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Abstract
A severe drought event during 2011 in the Northern Jarrah (Eucalyptus marginata Don Ex
Smith) Forest of southwestern Australia, provided ideal conditions for an outbreak of the
eucalyptus

longhorned

Cerambycidae).

borer

Phoracantha

semipunctata

Fabricius

(Coleoptera:

Located in a Mediterranean climatic zone, the jarrah forest region is

expected to experience increased frequency of droughts causing tree mortality, yet little is
known of endemic borer activity in response to tree drying. A detailed study was conducted
within the jarrah forest following the drought, with the overall aim to provide an
understanding of the role of sapwood moisture in controlling the infestation and development
of longhorned borers. This was achieved using a field-based approach within a natural
habitat and addresses the following key objectives: (a) assess the influence of seasons on
infestation by key borer species, (b) determine the role of parasitoid wasps in controlling
borer infestations, and (c) evaluate the influence of the two main Eucalyptus species, jarrah
and marri (Corymbia calophylla L.A.S Johnson) on borer behaviour.
Deterioration in crown health during the drought was associated with increased emergence of
P. semipunctata and this was higher in larger lower tree sections where differences in
emergence occurred between tree species and favoured marri with thicker bark compared to
smaller higher tree sections with thinner bark. Poor survival of neonate larvae in both species
was associated with overlapping galleries at high larval incidence, indicating intense
competition for sapwood resources among developing larvae, while pupal survival remained
high.
This is the first study to show Coptocercus rubripes Boisduval to be an important borer along
with P. semipunctata in the jarrah forest. Coptocercus rubripes mainly attacked in spring,
prefers jarrah, has singular galleries per oviposition site, and grew slowly over spring to
autumn, emerging in autumn–winter. Phoracantha semipunctata mainly attacked in the dry
warm summer months, preferred marri, has many galleries per oviposition site, and grew
rapidly over summer–autumn, emerging in summer the following year.
Once sapwood moisture content in water stressed trees decreased by 19 % below turgid levels
(independent of tree species), coinciding with a change in colour of canopy leaves of trees
from green to yellow, conditions were suitable for borer larvae to establish. As sapwood
dried, the larger P. semipunctata developed quicker and galleries were more extensive than
iii

C. rubripes. Larvae of various ages contributed to total sapwood consumption and reached a
maximum at higher moisture contents in marri than jarrah.
The native parasitic wasps Syngaster lepidus Brulle and Callibracon limbatus Brulle attacked
maturing borer larvae of C. rubripes and P. semipunctata in stressed jarrah and marri hosts.
Parasitism averaged 67 % and was inversely related to larval density. In the absence of
parasitoids, borer survival in caged logs was greatly improved, although 30 % mortality still
occurred and was attributed to increased competition among developing larvae.
This research shows falling sapwood moisture has a key role for borer infestation and
development in response to drought stress within forests and can be influenced by borer and
tree species, parasitoids, and season. This knowledge will enable better management of
cerambycids in forests subject to drought.

iv

Statement of Contribution of Others
Chapter 2 of this thesis has been published in the journal ‘Forests’ titled Seaton, SA., Matusick,
GB., Ruthrof, KB. & Hardy, GC. 2015. Outbreak of Phoracantha semipunctata in response to
severe drought in a Mediterranean Eucalyptus forest. Forests, 6, 3868-3881.
A

was responsible for designing conducting and drafting and preparation of the manuscript for

publication,

B

for identifying drought sites, assisting with fieldwork and manuscript editing,

C

principal supervisor for advice on design of experiments and critically revising the manuscript.
Chapter 3-The contribution of George Matusick and Giles Hardy in design, field sampling,
data analysis and editing of this chapter, is greatly appreciated.

v

Acknowledgements
I greatly appreciate the continued enthusiasm, guidance, and suggestions on experimental
work, statistical analysis and encouragement and support from my supervisors Professor Giles
Hardy and Professor Bernard Dell (Murdoch University). I appreciate their expert knowledge
and research experience, particularly in providing interaction and productive discussions. I
would also like to thank Dr George Matusick and Dr Katinka Ruthrof (Murdoch University)
for their mentoring, interactive discussions and support especially during the early stages of
my thesis.
The support of the Department of Biodiversity Conservation and Attractions (DBCA) for
granting scientific permits in allowing access to the experimental forest sites.

I would

especially like to thank the Jarrahdale-shire manager for assisting with day to day management
of sites during the project and Allan Wills for his encouragement and expertise in forest
entomology during the project.
Financial support given from the Holsworth Wildlife Research Endowment-Equity Trustees
(2014–2017), an Australian Postgraduate Award and Murdoch University, made this work
possible and is greatly appreciated.
I greatly appreciate the assistance of Dr Bill Dunstan in field and laboratory work, and Ian
McKiernan for the provision of glasshouse and oven facilities (both from Murdoch
University). The support, camaraderie and encouragement of many colleagues and friends
during my studies is greatly valued.
Lastly, I would like to thank my family for their unwavering support, advice and
encouragement during this journey.

vi

Table of Contents
Declaration .......................................................................................................................................... ii
Abstract ...............................................................................................................................................iii
Acknowledgements .............................................................................................................................vi
Conference Presentations ................................................................................................................... xi
Chapter 1 ............................................................................................................................................. 1
Introduction and literature review .................................................................................................... 1
Introduction ........................................................................................................................................ 1
Characteristics of the jarrah forest ................................................................................................... 1
Drought in the jarrah forest ............................................................................................................... 3
Soils ...................................................................................................................................................... 4
Drought, borers and occurrence of outbreaks .................................................................................. 5
Eucalyptus woodborers ....................................................................................................................... 6
Diversity ............................................................................................................................................... 6
Distinguishing features of Phoracantha semipunctata ..................................................................... 8
Life cycle .............................................................................................................................................. 9
Factors affecting borer behaviour ................................................................................................... 11
Sapwood moisture .............................................................................................................................. 11
Seasons ............................................................................................................................................... 12
Parasitoids .......................................................................................................................................... 12
Tree species and host tree environment ............................................................................................. 14
Conclusions ........................................................................................................................................ 14
Study objectives ................................................................................................................................ 15
Chapter 2 ........................................................................................................................................... 16
Outbreak of Phoracantha semipunctata in response to severe drought in a Mediterranean
Eucalyptus forest ............................................................................................................................... 16
Abstract ............................................................................................................................................. 16
Introduction ...................................................................................................................................... 16
Methods ............................................................................................................................................. 18
Study area .......................................................................................................................................... 18
Study site and plot selection ............................................................................................................... 19
Damage and tissue moisture .............................................................................................................. 21
Infestation levels ................................................................................................................................ 21
Analysis .............................................................................................................................................. 22

vii

Results ................................................................................................................................................ 23
Damage and tissue moisture .............................................................................................................. 23
Infestation levels ................................................................................................................................ 24
Discussion .......................................................................................................................................... 27
Chapter 3 ........................................................................................................................................... 30
Influence of within-tree environment of two codominant Eucalyptus species on the distribution
and emergence of the longhorned borer Phoracantha semipunctata (Coleoptera: Cerambycidae)
............................................................................................................................................................ 30
Abstract ............................................................................................................................................. 30
Introduction ...................................................................................................................................... 30
Methods ............................................................................................................................................. 33
Study area and tree selection ............................................................................................................. 33
Borer characteristics .......................................................................................................................... 33
Analysis .............................................................................................................................................. 35
Results ................................................................................................................................................ 36
Borer emergence and tree diameter with height ............................................................................... 36
Incidence of larval galleries in sapwood ........................................................................................... 38
Bark thickness .................................................................................................................................... 41
Survivorship ....................................................................................................................................... 44
Discussion .......................................................................................................................................... 44
Chapter 4 ........................................................................................................................................... 48
The role of two parasitic wasps (Hymenoptera: Braconidae) controlling a little studied
longicorn borer (Coleoptera: Cerambycidae) ................................................................................. 48
Abstract ............................................................................................................................................. 48
Introduction ...................................................................................................................................... 48
Methods ............................................................................................................................................. 50
Clearfell activity and sites .................................................................................................................. 50
Colonisation, emergence and parasitism ........................................................................................... 53
Analysis .............................................................................................................................................. 54
Results ................................................................................................................................................ 54
Infestation and log moisture .............................................................................................................. 54
Colonisation and survival .................................................................................................................. 56
Parasitoid wasps................................................................................................................................. 59
Patterns of borer emergence .............................................................................................................. 61
Discussion .......................................................................................................................................... 63

viii

Chapter 5 ........................................................................................................................................... 67
Behaviour of the two borers species, Phoracantha semipunctata and Coptocercus rubripes
(Coleoptera: Cerambycidae), in response to the season when ringbarked trees died.................. 67
Abstract ............................................................................................................................................. 67
Introduction ...................................................................................................................................... 67
Methods ............................................................................................................................................. 69
Ringbarking and tree drying .............................................................................................................. 69
Borer emergence ................................................................................................................................ 70
Borer species characteristics.............................................................................................................. 71
Analysis .............................................................................................................................................. 72
Results ................................................................................................................................................ 72
Ringbarking and tree dying ............................................................................................................... 72
Borer species characteristics.............................................................................................................. 73
Parasitism........................................................................................................................................... 77
Borer emergence and season ............................................................................................................. 77
Discussion .......................................................................................................................................... 81
Chapter 6 ........................................................................................................................................... 87
Development patterns of eucalyptus longhorned borers (Cerambycidae) in dying ringbarked
trees during decreasing moisture deficits ........................................................................................ 87
Abstract ............................................................................................................................................. 87
Introduction ...................................................................................................................................... 87
Methods ............................................................................................................................................. 89
Site and ringbarking .......................................................................................................................... 89
Assessment of tree health ................................................................................................................... 89
Tissue moisture and insect sampling ................................................................................................. 90
Water potential ................................................................................................................................... 92
Analysis .............................................................................................................................................. 93
Results ................................................................................................................................................ 93
Ringbarking and tree drying .............................................................................................................. 93
Water potentials ................................................................................................................................. 96
Borer larval incidence, sapwood moisture, and canopy greenness at different stages of tree health
............................................................................................................................................................ 96
Borer development during drying ...................................................................................................... 98
Discussion ........................................................................................................................................ 101
Chapter 7 ......................................................................................................................................... 106

ix

Seasonal development of Phoracantha semipunctata and Coptocercus rubripes (Coleoptera:
Cerambycidae) in relation to log moisture in a native Eucalyptus forest.................................... 106
Abstract ........................................................................................................................................... 106
Introduction .................................................................................................................................... 106
Methods ........................................................................................................................................... 107
Site and treatments........................................................................................................................... 107
Infestation ........................................................................................................................................ 109
Borer emergence .............................................................................................................................. 110
Analysis ............................................................................................................................................ 110
Results .............................................................................................................................................. 111
Log moisture .................................................................................................................................... 111
Infestation and larval growth .......................................................................................................... 113
Time of emergence ........................................................................................................................... 117
Discussion ........................................................................................................................................ 119
Chapter 8 ......................................................................................................................................... 123
General Discussion .......................................................................................................................... 123
Response to drought ....................................................................................................................... 123
1. Sapwood moisture and larval development ............................................................................. 124
2. Larval development and time of borer emergence .................................................................. 128
Future work..................................................................................................................................... 129
Conclusion ....................................................................................................................................... 129
References........................................................................................................................................ 131

x

Conference Presentations
Seaton, S.A., Matusick, G and Hardy, G. 2014.

Infestation patterns of Phoracantha

semipunctata (Coleoptera: Cerambycidae) corresponding with a drought-induced dieback
event in native host trees in southwestern Australia. School of Veterinary and Life Sciences
Poster Day, Murdoch University, Western Australia.

Seaton, S.A., Hardy, G and Dell, B. 2015. The role of woodborers on the spread and infection
of Ophiostomatoid fungi in marri and jarrah trees. Abstract presented at Australasian Plant
Pathology Society (APPS) biennial conference, 24th — 27th September. Rydges by Fremantle,
Western Australia.

Seaton, S.A., Hardy, G and Dell, B. 2015. Emergence of (Coptocercus) in the Northern Jarrah
Forest following severe drought. Abstract presented at Australian Entomological Society –
46th AGM & Scientific Conference, 25th – 28th September. Hyatt Regency, Cairns, Australia.
Seaton, S.A., Hardy, G and Dell, B. 2016. The unique role of cerambycids associated with
spreading sap-stain fungi in a native Australian sclerophyll forest.

Abstract presented at

International Congress of Entomology. 25th – 30th September, Orange County Convention
Center, Orlando, USA.

Seaton, S.A., Hardy, G and Dell, B. 2016. Borers respond to repeated drought induced dieback
events in the Jarrah Forest. Abstract presented at Ecological Society of Australia AGM and
Scientific conference, 29th – 2nd November–December, Rydges by Fremantle, Western
Australia.
Seaton, S.A., Matusick, G and Hardy, G. 2018.

Infestation patterns of Phoracantha

semipunctata (Coleoptera: Cerambycidae) corresponding with a drought-induced dieback
event in native host trees in southwestern Australia. Poster presented at Royal Society of WA
Seascapes and Biota Symposium, 27th – 28th July. University Club of WA, Western Australia.

xi

Chapter 1
Introduction and literature review
Introduction
Mediterranean forests worldwide are vulnerable to rapid decline in forest health from the
expected increased intensity and frequency of climate disturbances including droughts,
heat-waves, fires and frost. These disturbances have resulted in recent large-scale tree
mortality of several forest ecosystems (Breshears et al., 2005, Allen et al., 2010). Tree
mortality events have resulted in major beetle outbreaks and significant examples are the
mountain pine bark beetle Dendroctonus ponderosa Hopkins (Coleoptera: Scolytidae) in
Canada (Bentz et al., 2010, Amoroso et al., 2013), and the red oak woodborer Enaphalodes
rufulus Haldeman (Coleoptera: Cerambycidae) in the USA (Stephen et al., 2001, Rouault
et al., 2006, Fierke et al., 2007).

Forests in southwestern Australia, are already

experiencing a pronounced climatic shift, and following a low rainfall year in 2010, a
severe drought event in the Northern Jarrah (Eucalyptus marginata Donn Ex Smith) Forest
(NJF) (Matusick et al., 2013) provided ideal conditions for promoting an outbreak of the
eucalyptus

longhorned

borer

Phoracantha

semipunctata

Fabricius

(Coleoptera:

Cerambycidae). The behaviour of this borer in response to drought, moisture loss, host
tree preference, the influence of parasitism and competition with other borer species is
little understood in this native forest region.

These factors shaping P. semipunctata

populations are further explored in this review.

Characteristics of the jarrah forest
The jarrah forest is located on the Darling Range in southwestern Australia and is a
Mediterranean ecosystem. Within this region lies the NJF, an open Eucalyptus forest that
extends 200 km north to south from Moora to Collie and 50 km west to east from the
Darling Scarp to Boddington and is the area studied in this thesis (Figure 1.1). It is
bounded by coastal bushland on its western margin, where E. marginata grows as short
trees within tuart (E. gomphocephala DC.) woodlands (Specht et al., 1974) and the inland
eastern, drier region composed of more open trees of E. wandoo Blakely and powderbark
wandoo (E. accendens W.Fitzg) woodlands (Beard, 1981) or wandoo-marri woodland
(Williams and Mitchell, 2002). Further south lies the Southern Jarrah Forest, that extends
1

towards Manjimup, with an overstorey dominated by karri (E. diversicolor F. Mueller)
(Maher et al., 2010).
The NJF comprises 10–30 % cover with an overstorey in upland regions dominated by
large jarrah interspersed with marri (Corymbia calophylla L.A.S. Johnson) (Bell and
Heddle, 1989) trees that reach 30–40 metres high, particularly towards the western edge of
the plateau and shorter trees 15 to 24 metres high towards the east (Abbott et al., 1989).
Bullich (E. megacarpa F. Muell.), blackbutt (E. patens Benth.), marri, swamp gum (E.
rudis Endl.), Banksia spp., and Melaleuca spp. dominate the lower slopes and drainage
lines (Powell, 1991, Havel, 1975). The midstory is mainly composed of Acacia, Banksia,
Hakea, Leptospermum, Melaleuca and Persoonia species, from 4–7 metres in height
(Abbott et al., 1989), with ground cover/shrubs <2 m tall, typically dominated by
Anigozanthos,

Euphorbia,

Grevillea,

Hibbertia,

Macrozamia,

Verticordia,

and

Xanthorrhoea species and can be invaded by exotic grasses (Barrett and Tay, 2005).

Figure 1.1. Left to right: the extent of sclerophyllous forests of southwestern Australia
with the location of the Northern Jarrah Forest (boxed), expanded view includes isohyets
(solid lines) and evaporation contours (dashed lines) (Gentilli, 1989), and a map of
Australia showing the southwestern Australia (red).
2

Drought in the jarrah forest
The NJF experiences a Mediterranean climate (Gentilli, 1989) with prolonged hot dry
summers and cool wet winters with a 0.45 °C increase in average temperature since 1970
(Bates et al., 2008) with a predicted increase in temperature of 2 °C by 2100 (IPCC, 2014)
(Figure 1.2a). Rainfall in the west margins of the Darling Range ranges from 900 mm to
1300 mm annually (Maher et al., 2010) (Figure 1.1), decreases towards the north and east
margins to 635 mm (Gentilli, 1989, Williams and Mitchell, 2002), as evaporation increases
from 550 mm in the southwest to 750 mm in the northeast (Gentilli, 1989). Since early
1970’s, south-western Australia is currently in a period of rainfall decline by
approximately 15 % (60 mm) (Figure 1.2b) (Smith et al., 2000, Bates et al., 2008,
Yesertener, 2010, Environment, 2016), and over this period has been attributed to a
southward movement of the frontal low pressure systems that bring winter rainfall to the
southwest (Bates et al., 2008, Pittock, 2009). This included a record dry year in 2010 with
rainfall 40–50 % below the long term average. Specifically, Mundaring (located in the
northern section of the NJF) recorded 599.6 mm of rain in 2010 compared to the long term
average of 1100 mm (BOM, 2010).
In the period 2010–2070 southwestern Australia is likely to experience an increased
frequency of very dry conditions (Cleugh et al., 2011), with the region predicted to warm
by + 0.5 to + 2.1 °C by 2030, and between + 1 to + 6 °C by 2070 (Bates et al., 2008).
Perth, Western Australia is predicted to experience a doubling in the number of days over
35 °C (Cleugh et al., 2011), and a decrease in rainfall between 2 to 20 % by 2030 and 5 to
60 % by 2070 (Bates et al., 2008), with potential evaporation expected to increase by 10 %
or more by 2030 and 30 % or more by 2070 (Bates et al., 2008).

3

a

b

Figure 1.2. (a) Time series of temperature change relative to 1986–2005 averaged (dashed
line) over land grid points over the globe from December to February. Thin lines denote
one ensemble member per model, thick lines represent the Coupled Model Intercomparison
Project (CMIPS) multi-model mean. Bars represent the 5th, 25th, 50th (median), 75th and
95th percentiles of the distribution of 20-year mean changes for 2081–2100 in the four RCP
scenarios (IPCC, 2014). (b) Time series of southwestern Australia rainfall over 100 years
(Bates et al., 2008).
In the jarrah forest winter rainfall is mostly stored in the soil profile and subsequently lost
in summer evapotranspiration (Schofield et al., 1989). With the predicted reductions in
winter rainfall, streamflow and higher temperatures (Bates et al., 2008), the decrease in soil
moisture storage is expected to lead to prolonged soil water deficits within the root zone of
forest trees. As a result, it is predicted there will be a 5.1 % reduction in the area of the
jarrah forest by 2030 (Maher et al., 2010). These changes are already occurring, since as
recently as 2010/11, where a 55 % drop in winter rainfall led to severe drought-induced
canopy dieback in 236 drought affected patches comprising 1.7 % of the NJF (Matusick et
al., 2013). Similar drought events have occurred in forests globally (Allen et al., 2010) and
often involve complex interactions between climatic history, predisposing stress factors
(i.e. poor site quality), and abiotic factors (i.e. drought and frost) causing tree stress.
Contributing or secondary factors include woodborer infestations and pathogens, accelerate
the decline in tree health (Manion, 1981).

Soils
The underlying soils of the NJF, on the southwestern margin of the Yilgarn Craton, are
composed of the Archaen crystalline metamorphosed individual granitic rocks interspersed
with igneous rocks formed during the Mesoarchean and Neoarchaen periods (McArthur et
al., 1977). The soils along the western margin of the forest are gravelly and characterized
4

by deep extensive laterites with shallow soils associated with granite outcrops (McArthur
et al., 1977, Weaving, 1999). The uplands have an average elevation of 300 m, are gently
undulating with hills and valleys with gravelly soils. In the eastern region of the NJF, the
laterite becomes deeply dissected (CSIRO, 1980, CSIRO, 2017). In particular, mature
trees growing on free draining slopes and shallow soils near rocky outcrops throughout this
landscape were found to be most susceptible to drought (Brouwers et al., 2013).

Drought, borers and occurrence of outbreaks
Wood-borers cause major damage to forests by infesting stressed or weakened trees in
semiarid, temperate, and boreal climate regions (Boucher and Mead, 2006, Coulson and
Stephen, 2006, Hebertson and Jenkins, 2008, Flower and Gonzalez-Meler, 2015),
including Europe (Allen et al., 2010). Extensive outbreaks of woodborers have caused
major damage to large areas of forests associated with widespread mortality or die-offs.
During outbreaks, bark beetles (Coleoptera: Scolytidae) damage the outer cambial and
phloem/sapwood tissues (Evans et al., 2004), while longhorned borers and jewel beetles
(Coleoptera: Buprestidae and Cerambycidae, respectively) also consume the inner
sapwood of trees (Hanks et al., 1993a). Feeding by larvae interrupts the flow of nutrients
and can be so intense they can completely ringbark and ultimately kill the tree, causing
canopy dieback (Phillips, 1993). Outbreaks of the mountain pine beetle D. ponderosa,
endemic to British Columbia in Canada and the NW of USA (Smith et al., 2010), have
spread southward into southern California and New Mexico, destroying large numbers of
trees (Logan and Powell, 2001, Taylor et al., 2006). Beetle populations have reached
threshold levels high enough (greater than 40 galleries m-2) to then attack healthy trees
(Raffa and Berryman, 1983). In North America in the early 2000’s, the decline of red oak
Quercus rubra L. in the Ozark-Ouchita Highlands of Arkansas was attributed to an
unprecedented outbreak of the red oak borer E. rufulus, causing high levels of damage
(>75 %) with up to 7700 ha of trees affected with minor damage to 244,000 ha, before
there was a rapid decline in population levels (Stephen et al., 2001, Fierke et al., 2005).
Other species of borers of equal concern include species attacking healthy trees
(Cocquempot and Lindelöw, 2010) including the Asian longhorned borer Anoplophora
glabripennis Motschulsky damaging poplar (Populus spp.) in Asia and Korea that later
invaded forests of eastern USA and Europe, contributing to widespread tree mortality (Hu
et al., 2009, Macleod et al., 2002). Other species infesting dying or dead trees also have
potential to cause outbreaks including a cerambycid, the red-shouldered pine borer
5

Stictoleptura canadensis LeConte in ponderosa pine (Pinus ponderosa Lawson & C.
Lawson) (Costello et al., 2011).

Eucalyptus woodborers
Diversity
Many woodborers in Australia damage the cambium, sapwood and heartwood of Eucalypts
and these include the flatheaded or jewel beetles (Carne et al., 1987, CSIRO, 1991)
including Cisseis fascigera Obenberger (Coleoptera: Buprestidae) in E. wandoo (Hooper
and Sivasithamparam, 2005, Hooper et al., 2010), woodwasps (Hymenoptera: Ciricidae)
(Thomsen and Harding, 2010) and the wood-boring moths Cryptophaga unipunctata
Donovan (a Xyloryctid) and Xyleutes sp. (Lepidoptera: Cossidae) (Abbott, 1981, Leite et
al., 2011).

