Rombouts
John Simpson
Jack Sinden
Mike Slee

John Thornton
Brian Turner
Jerry Vanclay
Rob Waterworth

Australian Forestry 2008 Vol. 71 No. 1 p. 78



Australian Forestry

Notice to contributors

Scope

Australian Forestry provides a vehicle for formal publications in all areas of interest to the Institute of Foresters of Australia. The
editors welcome original scientific and technical contributions, reviews, suitably argued opinions, short communications and reviews
of books on topics related to forest research, forest management and forest policy in Australia and the South Pacific region. Papers
relating to any aspect of knowledge or management of forest species and land use matters of interest to the region will be particularly
valued. Itis a condition of submission of original papers that they have not been accepted for publication elsewhere.

The Editorial Panel evaluates the suitability of material for publication. All papers submitted to the journal will be reviewed by
referees nominated by the panel.

Criteria for the assessment of papers centre on the suitability of the topic for publication in Australian Forestry, technical and sci-
entific quality of the work, clarity and conciseness of presentation, appropriateness of the conclusions on the basis of the evidence
presented, and suitability of the material for printing.

Manuscripts

Contributions should be printed with double spacing on one side of the paper only. Three copies of each paper should be submit-
ted. Following review, please submit the revised manuscript as one hard copy and an electronic file or files. The latter should be in
Word or RTF, and should include tables and illustrations. The latter should also be supplied in their original files (e.g. in Excel) or as
photographs. Low-resolution files are not acceptable.

Title
The title should be brief and where possible begin with a word suitable for indexing.

Summary

The summary should follow immediately after the author’s address and should concisely describe the aim and nature of the work, the
principal results and conclusions. It should normally not exceed 5% of the length of the paper and should be suitable for reproduction
by abstracting journals. If possible provide several keywords drawn from the CAB thesaurus; if this is not available it will be helpful
to look at the keywords assigned to similar articles in Forestry Abstracts or in previous issues of this journal.

Presentation

Authors should follow the pattern of presentation used in this issue. Tables and figures should be numbered with arabic numerals.
Photographs should be identified as figures, and numbered in a single sequence with line drawings. Photographic prints should be
of high quality on gloss paper, with a full range of tones and good contrast. The preferred placement of tables and figures in the text
should be marked with for example ‘Figure 1 near here’. Actual tables and figures should be gathered at the end of the paper.

Illustrations

Graphical material may be submitted as computer-generated graphics or line drawings. Diagrams should be provided in postscript
(ps) or encapsulated postscript (eps) format if possible. If diagrams are supplied only as hard copy, they should be camera ready,
with labels applied at an appropriate size, printed by high quality (e.g. laser) printer. Where possible, figures will be printed within
a single column width.

References

References should be cited in the text by author and year of publication. Three or more authors should be referred to by the senior au-
thor et al. The reference list should cite the full title of the publication. Please follow the style used in recent issues of this journal.

Submissions

Please forward your submission to: Executive Director, The Institute of Foresters of Australia, PO Box 7002, Yarralumla ACT 2600,
Australia.

Copyright protection

For the protection of authors and the IFA, a simple form of copyright agreement has been developed and is available on request
from the Executive Director. A copy of the agreement will be sent to the senior author or his or her agent with the typeset proofs; it
should be signed by the senior author or agent on behalf of all co-authors and returned to the office of the IFA. Under the terms of
this agreement the IFA will obtain an interest in copyright only if the article is published by the institute.

Offprints

A copy of the final paper in portable document format (pdf), and guidelines for the distribution of copies, will be provided to authors
after publication of their paper.

Correspondence on editorial matters should be addressed to the Managing Editor, Dr Colin Matheson, C/- The Institute of Foresters
of Australia.