The most prominent group attacking Eucalypts are the longhorned or

roundheaded beetles in the family Cerambycidae. Globally there are between 30,000 and
40,000 described species (Lawrence and Britton, 1982, Cocquempot and Lindelöw, 2010)
with approximately 1,300 in Australia (Hangay and Zborowski, 2010). They are classified
within the subfamilies Lamiinae, Cerambycinae, Prioninae, and Parandrinae (Lawrence
and Britton, 1991) with recent additions of the subfamilies Spondylidinae and Aphneopini
(Lawrence and Slipinksi, 2013). Aphneopini contains 40 tribes with a prominent tribe
Phoracanthini with 150 genera including Coptocercus and Phoracantha (Wang, 1998)
along with other tribes containing well known genera (brackets) Uracanthini (Uracanthus),
Cerambycini (Cerambyx), Clytini (Clytus) and Stenoderini (Stenoderus) (Lawrence and
Slipinksi, 2013).
Many Phoracantha occur widely in Australia and parts of New Guinea (Wang, 1995b).
The most prominent species in the jarrah forest include P. acanthocera Macleay attacking
healthy and stressed karri (E. diversicolor F.Muell) and C. calophylla trees in the Southern
Jarrah Forest (Clarke, 1925, Farr et al., 2000) and P. semipunctata and P. recurva Newman
attacking severely stressed, wounded, or freshly felled jarrah trees in the NJF (Curry,
1981). However, P. semipunctata has become a major economic pest of many different
Eucalypts in plantations throughout temperate and tropical locations around the world
including Tunisia (Chararas, 1969), South Africa (Drinkwater, 1975), Zambia (Ivory,
1977), Uruguay (Morelli et al., 2002), southern Europe (Schedl, 1999) and California
(Scriven et al., 1986, Hanks et al., 1993a) (Table 1.1). Though no Phoracantha species
have become a pest in their native range (Duffy, 1963), and little is known of behaviour in
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native forests, understanding their response to tree stress will provide a more
comprehensive assessment of its potential impact in exotic locations.
Table 1.1. Countries where Eucalyptus hosts are known to have been attacked by Phoracantha
semipunctata.

Location
Australia

Africa, (Eastern and
Southern)

France, Turkey, Jordan,
USA (California)

Tunisia
South America
(Argentina)
Morocco
Israel
Uruguay

Portugal

Host
E. oleosa F. Muell. ex Miq.,
E. gracilis F. Muell.
E. nitens,
E. acmenioides Schauer, E. botryoides,
E. camaldulensis, E. cladocalyx,
E. globulus, E. maculata
E. marginata, E. microcoreys F.Muell,
E. phaeotricha Blakely & McKie, E.
pilularis Small,
E. piperita Small, E. longifolia Link &
Otto,
E. grandis, E. resinerfera Small,
E. viminalis
E. creba F.Muell, E. diversicolor, E.
globulus, E. leucoxylon F.Muell,
E. robusta Small, E. saligna,
E. salubris F.Muell , E. sideroxylon
E. tereticornis and E. triantha.
Eucalyptus spp.
E. camaldulensis, E.cladocalyx, E.
diversicolor, E. globulus, E. grandis, E.
nitens, E. rudis, E. saligna, E. trabutti
(hybrid), E. tereticornis, E. viminalis
E. camaldulensis,
E. amplifolia Blakely, E. cinerea F.
Muell. ex Benth,
E. dalrympleana Maiden
E. camaldulensis,
E. gomphocephala
E. camaldulensis
E. globulus, E. bicostata (Maiden et al.)
J. B. Kirkp. E. gigantea Hook. f.,
E. globulus, E. saligna, E. viminalis
E. ovata Labill., and E. viminalis

Reference
Duffy, 1963, Curry, 1981
Tepper, 1887*
Wang, 1995

Tooke, 1935; CIE, 1985

Scriven et al., 1986; Austin
and Dangerfield, 1997
Hanks et al., 1993b; Hanks et
al., 1995b; Hanks et al.,
1999; Paine et al., 2009;
(Ben Jamâa et al., 2009)
(Duffy, 1963, Di-Iorio, 2004)

(Faucheux, 2011)
(Bytinski-Salz and Neumark,
1952, Sama et al., 2010)
Morelli and Sanchez, 2002

Barata et al., 2000

*as cited in Duffy, 1963
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Drought stressed Eucalypts appear to vary in their susceptibility to attack from P.
semipunctata. Resistant species include E. camaldulensis Dehnhardt, E. cladocalyx E.
Muller, E. sideroxylon A. Cunn. ex Woolls, and E. trabutii Wilm (an E. camaldulensis
hybrid), and susceptible species include E. diversicolor, E. globulus LaBillardire, E.
grandis Hill ex Maiden, E. nitens (Deane & Maiden), E. saligna Small., and E. viminalis
LaBillardire in plantations in California USA (Hanks et al., 1995b).

Distinguishing features of Phoracantha semipunctata
The adult eucalyptus longhorned borer P. semipunctata is distinguished from other species
of Phoracantha primarily by the elytra being dark reddish brown to black with a broad
yellow band, interrupted by a complete brown zigzag pattern on the subfascia and a yellow
mark on the apex of each elytra (Wang, 1995b, Matthews, 1997) (Figure 1.3). Also the
absence of long hairs and spines on the front dorsal side of the hind femur and the presence
of barbs on the backs of lower leg segments (Wang, 1995b). The antennae are 1.1 x longer
than the body and may be equal or longer than their body length (Hanks et al., 1999), being
between one and a half to two times longer in the male compared to only slightly longer
than the body length of the female (French, 1911, Hanks, 1996, Morelli et al., 2002). The
colour of the larvae is off-white with an enlarged pronotum.

Last instar larvae are

segmented and cylindrical, with length varying depending on geographic location of 14
mm (Hanks et al., 1993a), 20 mm (Wang, 1995b), 26 mm (Morelli et al., 2002) to 33 mm
length (Hanks et al., 1996a). Preliminary measurements of total length of larvae dissected
from jarrah and marri trees in the NJF were at the higher end of this range at 30 ± 0.39
mm, with peristomal (mouthparts) width 4.00 ± 0.13 mm and the abdomen contains 10
segments (Seaton, 2012). Adults collected were 25.84 mm long and antennae were up to
1.5 times its body length. These dimensions and features of collected beetles agree with
those described by (Wang, 1995b) and adult specimens in the NJF can be named as
Phoracantha semipunctata and can be visually distinguished from other Phoracantha spp.
(Figure 1.3).

8

Figure 1.3. Adult Phoracantha (left to right); P. semipunctata (Hoskovec, 2010), P.
recurva (Paine et al., 2009) and P. acanthocera (Farr, 2010).
Phoracantha recurva is similar in behaviour to P. semipunctata as it attacks droughted
trees and is a similar size but is distinguished by elytra markings, where the zigzag band
consists of two black blotches (Wang, 1995b, Smith-Pardo, 2014).

Life cycle
The Cerambycidae are Holometabolous with complete metamorphosis.

Phoracantha

semipunctata represents a typical cerambycid life cycle, and in overseas eucalypt
plantations in Mediterranean climates can take between 4–11 months, with adults
predominantly emerging in the summer (Table 1.2). In a laboratory following insertion of
neonate larvae into fallen logs of plantation E. trabutti Vilm. (a natural hybrid of E.
camaldulensis and E. botryoides Sm.) in California, emergence began after 60 days (Hanks
et al., 2005). In South Africa, there are two generations per year (Tooke, 1935, Langstrom,
1976) with up to 2 asynchronous generations in warmer parts of its distribution overseas
(Duffy, 1963, Hanks et al., 1991). Adults can be seen dispersing throughout the summer
(Jan–April) in southwestern Australia (Majer and Abbott, 1989), and also between March
and May in California (Hanks et al., 1993a), March to April in Southern Tunisia or midMay to June in Northern Tunisia (Chararas, 1969).
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Table 1.2. Time of Phoracantha semipunctata to complete its life cycle and season of emergence.
Life cycle
(days)
90–270
100
117
90–120
150
195
215
270
240–390
330

Emergence
(season)
Summer
Spring-mid summer
Summer
Spring-summer
Summer
Autumn
late summer
Autumn-winter
Summer
end spring-summer

Reference
(Paine et al., 2009)
(Mendel, 1985)
(Duffy, 1963)
(Chararas and Chipoulet, 1982)
(Bybee et al., 2004a)
(Mendel, 1985)
(Mendel, 1985)
(Chararas and Chipoulet, 1982)
(Bybee et al., 2004a)
(Powell, 1982)

Adults of both sexes are active in the warm early evening hours and are typically found on
host trees in male-biased sex ratios (Barata et al., 2002, Hanks, 1996, Hanks et al., 1996a).
Adult males and females are attracted to host trees using volatiles emitted including mono
and sesquiterpenes ἀ-pinene and ethanol (Barata et al., 2000, Barata et al., 2002, Barata,
1997) that are detected by sensilla on their long antennae (Lopes et al., 2002). Also
volatiles synergised the attraction of some cerambycids to their pheromones (Hanks et al.,
2012, Collignon et al., 2016, Hanks et al., 2018) including plant volatiles with the male
specific pheromone 2 -(undercyloxy) -ethanol (Pajares et al., 2013). However, the borer
response to a combination of plant volatiles and pheromones varied depending on the
beetle species and rate of release of host plant volatiles (Collignon et al., 2016). Adults are
able to find hosts within 2 days after logs are felled (Powell, 1982). Males then walk over
the bark surface using their antennae to locate females (Bybee et al., 2005, Hanks, 1996).
Following a short copulation time of about 87 seconds, females oviposit eggs under loose
bark, in bark crevices or under bark scales, and form clutches of between 3–60 eggs
(Hanks et al., 1993a). In eucalypt plantations in Malawi, adults were shown to oviposit up
to 28–35 days (4–5 weeks) after logs were felled (Powell, 1982). Eggs hatch within 5–10
days (Hanks et al., 1993a, Hanks, 1999) and neonate larvae begin feeding, initially in the
inner bark before developing in the cambium-surface xylem (referred to here as
phloem/sapwood interface) where high numbers eventually destroy the entire
phloem/sapwood interface (Hanks et al., 1993a, Drinkwater, 1975, Scriven et al., 1986,
Chararas, 1969, Paine et al., 2001). The larval phase is the longest part of a cerambycid
life cycle taking 3–6 months in the NJF (Majer and Abbott, 1989), or 2 to 4 months in
overseas eucalypt plantations (Hanks et al., 1993a) where larvae create longitudinal or
winding galleries throughout the sapwood, in no particular direction, whilst completing six
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instars (Majer and Abbott, 1989, Hanks et al., 1993a). Borer activity increases above 15
°C, with pupal development increasing 3-fold up to 30 °C (Keena and Moore, 2010). This
species can take approximately 40 days to reach the prepupal stage in logs. Mature larvae
then eat out a hole in the inner bark before boring deeper into the sapwood or further into
the heartwood, reaching a depth of 10 cm (Chararas and Chipoulet, 1982). They then form
a pupal chamber and then pupate for a period of 10–14 days (Tooke, 1935, Duffy, 1963,
Hanks et al., 1993a). After pupation adult borers then exit host trees through the outer bark
(Paine et al., 2009) where they live for 40–90 days (Chararas, 1969, Hanks et al., 1993a) or
up to 150 days under laboratory conditions (Bybee et al., 2004b).

Factors affecting borer behaviour
Sapwood moisture
High inner bark tissue moisture has been found to be an important defence against the
development of P. semipunctata in Eucalyptus (Hanks et al., 1991, Hanks et al., 1999). In
healthy trees with high moisture content, first instar larvae of P. semipunctata drown in
free water in the moist inner bark, preventing colonisation of the sapwood (Hanks et al.,
1991, Hanks et al., 1999). Fully hydrated trees of E. rudis and E. trabutti with a moisture
content of 55–60 % (Hanks et al., 1991) and with leaf water potentials above -2.7 MPa
(Hanks et al., 1999) provided resistance against colonisation and development of newly
hatched P. semipunctata larvae. These conditions forced larvae to change their behaviour
and only feed on poor quality outer bark tissue, rather than in the more nutritious cambium
region, reducing beetle growth and survival (Hanks et al., 1999).
Water stress increases susceptibility of hosts to borer attack, with P. semipunctata,
responding to a reduction in tree moisture (Hanks et al., 1999, Foit et al., 2016). The
cerambycid Callidiellum rufipenne Motschulsky on Japanese cedar only selects trees when
bark moisture content is below the level of healthy trees (Ueda and Shibata, 2007).
Phoracantha semipunctata larvae became established in phloem/sapwood of trees once
water potentials fell below -2.7 MPa, a continued decline in moisture increased the success
of larvae in colonising host tissues, and severely stressed trees offered little resistance to
feeding (Hanks et al., 1999). Once the moisture levels in logs of E. trabutti and E. grandis
had decreased by 42 % from hydrated levels, survivorship increased to 31 %, whereas a
fall of 3 % moisture in E. tereticornis Small survival increased to 20 % (Hanks et al.,
1991). The quality of host tissues decreases during drying and low survival of borer larvae
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may occur as they are consuming dry sapwood that is harder for the larvae to obtain
nutrients from (Haack and Slansky, 1987, Hanks et al., 2005). Although water stressed
trees with higher soluble sugars may encourage larger sized adults (Da Conceição Caldeira
et al., 2002).

Seasons
Seasons have an important role in controlling the life cycle of cerambycids depending on
the species of borer present, temperature and moisture conditions existing at a certain
location. For example, in both Illinois and Delaware of northern USA peak abundance of
Cerambycidae occurred during the summer, though individual species show considerable
variation in the peak time of adult emergence (Hanks et al., 2014, Handley et al., 2015). A
large number 1497 (morphospecies) of many native insect species occur in the jarrah forest
of southwestern Australia (Farr et al., 2011), and in the jarrah forest adult P. semipunctata
emerges during summer to early autumn (Majer and Abbott, 1989), with P. acanthocera
emerging during December to January (Clarke, 1925) and may be found feeding on
flowers. In contrast, cerambycids such as the red oak borer, E. rufulus in Arkansas in cold
climates, the larvae overwinter and either resume development in spring before emerging
in summer, or overwinter as pupae and their life cycle may take up to two years before
they emerge in the following spring (Fierke et al., 2005, Hu et al., 2009). Overwintering
by larvae in snow impacted regions may be advantageous as adults may not survive if they
emerge during winter. The length of time under warm conditions following infestation
allows most borers to complete development before winter, whereas later infestations delay
completion of development and emergence until after winter, and was more pronounced in
P. semipunctata compared to P. recurva (Hanks et al., 1990, Mendel, 1985). Different
borer species also emerge at different times, with P. recurva being earlier than P.
semipunctata, with the latter only able to complete one generation in the USA (Bybee et
al., 2004a). Further study is needed to give a more detailed understanding of the behaviour
of cerambycids in response to seasonal conditions in the NJF.

Parasitoids
A range of parasitoids (Hymenoptera) including pteromalids, eurytomids, megalyrids, and
ichneumonids native to Australia cause significant mortality of Phoracantha species
(Austin et al., 1994). Notable examples include the egg parasitoid Avetianella longoi
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(Hymenoptera: Encyrtidae) and the larval parasitoids (Braconidae) Syngaster lepidus
Brulle, Jarra maculipennis, J. painei Austin and Dangerfield (Austin and Dangerfield,
1997), Trichiohelcon phoracanthae Froggatt and Acanthodoryctes morleyi Froggatt [A.
tomentosus] (Tooke, 1928). Parasitism by wasps on P. semipunctata larvae accounted for
losses of 27 % (Hanks et al., 2001). Host age influenced the sex of emerging parasitoids,
with young beetle larvae producing more male S. lepidus and older larvae more female
parasitoids in P. recurva and P. semipunctata (Joyce et al., 2002). Host partitioning of
parasitoids appears to depend on the length of their ovipositor and larval host size, where
S. lepidus prefer smaller larvae and with long ovipositors were able to attack larvae under
thicker bark, while Callibracon limbatus Brulle (Braconidae) preferred larger hosts (Hanks
et al., 2001). In comparison, J. maculipennis and J. painei preferred borer larvae under
thinner bark (Austin and Dangerfield, 1997), though bark >17 mm provides a refuge for
borer larvae from attack by parasitoids (Hanks et al., 2001). Younger females of A. longoi
prefer newly laid borer eggs while older adults oviposit in older eggs (Hanks et al., 1995a).
Natural enemies of P. semipunctata also include Argentine ants (Iridomyrmex humilis
Mayr) and predatory beetles.

The Argentine ant was able to remove eggs of P.

semipunctata, although was not successful when eggs were laid in tight crevices, and may
not be an important mortality factor limiting survival of P. semipunctata (Way et al.,
2009). Excluding foraging ants and parasitoids was found to increase survivorship of
larvae (Paine et al., 2001). Clerids are predatory beetles, attack larvae and adults of
cerambycids, and can eat pupae of parasitoids that had infected borer larvae (Hanks et al.,
2001). Their Australian taxonomy is well known, i.e. Yellow-horned Clerid Trogodendron
fasciculatum Schreibers (Coleoptera: Cleridae) (Froggatt, 1923).

Predation by clerids

accounted for 6 % loss of P. semipunctata larvae in eucalypt forests (Hanks et al., 2006);
however, other behaviours have been little studied in Australia.
In logs, parasitism was inversely correlated with the density of larvae per unit area and
weakly correlated with the number of larvae (Hanks et al., 2001). Also, a trade-off occurs
where, although fresh hosts have better conditions for larval development they also contain
lower neonate densities and are more prone to mortality from attack by parasitoid wasps
(Paine et al., 2001). On the other hand, the increased neonate densities of P. semipunctata
in drier hosts could reduce the efficiency of parasitoids to regulate borer populations.
Although mortality of larvae could increase in these hosts due to the higher neonate
densities increasing competition (Paine et al., 2001). However, wasps used as biological
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control agents are generally effective at controlling high borer densities (Van Driesche and
Bellows, 1996). Egg parasitoids have the advantage in preventing borer larvae from
damaging the phloem/sapwood of stressed trees (Hanks et al., 1995a), and when A. longoi
was imported into Italy and Portugal (Longo et al., 1993) and pre 1995 into California, it
resulted in successful biological control of P. semipunctata (Hanks et al., 1996b).

Tree species and host tree environment
Tree species vary in their attractiveness to borers and once infested changes in diameter
and bark thickness within the tree alter the environmental conditions for larval
development. The Eucalypts most attractive to P. semipunctata contained the lowest levels
of larvae surviving to the adult stage (Hanks et al., 1993b, Hanks et al., 2005). In these
hosts, increased intraspecific competition among larvae for sapwood resources was
suggested to force some larvae to feed on less nutritious outer bark zone and either
prolonged their development time or larvae died, resulting in reduced survival (Hanks et
al., 1993b, Hanks et al., 2005). However, hosts with low neonate densities had increased
borer survival, indicates that differences in host properties can also influence borer
development (Hanks et al., 1993b).

Thick bark provides a more suitable sapwood

environment (Timms et al., 2006, Nahrung et al., 2014), and increases the rate of larval
development (Mendel, 1985).

Many species of Cerambycidae have a tendency for

increased density towards the base of trees, where bark is thicker and tree diameters are
larger (Zhang et al., 1993, Fierke et al., 2005, Timms et al., 2006, Albert et al., 2012).
Other host factors including phloem thickness influenced survival of P. solida Blackburn
in Corymbia citriodora Hook (Nahrung et al., 2014), and phloem thickness increases with
stem diameter although this did not always influence borer infestation rates of Ips pini Say
on Pinus ponderosa (Kolb et al., 2006).

Conclusions
The literature review has highlighted the importance of sapwood moisture, seasonality of
borer development, a mix of borer species, parasitism of wasps in controlling borer
numbers and tree characteristics on determining the behaviour of borer populations. These
studies on P. semipunctata have been mainly conducted using trees and logs in exotic
overseas plantations with some studies in eastern Australia.

In particular, sapwood

moisture was found to be an important factor controlling borer development (Hanks et al.,
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1991, Hanks et al., 1999). Seasons (Bybee et al., 2004a), tree characteristics (Hanks et al.,
2005) and parasitic wasps are also important factors affecting borer survival (Hanks et al.,
2001, Paine et al., 2001). In Australia, P. semipunctata is endemic and widely distributed,
mainly active in the warmer months, attacks dying and dead hosts of at least 10 Eucalyptus
species (Curry, 1981, Wang, 1995b), and is considered to be the main borer present in the
NJF. Given southwestern Australia is vulnerable to droughts there are several traits of
borer behaviour and development in response to changing moisture condition of trees
experiencing drought stress that need further investigation. In particular the, (a) seasonal
behaviour of borers, (b) way sapwood is utilised within trees as sapwood dries, (c)
importance of parasitism in controlling borer survival, (d) mix of borer and tree species
present, and (e) within tree environment.

Study objectives
The overall aim of this thesis was to understand the behaviour of native eucalyptus
longhorned borers (Cerambycidae) and the role of sapwood moisture in controlling their
infestation and development in response to a drought affected jarrah forest. The following
hypotheses were tested:
 levels of infestation and emergence by borers are determined by changes in tree
health during drought stress (Chapter 2),
 within tree environment in two co-dominant Eucalyptus species changes the
vertical distribution of borers and their survival (Chapter 3),
 clearfelling forestry operations release a sudden increase in suitable host material to
trigger borer infestation (Chapter 4),
 native parasitoids affects borer survival and emergence (Chapter 4),
 seasonal and host species preference in response to dying ringbarked trees depends
on the species of native Cerambycidae (Chapter 5),
 infestation and patterns of borer larval development are determined by levels of
sapwood drying (Chapter 6), and
 borer development is affected by seasonal conditions and changing sapwood
moisture (Chapter 7).
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Chapter 2
Outbreak of Phoracantha semipunctata in response to severe
drought in a Mediterranean Eucalyptus forest
The following is a modified version of the published paper
Seaton, S., Matusick, G., Ruthrof, K. & Hardy, G. 2015. Outbreak of Phoracantha
semipunctata in response to severe drought in a mediterranean Eucalyptus forest. Forests,
6, 3868-3881.

Abstract
Extreme climatic events, including droughts and heatwaves, can trigger outbreaks of
wood-boring beetles by compromising host defences and creating habitat conducive for
beetle development. As the frequency, intensity, and duration of droughts are likely to
increase in the future, beetle outbreaks are expected to become more common. The
combination of drought and beetle outbreaks has the potential to alter ecosystem structure,
composition, and function. The aim was to investigate a potential outbreak of the native
eucalyptus longhorned borer, Phoracantha semipunctata, following one of the most severe
droughts on record in the Northern Jarrah Forest of southwestern Australia. Beetle damage
and tissue moisture were examined in trees ranging from healthy to recently killed.
Additionally, beetle population levels were examined in adjacent forest areas exhibiting
severe and minimal canopy dieback. Severely drought-affected forest was associated with
an unprecedented outbreak of P. semipunctata, with densities 80 times higher than those
observed in surrounding healthier forest. Trees recently killed by drought had significantly
lower tissue moisture and higher feeding damage and infestation levels than those trees
considered healthy or in the process of dying. These results confirm the outbreak potential
of P. semipunctata in its native Mediterranean-climate Eucalyptus forest under severe
water stress, and indicate that continued drying will increase the likelihood of outbreaks.

Introduction
Wood-boring beetles are among the most widespread insect pests of trees, and can be
especially responsive to drought stress in their hosts (Negrón et al., 2009, Knight et al.,
2013, Hart et al., 2014). With droughts expected to increase with climate change in many
regions (IPCC, 2014), outbreaks of some wood-boring beetles are expected to become
more frequent and intense (Bentz et al., 2010). For example, forests in Mediterranean
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regions are already experiencing significant shifts in precipitation and temperatures,
increasing tree water stress (Peñuelas et al., 2001, Diffenbaugh et al., 2007, Bates et al.,
2008). Associated with these climate changes, forests are being challenged from abiotic
factors (e.g. high temperatures and drought) and by biotic factors such as damaging
outbreaks of wood-boring beetles in semiarid, temperate, and boreal climate regions
(Coulson and Stephen, 2006, Boucher and Mead, 2006, Hebertson and Jenkins, 2008,
Flower and Gonzalez-Meler, 2015). While bark beetles (Coleoptera: Curculionidae) are
well-known forest pests of drought-stressed hosts, other wood-boring beetles (e.g.,
Cerambycidae and Buprestidae) can also cause widespread damage under drought
conditions (Stephen et al., 2001). For example, in the Ozark mountains (a temperate
climate region) of the southeastern United States, outbreaks of the red oak borer E. rufulus,
coinciding with drought and loss of tree vigor, led to large-scale mortality of several
Quercus species in the early 2000’s (Stephen et al., 2001).
Phoracantha semipunctata has become a major pest of Eucalyptus species throughout the
world where they have been introduced (Duffy, 1963, Hanks et al., 1999). Worldwide, it is
among the most economically damaging Phoracantha species (Duffy, 1963).

For

example, in California, it causes extensive tree losses, attacking a wide range of Eucalyptus
species in plantations (Scriven et al., 1986, Hanks et al., 1993a). Drought stress is a
predisposing factor for P. semipunctata attack and tree mortality (Duffy, 1963). Despite
the amount of literature on this species outside of Australia, in its native forest ecosystems
in drought prone Australia, where the insect has a wide distribution (Wang, 1995b), its
behaviour and response to drought stress in its hosts has received limited attention. In fact,
evidence of P. semipunctata causing widespread damage to its native ecosystems is rare
(Curry, 1981).
The Mediterranean climate region of southwestern Australia has experienced a climatic
shift since the 1970s, with a step-wise reduction in rainfall and a steady increase in average
temperature (Bentz et al., 2010). Coinciding with this drying trend, a series of canopy
dieback events have occurred in multiple ecosystems over the past two decades (Hooper
and Sivasithamparam, 2005), with some associated with outbreaks of endemic woodboring beetles (Hooper et al., 2010). The largest, in terms of spatial extent, and most
damaging event, occurred during the Australian summer 2010/2011 in the largest forest
type in the region (the Northern Jarrah Forest (NJF)) (Matusick et al., 2013). While
dieback and tree mortality were largely suspected to be driven by the combination of
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drought and heat, wood-boring beetle activity was also evident in many dying and
recently-killed trees (Matusick et al., 2013). Collection of adults from infested stems
showed that the native P. semipunctata was the primary beetle present in the two overstory
dominant tree species in the NJF, jarrah (Eucalyptus marginata) and marri (Corymbia
calophylla) (Matusick, pers. observations). Although the behaviour of P. semipunctata is
well known where it has been introduced outside of Australia (Duffy, 1963, Hanks et al.,
1993a, Hanks et al., 2005), little research has been conducted on its population biology and
host damage in native ecosystems.

Furthermore, given the close association of P.

semipunctata with tree water stress, and the magnitude of climate changes projected for the
Australian continent, research on this species is particularly important.
Following the cessation of drought in 2011, we conducted a study to determine the host
damage and infestation response of P. semipunctata in relation to drought stress in the NJF
of southwestern Australia. Two surveys were conducted (2011 and 2012) to determine (1)
the association between tree crown health and damage by P. semipunctata (2011), and (2)
the infestation of P. semipunctata in severely and minimally drought-affected forest areas
and among trees of varying health conditions (2012). Results will determine the strength
of the association between P. semipunctata and severe host drought stress, and provide a
basis to estimate its outbreak potential with continued drying in the region.

Methods
Study area
The NJF ranges from tall open sclerophyll forest in the west to open woodland in the east
due to a strong west–east precipitation (ranging from 1300 mm to 800 mm) and
evaporation gradient (ranging from 575 mm to 700 mm) (Gentilli, 1989). The uplands are
dominated by jarrah and marri which commonly occur as overstory codominants.
Common midstory species include Allocasuarina fraseriana (Miq.) L.A.S. Johnson,
Banksia grandis Wild, Persoonia longifolia R.Br, and Persoonia elliptica R.Br (Marchant,
1973). Soils throughout the study area are lateritic, predominantly ironstone gravels with
sandy matrixes of low moisture holding capacity, and include many areas of shallow soils
over granite (McArthur et al., 1977).
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Study site and plot selection
Twenty sites were selected for field sampling from a population of 235 severely droughtaffected sites determined by an aerial survey in May 2011 (Figure 2.1). For detailed
methods of the aerial survey see Matusick et al., (2013). Briefly, the severely-affected
sites (>70 % complete crown discolouration) were located from the aerial survey and
accurately delineated using a differential GPS (Pathfinder Pro XRS receiver, Trimble
Navigation Ltd., Sunnyvale, CA, USA) (± 0.4 m) on the ground.
In June 2011, shortly following the cessation of drought, a survey was conducted to
estimate beetle damage to trees. Plots were selected by choosing 3 points randomly on a
20 m × 20 m grid (using fGIS forestry cruise software (Wisconsin DNR-Division of
Forestry, Madison, United States) from within the severely-affected forest in each of the 20
sites selected and represented the centre point of a 0.011 ha fixed radius forest plot.
Severely-affected areas were associated with shallow soils surrounding rock outcrops and
on soil types with lower water holding capacity than minimally-affected areas (Brouwers et
al., 2013). Additionally, 3 plots were located outside the severely-affected area in forest
minimally-affected (<20 % crown discolouration). These plots were located 20 m outside
the perimeter of the severely-affected area. A differential GPS was used to locate plots
within each area.
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Figure 2.1. Study site location was the Northern Jarrah (Eucalyptus marginata) Forest of
southwestern Australia. Study sites (black dots) were located in the remaining intact,
native vegetation of the forest (dark grey colour). Within each study site (inset), three and
ten plot locations were randomly selected for severely- (white dots) and minimallyaffected (black triangles) forest area for Survey 1 and Survey 2, respectively. The discrete
nature of the damage allowed for sampling both severely and minimally drought-affected
forest in close proximity. A 10 m forest area buffered severely from minimally-affected
areas.
For the second survey in May 2012, a subset of 11 sites was revisited to estimate beetle
infestation levels. The life cycle of P. semipunctata is known to last up to 9 months (Paine
et al., 2009), so by returning to the sites after this time, it ensured nearly all P.
semipunctata had emerged from infested trees. For this survey, the minimally-affected
forest areas were defined as a band of forest 30 m wide surrounding the severely-affected
area, buffered by 10 m from the severely-affected area (Figure 2.1). The distinct and sharp
contrast between severely and minimally drought-affected areas allowed for sampling of
both populations in close proximity to one another. Twenty plot point locations were
chosen randomly on a 40 m × 40 m grid using fGIS within severely and minimally
drought-affected forest and a subset of 6–10 points were used for sampling. On each plot
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point, the point-centered quarter method of tree sampling was used to select trees
(Mitchell, 2007). Four trees were selected surrounding each point by measuring the closest
tree (jarrah or marri, diameter at breast height over bark (DBHOB) >10 cm) to the plot
point in each of four quadrats (NW, NE, SE, SW). The distance from the plot centre to the
four trees selected was measured and used to determine the density of trees in each forest
area based on the methods outlined in Mitchell, (2007).

Damage and tissue moisture
Either 3 or 4 overstory trees (>10 cm DBHOB, jarrah or marri) were chosen for sampling
on each plot.

Each sampled tree was assessed using differences in visual condition

(Flower et al., 2013) and placed into one of three crown health classes, based on the
severity of discolouration exhibited by crown foliage, adapted from Worrall et al., (2008).
Trees considered “healthy” had predominantly (>75 %) green, turgid foliage and limited
evidence of stress, “dying” trees had predominantly yellow, pink, and/or dry foliage, while
“recently killed” trees had completely red, dead foliage. On each tree at DBHOB and
ground line, four patches of bark, greater than 100 cm 2 in size, were removed from each
cardinal direction (8–100 cm2 patches per tree). Removing the bark exposed the surface of
the inner bark/phloem where P. semipunctata forms feeding galleries (Hanks et al., 1993a).
The area of stem surface damaged by P. semipunctata feeding was determined to the
nearest 1 cm2 using a 100 cm2 transparent grid, placed over each patch of exposed inner
bark. In order to estimate the phloem and outer sapwood tissue moisture, which is thought
to be important in P. semipunctata infestation success (Hanks et al., 1991, Hanks et al.,
1999), a 2 cm diameter plug of tissue was collected from each sampled patch using a 19
mm diameter drill bit. Tissue samples were weighed in the field immediately following
collection, taken to the laboratory, dried at 70 °C for five days, and re-measured to
determine moisture content.

Infestation levels
For each tree, the loose outer bark was scraped from the bottom 2 m of the stem to more
clearly detect P. semipunctata exit holes. Following outer bark removal, the total number
of P. semipunctata exit holes (defined as being 8–12 mm in diameter) was counted. The
density of P. semipunctata (exit holes m-2 stem surface area) was derived for each tree
using DBHOB and assuming a perfect cylinder of 2 m in height. These methods closely
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followed other studies, where cerambycid beetle populations were estimated using only the
bottom 2 m of trees (Fierke et al., 2007), and is justified by within-tree studies that have
shown this area represents the majority of beetle emergence (Timms et al., 2006) (Chapter
3). To calculate adult emergence (ha−1) tree densities found from surveys, and population
levels per tree for each forest area (averaged over all sites measured) were then scaled-up
and used to calculate total estimated borer populations for each minimally and severely
drought-affected forest areas. Sample trees crown health were similarly assigned into
classes based on Worrall et al., (2008), where; “healthy” showed limited evidence of
crown dieback from the disturbance (>90 % of original crown present), “moderate
dieback” included trees showing evidence of partial crown dieback, while retaining some
(>10 %) original foliage, “severe dieback” included trees which lost all original foliage
(and had coppice and epicormic shoots present) and “recently killed” trees had lost all
foliage during the disturbance and either failed to resprout or all resprouts were dead.

Analysis
Damage and tissue moisture
Since stem damage and tissue moisture were found to be similar between jarrah and marri
following Mann–Whitney tests (damage U1,59=2.39, P=0.122, moisture U=0.81, df=1,
P=0.368), they were grouped for all analyses. To examine the association between P.
semipunctata damage and crown health class, the proportion of inner bark damaged
(severity) by P. semipunctata and tissue moisture were analyzed using nonparametric
Kruskal–Wallis tests followed by Mann–Whitney tests with Bonferonni correction in SAS
(Statistical Analysis System, SAS Institute, version 9.3, Cary, NC, USA) due to nonnormally distributed data. Means (± SEM) are shown as appropriate. To determine
whether inner bark damage (%) is related to tissue moisture (%), Spearman Rank
correlation procedure (PROC CORR) was used in SAS.
Infestation levels
We compared jarrah and marri infestation levels using Mann–Whitney tests and were
found to be not significantly (U=1.07, df=1, P=0.285) different. Data were then pooled for
all analysis. To compare infestation levels of P. semipunctata in severely and minimally
drought-affected forest areas and the percent of trees and infestations of P. semipunctata
among each crown health class in the severely-affected forest area were analyzed using
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nonparametric Kruskal–Wallis tests followed by Mann–Whitney tests with Bonferonni
correction due to unequal variances among health classes in Genstat v18 for Windows,
(VSN International, Hempstead, United Kingdom) (VSN, 2017). Means (± SEM) are
shown as appropriate.

Results
Damage and tissue moisture
Phoracantha semipunctata damage to the inner bark/phloem was found to vary with crown
condition (H22,105=37.97, df=2, P<0.001), with the greatest damage in trees considered to
be recently-killed when surveyed (Figure 2.2).

There was a significant negative

relationship (r=−0.4009, P<0.001) between tissue moisture and the proportion of inner
bark damaged (Figure 2.3).

Figure 2.2. The pooled percent incidence of Phoracantha semipunctata damage, the
average severity of damage (% inner bark surface area damaged) and mean tissue moisture
content (%) in healthy, dying and recently killed trees across 20 sites in the Northern Jarrah
Forest, southwestern Australia (n=60). Significant differences among crown health classes
were found for damage severity and tissue moisture from Kruskal–Wallis tests at alpha =
0.05. Columns sharing the same letter within a variable are not different from individual
Mann–Whitney tests with Bonferroni correction. Error bars represent the standard error of
the mean.
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Figure 2.3. Correlation between percent tissue moisture and the percent of inner bark
damaged from Phoracantha semipunctata in the Northern Jarrah Forest, southwestern
Australia. A significant relationship was determined from Spearman Rank correlation at
alpha = 0.05. n=120.

Infestation levels
On average in the severely-affected forest area, P. semipunctata infestation levels
(measured as exit holes) were 80 times higher than in the minimally-affected area (3.44 ±
0.39 m−2 vs. 0.05 ± 0.04 m−2, H1,395=60.85, P<0.001) (Figure 2.4). This scaled-up to an
estimated 2265 beetles per hectare for a severely-affected forest and 41 beetles per hectare
for a minimally-affected forest, when considering only the lower 2 m of trees.
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Figure 2.4. Mean density of Phoracantha semipunctata emergence holes (m−2) per bottom
2 m of stems in minimally (n=92) and severely (n=304) drought-affected forest areas in
Northern Jarrah Forest, southwestern Australia. Significant differences between forest
areas were found for emergence holes from Kruskal–Wallis tests at alpha = 0.05. Error
bars represent the standard error of the mean.
In the severely-affected forest, the majority of trees showed severe dieback (>50 %)
(H3,304=21.33, P<0.001) with the highest incidence of trees being infested by P.
semipunctata (Figure 2.5).
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Figure 2.5.

The mean percent of trees and the pooled percent incidence of P.

semipunctata emergence holes in trees from four crown health classes within the severely
drought-affected forest area across 11 sites in the Northern Jarrah Forest, southwestern
Australia. Significant differences among trees with different health classes were found
from Kruskal–Wallis tests at alpha = 0.05. Columns sharing the same letter for percent
trees are not different from Mann–Whitney tests with Bonferroni correction. Error bars
represent the standard error of the mean, where number of trees from left to right for Trees
were n=34, 66, 154, 50, and Incidence were n= 4, 41, 102, 21.
Density of P. semipunctata emergence holes varied with crown health class (H3,301=21.26,
df=3, P<0.001), where infestation levels increased as crown health deteriorated (Figure
2.6). Emergence holes in trees with severe dieback and recently killed were 17 times
higher compared to trees that were healthy or had moderate dieback (Figure 2.6). Density
of P. semipunctata emergence holes was found to be different among sites (H10,292=37.22,
df=10, P<0.001).
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Figure 2.6. The density of emergence holes (m −2) of Phoracantha semipunctata in trees
with different crown health classes within severely-affected forest areas across 11 sites in
the Northern Jarrah Forest, southwestern Australia. Significant differences were found in
emergence holes among trees in different health classes from Kruskal–Wallis tests at alpha
= 0.05. Columns sharing the same letter are not different from individual Mann–Whitney
tests with Bonferroni correction. Error bars represent the standard error of the mean,
where number of trees from left to right were n=4, 41, 11, 8.

Discussion
This is the first study to report that, following a severe drought, canopy collapse was one of
the main contributors to outbreaks of P. semipunctata, in a native ecosystem in Australia.
While this interaction is well known in California and other regions where P. semipunctata
and its hosts have been introduced, it has been rarely reported from native ecosystems
(Curry, 1981). These findings are significant since the tree species in the NJF have
historically been resistant to the combined effects of drought and forest pests (Abbott and
Loneragan, 1986).

This beetle outbreak, along with other pest outbreaks in similar

ecosystems (Hooper et al., 2010), suggests that climate shifts are changing host-pest
interactions in the region.
Host defense against forest pests is expected to be altered with climate change and
associated increases in host stress (Flower and Gonzalez-Meler, 2015). Inner bark tissue
moisture has been found to be an important defense against the successful development of
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P. semipunctata in eucalypts (Hanks et al., 1991, Hanks et al., 1999). Sufficient inner bark
and phloem moisture is thought to force larvae to feed in poorer quality outer bark tissue,
which can reduce beetle growth and survival and limit damage to the host (Hanks et al.,
1999). If beetles are unable to avoid the moist inner bark, death of larvae can occur from
excessive moisture, or drowning (Hanks et al., 1991). The association between low tissue
moisture and high inner bark damage reported here, during a severe drought, provides
some support for previous findings (Hanks et al., 1991, Hanks et al., 1999). However,
other related factors, including the concentration of non-structural carbohydrates in tissues,
reduced secondary defence compounds, and elevated temperatures may have also
contributed to larval development (Koricheva et al., 1998, Huberty and Denno, 2004, Sallé
et al., 2014). Further research is necessary to determine the environmental changes that
occur in hosts during periods of drought stress, and the relative influence of these factors
on P. semipunctata establishment and success in the NJF.
This is the first study to estimate population levels of P. semipunctata in the NJF, and
indeed any natural forest in its native range. Infestation levels of P. semipunctata observed
in minimally-affected forest are likely to be near background levels for the NJF, since the
level of drought stress observed in these areas is consistent with that observed during the
seasonal summer drought.

In comparison, background levels of other endemic

Cerambycidae, such as E. rufulus are generally higher (Stephen et al., 2001). However,
outbreak population levels of P. semipunctata were found to be comparable to levels of E.
rufulus in oak (Quercus spp.) trees (Fierke et al., 2007).

The implications of high

populations of P. semipunctata are not well-known in its native ecosystems; however, this
study clearly shows that beetles stayed confined to severely-stressed areas, unlike the pine
bark beetles in North America’s forests which attacked healthy trees during outbreaks
(Raffa et al., 2008). This suggests that populations of P. semipunctata fall considerably
after the cessation of drought.

Despite this, with continued drying in southwestern

Australia, the combination of drought and heat may lead to more frequent and severe
outbreaks of P. semipunctata.
The drought-induced canopy collapse in the NJF was not unlike other mortality events
observed in recent years (Allen et al., 2010), in terms of its severity and extent. While
results from this study strongly suggest P. semipunctata populations are likely to rise in the
coming years with increases in forest drought stress, the effects of increased beetle
populations on the NJF is unclear. If the behaviour of P. semipunctata in the NJF closely
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follows that of other endemic Cerambycidae (Fierke et al., 2007, Fan et al., 2008),
population outbreaks such as the one observed following the 2011 collapse may predispose
trees to suffer higher mortality during less severe drought episodes in future years.
Increased population monitoring may enable us to determine the magnitude of forest
changes from P. semipunctata outbreaks in relation to climate warming.
Drought-affected trees in this study were vulnerable to beetle attack from the native
cerambycid, P. semipunctata, with trees killed by the 2011 drought containing the highest
infestation levels. Low levels of tissue moisture in dead and dying trees, which is known
to make other hosts susceptible to P. semipunctata, was correlated with high levels of
beetle damage. Since P. semipunctata was largely restricted to trees severely-affected by
drought, and these trees were concentrated in discrete areas, there is minimal evidence that
P. semipunctata can attack and kill trees not experiencing severe water stress. However, as
a result of climate change, drought prone areas are expected to become more common and
could result in more frequent outbreaks.

29

Chapter 3
Influence of within-tree environment of two codominant
Eucalyptus species on the distribution and emergence of the
longhorned borer Phoracantha semipunctata (Coleoptera:
Cerambycidae)
Abstract
The changing stem diameter and environmental conditions under the bark with height can
influence the within-tree distribution of borers. The aim was to conduct a tree dissection
study in a native eucalypt forest following a severe drought to determine how bark
diameter and tree height influence larval development, emergence and survival of the
eucalyptus longhorned borer (Phoracantha semipunctata). In this study, 40 trees each of
jarrah (Eucalyptus marginata) and marri (Corymbia calophylla), the two main overstorey
species in the Northern Jarrah Forest (NJF), were felled, cut into 1 m sections and
measured to give total number of neonate larval galleries, mature larvae present and
emergence holes. Distribution of exit hole densities was positively associated with section
diameter and thicker bark and negatively associated with height above the ground and
favoured the lower tree sections where marri with overall thicker bark also had higher
emergence than jarrah in the lower 5 m of tree height. Above 5 m, decreased survival in
marri was associated with smaller stem diameters compared to jarrah. There was evidence
of overlapping galleries at high larval incidence, indicating intense competition for
sapwood resources among developing larvae. This gave poor survival of neonate larvae
reaching maturity in both species, though pupal survival remained high and differed
between tree species.

Introduction
Tree species have a unique natural taper and this changes the internal environmental
conditions along stems, where wood density in Eucalyptus regnans F. Muell increases with
height (Downes et al., 1997, Kibblewhite et al., 2003).

Diameter, bark and phloem

thickness are autocorrelated with height above the ground and these contribute to the
success of wood-boring insects, with a tendency of increased densities of within-tree borer
populations towards the base of trees (Timms et al., 2006, Albert et al., 2012, Nahrung et
al., 2014). This can vary for a single borer species between tree species (Zhang et al.,
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1993). Thicker bark is considered to provide a more suitable environment for emerald ash
borer Agrilus planipennis Fairmaire (Coleoptera: Buprestidae) and the highest larval
densities occur in regions with thicker bark (Timms et al., 2006). The borer Cerambyx
cerdo Linnaeus (Coleoptera: Cerambycidae) in oak (Quercus spp.) prefer large diameter
sections occurring lower along the tree trunk exposed to the sun (Albert et al., 2012). The
importance of diameter has also been shown for P. semipunctata with higher densities of
adults produced when infesting larger logs (Hanks et al., 2005).

However, phloem

thickness generally increases with diameter but does not always influence borer infestation
rates (Kolb et al., 2006). Also, differences in phloem nitrogen, available carbohydrates and
phloem thickness control the rate of borer growth and survival in other phloem and xylem
feeding borers (Hosking and Hutcheson, 1979, Haack and Slansky, 1987, Haack et al.,
1987).
The eucalyptus longhorned borer P. semipunctata is native to forests within Australia and
parts of New Guinea (Wang, 1995b, Wang, 1998, GBIF, 2013). It has become widespread
in eucalypt plantations throughout the Northern Hemisphere and is considered a pest
species (Duffy, 1963, Scriven et al., 1986), where it has caused significant economic
damage in apparently healthy trees in Palestine and the USA (Duffy, 1963, Hanks et al.,
1993a). While, in the Southern Hemisphere, for instance in South Africa can be a pest
(Drinkwater, 1975), although not always a major pest. However, in Australia, this borer is
considered only a minor pest with attacks restricted to dying and dead trees (Duffy, 1963,
Seaton, 2012). Although in southwestern Australia, it has been observed to kill young
jarrah trees in revegetated bauxite mine pits (Curry, 1981, Majer and Abbott, 1989). A
species preference of P. semipunctata was found in an overseas study using eucalypt logs
(Hanks et al., 1993b), though little is known of its behaviour and development among hosts
of whole eucalypt trees within native ecosystems.
Adults of P. semipunctata are 15 to 23 mm long and active throughout spring and summer,
emerging from around dusk onwards, they feed on pollen and nectar of eucalypt flowers
(Chararas, 1969, Scriven et al., 1986, Hanks et al., 1990). Adults are attracted to volatiles
released by stressed and dying trees and then mate and oviposit through cracks and
crevices in loose bark (Chararas, 1969, Hanks et al., 1993a, Hanks et al., 1998, Hanks et
al., 1999). Once larvae move into the sapwood they spread away from an oviposition site
and produce extensive galleries as they consume the phloem and outer layers of sapwood
(Drinkwater, 1975, Ivory, 1977, Scriven et al., 1986). Almost the entire sapwood of trees
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and logs can become riddled with galleries from larval feeding during their development
(Powell, 1982, Hanks et al., 2005). In some cases the complete cambium zone can be
consumed, eventually killing the tree (Duffy, 1963, Curry, 1981, Seaton, 2012), though
mature larvae are known to avoid oviposition sites where phloem/sapwood may be dry
(Hanks et al., 2005). Larvae then bore into the sapwood and occasionally enter the
heartwood, where they form a pupal chamber before emerging by creating an oval hole of
around 8 to 10 mm in diameter through the bark surface (Hanks et al., 1993a). At the time
of pupation, the sapwood has dried significantly, and having reduced nutritional quality
this can limit the ability of late-stage larvae to pupate (Hanks et al., 1999, Paine et al.,
2001). In overseas plantations, its life cycle takes between 8 to 18 months (Duffy, 1963,
Hanks et al., 1993a, Bybee et al., 2004a), and can be shorter taking as little as 2 months in
logs with high larval densities (Hanks et al., 2005).
Bark thickness affects the rate of larval development (Mendel, 1985) and bark thicker than
17 mm protects P. semipunctata against parasitic wasps in eucalypt logs (Hanks et al.,
2001). For P. solida, phloem density and low moisture content of Corymbia citriodora
(lemon scented gum) encouraged high borer densities (Nahrung et al., 2014). In tree
species with high neonate densities, intraspecific competition forces maturing larvae that
were delayed in their development to feed on sapwood of lower quality (Chararas, 1969,
Powell, 1982, Hanks et al., 1993a), and in some cases cannibalism can occur (Shibata,
1987, Hanks, 1999, Hanks et al., 2005). Competition among high numbers of larvae
resulted in lower survival of P. semipunctata in logs of E. trabutii, compared to E.
cladocalyx, E. grandis and E. tereticornis (Hanks et al., 1993b).
The aim of this study was to compare the within-tree environment of two Eucalyptus
species jarrah and marri and how this influenced the within-tree distribution and adult
emergence of P. semipunctata. The importance of stem diameter, bark thickness varying
with tree height and tree species in a native forest is discussed. Jarrah is a tree with
exceptionally hard wood (Wengert, 2003) belonging to the stringybarks with rough
elongated fibrous bark (Herbarium, 2018). In contrast marri has softer wood and belongs
to the bloodwoods (Chattaway, 1954, Abbott et al., 1989) with rough tessellated bark
(Herbarium, 2018). Both species are the main overstorey trees native to the NJF.
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Methods
Study area and tree selection
The study was conducted in the NJF in the Darling Range, southwestern Australia. This
region comprises one of the five biodiversity hotspots in Mediterranean climate regions
(Myers et al., 2000, Mittermeier et al., 2004), and experiences a typical climate with cool,
wet winters (rainfall from 800–1100) followed by dry summers lasting up to 6 months,
where total rainfall can be <50 mm (Gentilli, 1989). In the NJF, jarrah and marri comprise
the main overstorey species that can reach 30 m high with an understorey of Banksia
grandis, B. attenuata, B. littoralis, Allocasuarina fraseriana and grass trees (Xanthorrhoea
preissii Endl.) with ground cover composed of many species of shrubs and herbaceous
perennials (Bell and Heddle, 1989).
A severe drought and heat event in 2010/2011 resulted in patches of forest suffering severe
canopy die-off (Matusick et al., 2013). Within these die-off patches, the only mature
overstorey trees present were jarrah and marri and both were attacked by P. semipunctata
(Chapter 2). Four of these patches within state forest were used as study sites with two
located in the west-central jarrah forest (32°13'36.96"S, 116° 8'1.24"E), and two sites 40
km (32°34'32.40"S, 116° 0'53.11"E) to the south. Within each site, 10 jarrah and 10 marri
trees were randomly selected in March–April 2012, 12 months following the die-off event,
allowing sufficient time for adult borers to emerge. Trees selected were at sufficient
distance apart to consider variations throughout the whole site and had no live canopy
present.

Borer characteristics
Sample trees were felled at ground level, total tree height measured and then divided into 1
m long sections (average surface area of 0.458 m2) and numbered accordingly. Section
diameters were measured at the midpoint of each section (yielding 895 stem sections) to at
least ≥5 cm in diameter. A 5 cm limit was set, as in some sections, not all the wood
smaller than this size could be recovered after felling. Bark thickness was measured at the
distal end of each section at three points around the circumference. Tree diameters at
breast height (DBH) averaged 20 ± 1.0 cm (range 10–40 cm), and height (measured up to
the position in the middle of the upper crown) averaged 11.3 ± 0.3 m tall (range 7–16 m).
Tree species were similar in height (F1,79=0.01, P=0.929), DBH (F1,79=0.32, P=0.575),
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surface area (5.174 ± 0.281 m2, F1,79=0.32, P=0.575) and basal area of 0.035 ± 0.004 m2
(F1,79=0.98, P=0.326), from analysis with ANOVA.
Within each tree, measurements were made for developmental life stages of P.
semipunctata, namely; egg oviposition sites, neonate larval galleries, mature larvae and
borer emergence. For mature larvae this was calculated by adding larvae in pupal cells
plus emerged borers. For every 1 m section, the loose outer bark was removed to ensure
all holes made by emerged adult borers (borer emergence) could be located and were then
counted. These holes were oval in shape and approximately 8 mm in diameter; with adult
borers present in some of these holes were identified as P. semipunctata using taxonomic
keys (Duffy, 1963, Wang, 1995b, Morelli et al., 2002). Next, all the bark was removed
from every odd numbered 1 m section to count oviposition sites and neonate larval
galleries present in the exposed sapwood surface. Every odd section was measured for
these parameters, given the amount of time it took to measure all of the sections on each of
the 80 trees. Oviposition sites were identified by narrow feeding galleries made by
neonate larvae radiating out from a central point. In some cases, oviposition sites and
neonate larval galleries could not be distinguished as they were obscured by late-stage
larvae galleries and these samples were excluded from analysis.
To assess the incidence of larval galleries, a 100 cm 2 transparent grid was placed over the
exposed sapwood per 1 m section at three random positions and the number of 1 cm 2
squares intersected by at least one larval gallery was counted. Three samples per section
were then averaged and expressed as a percent. Sections were then longitudinally split a
number (1–5) of times, depending on their diameter, to reveal pupal chambers in the inner
sapwood and heartwood and all late-stage larvae within pupal chambers were counted.
Borer emergence for all 1 m sections were added to give total numbers per tree.
Oviposition sites and neonate larval galleries for each odd section were doubled and then
added to give total numbers per tree. Borer emergence for each 1 m section was divided
by the surface area over the bark of a section, while oviposition sites and neonate larval
galleries were divided by the sum of the surface area for every 2 m section to give numbers
m-2. Total numbers of each of these three borer stages per tree were then divided by the
surface area over the bark of a tree to give numbers m -2 per tree. Neonate larval survival
was calculated by dividing the total number of late stage larvae in pupal cells and
emergence holes by the total number of neonate galleries; pupal survival by dividing the
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total number of emergence holes by the sum of late stage larvae in pupal cells and
emergence holes, and total survival of adult borers by dividing the total number of
emergence holes by total number of neonate larvae.

Analysis
Comparisons of average density (m-2) of oviposition sites, neonate larvae, neonate larvae
per oviposition site, mature larvae, and borer emergence and larval incidence (%) for each
tree, were tested for differences between tree species with Analysis of variance (ANOVA)
using Genstat v18 (VSN, 2017). Percent total, neonate, and pupal survival for each tree
were tested for differences between tree species with ANOVA. Normality was checked by
examining standardized residual plots and normal probability plots and density data was
square root transformed and percentage data arcsine transformed where necessary to
achieve normality with means ± SEM shown where appropriate. For each ANOVA checks
were made using the Levene tests for stability of variance and the W or Shapiro-Wilk test
to determine if sample data were normally distributed.
Analyses of (a) numbers of borers emerged with height, (b) density of borer emergence m-2
with height and (c) density of borer emergence m -2 with bark thickness were carried out
using separate generalised linear mixed models (GLMM). For each model, data for the
borer variate were Poisson transformed with logarithm link function. For the first model,
the variate was the number of borers emerged, and the fixed factors were species, height,
and section diameter. In the second model, the variate was borer emergence m -2, and the
fixed factors were species and height.

For the third model, the variate was borer

-2

emergence m , and the fixed factors were species and bark thickness. Bark thickness of
each section was grouped into classes that increased by 2 mm from the smallest to largest
values and averaged for each class for each tree species. Also, a GLMM was conducted to
compare incidence of larval galleries with height, and the fixed factors were species and
height, and incidence data were arcsine transformed.
Relationships of diameter with height per section, borer emergence m-2 with height per
section, larval incidence (%) with density of neonate larval galleries per tree, larval
incidence (%) with height, bark thickness with diameter, borer emergence m-2 with bark
thickness for each tree species were compared using least squares regression in Genstat
v18, testing for differences in slope, elevation and location.
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Results
Borer emergence and tree diameter with height
Section diameter was significantly negatively related to section height (measured at each 1
m) in jarrah and marri. Section diameter for marri decreased significantly (χ2=0.006) more
(1.41x) in slope with section height than jarrah, and after 7 m in height marri had
increasingly smaller diameters compared to jarrah (Figure 3.1).

Figure 3.1. Relationship between diameter (cm) and height (m) of 1 m sections up to 12
m for jarrah (Eucalyptus marginata ●) (n=40) and marri (Corymbia calophylla ○) (n=40)
trees in the Northern Jarrah Forest, southwestern Australia.

Significant (P<0.001)

regression equations for borer emergence were; jarrah y = -0.973x + 21.63, and marri y = 1.372x + 22.76.
Density (m-2) of borer emergence per tree of 16.57 ± 1.55 for marri was significantly
(ANOVA, F1,75=6.08, P=0.016) higher (33 %) than 12.11 ± 1.37 for jarrah. In the first
GLMM analysis, the number of borers that emerged was dependent on species, and was
negatively related to the height of a tree section above ground (m) and positively related to
diameter (cm), with significant interactions (Table 3.1a). In the second GLMM analysis,
adjusting for the diameter of each 1 m section, borer emergence (m -2) was also dependant
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on tree species and negatively related to height with significant interactions (Table 3.1b,
Figure 3.2).
Table 3.1. Tree characteristics influencing the distribution of emergence holes of the eucalyptus
longhorned borer Phoracantha semipunctata for jarrah and marri trees in the Northern Jarrah
Forest. Predictions of the association (using Generalised Linear Mixed Models) between (a)
number of borers emerged, and (b) density of borers emerged with species and tree characteristics
and their interactions. The final analyses include all the variables and interactions listed below
(residual deviance, model 1 = 5.46, model 2 = 6.25, n= 959 degrees of freedom).
(a) Number of borers emerged

Correlation coefficient

SE

F

P

Species

0.0819

0.07582

102.13

<0.001

Height

-0.2983

0.1062

59.28

<0.001

Diameter

0.5056

0.008322

949.40

<0.001

--

0.2169

4.50

<0.001

Species x Diameter

0.140

0.01039

1.48

0.224

Height x Diameter

-0.4939

0.01289

20.53

<0.001

0.443

0.0008547

7.03

<0.001

Species

0.1335

0.05901

239.15

<0.001

Height

-0.2223

0.08191

66.55

<0.001

0.134

0.1035

10.23

<0.001

Species x Height

Species x Height x Diameter
(b) Borer emergence (m-2)

Species x Height

Comparing tree species of emergence density with height, showed marri had significantly
(Wald=8.257, χ2=0.004) higher elevation than jarrah, with similar slopes between species
(Likelihood ratio=1.938, χ2=0.164) (Figure 3.2). For each 1 m section to a height of 5 m
above the ground, borer emergence m-2 in marri were significantly (P<0.001) higher (1.4x)
than jarrah.
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Figure 3.2. Relationship between density of borer emergence (m-2) with height of 1 m
sections up to 12 m in height for jarrah (Eucalyptus marginata ●) (n=40) and marri
(Corymbia calophylla ○) (n=40) trees in the Northern Jarrah Forest, southwestern
Australia. Significant (P<0.001) regression equations for borer emergence were; jarrah y =
-0.696x + 16.34, and marri y = -1.462x + 24.76.

Incidence of larval galleries in sapwood
Mean density (m-2) of oviposition sites per tree were not significantly (F1,75=0.79, P=0.377)
different between species with jarrah 2.80 ± 0.19, and marri 2.58 ± 0.17. Also the density
of neonates per tree were not significantly (F1,75=1.85, P=0.178) different between species
with jarrah 22.37 ± 1.86 m-2and marri 25.30 ± 2.04m-2. Once neonates had begun feeding
from oviposition sites they radiated out from oviposition sites (Figure 3.3a) and generally
produced galleries that extended for at least 60 cm in parallel lines until larvae had
matured. These galleries occasionally crossed over galleries previously made by other
developing larvae in the same area of sapwood and in some cases, this resulted in a loss of
the thin partition of sapwood left between galleries made by individual larvae (Figure
3.3b).
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Figure 3.3. Photos of an example of sapwood galleries in marri (Corymbia calophylla)
infested by Phoracantha semipunctata showing (a) neonate larval galleries radiating out
from a central oviposition site (arrowed) overlayed by late-stage larval galleries (++), and
high numbers of mature larvae overlapping each other (++), and (b) an emergence hole
(arrow big) showing the thin partition between galleries of individual larvae (arrow small).
White scale bar=5 mm.
Larval incidence (%) per tree (measured by number of squares containing a gallery in a 10
x 10 cm2 grid) was similar between tree species (overall average for jarrah 47.5 ± 3.62 %,
and marri 49.0 ± 3.58 %, ANOVA, F1,75=0.05, P=0.815) and within each species incidence
was significantly (F5,479=24.95, P<0.001) higher in the lower 4 m of a tree (average 61.43 ±
3.13 %) compared to higher in the tree (average 40.51 ± 2.77 %). There were significant
(P<0.001) positive relationships for larval incidence with density of neonate larvae
reaching 60 larvae per tree with regressions having similar slopes (Likelihood ratio=1.256,
χ2=0.262) and elevation (Wald=0.083, χ2=0.773) between tree species (Figure 3.4).

39

Figure 3.4. Correlation between percent incidence of larval galleries and density of
neonate larvae (m-2) per tree for jarrah (Eucalyptus marginata ●) (n=38) and (b) marri
(Corymbia calophylla ○) (n=39) trees in the Northern Jarrah Forest, southwestern
Australia. Significant (P<0.001) regression equations for bark thickness were; jarrah y =
0.855x + 28.38, and marri y = 1.323x + 14.37.
Incidence of larval galleries was also significantly associated with height (GLMM,
F6,959=48.99, P<0.001, Table not shown). There were significant (P<0.05) negative
relationships for both jarrah and marri, although species were not significantly (F5,959=0.55,
P=0.459) different with similar slopes (Likelihood ratio=1.7, χ2=0.192) and location
(Wald=0.059, χ2=0.808) (Figure 3.5).

40

Figure 3.5. Correlation between percent incidence of larval galleries per tree and section
height in jarrah (Eucalyptus marginata ●) (n=38) and (b) marri (Corymbia calophylla ○)
(n=39) trees in the Northern Jarrah Forest, southwestern Australia. Significant (P<0.001)
regression equations for incidence were; jarrah y = -2.403x + 62.86, and marri y = -4.561x
+ 75.81.

Bark thickness
Bark was significantly (F1,75=64.88; df=1, P<0.001) thicker (40 %) in marri averaging
12.79 ± 0.57 mm compared to 9.13 ± 0.51 mm in jarrah. There were significant (P<0.001)
positive relationships between bark thickness and diameter per section. Bark thickness for
marri increased significantly (Likelihood ratio=51.94, χ2<0.001) more (4.2x) in slope and
elevation (Wald statistic=117.5, χ2<0.001) with section diameter compared to jarrah
(Figure 3.6).
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Figure 3.6. Correlation between bark thickness (mm) and section diameter (cm) for jarrah
(Eucalyptus marginata ●) (n=142) and (b) marri (Corymbia calophylla ○) (n=114) trees in
the Northern Jarrah Forest, southwestern Australia.

Significant (P<0.001) regression

equations for bark thickness were; jarrah y = 0.153x + 6.14, and marri y = 0.595x + 3.69.
Most of the borers that emerged per tree (48 % and 54 % in jarrah and marri, respectively)
occurred below 5 m height, where diameters were above 15 cm and bark thickness was
greater than 8 mm. In this zone, both trees were of similar diameters of 21 cm (Figure 3.1)
more than twice as many adults emerged from marri compared to jarrah (Figure 3.2) and
bark of marri was 68 % thicker than jarrah (Figure 3.7).
For the third model borer emergence (m-2) was dependent on tree species and positively
related to bark thickness, with significantly (Wald=5.71, χ2=0.023) higher densities in
marri than jarrah (GLMM, Table 3.2).
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Table 3.2. Tree characteristics influencing the distribution of emergence holes of the eucalyptus
longhorned borer Phoracantha semipunctata for jarrah and marri trees in the Northern Jarrah
Forest. Predictions of the association (using Generalised Linear Mixed Models) between density of
borers emerged (m-2) with species and bark thickness and their interactions. The final analyses
include all the variables and interactions listed below (residual deviance, model 3= 5.46).
Borer emergence (m-2)

Correlation coefficient

SE

F23,230

P

Species

0.2981

0.05744

330.46

<0.001

Bark thickness

0.2968

0.0102746

44.00

<0.001

Species x Bark thickness

0.444

0.01173

5.90

0.015

There were significant (P<0.001) positive relationships of borer emergence and bark
thickness with regression of marri having significantly (Wald=5.62, χ2=0.018) higher
location than jarrah, but slopes were similar between species (Likelihood ratio=0.583,
χ2=0.583), where the range of bark thickness for marri was 1.5 x higher than of jarrah
(Figure 3.7).

Figure 3.7. Relationship between mean (± SEM) density of emergence holes (m-2) and
average bark thickness for every 2 mm classes incrementing from 5–25 mm for jarrah
(Eucalyptus marginata ●) (n=142) and (b) marri (Corymbia calophylla ○) (n=114) trees in
the Northern Jarrah Forest, southwestern Australia. Significant (P<0.001) regression
equations for borer emergence were; jarrah y = 0.359x + 6.56, and marri y = 0.706x + 6.88.
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Survivorship
Density of mature larvae (all larvae that constructed pupation tunnels) was similar
(F1,75=1.18, P=0.280) between species (with jarrah 22.37 ± 1.86, and marri 17.22 ± 2.04).
Total survival averaged 50.3 ± 4.1 % across species and was significantly (F1,75=9.55,
P=0.003) higher in marri (1.4x) than jarrah (Figure 3.8). This loss in survival was mainly
due to low neonates survival that averaged only 56.4 ± 5.1 %, with species not
significantly (F1,75=2.20, P=0.142) different. Pupal survival was significantly (P<0.05)
higher (1.5x) than neonate survival and averaged 83.3 ± 2.8 % across species. In marri
pupal survival was significantly (F1,75=8.37, P=0.005) higher (1.1x) than jarrah (Figure
3.8).

Figure 3.8. Percent survival of Phoracantha semipunctata for jarrah (n=35) and marri
(n=36) trees, showing mean (± SEM) total survival (neonate larvae to emerged borers),
neonate survival (from neonate larvae to late stage larvae in pupal cells and emergence
holes) and pupal survival (emerged borers from late stage larvae including borers that had
emerged).

Discussion
Numbers of P. semipunctata were highly dependent on the height of tree sections. The
lower sections of trees below 5 m and with larger diameters above 15 cm favoured borer
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development and contained 50 % of all borers that emerged per tree. On a density basis,
accounting for the different sized tree sections, the lower sections still contained the
highest emergence of P. semipunctata, indicating conditions other than the surface area of
sapwood available for larvae were important in controlling borer development. Lower
regions of trees have been found to be important for producing the highest densities of the
buprestid A. planipennis in ash and the cerambycids Monochamus sutor Linnaeus in larch,
and E. rufulus and C. cerdo in oaks (Zhang et al., 1993, Fierke et al., 2005, Timms et al.,
2006, Albert et al., 2012). Lower densities of borer in the upper smaller diameter sections
for both marri and jarrah; indicate this environment was less favourable for larval
development. As trees used in this trial had lost their entire canopy following the drought
(Chapter 2), and the upper sections of trees likely dried quickly, leaving insufficient time
for borers to fully develop before sapwood became too dry. Rapid drying was shown to
influence the decline in numbers of P. semipunctata with height, in a study by Helal and
El-Sebay (1980), where low survival of P. semipunctata occurred when larvae began to
develop in dry wood. Although it has also been suggested when P. semipunctata larvae
are at high densities in other eucalypts, they develop quickly to avoid the problem of
reduced nutrition as sapwood quickly dried (Paine et al., 2001, Hanks et al., 2005).
The higher borer densities in marri compared to jarrah was attributed to proportionally
more borers emerging from lower larger tree sections, despite these sections having similar
diameters in both tree species. This suggests that conditions in marri other than bark area
were favouring borer development. Increased bark thickness in lower tree sections was
associated with higher densities of borers. As incidence of larval galleries was also higher
in lower sections, this suggests the sapwood environment was likely more conducive for
larval development than in upper sections. Although due to smaller stem diameters, the
difference in bark thickness of jarrah and marri were not evident towards the top of the
tree. Thicker bark has been suggested to provide a more stable and cooler environment
within sapwood, with reduced desiccation and avoidance of predators (Timms et al., 2006),
and was suggested to increase densities of larvae and adult emergence of other
Cerambycidae (Hanks et al., 2005, Way et al., 2009). However, thicker bark did not
appear to affect oviposition, with similar densities between jarrah and marri, may be
related to each tree species having different bark structure, with tessellated bark in marri
and stringybark with grooves and fissures in jarrah bark (Herbarium, 2018). Therefore,
adult borers may have been finding similar numbers of crevices for penetrating and
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ovipositing into the relatively rough bark of both tree species. In the upper sections of
marri and jarrah at heights above 7 m emergence densities were low, and although there
were differences in diameter between jarrah and marri, the bark thickness was too thin
(<10 mm) in both species to affect borer emergence between these tree species. In these
upper sections, the limited sapwood resources may have been insufficient for borer larvae
to complete their development, giving lower densities of borer emergence.
Although jarrah was more dominant than marri at most of the drought sites studied, the
equal numbers of oviposits in both tree species indicate that adult borers were visiting each
tree species equally. In addition, as tree species were randomly located across the drought
sites, this suggests that marri emits stronger volatile signal allowing borers to locate these
trees in preference to jarrah trees.

Intense competition among larvae for sapwood

resources in both tree species, as evidenced by the high incidence of gallery formation in
response to increasing densities of neonates, resulted in approximately half the neonate
larvae surviving to maturity in both tree species, particularly in lower tree sections.
Individual larvae were only separated by a small partition of sapwood, and galleries of
mature larvae overlapped each other, and likely forced larvae to feed in areas where small
amounts of uneaten sapwood remained, and younger or later developing larvae were
potentially eating the frass made by older larvae (Paine et al., 2001). These larvae either
did not survive or, as a result of aggressive competition, younger larvae have become more
susceptible to cannibalism by mature larvae, as has been suggested for P. semipunctata.
Cannibalism has also found to be a common occurrence in other Cerambycidae (Rose,
1957, Ikeda, 1979, Shibata, 1998a). Other factors may have contributed to the poor
survival, including parasitoids and predators (Paine et al., 2001), poor nitrogen content
levels of eucalypts (Haack and Slansky, 1987, Dunn et al., 1990), thickness of phloem
(Nahrung et al., 2014), and carbohydrate and cellulose levels (Merchant et al., 2006).
Survival of pupae was higher in marri compared to jarrah, despite similar initial densities
of mature larvae. This suggests that larvae developing in marri sapwood with thicker bark
were healthier, increasing their ability to complete development, form pupal chambers,
pupate, and emerge. As jarrah wood is 20 % harder than marri (Abbott et al., 1989, FPC,
2012), this may have had a greater effect on larval survival during pupation than in marri.
The harder wood may have exhausted larvae as they did not have enough energy required
to excavate pupal tunnels and chambers in dry nutrient poor heartwood (Hanks et al.,
2005). As losses from pupation were not the main limiting step in determining larval
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survival, it appears P. semipunctata in its native habitat has genetically adapted to better
cope with pupation and overcome the wood properties of endemic jarrah and marri. This is
in contrast to other studies of P. semipunctata in overseas eucalypt plantations of E.
camaldulensis in E. grandis, where a high proportion of mature larvae did not finish
constructing pupation chambers (Powell, 1982, Hanks et al., 2005), and other
Cerambycidae have failed to complete pupation (Banno and Yamagami, 1991).
These findings in a drought prone forest highlight the importance of tree species in
controlling the larval development of P. semipunctata, with marri having thicker bark
provided a more conducive environment for larval development. Lower tree sections had a
major effect on borer emergence, and the larger diameter of these sections contributed the
most to the density of emerged adults that could be expected from increased bark area
alone compared to upper smaller diameter sections of trees. The main limitation to borer
emergence was the poor survival rates of neonate larvae to maturity, rather than the ability
of larvae to pupate, and this was attributed to intense competition among developing larvae
for sapwood resources at high larval densities.
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Chapter 4
The role of two parasitic wasps (Hymenoptera: Braconidae)
controlling a little studied longicorn borer (Coleoptera:
Cerambycidae)
Abstract
A clearfell event in a native forest during winter–spring involving two Eucalyptus species
jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) could act as a large source
of drying wood to be attacked by borers and their subsequent control by native parasitoids.
Logs were cut from felled trees and left to allow sufficient time for them to become
infested. They were then either left at the clearfelled site or moved to two patches of
healthy forest to remove them from further infestation from felled trees, and some logs at
patches were also caged to exclude parasitoids.

The presence of a large number of

clearfelled trees triggered high levels of infestation by Coptocercus rubripes Boisduval
(Coleoptera: Cerambycidae) that favoured infestation of jarrah compared to marri trees.
This is the first time this cerambycid has been found to be an important borer infesting
fallen drying trees, taking 9 months to complete development with peak emergence in
winter. The parasitoid wasps Syngaster lepidus and Callibracon limbatus were found
visiting logs when C. rubripes larvae were maturing. Parasitism in uncaged logs averaged
67 % for jarrah and marri.

Parasitism was less effective in controlling borers as

equilibrium densities of borers increased and also in hosts with thicker bark. In caged logs
that excluded parasitoids, 30 % of larvae still failed to mature and pupate, indicating
natural attrition occurred during larval development. Higher larval numbers in these hosts
promoted earlier emergence compared to where parasitoids were present.

Introduction
Borer populations are normally maintained at very low densities within forests, with larvae
restricted to a few stressed or dying trees, fallen branches and cut logs (Duffy, 1963).
Borers use volatile cues (Linsley, 1959, Hanks and Millar, 2013) combined with visual
signals (Barata and Araújo, 2001), to locate dying host trees and these can be up to 14 km
from other infested trees (Scriven et al., 1986). In situations where there are concentrated
areas of stressed or dying trees or following drought, fire and windthrow, borers can
quickly establish high population densities (Fierke et al., 2005, Shore et al., 2006). For
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example, P. semipunctata occurred in unpreceded numbers in response to a droughtinduced tree-collapse in the Northern Jarrah Forest (NJF), where borers likely originated
from sparsely inhabited trees in the forest surrounding drought affected sites (Chapter 2).
This response may be promoted by their high fecundity, with a single female of P.
semipunctata able to lay up to 300 eggs (Bytinski-Salz and Neumark, 1952, Chararas,
1969).
In natural forests, hymenopterus parasitoids are important control agents in top-down
regulation of phloem-and xylem feeding population levels of borers (Cappaert and
McCullough, 2009). Although some parasitoid wasps may not be effective control agents
(Stirling, 1993).

Several wasp species Syngaster lepidus and Callibracon limbatus

(Hymenoptera: Braconidae) attack larvae of Phoracantha spp. and are widespread in
eucalypt forests in eastern Australian region, in addition to other genera of parasitoid
wasps of the Australian fauna, Jarrah Marsh and Austin and Megalyra Westwood
(DeBach and Rosen, 1991, Austin et al., 1994, Austin and Dangerfield, 1997, Paine et al.,
2000, Hanks et al., 2001). The widespread presence and diversity of wasp species in
Australian forests may have important roles in controlling borer populations, though little
is known of how they respond to situations where large numbers of hosts with high larval
densities occur.
Mechanisms that parasitoid wasps use for detecting tree hosts infested with borer larvae
include plant odours, sex pheromones (Johnson et al., 2016), blends of volatile organic
compounds (VOCs) released when hosts are damaged and semiochemicals from host frass
(or faecal waste) (Chen et al., 2015). Wasps find the location of individual larvae under
the bark using audible cues, such as the rasping noise made by mandibles of P.
semipunctata larvae, vibrations as with other parasitoids of flies using “vibrotaxis” (Vet
and van Alphen, 1985) and short range chemical cues (Mills, 1991, Joyce et al., 2002).
Both Australian wasps S. lepidus and C. limbatus appear equally efficient in finding host
larvae however, their effectiveness in detecting developing larvae decreases as borer larvae
reach high densities (Hanks et al., 2001). Also, trees with thick bark act as a barrier, by
partitioning species of wasp with smaller ovipositors to attack larvae under thinner bark,
while bark thicker than 17 mm provides a barrier to any parasitism in eucalypts (Hanks et
al., 2001). In addition, the development stage of larvae and the wasp species present may
alter parasitism rates, where different wasp species are partitioned according to the size of
borer larvae (Paine et al., 2000).
49

The aim of this study was to determine the response of borer populations to an increase in
available drying host material following a clearfelling event, and their subsequent control
by native parasitoids and their influence on borer survival. By using exclusion cages, the
study was able to compare survival of borer populations as affected by the presence and
absence of parasitoids. This comparison was made at a site located at some distance from
the clearfell site to remove the influence of clearfelling on further infestations of logs that
were not caged.

Methods
Clearfell activity and sites
A clearfelling activity in July (winter) of 2014, to realign a forest access road in a 40-yearold restored mine site (-32.24, 116.12) in the NJF involving ~700 jarrah and marri trees
(1.2 ha), provided a source of drying trees susceptible to borer infestations (Figure 4.1a,b).
In spring (September) 2014, nine weeks after clearfelling to allow time for fallen trees to
start drying and become susceptible to borer infestation (Hanks et al., 1991), logs (~50 cm
length and 10–14 cm diameter) were cut from felled jarrah and marri trees located
throughout the clearfell site. Nine of these logs were placed amongst fallen trees elevated
on top of contour mounds within the clearfell site to check the extent of infestation caused
by the felled trees, while other logs (from the clearfell) were transported and placed at two
forest patches of healthy forest with 80 % canopy cover at 0.4 and 1.7 km from the
clearfell site, to remove them from further influence of the felled trees on attracting borers,
and to allow testing of how an anticipated change in Coptocercus rubripes density would
affect the parasitism rate of wasps. Also at this time, two healthy jarrah and marri trees on
the edge of the clearfell site were cut to give six logs each of jarrah and marri and were
placed at each patch, as a control to test whether infestation was occurring at these sites as
these logs dried.
At each patch, two separate 7 x 6 m plots one with 42 logs of jarrah and the other with 42
of marri were placed 5 m apart, and each plot was laid out in a grid pattern, aligned North–
South with 0.6 m separating logs within a row and 1 m between rows (Figure 4.2a). In
each plot, 16 monitoring logs (4 x 4), were centrally located and surrounded by a buffer of
1 or 2 logs on all sides. The buffer included the logs cut from healthy trees at the clearfell
site. As patch sites were not contoured, each log was placed on two upturned garden pots
(15 cm high) to isolate logs from colonisation by termites and soil borne fungi and allow
50

drainage following rainfall. Ends were painted with a wax based timber protective coating
(Endcheck®, Carb-Tech, Australia) to slow down drying from these cut surfaces. Of the
16 central logs, 8 were randomly caged to prevent developing larvae from infestation by
parasitic wasps, other predators and borers, and 8 were left uncaged. Cages were made of
envelopes of aluminium mesh (1.8 X 1.4 mm mesh size) with ends and one side double
folded and rings of garden pipe at the ends of logs to form an air gap (~20 mm) between
the log and the cage to prevent oviposition (Figure 4.2b).
a

200 m

b
B

Figure 4.1. Clearfell site (a) map of new access road (outlined in orange) and (b) felled
trees (insert) pushed aside along the access road in the Northern Jarrah Forest of
southwestern Australia.
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a

b

Figure 4.2. Arrangement of logs elevated on garden pots (a) at a patch showing log
alignment, and (b) an uncaged and caged log with mesh and garden pipe spacer to prevent
further infestation.
Log moisture per species was assessed at approximately six weekly intervals, by weighing
6 logs in the buffer of each plot, using a field balance (Satorius®), and measurements
continued until borer emergence ceased (after approximately 12–15 months). Logs were
then removed from the field and placed in an oven at 75 °C until constant weight was
achieved. Tissue (phloem/sapwood) moisture content was assessed every six weeks on 3
other logs in the buffer of each plot by taking cores (5 cm diameter by ~3 cm long), after
the dead periderm was removed, using an 18 volt battery powered drill (AEG) with a 19
mm drill bit for a sample of approximately 8 grams of tree tissue. This was immediately
sealed in a 50 ml airtight acrylic vial, kept cool and transported to the laboratory where
they were weighed, dried in an oven at 75 °C for three days and reweighed once constant
weight was achieved. Tissue moisture content % was then calculated as ((fresh weight-dry
weight)/fresh weight). Tests showed by repeated weighing, that there was no loss of
moisture from sealed vials during transport. Log moisture content % was calculated as
fresh weight (for each 6 weekly measurement date)-dry weight/fresh weight (at the
beginning of drying).
Surveys were also conducted within two areas of old growth forest located 100–200 m
from where the clearfelling had occurred. In these areas, old dead branches (5–10 cm
diameter without bark) fallen from mature trees and sparsely scattered on the ground were
examined for emergence holes made by C. rubripes and P. semipunctata and distinguished
by the size and shape of their emergence holes (see Chapter 5).
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Colonisation, emergence and parasitism
Once insects began emerging from logs at all field plots, the uncaged logs were caged to
capture adult cerambycids. Half (4 uncaged and 4 caged from each plot for each tree
species) of the logs remained in the field while the other half of the logs were transported
to a shade house at Murdoch University, to allow more frequent checking of borer
emergence. Cages were opened at one end, and the log was carefully removed before
brushing its outer surface over a bucket, with live adults collected. Then, the log and the
cage were inspected for any remaining live adults before logs were replaced and cages
were closed. At the end of emergence, the bark was removed from all logs at the clearfell
site, forest patches and Murdoch campus to count the number of oviposition sites, galleries
made by neonate larvae, presence of cocoons made by parasitoid wasps (as white cocoons
on the sapwood located within borer galleries), any remaining live larvae and emergence
holes made by emerged borer adults. During inspection of cocoons, the presence of single
or multiple emergence holes from the cocoon were noted, and for those cocoons where a
wasp was emerging these were collected for identification. The length and width for all
adult borers and their antennae that emerged were measured, with males determined from
the ratio of antennal length of at least 1.1x body length (Moller and Zamora-Munoz, 1997).
Also a subsample was examined under a compound microscope and identified using the
keys and illustrations from Matthews, (1997) and Wang, (1995a). As logs were moved
from the experimental sites at the beginning of emergence, total emergence was calculated
from averaging numbers of beetles from all logs at field sites and the shade house.
Total survival per log was calculated as the number of adults that emerged from the total
number of neonates and expressed as a percent. Parasitism per log was calculated as the
number of cocoons divided by the number of larvae (cocoons+unparasitised larvae)+adults
emerged and expressed as a percent. This excludes neonate larvae as these were assumed
to be too small to be used as hosts. Time of first emergence per log was calculated from
when logs were cut on 9th September to when the first beetle was found in cages or an
emergence hole was detected in the bark. Median emergence was calculated from the time
between the first and last emerged beetle and averaged for treatment and tree species.
Although average temperatures were 1.7 °C warmer in the shade house emergence in logs
at field sites occurred at a similar rate (F=0.532, χ2=0466) to those at the shade house
(field, y = 1.168-298.2, r2=0.983, shadehouse, y = 1.162-294.3, r2=0.998), and datasets
were combined.
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Analysis
Comparisons of differences in sapwood moisture at the start of drying and when borers
emerged between jarrah and marri were analysed with ANOVA in Genstat v18 with
percent moisture arcsine transformed to achieve normality. Neonates between the 0.4 km
and 1.7 km patches (combined for uncaged and caged treatments) were similar in jarrah
(F1,27=0.41, P=0.526) and marri (F1,13=3.43, P=0.080) tested with ANOVA, they were
grouped for further analysis. Also, comparisons of the number of neonates, parasitoid
wasps, and emergence holes per log between jarrah and marri and uncaged and caged logs
were tested with ANOVA. Differences in total survival and percent parasitism between
clearfell and patches from uncaged logs were tested with ANOVA. Total survival and
percent parasitism across all treatments for uncaged and caged logs for jarrah and marri
were analysed with ANOVA in Genstat v18. Relationships between percent parasitism
and total survival with density of neonates were tested using least squares regression.
Mean ± SEM of borer emergence was compared over time for jarrah and marri. Time to
first emergence, median emergence and the emergence period was compared using
Kruskal-Wallis at p<0.05. Total survival were compared between tree species for uncaged
and caged logs and analysed using linear mixed models with residual maximum likelihood
(REML). All data were checked for normality with count data square root transformed and
percentage data arcsine transformed where necessary to achieve normality with means ±
SEM shown where appropriate.

Results
Infestation and log moisture
Clearfell and patch logs were only infested by the smaller C. rubripes with none infested
by the larger P. semipunctata (sizes compared in Chapter 5) as previously thought to be the
main borer infesting stressed trees (Chapters 2 and 3). Logs of jarrah and marri that were
freshly cut from healthy standing trees adjacent to the clearfell site, done at the time logs
were also cut from fallen trees at the clearfell site, and placed at the patches had no signs of
any borer activity (from measurements made after removing the bark when all borers had
emerged from logs). Also, at the end of the experiment when bark was removed, small
galleries (approximately 1.93 mm wide), traversed the cut end of logs, indicating larvae
were either first or second instar and had already infested fallen trees before they were cut
into logs on the 9th of September. Coptocercus rubripes was identified by a distinctive
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elytra pattern with interrupted distal streaks and elongated spots at the apex, 7 sub-fascia
on the pronotum and enlarged tibia previously described (Wang, 1995a) (Figure 4.3).
Adults (n=189) were 15 0 ± 0.17 mm long x 3.08 ± 0.04 mm wide (length-from mandibles
to pronotum, width-across elytra) with antenna length of 15.24 ± 0.25 mm.

A

characteristic of the galleries made by C. rubripes larvae on the sapwood surface showed
only one neonate larva developed from each oviposition site and the number of oviposits
was equivalent to the number of neonate larvae per log.

Figure 4.3. Adult Coptocercus rubripes showing the interrupted elytral pattern (white
arrow) and enlarged tibia (black arrow). Scale bar 10 mm.
A survey of fallen branches in the healthy forest next to the clearfell site showed evidence
of previous borer activity with emergence holes of C. rubripes and P. semipunctata being
similar (Table 4.1).
Table 4.1. Mean percent incidence and density of adult emergence holes (m-2) in fallen branches
50 cm long and 5–10 cm in diameter lying on the ground below mature trees in old growth forests
adjacent to clearfell site. Borer species were identified by the size of the emergence holes being 3–
4 mm for Coptocercus rubripes and 6–8 mm for Phoracantha semipunctata (see Chapter 5 for
more detail).

incidence (%)
adult density (m-2)

C. rubripes

P. semipunctata

28.5
3.83 ± 2.02 a

29.5
4.65 ± 2.59 a

Sapwood moisture content when logs were cut on 9th September was 7 % higher in marri
than jarrah. Also, at this time sapwood moisture of both species had fallen below the level
of healthy trees, where a moisture content of 60 % in Eucalypts is considered a barrier to
infestation (Hanks et al., 1991, Hanks et al., 1999). From the 1st July (when trees were
felled) there was no rain until 70 mm fell between 7–9th July, followed by another dry
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period until 60 mm fell between 8–13th August. A dry period then occurred after the 9th of
September, when moisture content of both jarrah and marri logs fell rapidly and decreased
by 40–45 % (or lost 85–87 % of maximum moisture) to their lowest moisture content by
October–December.

At this time moisture contents were not significantly (P<0.05)

different between jarrah 6.25 ± 0.46 % and marri 7.93 ± 1.22 % (Figure 4.4). Log moisture
was closely related to sapwood moisture in both tree species (Figure 4.4 insert).

Figure 4.4. Means ± SEM percent tissue (phloem/sapwood) moisture content of jarrah (—
) (n=6) and marri (----) (n=6) logs cut on 9th September (day 0) from trees felled in early
July 2014. Arrow shows when parasitoid wasps were first observed (W) and indicate first
emergence of Coptocercus rubripes for jarrah (J) and marri (M). Insert: relationship
between whole logs and sapwood moisture for jarrah (y = 1.03x + 0.15) (●) and marri (y =
0.892x + 3.89) (○).

Colonisation and survival
Colonisation (measured by number of neonates) over all treatments for jarrah was
significantly (F1,59=32.07, P<0.001) higher (4.2x) than marri, and at the clearfell site
neonates in jarrah logs was significantly (F1,16=66.06, P<0.001) higher (6x) than in marri.
Neonates in jarrah at the clearfell site was also significantly higher compared to logs at
patches (F1,23=8.36, P=0.008) (1.6x), while neonates in marri were similar between the
clearfell and patches (F1,16=2.32, P=0.142) (Table 4.2). No further infestation occurred on
logs once they were moved to patches, with similar levels of neonates between uncaged
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and caged logs (at the time they were moved to patches) for jarrah (F1,27=0.57, P=0.456)
and marri (F1,13=0.55, P=0.466). At the patches, neonates in jarrah were significantly
higher than marri in both uncaged (F1,23=55.16, P<0.001) (4.3x) and caged logs (F1,17=9.5,
P=0.007) (2.7x) (Table 4.2).
Across all sites, adult emergence in jarrah was significantly (F1,59=15.56, P<0.001) higher
(3.5x) than marri. Comparison of adult emergence in uncaged logs between tree species at
different sites showed, at the clearfell site jarrah was significantly (F1,16=68.92, P<0.001)
higher (10x) compared to marri, while at patches for uncaged logs emergence was similar
between tree species (F1,23=2.45, P=0.128) (Table 4.2). Adult emergence for uncaged logs
within a species between patches showed jarrah logs at the clearfell site was significantly
(F1,23=7.59, P=0.012) higher (11.8x) than at the patches. In contrast, marri was similar
between clearfell and patches (F1,16=3.29, P=0.055). Adult emergence in caged logs was
significantly (F1,17=7.89, P=0.012) higher in jarrah than in marri.
Table 4.2. Means ± SEM number of neonates and adult emergence of Coptocercus rubripes per 50
cm long jarrah and marri logs uncaged at the clearfell site (n=9) and uncaged (n=16) and caged
(n=14) logs pooled for patches at 0.4 and 1.7 km. Means separation was carried out with separate
Duncan multiple range tests for neonates and emergence, with means having the same letter were
not significantly different.

Treatment
Uncaged
Caged

Site

Neonates (per log)
Jarrah
Marri

Emergence (per log)
Jarrah
Marri

Clearfell

49.15 ± 4.72 a

8.25 ± 1.05 c

22.40 ± 3.06 a

2.60 ± 0.81 b

Patches

30.26 ± 3.22 b

9.44 ± 1.21 c

1.73 ± 0.52 b

1.44 ± 0.50 b

Patches

34.00 ± 5.30 b

14.4 ± 7.28 c

27.08 ± 5.70 a

4.80 ± 3.34 b

Total survival (neonates that emerged as adults) was significantly (F1,59=18.23, P<0.001)
higher (3.4x) at the clearfell 32.2 ± 5.18 % compared to patches 9.4 ± 2.86 %. Total
survival was similar (F1,59=0.85, P=0.364), between jarrah 22.9 ± 4.50 % and marri 14.3 ±
4.46 % across sites. Total survival significantly (F1,35=7.31, P=0.011) increased with
density of neonates (Figure 4.5).
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Figure 4.5. Relationship between percent total survival of Coptocercus rubripes adults
and the density of neonate larvae for uncaged logs combined for clearfell and patches in
the Northern Jarrah Forest. Regression equation y = 0.161x + 7.18, n=39. n=23.
Overall percent total survival averaged 33.7 ± 5.24 % across uncaged and caged treatments
was significantly (F=65.79, P<0.001) higher (4.5x) in caged compared to uncaged logs,
while total survival was similar (F=1.78, P<0.190) between tree species (Figure 4.6).

Figure 4.6. Means ± SEM percent survival of adult Coptocercus rubripes emerged from
neonate larvae for jarrah and marri uncaged (n=24) and caged (n=18) logs at patches,
pooled for patches at 0.4 and 1.7 km.
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Parasitoid wasps
Wasp species
Wasps were occasionally observed visiting and landing on field logs during December
after trees were clearfelled, at a time when borer larvae were found to be present in logs.
At this time log moisture content was 18 % in jarrah and 22 % in marri and wasp visitation
continued for several months as logs dried (Figure 4.4). Wasps were observed searching
for host larvae by hovering around and landing on uncaged logs or the wire cages of caged
logs.

These parasitoid wasps were identified as Syngaster lepidus and Callibracon

limbatus (Hymenoptera: Braconidae) (Figure 4.7). The two species were identified by
examining adult specimens under a compound microscope using descriptions and keys
(Austin et al., 1994). Some of the features that separated each species included; S. lepidus
head orange-brown with occipital carina present, antennae black with scape red brown,
propodeum and first metasomal (rear of adult) tergum vivid white; and C. limbatus head
yellow-orange, occipital carina absent, antennae black, rest of body black apart from
posterior margins of third to seventh metasomal terga and ventral membranes white to
creamy yellow. Most cocoons of parasitoids were found near the end of borer galleries
formed in the sapwood surface. Only a single wasp was found to emerge from each
cocoon, formed from a borer larva infested by a parasitoid wasp.

Figure 4.7. The parasitoid wasps female Callibracon limbatus and female and male
Syngaster lepidus (left to right). Scale bar=2 mm.
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Percent parasitism
Of all logs attacked by borers, 92 % of jarrah and 52 % of marri had at least one parasitoid
(measured as a wasp cocoon) present.

Parasitism averaged 67.4 ± 4.5 % across all

treatments for uncaged logs and was similar between (F1,41=2.50, P=0.128) clearfell and
patches. Parasitism was similar (F1,41=3.44, P=0.072) in jarrah 67.9 ± 5.3 % compared to
marri at 73.3 ± 6.5 % across sites, with the neonate density covariate not significant
(F=2.81, P=0.104). Across clearfell and patch sites for uncaged logs parasitism in jarrah
was significantly (F1,23=5.73, P=0.026) but inversely correlated with density of
cocoons+adult beetles per log, while there was a weak relationship for marri between
parasitism and cocoons+adult beetles densities (F1,13=0.46, P=0.512) (Figure 4.8).

Figure 4.8.

Relationship between percent Coptocercus rubripes parasitised and the

density of borer larvae (cocoons + unparasitised larvae)+adults emerged (m-2) for uncaged
jarrah (n=24) logs combined for clearfell and patches in the Northern Jarrah Forest,
regression equation y = -0.512x + 104.45, n=39. Insert shows relationship for marri from
clearfell and patches, regression equation y = -1.479x + 93.03, n=17.
For jarrah logs at the clearfell site, 45 % of attrition was directly due to parasitism At the
clearfell site in uncaged logs, the number of parasitoids per log was significantly
(F1,23=39.38, P<0.001) higher (12 %) in jarrah at 16.11 ± 2.00 than marri at 2.5 ± 0.46. At
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patches in uncaged logs, the number of parasitoids per log was significantly (F1,16=39.38,
P<0.001) higher (12 %) in jarrah at 13.93 ± 1.88 than marri at 3.13 ± 0.90. The number of
parasitoids in uncaged logs between clearfell and patches was similar for jarrah (F1,23=0.62,
P=0.440) and marri (F1,16=0.74, P=0.403). For caged jarrah logs there was no parasitism
evident, while in marri there was <5 % parasitism.

Patterns of borer emergence
The total number of adult C. rubripes collected from jarrah and marri logs were 353 and
15, respectively. Adults were observed to be actively flying short distances and walking
over logs in cages from dusk (5.00–6.00 pm) onwards, whilst they were found to be hiding
in bark crevices during the day. First emergence began in autumn (1st May 2015); 9
months after infestation, when the moisture content of logs had increased to 14 % (Figures
4.4 and 4.9a,b) following 120 mm of rainfall in March–May, with more males emerging
earlier of 65 % with an overall sex ratio for the emergence period May-Jul of 66 % males
for jarrah.

Emergence in marri was insufficient to allow estimates of sex ratios.

Emergence continued through winter, taking approximately 100 days in uncaged jarrah
logs, while in caged logs emergence continued until mid-September 2016, taking
approximately 150 days (Figure 4.9a). During this time, average, minimum and maximum
temperatures were 12.9, 6.6, and 19.2 °C, respectively. Peak emergence in caged logs
occurred in winter (July) and 80 days after the first day beetles started to emerge (Figure
4.9a,b). Emergence in marri was very low being <1 borer emerged per log in uncaged and
caged logs, making accurate comparisons difficult (Figure 4.9b).
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Figure 4.9. Mean ± SEM number of Coptocercus rubripes that emerged per log during
each monitoring period with days after cutting the logs in uncaged (closed square) and
caged (open square) (a) jarrah and (b) marri logs, pooled for patches at 0.4 and 1.7 km.
First emergence was similar between jarrah and marri logs (H1,53=3.050, P=0.079) while
emergence occurred earlier in caged logs compared to uncaged logs (H1,53=5.303, P=0.021)
(Table 4.3). Median period of emergence was significantly (H1,53=4.106, P=0.042) shorter
in marri compared to jarrah logs, while median period of emergence was significantly
(H1,53=20.96, P<0.001) shorter in uncaged compared to caged logs (Table 4.3).
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Table 4.3. Mean ± SEM for the number of days until the first emergence of Coptocercus rubripes
after logs were cut, averaged for individual logs, and the median period of emergence in jarrah and
marri uncaged and caged logs, pooled for patches at 0.4 and 1.7 km.

Jarrah
Marri

Uncaged
Caged
Uncaged
Caged

First emergence
(days)
295.4 ± 7.8 b
269.4 ± 5.6 c
324.0 ± 15.5 a
264.5 ± 15.5 c

Median period
(days)
35.5 ± 5.9 b
87.1 ± 8.8 a
17.4 ± 4.4 c
94.0 ± 26 a

Significant (P<0.05) differences between treatments for jarrah within each variable were tested via
Duncan Multiple range test are indicated by different letters.

Discussion
This is the first report of a major infestation of C. rubripes in eucalypt trees, although the
insect was first reported to occur in 1835 in eastern Australia (Boisduval, 1835), then later
as the variegated longicorn in Eucalyptus species (Froggatt, 1923). It was also collected
from Glenn forest in the Darling Range near Perth Western Australia and has now been
fully described (Wang, 1995a). As infestation of clearfelled jarrah and marri trees by C.
rubripes occurred during late winter–early spring, indicating C. rubripes was active at this
time and agrees with records of collected specimens occurring from August (winter) to
November (spring) and rarely in summer (Wang, 1995a). Coptocercus rubripes are in the
same tribe of Phoracanthini as P. semipunctata. Lack of infestation of the clearfell logs by
P. semipunctata in winter–spring, despite occurring in high numbers in summer, suggests
it is dispersing at different times than C. rubripes. Although the maximum moisture
content of trees was not known at the time of felling in July, larvae were already present
and log moisture content was falling at the time trees were cut into logs in early
September. Colonisation by C. rubripes most likely occurred around mid-August 2014,
following the first extended period (10 days) of no rain, allowing C. rubripes larvae to
successfully colonise phloem/sapwood of clearfelled trees.

This suggests high bark

moisture acted as a barrier to infestation by C. rubripes similar to that found for P.
semipunctata (Hanks et al., 1991, Hanks et al., 1999), and requires further study. Wasps
were seen actively searching logs for larvae in early December, around 100 days after logs
were cut; suggesting borer larvae were present in these rapidly drying logs. Other studies
have shown parasitoid wasps search for larvae in borer infested logs 3 or 4 months after
felling (Hanks et al., 2001). These wasps showed similar behaviour in response to the
presence of borer larvae (Moore, 1972, Hanks et al., 2001).
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The large number (~700) of clearfelled trees had a major effect on encouraging infestation
by C. rubripes, that continued for several months after trees had been felled. The fallen
trees may have provided a strong signal to attract more C. rubripes from the surrounding
forest towards the clearfell site. Survey work on dead branches close to the clearfell site
indicated populations of C. rubripes were previously present in the area and may have
been the source of insects that were attracted to the clearfelled trees. The strong attraction
of the clearfell site was further confirmed by no further infestation of logs once they had
been moved to the patches, away from the influence of the clearfell site. As the logs at the
patches were within 2 km of the clearfell, it appears adults already at the clearfell site
remained there and continued to infest logs, and did not move to patches. This suggests
the relatively small volumes of logs at the patches may not have produced a sufficient
volatile signal to attract adult C. rubripes to these isolated logs, as volatiles released from
stressed hosts are important cues for borer infestation (Fan et al., 2008). The strong
attraction to a mass of felled trees at logging sites has also been observed with the borers
Ips typographus and Dendroctonus sp. on spruce (Piceae spp.) (Berryman, 1937). Also,
mark and recapture studies of P. semipunctata show that once adults become attracted to
stressed hosts, they remain at a location for up to 30 days (Hanks et al., 1998). Marri logs
had consistently lower numbers of neonates than jarrah, and adults did not continue to
infest marri trees at the clearfell site as neonate numbers were similar to the patches,
suggesting C. rubripes is less attracted to this tree species. Given the thicker bark of marri
(Chapter 3) and the small size of C. rubripes, thick bark may limit the ability of larvae to
reach the phloem/sapwood, reducing the number of neonates at the clearfell site compared
to jarrah with thinner bark (Chapter 3).
Parasitism averaged 67 % across study plots and this high incidence of logs with parasitism
present indicates the wasps S. lepidus and C. limbatus were partially successful when
attacking C. rubripes larvae in E. marginata logs. This is a lot higher than 27 % parasitism
by the same wasp species parasitising P. semipunctata in other Eucalyptus species E.
obliqua and E. globulus logs in eastern Australia (Hanks et al., 2001). In this study, wasps
appear unable to regulate borer populations at high equilibrium densities, and this ability to
regulate populations appears to be a rare phenomenon in other wasp species (Murdoch,
1994). In the present study, at the highest levels of 240 neonate larvae m-2 observed in
uncaged jarrah logs compares with 190 larvae m -2 considered high for P. semipunctata
(Hanks et al., 2005), and well above other levels (83 larvae m -2) for P. semipunctata that
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limit competition (Bybee et al., 2004a). The increased survival of adults as neonate
densities increased can be attributed to reduced parasitism as there was a negative
correlation between parasitism and density of borers.

In marri, it would have been

expected from its thicker bark (on average 13 mm for marri compared to 9 mm for jarrah,
see Chapter 3), may have reduced effectiveness of parasitoids to locate and sting borer
larvae. However this did not occur and maybe because bark thickness was less than the 17
mm that is considered to limit ovipositing by these wasps in other species of Eucalyptus
(Hanks et al., 2001, Abell et al., 2012). As acoustic cues and audible mechanisms were
suggested to be used by wasps to find P. semipunctata larvae under the bark on the
phloem/sapwood (Joyce et al., 2011), surface vibrations used by parasitoids of flies (Vet
and van Alphen, 1985), and intensive searching by other braconid parasitoids (Richerson
and Borden, 1972), appear to be equally effective in jarrah and marri. As S. lepidus was
found to be more successful attacking P. semipunctata larvae under thicker bark of E.
obliqua (Hanks et al., 2001), this may have been the main wasp parasitizing C. rubripes in
marri logs, and C. rubripes may be the preferred host of S. lepidus given it also attacks
smaller larvae (Hanks et al., 2001). Further studies are needed to confirm these proposals.
The low survival rates of neonates to adults in uncaged logs at patches compared to
clearfell logs could be attributed to the direct effects of parasitism, as well as the indirect
effects from parasitoids. Given that wasps were found to be visiting logs when larvae were
maturing, a range of larval sizes that were parasitised may have been present (Hanks et al.,
2001). Parasitoids reduced numbers of larvae and may have lowered the pressure of nonparasitised larvae for sapwood resources. However, even after numbers of larvae had been
reduced by half, levels of borer larvae remained high enough to be at a level considered to
be above where effects of competition could still occur (Bybee et al., 2004a).
Alternatively, parasitism may have had an indirect effect on adult larval survival, as wasps
probing to immobilise larvae before oviposition may have sufficiently damaged C.
rubripes larvae that eventually died without producing a wasp cocoon.

It has been

reported that S. lepidus wasps release venom while probing to immobilise larvae (Moore,
1963, Paine et al., 2000, Hanks et al., 2001). These weakened larvae either did not have
enough energy to compete for sapwood resources and/or pupate or, had likely become
vulnerable to cannibalism by healthy non-parasitised larvae. Higher neonate numbers in
clearfell logs may be expected to increase competition among borer larvae during
development, although the high survival in these logs and the inverse density dependence,
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suggests direct or indirect effects of parasitism occurred to a lesser extent in clearfell logs.
These lower levels of parasitism may have occurred in these logs as wasps generally infest
hosts at low borer densities, then they may move away from this region to increase their
chances of finding more borer larvae to parasitise, with a tendency for some parasitoids to
disperse from patches of low host densities (Driessen & Bernstein, 1999).
In caged jarrah and marri logs, larval survival was significantly improved compared to
uncaged logs. It is likely in caged logs, the absence of parasitism allowed high neonate
numbers of larvae to develop.

The subsequent crowding may then have caused

intraspecific competition for sapwood resources and helps explain the 20 to 30 % losses
observed as larvae developed in this protected environment. Low borer survival in hosts
with high neonate densities have been attributed to increasing competition and cannibalism
of borer larvae in logs of other Eucalyptus species (Hanks et al., 1993b, Hanks et al.,
2005).

Earlier emergence in the caged logs with high levels of emergence may be

attributed to competition, forcing the larvae to develop and emerge quicker. While in
uncaged logs, parasitism by reducing larval numbers lowered the potential for interspecific
competition allowing the remaining larvae to fully develop taking longer to emerge. This
effect appears to have also synchronised adult emergence in uncaged logs occurring over a
shorter time than in caged logs.
This research provides the first detailed study of C. rubripes being active in WA forests
and infesting jarrah and marri trees over the winter–spring season. The borer responds to
concentrations of dying trees as occurs in a clearfelling event, and activity appears
complementary to another cerambycid, namely P. semipunctata attracted to dying trees in
summer following a major drought event in the jarrah forest (Chapter 2). Being a new
record of C. rubripes in the Jarrahdale-Serpentine shire of the jarrah forest this study
shows it preferred jarrah to marri with oviposition and survival higher in jarrah than marri,
indicating jarrah is a preferred host for C. rubripes. The native parasitoids S. lepidus and
C. limbatus were only partially effective as control agents, as parasitism was inversely
related to densities of borer larvae and parasitoids appear to only have a moderate effect on
survival of C. rubripes.
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Chapter 5
Behaviour of the two borers species, Phoracantha semipunctata
and Coptocercus rubripes (Coleoptera: Cerambycidae), in
response to the season when ringbarked trees died
Abstract
Seasons, when trees die, play a critical role in the activity of borer populations and this can
vary depending on host attractiveness to the borer species. The ringbarking technique
provided a known source of stressed trees to determine the influence of seasons when trees
die and different tree species on borer infestation. Following ringbarking, trees died over
an extended period of 3 to 42 months, with more trees dying in summer and autumn than in
other seasons, and jarrah died quicker than marri. The season when trees died influenced
the borer species present and the season when they emerged. Most trees that died in
summer were attacked by P. semipunctata with all borers emerging in summer, while all
trees dying in spring were attacked by C. rubripes with all borers emerging in winter, and
for both borers infesting some trees that died in autumn also emerged in autumn. Each
borer species produced a distinctive gallery pattern during development up to the
construction of a pupal cell. Phoracantha semipunctata had an average of 10 galleries per
oviposition site and the smaller C. rubripes had a single gallery per oviposition site. In a
few trees where both borers co-occurred, equal numbers of C. rubripes and P.
semipunctata emerged suggesting that by having different gallery patterns they were not
competing for sapwood resources but were complementary to each other.

Introduction
The season when trees become stressed has an important influence on the richness and
abundance of longicorn borers infesting trees. Stressed and dying trees and scattered
broken branches are important food resources for borer colonisation (Paine et al., 2001).
Trees dying in summer appear to be suitable habitat for P. semipunctata, as an outbreak
occurred with several hundred trees per hectare infested during a summer drought in
2010/11 (Chapter 2). This insect was active in the Northern Jarrah Forest (NJF) during
summer to early autumn (Majer and Abbott, 1989), infested E. maculata Hook trees cut in
March (Autumn) in Queensland (Paine et al., 2001), and emerged from eucalypts in
summer (June) in Israel (Mendel, 1985).

Although there are over 38 species of
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Phoracantha spp. (Wang, 1995b) and a range of other Cerambycidae genera such as
Coptocercus spp. (Wang, 1995a, Chapter 4) present in Australian forests, there is only a
limited understanding of their behaviour other than P. semipunctata, and P. acanthocera
(Farr et al., 2000) in their natural habitat. This is reflected in a study on healthy trees in a
forest, where only three Buprestidae and one Cerambycidae in association with canopy
foliage of jarrah and marri trees were observed (Majer et al., 2000).
Cerambycids mainly respond to stressed and dying trees (Curry, 1981) with bark moisture
needing to be sufficiently reduced below turgid levels to allow successful larval
colonisation (Hanks et al., 1991, Hanks et al., 1999). Investigations of borer response to
large-scale tree mortality events in forests (Fierke et al., 2005, Allen et al., 2010) have
mostly relied on historical records in the form of gallery engravings in phloem/sapwood,
counting exit holes, dendrochronology measuring scars in tree rings (Haavik et al., 2008)
and bark scars (Mattson and Haack, 1987). These signs of borer infestation are only
evident well after they have attacked trees, whereas tree stress and susceptibility to borer
infestation can be studied in a glasshouse setting including root pruning and potted trees
(Hanks et al., 1991, Hanks et al., 1999), where the location of host plants and borer
infestation are always known. However, in a natural forest habitat, finding individual
stressed trees may be difficult as they tend to be sparsely distributed and randomly located
throughout forests; other methods such as ringbarking are required to provide known
sources of tree stress.
Ringbarking (phloem-girdled) provides a method of manipulating drought stress in situ, as
it relies on disruption of the vascular system (Schepper et al., 2011), and ensures the
location of the trees subject to stress can be located. The process removes the phloem
layer, disrupting translocation of carbohydrates from leaves to roots thereby starving them
of carbon (sugar).

While the xylem vessels remain intact, roots eventually become

dysfunctional limiting water uptake to the leaves (Moore, 2013), and finally killing the
plant (Johnsen et al., 2007, Schepper et al., 2011). This process can take place over an
extended time period and differs from tree girdling (xylem-girdled) that is more severe,
where outer xylem vessels are also removed directly disrupting water transport to the
leaves and causing plants to quickly wilt and die (Moore, 2013).

The ringbarking

technique was used for two-lined chestnut borer (Agrilus billineatus Weber) where adult
density in traps on ringbarked was compared to non-ringbarked trees (Cote, 1976, Dunn et
al., 1986). In the present study, the ringbarking technique was used to compare the effect
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of seasons and tree species on infestation by two naturally occurring species of borers, P.
semipunctata and C. rubripes in a eucalypt forest. Their patterns of larval development
and behaviour were also described in situations where they co-occur in the same tree.

Methods
Ringbarking and tree drying
Trials were conducted over 42 months in a region (-32.241, 16.129) of the NJF known to
be previously infested with P. semipunctata and C. rubripes (Chapters 3 and 4). Three
ringbarking plots approximately 50 meters in diameter were located at 0, 90 and 300
metres along a transect through healthy forest. In each plot, 6 pairs of jarrah and marri
trees with a diameter at breast height over bark of 10–20 cm were selected to give 18 jarrah
and 18 marri ringbarked trees in total. In September (spring) 2014 one tree in each pair
was ringbarked and the other left as a non-ringbarked control. Ringbarking involved
making two cuts; the first starting at 10 cm above and parallel to the ground, and a second
cut above this at 25 cm parallel to the ground, to form a 15 cm wide band around the entire
circumference of the tree. Cuts were made using a small axe, to a depth just beyond the
cambium, and the remaining inner and outer bark between cuts could be easily peeled
away by chisel to reveal the phloem/sapwood surface (Figure 5.1). The sapwood surface
was identified by its glistening moist surface.

Figure 5.1. A marri tree showing the ringbarked section with cambium removed to reveal
the outer layer of sapwood.
Trees were monitored approximately every 2–6 weeks to determine when trees started to
die, with more frequent visits during spring–summer when temperatures were higher. A
colour change of canopy leaves from green to yellow indicated trees were dying. The
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number, position and average length of resprouts growing from below the ringbark were
also noted, and their condition (alive/dead) was recorded at different times before and after
ringbarked trees died.

Borer emergence
Based on previous experience both borers took at least 9 months to emerge (Chapters 3 and
4); a bark square was removed from each tree at this time to determine whether borer
larvae had reached maturity and when emergence was imminent. Once borers reached
maturity trees were caged, enclosing the tree up to 2 m from just above the ringbark to
capture and identify the adult borers and any parasitoid wasps that emerged. Cages were
made of aluminium mesh (1.2 X 1.4 mm mesh-size) wrapped around the tree and joined by
double folding together the two vertical edges of the mesh. The cage was sufficiently large
enough to allow sufficient space between the trunk and cage for borers to freely emerge
from the bark. The top and bottom of the mesh cage were also sealed around the tree trunk
with tie wire and secured with heavy duty masking tape (Figure 5.2a). Cages were
inspected and opened along the seam when live adults and wasps were present, for removal
and collection in vials for later analysis. Cages were then resealed and inspected until
emergence was completed. At the end of emergence, cages were removed and the number
of emergence holes was counted for each borer species depending on their size to confirm
the total number of each borer.
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a

b

Figure 5.2. (a) Wire mesh cage used to capture emerging adult borers from ringbarked
trees showing tape over the wire to secure both ends of the mesh cage (arrow) and the
space between the bark surface and cage to allow adult borers to emerge freely and (b)
with cage and bark removed to show gallery engravings in the sapwood.

Borer species characteristics
In the laboratory, the body length (from mandibles to apex of elytral), width (across the
elytra immediately before the pronotum) and antennal length of adults of both borer
species were measured using Vernier digital callipers (Mitutoyo ™). On the trees in the
field, the shape and size of emergence holes were measured and, once emergence had
ceased, the bark of the lower 2 m section of the tree, starting from the ring bark location,
was removed to reveal the sapwood (Figure 5.2b). The patterns of galleries etched into the
sapwood made by larvae were photographed and described for each borer (based on
findings from Chapter 3-P. semipunctata and Chapter 4-C. rubripes). The 2 m lower
section of a tree was then divided into two 1 m sections and the number of oviposition
sites, neonate galleries per oviposition site and emergence holes were counted for each
section. Where borers co-occurred in a tree their patterns of galleries and any interaction
between galleries and the space occupied by each borer was noted.
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Analysis
The proportion of trees that died in each season for each tree species were compared by
Chi-square based on percentages. All variables in the following analyses were square root
transformed where necessary to improve normality with means ± SEM shown as
appropriate. Comparisons were made between insect species in terms of their dimensions,
neonate galleries/oviposition site and emergence holes in separate linear mixed models
using residual maximum likelihood (REML) in Genstat 18 statistical program (VSNi), with
borer and tree species as fixed effects. The number of oviposition sites, neonates and
emergence holes between trees with only one borer species present (conspecifics) and both
borer species co-occurring in the same tree (congeners) were analysed with ANOVA with
borer species and type of tree host as factors. Comparisons of the proportion of jarrah and
marri trees attacked by P. semipunctata and C. rubripes and the proportion of each borer in
trees where borers co-occurred were analysed with ANOVA with tree and insect species as
factors, and data were arcsine transformed to achieve normality. To determine whether the
season when trees died influences the seasons when borers emerged was compared for
each borer species by Chi-square.

To compare whether the numbers of borers that

emerged per 2 m of tree was influenced by the seasons for different tree and borer species
were tested with ANOVA’s, with numbers square root transformed to achieve normality.
To test whether the number of neonates in trees that died in the previous year influenced
the number neonates in the present year for any one month were tested for significance
using a t-test. Comparisons of the time to emergence for each tree species for each borer
species were tested with ANOVA and means compared by Tukey.

Results
Ringbarking and tree dying
Trees did not immediately die after ringbarking, with a delay of 4 months in jarrah and 6
months in marri before the first trees died, and trees of both species continued to die
throughout the experimental period (from 2014 to 2017) of 42 months. Over this time 94
% (17) jarrah and 88 % (16) of marri trees died out of the total number of trees ringbarked.
None of the paired non-ringbarked trees died during the experiment. Overall 77 % of
jarrah and 88 % of marri trees that died over summer–autumn (Figure 5.3) with
significantly (χ2=20.2, P<0.001) more (1.6x) marri trees dying in summer than jarrah, with
no difference (P>0.05) in numbers dying in autumn, and no difference (P>0.05) over all
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tree species between summer and autumn. For jarrah, twice as many trees died in autumn
(χ2=10.5, P=0.013) than in spring and for marri few trees (<10 %) died in spring or winter
compared to autumn. For summer and autumn most trees died in the first and second year,
while for marri most trees died in the second year (Figure 5.3).

Figure 5.3. Percent ringbarked trees that died jarrah (n=18) and marri (n=18) in each
season over 42 months (spring 2014 to summer 2018), where the first trees died in the
summer of 2015 after being ringbarked on 15th September 2014.
For jarrah, it took an average of 146 days to produce resprouts after being ringbarked and
before trees started to die, and these resprouts began to die on average 21 days after the
canopy leaves began to die (canopy showed visible signs of senescence). For marri, it took
an average of 209 days to produce resprouts after being ringbarked, and these resprouts
began to die 126 days before the canopy leaves began to die. Resprouts were only present
on ringbarked trees and always occurred below the ringbark, nearly always as
lignotuberous shoots with few epicormics. For some jarrah and marri trees, resprouts
remained alive after canopy senescence and attained an average diameter of 3 cm.

Borer species characteristics
Two Cerambycidae P. semipunctata and C. rubripes emerged from ringbarked trees
(Figure 5.4). Phoracantha semipunctata was identified by its dark reddish brown to black
elytra with a broad yellow band, through which ran a complete brown zigzag pattern on the
sub-fascia, a yellow mark on the apex of each elytron and 5 sub-fascia on the pronotum.
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For C. rubripes the elytra are light to reddish brown with interrupted yellow distal streaks
and an elongated spot at the apex, with 7 sub-fascia on the pronotum and enlarged tibia
(Figure 5.4).

Figure 5.4.

Comparison of adult specimens of Phoracantha semipunctata (left) and

Coptocercus rubripes (right) that emerged from jarrah and marri ringbarked trees. Scale in
mm.
Adults of P. semipunctata were significantly larger than C. rubripes in terms of body
length 1.47x, width 1.92x, antennal length 1.69x (Table 5.1), and emergence hole length
1.72x and width 1.61x (Table 5.1, Figures 5.4 and 5.5). Phoracantha semipunctata adults
emerging from marri were significantly longer (F1,73=8.77, P=0.04), wider (F1,73=15.77,
P<0.001), heavier (F1,73=9.51, P=0.003) and had longer antennae (F1,73=6.24, P=0.015)
than those emerging from jarrah. Equal numbers (P>0.05) of males and females of P.
semipunctata emerged from jarrah and marri. The limited number of C. rubripes captured
from marri did not allow for comparison of adult beetles between tree species.
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Table 5.1. Comparison of adult length (measured from mandibles to end of elytra), width (across
elytra at the proximal position), antennal length (straightened), and emergence hole length and
width of Coptocercus rubripes (n=30) and Phoracantha semipunctata (n=74) infesting eucalypt
trees.
C. rubripes

P. semipunctata

F

P

Adult size (mm)
Elytra width

2.54 ± 0.09

5.85 ± 0.11

825.44

<0.001

Body length

12.70 ± 0.30

22.31 ± 0.35

368.23

<0.001

Antennal length

13.92 ± 0.64

29.05 ± 0.77

367.30

<0.001

1.00 ± 0.00

10.30 ± 1.00

23.75

<0.001

Length

4.33 ± 0.21

7.90 ± 0.52

73.21

<0.001

Width

2.61 ± 0.06

4.37 ± 0.36

33.29

<0.001

Neonate galleries/oviposit
Emergence hole (mm)

Feeding behaviour of larvae during their development differed between borer species and
was reflected in different patterns of gallery engravings etched into the sapwood.
Numerous neonate galleries of P. semipunctata larvae spread outward from either side of
an oviposition site (Table 5.1, Figure 5.5a). As larvae developed, galleries elongated in
relatively straight lines extending along the axis of the tree averaging 37.5 ± 0.5 cm long.
On some occasions, they doubled back along previous galleries and then widened
considerably before larvae constructed an entry hole with a gallery leading to a pupal
chamber deeper into the sapwood (Figure 5.5c,e). Coptocercus rubripes formed singular
galleries from an oviposition site in both jarrah and marri (Table 5.1, Figure 5.5b). Larvae
of C. rubripes formed localised curved galleries as they developed, covering a shorter
distance averaging 12 cm long, and on some occasions overlapping other galleries (Figure
5.5d). Galleries widened minimally before larvae constructed an entry hole leading to a
pupal chamber (Figure 5.5f). In co-occurring trees, where both borers were present, C.
rubripes galleries spread more or less laterally around the circumference of the tree in the
area left by the parallel P. semipunctata galleries; in some cases, C. rubripes galleries
nearly touched P. semipunctata galleries.
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a

b

c

d

e

f

Figure 5.5. Larval galleries showing oviposition sites for (a) Phoracantha semipunctata
one site (big white arrow), (b) Coptocercus rubripes several individual sites (small
arrows), overlapping of galleries (large white arrows) for (c) P. semipunctata, (d) C.
rubripes.

Widening of galleries (large white arrows) before larvae form pupal cell

showing (e) P. semipunctata, deep scalloping of sapwood and emergence hole (black
arrow) and (f) C. rubripes, shallow galleries before plugged pupal cell (black arrow).
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In the 2 m tree sections, the number of oviposition sites of C. rubripes was significantly
higher compared to P. semipunctata in conspecifics (F1,18=10.55, P=0.003, higher 6.4x)
and congener (F1,4=10.55, P=0.003, higher 2.9x) trees (Table 5.2). Neonates in conspecific
trees of P. semipunctata were significantly higher compared to C. rubripes (1.5x) and in
congener trees where borers co-occurred, neonate numbers were also higher (2.8x). In
congener trees, the number of neonates for P. semipunctata was not significantly affected
by the presence of C. rubripes, whereas neonate numbers of C. rubripes were significantly
reduced (0.51x) in congener compared to conspecific trees.
Table 5.2. The number of borer oviposits and neonates for 2 m sections of ringbarked eucalypt
trees attacked singularly (conspecific) by Coptocercus rubripes or Phoracantha semipunctata and
trees where borers co-occurred (congener). Values sharing the same letter are not different from
Bonferroni tests.

Conspecific
Congener

P. semipunctata
Oviposits
Neonates
9.2 ± 2.1 a
87.88 ± 16.08 d
10.3 ± 3.1 a
84.00 ± 22.88 d

C. rubripes
Oviposits = neonates
58.8 ± 8.65 c
30.0 ± 7.61 b

Parasitism
Not all cages around ringbarked trees contained adult wasps, although trees were found to
have cocoons with a hole in the casing, signifying the wasp had emerged (see Chapter 4 for
description of a cocoon). The wasps emerged and captured from the 8 caged ringbarked
jarrah and marri were identified as Syngaster lepidus and Callibracon limbatus. Only S.
lepidus emerged from trees infested with C. rubripes and made up 33 % of wasps in trees
infested with P. semipunctata, with the remainder by C. limbatus. The presence of S.
lepidus was confirmed by collection of adult wasps from cocoons in trees infested with C.
rubripes. Percent parasitism from 23 trees was significantly (F1,22=4.86, P=0.040) higher
in C. rubripes (46.3 ± 10.4) than in P. semipunctata (26.2 ± 4.8), while parasitism was
similar (F1,22=0.00, P=0.975) between jarrah and marri (combined for borer species).

Borer emergence and season
Shortly after ringbarked trees had died, bark squares removed at this time showed they
were infested with borers, where 90 % of the trees had at least one adult borer emerge. Of
all trees with emergence holes, 53.1 % (n=17) were only infested by P. semipunctata and
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of this 60 % (n=9) were in marri trees, and this was not significantly (χ2=0.25, P=0.617)
different to the 40 % (n=6) in jarrah. Of all trees with emergence holes 25.0 % (n=8) were
infested by C. rubripes, and of this 66 % (n=6) were in jarrah and this was not significantly
(χ2=1.00, P=0.317) different to the 33 % (n=3) in marri. The remaining 22 % of all trees
with emergence holes (jarrah, n=2, marri, n=5) were infested by both borers.
Of all trees from which emergence of only one species of borer (conspecific) occurred,
33.3 % were infested in summer, with 73 % of these trees infested with P. semipunctata
and 27 % by C. rubripes. Of all trees 48.5 % were infested in autumn, with 64.7 % of
these trees infested with P. semipunctata and 35.3 % by C. rubripes. Of all trees 15.2 %
were infested in spring, with 16.7 % of these trees infested with P. semipunctata and 83.3
% by C. rubripes. Finally, of all trees 3.0 % infested in winter with 100 % of these trees
infested with P. semipunctata (Figure 5.6a). Trees that died in summer were only infested
by P. semipunctata and emergence occurred a year later in summer, while trees dying in
autumn were only infested by C. rubripes and emergence occurred a year later in autumn
(Figure 5.6a). For trees that died in autumn, emergence by P. semipunctata occurred in
spring and summer with the number of trees with emergence in summer significantly
(χ2=15.0, P=0.002) higher than in spring (Figure 5.6a).
Emergence of P. semipunctata and C. rubripes were not significantly (P>0.05) different
between 0–1 m compared to 1–2 m tree height and values were combined in subsequent
analyses.

Emergence of P. semipunctata comprised 57 % of all borers present, the

remainder by C. rubripes. Across all seasons (combined for borer species), there was no
significant (F1,19=0.02, P=0.882) difference in the number of borers that emerged with an
average of 28.8 insects per 2 m of tree. Emergence of P. semipunctata between spring and
summer were similar (F1,14=0.51, P=0.486) with an average of 34.5 borers per 2 m of tree,
with one insect emerging in winter and none in autumn (Figure 5.6b). Emergence of C.
rubripes between winter and autumn were similar (F1,4=0.06, P=0.827) with an average of
22.2 borers per 2 m of tree (Figure 5.6b).
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Figure 5.6. (a) Percent ringbarked trees in a season where borers emerged for each season
that the trees died, for either PS=Phoracantha semipunctata or CR=Coptocercus rubripes.
For each season n=1, 4, 7, 15: left to right. (b) Mean (± SEM) number of adults that
emerged from the lower 2 m of ringbarked trees in each season, irrespective of the season
when the tree died for P. semipunctata or C. rubripes, over 42 months (spring 2014 to
summer 2018) of the experiment (For each season n=2, 5, 16, 4: left to right).
The numbers of adult borers (P. semipunctata + C. rubripes) which emerged per 2 m tree
section were similar (F1,30=0.25, P=0.624) between jarrah (26.5 ± 6.1) and marri (26.1 ±
5.78). Emergence of P. semipunctata was similar (F1,15=0.75, P=0.403) between jarrah
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(22.3 ± 12.1) and marri (30.9 ± 8.47). Whilst, emergence of C. rubripes in jarrah was 26.0
± 6.81 with only one marri tree solely attacked by C. rubripes with 11 borers emerging.
During summer–autumn of 2015/16, there were 2.7x as many marri that died than jarrah,
though emergence in jarrah was higher (43.0 ± 17.8) though not different to marri (27.7 ±
13.4). The number of neonates in trees that died in any monthly period in a plot was not
significantly (F3,26=0.49, P=0.498) affected by the number of trees that died, for up to 4
trees dying at any one time. The numbers of neonates in trees that died in January and
March of one year decreased (P<0.05) by 0.47x compared to trees that died in January and
March of the previous year, whereas in April neonate numbers significantly (P<0.05)
increased by 1.96x compared to trees that died in April of the previous year. Overall,
numbers of neonates increased by 1.75 ± 0.85 compared to trees that died in the previous
year.
Time to emergence for P. semipunctata was similar (F1,18=1.31, P=0.226) between tree
species taking 292 ± 22 days in jarrah compared to 281 ± 17 days in marri. Time to
emergence for C. rubripes was similar (F1,5=1.70, P=2.070) between tree species taking
342 ± 31 days in jarrah compared to 308 ± 11 in marri.
Comparing emergence between borer species in trees containing only a single borer
species (conspecifics), similar (F1,19=0.45, P=0.510) numbers of P. semipunctata and C.
rubripes emerged (Figure 5.7). Trees where borers co-occurred (congeners) only died
between the middle of summer to mid-autumn, and only one of these trees died in spring.
The sum of emergence in congener hosts (22.29 ± 5.62), was not significantly (F1,33=0.00,
P=0.969) different compared to emergence in trees containing conspecifics, irrespective of
the borer species (Figure 5.7). Comparing emergence within each borer species, the
number of adults that emerged in congener hosts was significantly (F3,31=6.16, P=0.018)
lower compared to trees containing conspecifics (60 % lower for P. semipunctata and 30
% lower for C. rubripes) (Figure 5.7). Total borer emergence of congener hosts of jarrah
43.0 ± 4.0 adults was 32 % higher than 14.0 ± 2.2 adults in marri (analysis not possible
with only 2 trees for jarrah and 5 trees for marri).
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Figure 5.7.

Mean ± SEM emergence of Coptocercus rubripes and Phoracantha

semipunctata from the lower 2m of jarrah and marri trees with borers co-occurring
(congeners) (n=8) or containing only a single borer species (conspecific) (n=20) over 42
months of the experiment (spring 2014 to summer 2018).

Discussion
Borer species differed in their seasonal preferences when infesting stressed trees, with P.
semipunctata infesting mainly in summer and autumn and C. rubripes mainly in spring.
For the majority of trees that died (excluding winter where only one tree died), these
seasons appeared to influence the time when each borer species emerged, with P.
semipunctata infesting in summer emerging in summer, when trees were infested in
autumn borers emerged in either spring or summer. The emergence period for C. rubripes
was shorter (approximately 9 months) than P. semipunctata, and if C. rubripes infested
trees that died in spring, borers emerged in winter of the following year. Although C.
rubripes that infested trees that died in autumn also emerged in the following autumn, this
seasonality was not exclusive, and in 22 % of all trees, the two borer species co-occurred
(congeners).

Infestation in summer and emergence in summer and autumn by P.

semipunctata appears to be characteristic of this species that attacked jarrah and marri in
summer following a drought in the jarrah forest, with these trees also the two co-dominant
overstory tree species (Chapter 2), with emergence also occurring in autumn in other
locations of the jarrah forest (Majer and Abbott, 1989) and throughout summer–autumn
overseas (Mendel, 1985, Bybee et al., 2004a). This timing of emergence as dependant on
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the season of infestation may be related to temperature conditions altering the time
required for borer larvae to develop and emerge. It appears the best conditions were
experienced by C. rubripes larvae developing over the longer time period of warmer
conditions throughout spring–summer to be able to emerge in winter, whereas for both
borers infesting trees dying in autumn the cooler conditions through winter, possibly
slowed or arrested growth rates, indicating the warm conditions over spring–summer of the
following season were required for larvae to complete development.

Although P.

semipunctata following autumn infestation had a shorter time to fully develop before
winter, they may have caught up to earlier developing larvae from summer infestation
when temperature conditions improved in spring, allowing them to emerge in late-spring–
summer in those particular trees.
The proportion of ringbarked trees that died at any one time in a plot was sparse (i.e. 2 %
of trees present). Although a concentration of dying trees occurred during summer–
autumn with up to 4 trees dying at any one time, the number of borers emerging from any
tree was independent of the number of trees that died at any one time and in the same year.
Also, the presence of dead trees with borers emerging in a particular season did not appear
to influence infestation levels in the new trees that died in that same season of that same
year. The increased numbers of dead trees at a plot may have enhanced the volatile cues
emitted, as volatile cues are considered to be important in attracting P. semipunctata
(Hanks et al., 1993b, Hanks et al., 1998); however, adult borers also appear to only
respond to visual cues (Barata and Araújo, 2001). Therefore, it appears a single tree would
be expected to only be providing a small volatile signal, although this appears strong
enough to attract borers and enable them to detect and discriminate against the numerous
non-host plants present.
The seasonality of different borers infesting ringbarked trees may be reflected in the
different habits of these borers feeding on nectar of the different groups of plants that are
available in different seasons. Cerambycidae in Australia are often feeding on native
flowers (Lawrence and Slipinksi, 2013), and in plantations, P. semipunctata was found to
have fed on eucalypt pollen (Hanks et al., 1998), and increased their longevity (Millar and
Hanks 2003). Also in the laboratory, when P. semipunctata was left in cages it observed to
be readily feeding on nectar and anthers of jarrah and marri eucalypt flowers (Seaton
unpublished). Jarrah flowering between December to January, and marri flowers between
February to March (Abbott et al., 1989, Barrett and Tay, 2005, Herbarium, 2018),
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consequently these trees were likely providing a food source for P. semipunctata during
their dispersal flights at that time they were infesting ringbarked trees in the jarrah forest.
It would also be advantageous for adults to feed on flowers when finding stressed trees for
mating and oviposition throughout summer–autumn, as a diet of sugar increases the
longevity and fecundity of P. semipunctata (Hanks et al., 1993a), and may have switched
from feeding on flowering jarrah in the summer to flowering marri in the autumn.
However, reports of adults residing on flowers on mature eucalypt trees are rare (Hanks et
al., 1998), and were also not observed in the present study despite sweeping flowering
trees at dusk (Seaton unpublished), although some Cerambycidae e.g. Stenoderus spp.,
naturally occurring in the jarrah forest (ALA, 2018), were also caught in funnel traps that
enclosed flowers placed out at night near study plots (Seaton unpublished). The preference
for C. rubripes to almost exclusively infest trees that died in spring with some infestations
in autumn, and not in summer was also found with jarrah and marri trees felled in late
winter–spring (Chapter 4). There is no information available as to whether C. rubripes
adults prefer different flowers to Eucalypts as sources of food, throughout the winter–
spring period. However, as spring in the jarrah forest is the peak wildflower season, with a
number of shrubs flowering at this time mainly from the Myrtaceae family including
Melaleuca, Hypocalymma, Verticordia Leptospermum, and Scholtzia as well as members
of the Proteaceae including Banksia grandis (Barrett and Tay, 2005), these may be a
preferred source of pollen and nectar used by C. rubripes.
It is also interesting the cerambycid P. recurva Newman, a native borer and a widely
distributed species throughout Australia (Wang, 1995b), did not infest or emerge from any
of the ringbarked trees, although it is easily identified when compared to P. semipunctata
by distinctively different elytral markings (Froggatt, 1923). Although both insects share
similar biology, and predominantly attack dead and dying eucalypt trees (Wang, 1995b), P.
semipunctata appears to be the dominant borer in its native jarrah forest habitat at this
time. This contrasts to other parts of the world in plantations, where this balance has been
changed in favour of P. recurva (Bybee et al., 2004a), mainly due to the successful control
of P. semipunctata via the introduction of a biological control program using an egg
parasitoid (Luhring et al., 2004). Different conditions may prevail in the jarrah forest that
either favour infestation by P. semipunctata, or behaviour or host preference of parasitoid
wasps.
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In addition to seasonal differences in infestation by each borer, they were further
partitioned by preferring different tree species, with P. semipunctata mainly infesting marri
and C. rubripes mainly infesting jarrah. However, exclusivity for a tree species does not
appear to be complete, with both borer species co-occurring in congener hosts of jarrah and
marri trees. Nevertheless, more jarrah trees dying in spring may have increased the
response of C. rubripes to infesting these trees, while dominance of marri dying in summer
may have influenced infestations of P. semipunctata. Although these tree species have not
been studied before, differential preference of P. semipunctata for other tree species in
overseas plantations has been shown (Hanks et al., 1993, Hanks et al., 1995). The high
levels of parasitism of C. rubripes compared to P. semipunctata may have been expected
to affect borer emergence in this species, although overall emergence was not found to be
different between species. As neonates of P. semipunctata were much higher than C.
rubripes, this suggests competition had a significant effect on borer emergence compared
to C. rubripes.
In congener hosts, neonate larvae of C. rubripes were greatly reduced compared to trees
only attacked by C. rubripes (conspecific), suggesting the presence of P. semipunctata
during infestation affected neonate development. This may be related to P. semipunctata
which is a larger insect with longer antennae having a breeding advantage (Hanks, 1996),
and outcompeting C. rubripes for oviposition sites. However, levels of emergence of P.
semipunctata in these congener hosts were similar to C. rubripes indicating once each
borer became established; they developed independently and limited the emergence of
each other equally. This resulted in total numbers of borers emerging from congener trees
being similar to conspecific trees, indicating only a limited amount of sapwood resources
are available in a single dying eucalypt tree. It was observed that as P. semipunctata larvae
in the subfamily Cerambycinae spread out from oviposition sites creating mainly
longitudinal galleries, they left small areas of uneaten sapwood that C. rubripes could
inhabit. Also, the different gallery patterns of C. rubripes, with only a singular small
gallery per oviposition site tending to curve around in a small area, may have allowed these
larvae to feed on fresh sapwood resources to complete development in these more confined
uneaten areas of sapwood. Although there is considerable support for competition by
phytophagous insects (Connell, 1983, Denno et al., 1995), C. rubripes appears to be
secondary but complementary to P. semipunctata, where both borers develop
independently and produced similar densities of emergence in congener hosts.
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Coptocercus rubripes with only one larva that develops per oviposition site through cracks
and crevices within bark differs to other Cerambycids such as A. glabripennis that lays one
egg per oviposition site by gnawing a hole in the bark of Acer, Salix and Poplar (Hu et al.,
2009). This gnawing behaviour is charactersitic of the subfamily Lamiinae (Hanks and
Wang, 2017), and contrasts to C. rubripes in the subfamily Cerambycinae (Wang, 1995a).
In studies using logs, congener borers of P. semipunctata and P. recurva tended not to
have these bottom-up competitive interactions (Jones et al., 2015), and are likely to have a
similar strategy for consuming sapwood. For phytophagous insects, indirect interactions
appear more important in describing their behaviour where there are limited host resources
(Kaplan and Denno, 2007).
The delay of up to several years for some ringbarked trees to die was most likely related to
a long time that ringbarking, by interrupting the translocation of carbohydrates from
canopy leaves, takes to affect root function (Schepper et al., 2011) by starving root systems
of sugars. This longevity of ringbarked trees, by effectively removing the phloem while
allowing xylem vessels to remain intact, may be explained by the xylem maintaining water
supply to the canopy leaves from dehydrating until root systems finally failed. Once the
root systems start to fail, the reduced water uptake may be compensated by closing of the
stomata to reduce transpiration and maintain turgor preventing trees from dehydration.
Resprouts produced by trees below the ringbarked zone may have provided assimilates
maintaining carbon reserves in the stem and roots keeping them alive, to maintain root
growth. This appears to be the case where on some occasions the resprouts and canopy of
ringbarked trees died at the same time, particularly during the first summer, and prolonged
tree health. Though on other trees, the senescence of resprouts occurred well before trees
died, suggesting any assimilates produced from resprouts were not effective in supplying
the root system with sufficient sugars to maintain their function. Trees tended to die in the
first or second summer and may be related to the relatively small size of resprouts that only
produced low total leaf area in relation to the canopy, were unable to maintain carbon
reserves causing root systems to eventually fail especially under conditions of high
evaporative demand over summer. Marri trees mainly dying in years 2 and 3, indicates
they exhibited increased resilience to stay alive after being ringbarked compared to jarrah
trees, and may be related to their ability in maintaining better water relations than jarrah
when adjusting to stress (Poot and Veneklaas, 2012), and able to maintain their turgidity
and active photosynthesis for longer. Also, both trees showed evidence of trunk swelling
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immediately above the ringbarked section, indicating a build-up of sugars (Moore, 2013).
Also, root grafting between ringbarked and non-ringbarked trees may also have played a
role in keeping root systems functioning (Lev-Yadun, 2011).
This study has shown that seasons directly influence the borer species infesting dying
eucalypt trees with infestations in the summer–autumn period dominated by P.
semipunctata compared to spring dominated by C. rubripes and affected the season when
borers emerged. The ability of the smaller C. rubripes to develop in more restricted areas
of sapwood and not utilised by the larger P. semipunctata in the case where borers were
congeners, indicates both borers have ecologically adapted to co-occur in a single dying
tree.
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Chapter 6
Development patterns of eucalyptus longhorned borers
(Cerambycidae) in dying ringbarked trees during decreasing
moisture deficits
Abstract
As sapwood moisture has a large influence on the successful development of the
eucalyptus longhorned borer, changes that occur during drying are critical to understanding
their success. The aim was to determine how changes in levels of sapwood moisture
during drying in ringbarked eucalypt trees influenced infestation and larval development
by borers within the jarrah forest.

Measurements also involved changes in canopy

appearance and water potential before and after the onset of excessive leaf stress during
tree drying.

Tree species differed in their water relations, with maximum levels of

sapwood moisture being 50 % in jarrah (Eucalyptus marginata) and 60 % in marri
(Corymbia calophylla), with marri trees drying at a faster rate than jarrah. Larvae were
first detected in both tree species when sapwood moisture was consistently 19 % below the
maximum moisture level where trees were turgid; indicating this fall in sapwood moisture
was conducive for successful borer development. This coincided with canopy leaves
changing colour from green to yellow, and a leaf water potential of -4.1 and -3.3 Mpa in
jarrah and marri, respectively, representing a 1–2 MPa drop below where jarrah and marri
trees were healthy. Gallery width and sapwood consumption increased as moisture content
decreased and depended on the borer species, with the larger P. semipunctata developing
faster and consuming more sapwood than C. rubripes. At any one moisture content, there
was a range of gallery sizes contributing to the amount of sapwood consumed. Maximum
sapwood consumption in marri trees was reached at higher moisture contents than in
jarrah.

Introduction
Loss of bark moisture in host tissues and water stress have a major influence in allowing
successful attack and infestation of wood-boring Cerambycidae in forest trees (Clarke,
1925, Duffy, 1963, Rhoades, 1979, Curry, 1981, Hanks et al., 1999).

Callidiellum

rufipenne (Coleoptera: Cerambycidae) attacked Japanese cedar in response to a reduction
in bark moisture content below levels in healthy trees (Ueda and Shibata, 2007), and the
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incidence of larval damage to sapwood of Eucalypts in Australia by P. semipunctata
increased fourfold when moisture content fell by 8 % and crown health had deteriorated
(Chapter 2). Root pruned E. tereticornis trees in Californian plantations, with limited
water uptake and decreased sapwood moisture content of 3 %, encouraged borer
colonisation (Hanks et al., 1991). Also, first instar larvae of P. semipunctata artificially
inserted into the bark cambium of E grandis and E. tereticornis logs at moisture contents
of 60 % and 58 %, respectively, and into healthy E. trabutti trees had reduced survivorship,
where larvae failed to penetrate the cambium, and only created short superficial galleries
restricted to the nutrient poor outer bark (Hanks et al., 1991, Hanks et al., 1999). In
contrast cambial damage by larvae in E. rudis and E. trabutti doubled when the moisture
content of these logs fell by 42 % and 29 %, respectively and when they reached leaf water
potentials below -2.8 Mpa, at bark moisture contents of 31–38 % (Rhoades, 1979, Hanks et
al., 1991, Hanks et al., 1999). Phloem osmotic pressure decreased sufficiently to reduce
defence against young larvae entering the phloem/sapwood (Chararas et al., 1971).
Borers are highly cued to detect trees experiencing plant water stress, being high in
nutrition with weakened chemical defences (Rhoades, 1979, Curry, 1981, Mattson and
Haack, 1987, Holtzer et al., 1988). Volatile signals emitted, including terpenes, act as
chemical cues for cerambycids to find Japanese cedar trees (Ueda and Shibata, 2007), and
when released at higher concentrations attracted Monochamus to stressed Birch trees (Fan
et al., 2008). These cues allow P. semipunctata to increase their flight speed and orientate
their direction towards the odour plume released from E. globulus tree trunks (Barata and
Araújo, 2001, Barata et al., 2002).
Changes in canopy reflectance and tree health are an important measure for determining
when trees are most susceptible to borer infestation throughout stands and habitats (Pontius
et al., 2008). Sites which contain moderate (<40 %) loss of canopy leaves are a good
proxy for becoming susceptible to borer infestation (Smitley et al., 2008), and numbers of
emerged red oak borer E. rufulus were positively correlated with the number of dead
Quercus rubra L. trees (Fierke et al., 2007). Observing changes in the canopy can be
coupled with other visual signs of borer infestation on the outer surface of trees including
exit holes, frass on outer bark, damage from birds and resprouting (Smitley et al., 2008).
These visuals signs of borers are only evident when larvae have almost matured
(Vansteenkiste et al., 2004), as Cerambycidae and members of Buprestidae are subcortical
during a large part of their development (Straw et al., 2015). It is therefore difficult to use
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these signs to detect when borer infestations occurred in trees especially at the onset of
stress when early instar larvae have just begun consuming phloem tissues. Other methods
are required that are relatively easy to implement to detect borer infestations and can be
coupled with tree stress.

This would then provide a more detailed link between

colonisation, borer development and the onset of tree stress in forests and are particularly
important in surveys of borer infestation to be able to manage borer species that become
pests (Hu et al., 2009).
A study was conducted within a healthy forest on the timing of infestation and larval
development of the eucalyptus longhorned borers P. semipunctata and C. rubripes
following ringbarking, by tracking changes in bark moisture and borer behaviour before
and after Eucalyptus trees of jarrah and marri exhibited visual signs of stress.

Methods
Site and ringbarking
Trials were conducted over 42 months in the Northern Jarrah Forest (NJF) (32°13S,
116°8E) close to an area known to be previously infested with P. semipunctata (Chapter
2). Three ringbarking plots were located along an E–W transect at 0, 90 and 300 metres
with each plot approximately 50 m in diameter. In September (spring) 2014, six paired
jarrah and six marri trees, with a diameter at breast height over bark between 10–20 cm
were selected in each plot with one tree in each pair ringbarked, while the other tree was
left as a non-ringbarked control. Chapter 5 gives details of ringbarking.

Assessment of tree health
The canopy condition of ringbarked and non-ringbarked trees was visually assessed every
two to six weeks for signs of stress and senescence, and rated according to the following
health classes based on a modified scoring system from (Worrall et al., 2008) adapted for
jarrah and marri; where HS1 is “healthy” has no evidence of leaves drying and glossy dark
to bright green in colour (148B), HS2; “stressed” >10–90 % of leaves varying from dark
green to light green (148C)/yellow (147C,146D) colour (indicating senescence, with leaves
remaining intact, HS3; “canopy dying” >90 % of leaves drying with leaves a light brown
(177C), with minimal crown dieback, and HS4; “canopy dead” with 100 % of leaves dark
brown and dry (177D), with partial to severe crown dieback. Numbers for leaf colour
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shown above are derived from RHS colour charts (Society, 2007). Canopy and individual
leaves for each class are shown (Figure 6.1a-d).
a

b

c

d

Figure 6.1. The canopy of ringbarked trees for health classes (a) HS1, “healthy” dark
green colour; (b) HS2, “stressed” light green /yellow colour; (c) HS3, “canopy dying”
drying and light brown colour; and (d) HS4, “canopy dead” dry and dark brown colour.
Insert shows individual leaves for each health class.

Tissue moisture and insect sampling
The time when trees reached HS2 was determined from the previous sampling date when
ringbarked trees were still rated as healthy (time zero) and scored as HS1. Subsequent
times of HS3 and HS4 were also determined from this date at HS1. Once trees had
reached HS2, canopy greenness was determined as the proportion of leaves out of the total
leaves in the canopy that changed from bright green to light green/yellow or to light brown
and dry. Following ringbarking, moisture cores of phloem/sapwood and a bark square
were removed from ringbarked and non-ringbarked trees at approximately 8 weekly
intervals until ringbarked trees died at HS2, and then at approximately every 2 weekly
intervals until trees reached HS4. To limit the number of samples per tree moisture
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samples of non-ringbarked trees were spread across all trees in each plot bark squares
revealing the sapwood was examined for borer activity and comparative samples also taken
from non-ringbarked trees.

Moisture sample cores, comprised of approximately 4 g

phloem/sapwood tissue sample per tree (after outer bark was removed), were collected
using a corer (5 cm diameter by ~3 cm long) powered by an 18 volt battery drill (AEG),
and immediately sealed in a 50 ml airtight acrylic vial, kept cool and transported to the
laboratory and weighed on the same day. These were then dried in an oven at 75 °C for 3
days and reweighed until constant dry weight. Tests showed by repeated weighing, there
was no loss of moisture from sealed vials during transport. The first core was taken at
approximately 20–50 cm above the ringbark and at an equivalent height in non-ringbarked
control trees. Subsequent cores were taken around the circumference of trees at slightly
higher or lower positions and at least 5 cm apart to the previous core to avoid tissue that
may have dried from previous cores. Tissue moisture content was then calculated as
((fresh weight-dry weight)/fresh weight).
Borer activity was measured in a 10 x 10 cm bark square at approximately 1.1–1.7 m
above the ground (Figure 6.2a-e), with bark carefully removed from each tree to reveal the
sapwood surface. Samples were taken of ringbarked and non-ringbarked trees in rotation
so that one tree of each treatment type was sampled throughout the experiment.
Subsequent samples were removed at higher or lower positions (approximately 10 cm
apart) to the previous bark sample. Comparison of taking multiple bark squares within a
tree indicated variations in numbers of larvae detected ranging from 1 to 3 larvae present.
In bark squares, the widest width of each gallery was measured larvae were collected,
placed in 70 % alcohol for later measurement of length (from mandibles to abdomen). A
photograph was taken of the exposed sapwood using a ruler for a scale, (Figure 6.2a-e) and
was later used to calculate the area of sapwood consumed per 100 cm2 of bark square area.
After sampling, the bark was re-positioned over the sapwood and secured with tie wire and
waterproof tape (Bear™ adhesive).

Borer incidence (%) for ringbarked trees was

determined from the number of trees with at least one borer larvae or gallery present in a
bark square, expressed as the percentage of total number of ringbarked trees in each health
class.
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a

Figure 6.2.

b

c

d

e

Development stages of Phoracantha semipunctata in ringbarked trees

showing bark squares of exposed phloem/sapwood for non-infested tree (a), and infested
trees (b–e) where (b) galleries from three first instar larvae (circled), (c) 2–3rd instar larvae,
(d) mature larvae, and (e) just prior to larval pupation are shown. Similar development
stages were used for Coptocercus rubripes. Scale bar shows 10 mm.

Water potential
Measurements of leaf water potentials (Ψleaf) were assessed for ringbarked and nonringbarked trees where the canopy could be reached by an extended tree pruner up to 10 m,
and depending on the health class of trees. This included measurements for jarrah nonringbarked and ringbarked trees at HS1 in December 2016 and January 2018, with
measurements of trees at HS2 for jarrah also in 2016. For marri measurement were made
of non-ringbarked and ringbarked trees at HS1 in January 2015, December 2016 and
January 2018, with measurements of trees at HS2 for marri also in 2018. During each
season measurements were made on two occasions over a 12-day period for nonringbarked, ringbarked at HS1 and ringbarked trees remained at HS2. At each sampling
time leaf water potential (Ψleaf) was made for 3–4 jarrah and marri non-ringbarked and
ringbarked trees at HS1 and for HS2, n=1 for jarrah and n=2 for marri, with at least 5
leaves measured per tree.

Small shoots were clipped from each tree, caught and

immediately wrapped tightly in alfoil, tagged and kept cool in an esky. Recently mature
leaves (~5) were then progressively cut from shoots, wrapped in Gladwrap® and Ψleaf
measured using a Scholander pressure chamber (Scholander et al., 1965, Boyer, 1967)
within 3 minutes of cutting.
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Analysis
To determine differences in the days to reach each health class from when ringbarked trees
were last at HS1, moisture content and greenness at each health class HS1, HS2, HS3 and
HS4 were compared between jarrah and marri with ANOVA. All data was tested for
normality with moisture and greenness arcsine transformed before analysis, with means ±
SEM shown as appropriate.

Multiple comparisons between means were made via

Bonferroni test at P<0.05. Comparisons of borer incidence for each health class between
jarrah and marri was analysed by Chi-square. To compare moisture content when ringbark
trees were at HS2 during drier spring–summer months to wetter autumn–early spring
months a Kruskall Wallis ANOVA in Genstat v18 was used and in each year, monthly
presence or absence of rainfall was used to define these two periods. Comparisons of
differences in Ψleaf between non-ringbarked and ringbarked trees at HS1 and ringbarked
trees at HS2 were analysed for jarrah and marri using a t-test at P<0.05. To determine the
relationship between maximum gallery width and sapwood consumption with sapwood
moisture content were analysed by regression analysis using separate multivariate linear
mixed models. In each model tree and borer species were fixed factors. To determine
whether the moisture content, where galleries were first detected at HS2 and the highest
sapwood moisture content when at least 95 % of sapwood was consumed was different
between jarrah and marri was analysed with ANOVA, with data arcsine transformed.

Results
Ringbarking and tree drying
During the three and a half years (42 months) of the experiment, all non-ringbarked trees
remained healthy at HS1. Ringbarked trees remained at HS1 for different lengths of time
until they dried to HS2 during the experiment. The average time from ringbarking to reach
senescence was not significantly (P>0.05) different between jarrah taking 481 ± 70 days
and marri taking 549 ± 40 days. At the completion of the experiment, 5 % of jarrah and 13
% of marri ringbarked trees were still alive, and of the trees that remained healthy their
sapwood moisture content did not differ (P>0.05) to non-ringbarked trees.
Tissue (phloem/sapwood) moisture content of ringbarked jarrah trees at HS1 (50.48 ± 2.16
%) was not significantly (P>0.05) different from non-ringbarked trees at HS1 (49.12 ± 0.74
%), also moisture content of ringbarked marri trees at HS1 (60.49 ± 1.16 %) was not
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significantly (P>0.05) different from non-ringbarked trees at HS1 (60.09 ± 1.06 %).
Tissue (phloem/sapwood) moisture content of ringbarked trees at HS1 were significantly
(F1,22=28.68, P<0.001) higher (10 %) in marri than jarrah (Figure 6.3b). The moisture of
ringbarked trees at HS1, within each tree species between spring/summer months (mean ±
SEM; jarrah 50.8 ± 1.58 %, marri 60.9 ± 1.89 %) and autumn/winter months (mean ±
SEM; jarrah 47.4 ± 1.56 %, marri 60.7 ± 2.35 %) were not significantly (P>0.05) different.
Once trees no longer remained healthy they rapidly lost moisture, decreasing below
healthy levels of non-ringbarked trees, with significant (P<0.001) negative relationships
between moisture content and time as trees died. Overall marri trees dried significantly
(Likelihood ratio=4.597, χ2=0.032) faster (1.37x) and had higher elevation (Wald
statistic=5.399, χ2=0.020) compared to jarrah (Figure 6.3a,b).
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a

b

Figure 6.3.

Scatterplot of percent phloem/sapwood moisture content for (a) non-

ringbarked jarrah (Eucalyptus marginata (●)) (n=45) and marri (Corymbia calophylla (●))
(n=26) and (b) ringbarked jarrah (●) (n=76) and marri (●) (n=71) trees over 42 months of
the experiment (spring 2014 to summer 2018), where time zero is the last day from when
ringbarked trees were rated as HS1 before they began to die. Tree numbers sampled were
n=18 for jarrah and n=18 for marri. To compare sapwood moisture contents among trees
as ringbarked trees died at different times throughout each year, values of moisture were
plotted from the last date each tree was still rated as HS1 (time zero). Moisture contents of
surrounding trees for non-ringbarked trees were measured at the same time as drying
ringbarked trees as shown in Figure 6.3a. Regression equations of drying ringbarked marri
was y = -0.126x + 47.89 and jarrah was y = -0.09x + 41.02.
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Water potentials
Comparing across years 2015, 2016, and 2018 the midday Ψleaf of marri non-ringbarked
trees at HS1 in 2015 and 2016, were similar (P>0.05) and significantly (P<0.05) more
negative compared to 2018 (Table 6.1). While for ringbarked trees at HS1 across years
Ψleaf was significantly (P<0.05) different among years. With the summer of 2016 nonringbarked and ringbarked trees at HS1 for jarrah were both significantly (P<0.05) more
negative than equivalent tree classes for marri (Table 6.1). Also, Ψleaf of ringbarked jarrah
trees in 2016 at HS2 was significantly (P<0.05) lower (1.39 MPa) than ringbarked jarrah at
HS1 and in 2018 Ψleaf of ringbarked marri trees at HS2 was significantly (P<0.05) lower
(1.95 MPa) than ringbarked marri at HS1 (Table 6.1).
Table 6.1. Mean ± SEM midday leaf water potential (Ψleaf) in the summers of 2016 for jarrah
(Eucalyptus marginata) and 2015, 2016 and 2018 for marri (Corymbia calophylla) for nonringbarked trees and ringbarked trees at HS1 (where leaves remained dark green) and at HS2
(where leaves changed to light green/yellow), of jarrah in 2016 and marri in 2018, being the only
years where trees were accessible for measurement. Means sharing the same letter are not different
for jarrah within 2016 and marri within 2018.

Year
2015
2016
2018

Tree
species
Marri
Jarrah
Marri

Non ringbarked
trees*
-1.86 ± 0.12
-2.03 ± 0.11 c
-1.78 ± 0.002

Ψleaf (Mpa)
Ringbarked
trees at HS1
-1.17 ± 0.35
-2.72 ± 0.37 b
-1.63 ± 0.02

Marri

-1.64 ± 0.08 b

-1.40 ± 0.06 c

Ringbarked
trees at HS2
---4.11 ± 0.19 a
---3.35 ± 0.24 a

*all non-ringbarked trees remained healthy during the experiment

Borer larval incidence, sapwood moisture, and canopy greenness at
different stages of tree health
The total time it took ringbarked trees from when they were last at HS1 to reach HS4 in
jarrah was not significantly (P>0.05) different compared to marri (Table 6.2).

The

decrease in moisture from HS1 to HS2 was significantly (F1,65=6.73, P<0.001) higher than
from HS2 to HS4 for both jarrah and marri trees (Table 6.2). The moisture content of tree
species (combined for all health classes) was significantly (F1,116=24.50, P<0.001) higher
in marri than jarrah, and moisture content among each health class (combined for tree
species) was significantly (F3,114=254.01, P<0.001) different (Table 6.2).

In non-

ringbarked (data not shown) and ringbarked jarrah and marri trees at HS1, where leaves
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remained dark green (Figure 6.1a), there was no incidence of borer larvae (Table 6.2,
Figure 6.2a).
At HS2 leaves showed a rapid change in greenness from dark glossy green to light
green/yellow and greenness was similar (F1,29=33.48, P>0.05) between jarrah and marri
(Table 6.2, Figure 6.1b). At HS2 there were significantly (χ2=394.57, df=12, P<0.001)
more marri trees infested by borers compared to jarrah (Table 6.2) and most borer galleries
were at early development stages (Figure 6.2b), and the moisture content of marri trees was
significantly (F1,30=5.48, P=0.026) higher (1.2x) than jarrah (Table 6.2). After reaching
HS2, trees continued to dry, taking a further 47–45 days for jarrah and marri trees to reach
canopy dying at HS3. At HS3, leaves became light brown (Figure 6.1c), with some
greenness remaining in jarrah trees and moisture content was similar (F1,32=2.31, P=0.139)
between jarrah marri (Table 6.2), with larval galleries more extensive (Figure 6.2c,d). At
HS3 infestation in jarrah had caught up by 35 % to marri with similar (P>0.05) percent of
borers present (Table 6.2). It took 3–4 times longer for jarrah and marri to reach HS4 from
HS3 compared to the time it took to reach HS3 from HS2 (Table 6.2). At HS4 leaves
became dark brown/grey (Figure 6.1d) and moisture content was similar (F1,29=0.02,
P=0.902) between jarrah and marri (Table 6.2). By this time borer incidence was similar
(P>0.05) between jarrah and marri (Table 6.2) and larval galleries were near maturity
(Figure 6.2d,e).
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Table 6.2. Mean ± SEM days to reach each health class from HS1, sapwood moisture content (%),
greenness (percent of leaves that lost colour in the canopy) and borer incidence (%)
(presence/absence of borer larvae or galleries per tree) in ringbarked jarrah (Eucalyptus marginata)
and marri (Corymbia calophylla) trees for health classes (HS1 to HS4); where n=18 trees for each
tree species. Time, moisture and greenness were analysed with ANOVA with borer incidence
analysed by Chi-square. Description of health classes HS1“healthy”, with all leaves glossy dark to
bright green, HS2; “stressed”, leaf colour fading being light green and yellowing, HS3; “canopy
dying”, leaves light brown and HS4; “canopy dead” all leaves brown and dry (see Figure 6.1a–d).
Means with letters within each variable from Bonferroni tests are shown.
Variable

Days

Species

Jarrah

Health class
HS1

HS2

HS3

HS4

0

28.6 ± 5.6 a

75.6 ± 11.3 b

271 ± 20.7 c

37.3 ± 7.2 a

82.4 ± 10.1 b

244 ± 18.9 c

Marri
Moisture content

Jarrah

50.48 ± 2.16 a

34.04 ± 1.99 cd

27.32 ± 1.95 e

15.84 ± 1.51 f

(%)

Marri

60.49 ± 1.16 b

39.99 ± 1.63 d

31.17 ± 1.59 de

17.34 ± 2.85 f

Greenness

Jarrah

100 ± 0 a

29.5 ± 7.4 b

2.22 ± 1.7 c

0d

(%)

Marri

100 ± 0 a

19.1 ± 7.0 b

0d

0d

Borer incidence

Jarrah

0

42

87

93

(%)

Marri

0

71

80
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Borer development during drying
Larval length of P. semipunctata ranged from 2–24 mm and corresponding gallery widths
ranged between 1–14 mm, and for C. rubripes larval length ranged from 2–12 mm with
gallery width 1–7 mm (Figure 6.4a,b). Also within each tree species, maximum gallery
width at similar moisture contents varied among individual trees (Figure 6.4c,d). Within a
tree at any time, a range of larval sizes occurred forming a range of gallery sizes for
instance, in jarrah larval length of P. semipunctata ranged from 9–19 mm with
corresponding gallery widths ranged between 3–6 mm at 20 % moisture, and for C.
rubripes larval length ranged from 3–6 mm with gallery width 3–5 mm at 13 % moisture.
Whilst in marri, larval length ranged from 2–6 mm with gallery width 1–2 mm at 40 % and
5–18 mm length with gallery width 9–11 mm at 20 % moisture (Figure 6.4a,b).
During drying in some trees galleries or larvae were not detected in the sapwood when the
moisture content had decreased to 45.8 ± 0.53 % for jarrah and at a significantly
(F=409.48, P<0.001) higher level of 57.1 ± 0.29 % in marri. These moisture contents
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represented a significant (P<0.05) drop of 3.98 % ± 0.51 % below the maximum moisture
content of all ringbarked trees at HS1 for both tree species (Figure 6.3). As trees continued
to dry and became stressed at HS2, galleries and larvae were first detected (Figure 6.4 a,c,
b,d). The average moisture contents of trees at HS2 represent a similar drop of 18.65 ±
1.29 % below the maximum moisture content of all ringbarked trees at HS1, and this drop
was not significantly (F=3.02, P=0.093) different between jarrah and marri (Table 6.2,
Figure 6.4c,d). At the time trees were at HS2 gallery widths were greater (F1,15=12.03,
P=0.001) in marri at 3.18 ± 0.35 mm than jarrah 1.61 ± 0.14 mm, and for P. semipunctata
larval length ranged from 6.61 ± 1.1 mm and width 2.56 ± 0.66 mm in and for C. rubripes
was 2.51 ± 0.41 mm length and 0.95 ± 0.20 mm width. Regression analysis showed
maximum gallery width increased as sapwood moisture dried to 10 % (P<0.001), and the
rate of increase was 2.0x faster for P. semipunctata than C. rubripes (F1,104=6.87,
P<0.001), though maximum gallery width increased at a similar (F3,101=0.18, P=0.837) rate
comparing each borer species between jarrah and marri trees (Figure 6.4c,d).
Sapwood consumption increased at a significantly (F1,105=2.35, P<0.001) faster rate for P.
semipunctata compared to C. rubripes, with the increase being 1.7x in jarrah and 3.1x in
marri (Figure 6.4e,f). Larvae of different sizes within a tree were consuming sapwood at
different rates and approximately 100 % sapwood consumption occurred over a range of
moisture contents, starting at 35 % for marri which was significantly (t1,9=2.36, P<0.001)
higher than 24 % in jarrah. The time from HS2 for larvae in some marri trees to reach
maturity (widest galleries) occurred after 136 days at sapwood moistures between 35–30 %
and was earlier and at higher moisture contents compared to jarrah which took 230 days
after senescence, at moistures between 20–24 % (Figure 6.4e,f). In other trees, maximum
sapwood consumption only occurred at the end of drying at moisture contents of 12 %
while in other trees sapwood consumption never reached a maximum (Figure 6.4e,f).
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Figure 6.4. Relationships between the range of larval lengths (mm) (a, b), maximum
gallery width (mm) (c, d) and percent sapwood consumed (e, f) with percent
phloem/sapwood moisture content of ringbarked jarrah (Eucalyptus marginata (a, c, e))
and marri (Corymbia calophylla (b, d, f)) for individual trees attacked by Phoracantha
semipunctata (●) and Coptocercus rubripes (○). Means ± SEM for each bark square is
shown for maximum gallery width, whereas individual values are shown for larval length
and area of sapwood consumed. Arrows show average moisture content where trees were
HS1 “healthy”, HS2; “stressed”, HS3; “canopy dying”, HS4; “canopy dead”. Significant
linear relationships are shown for maximum gallery width and sapwood consumed. Data
were collected from measurements of bark squares for jarrah (n=89) and marri (n=70).
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Discussion
The occurrence of falling sapwood moisture, leaf stress, loss of leaf colour and the
appearance of borers, suggests the interplay among these factors are important in
determining conditions within the tree for the establishment of borer infestation. Small
decreases in moisture content of 0.5–1.0 % between non-ringbarked and ringbarked trees
that had not died and also differences in moisture content, particularly in jarrah were
insufficient to allow borers to successfully infest trees. Also the lack of appearance of
galleries or larvae after a 4 % drop in moisture from turgid levels, suggests that at this level
of moisture tree defences had not been sufficiently compromised, with phloem turgor
maintained (Chararas, 1969, Chararas and Chipoulet, 1983), resisting larvae from
developing in the phloem/sapwood (Hanks et al., 1991). Larvae would have been very
small at this stage developing in the inner layers of the outer bark and had not reached the
phloem/sapwood. Other studies have shown at least a loss of 3 % moisture in root pruned
trees allowed larvae to survive, or a water potential of -2.7 MPa allowed larvae to form
short galleries (Hanks et al., 1999). With further drying of trees, a change in canopy colour
with leaves changing from dark green to light green/yellow at HS2, coupled with a
consistent 19 % decrease in moisture and a similar decrease of 1.3 to 2.0 MPa in Ψleaf for
jarrah and marri below levels of ringbarked trees that had not died, was conducive for
larvae to become established in the phloem/sapwood.
Although there were fluctuations in Ψleaf of both non-ringbarked and ringbarked marri trees
at HS1 between seasons most likely in response to variations in vapour pressure deficit and
rainfall between seasons, these changes were not sufficient for borers to infest trees. The
trend for non-ringbarked jarrah trees to be more stressed than marri has been also observed
in the jarrah forest (Szota et al., 2011, Poot and Veneklaas, 2012).

The ability of

ringbarked trees to maintain turgor for extended periods before they died may be attributed
to the build-up of sugar resources in leaves (Moore, 2013), and for at least a short time,
improving their water status. Although it is difficult to compare stressed jarrah and marri
trees as their Ψleaf was measured in different years, the Ψleaf of ringbarked marri trees at
HS1, provided a control in which to compare within a species the ringbarked trees at HS2.
Once ringbarked trees reached HS2 their Ψleaf decreased rapidly in a few weeks and
consistently dropped 1.4 to 2 MPa below that of turgid ringbarked trees (at -2.7 MPa for
jarrah and -1.4 MPa for marri) ringbarked trees at HS1, giving Ψleaf of -4.1 MPa in jarrah
and -3.3 MPa in marri. A decrease in Ψleaf to -2.7 MPa was also reported in stressed E.
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rudis where larvae that had already begun development (Hanks et al., 1999) and is in the
lower end of the range of Ψleaf found for stressed E. grandis, E. nitens and E. globulus
(Dye, 1996, White et al., 1996).
The change in colour of leaves from bright green to yellow at HS2 may have been a
sufficient signal to attract borers to trees; where visual together with volatile cues has been
shown for A. glabripennis (Lyu et al., 2015). Colour can be important for attracting
Cerambycidae, where species preferred black traps compared to green traps (Skvarla et al.,
2015) and the buprestid A. planipennis preferred purple to green traps (Francese et al.,
2010).

Observations of P. semipunctata activity beginning from dusk onwards, as

observed by (Hanks et al., 1998), suggests that they may have been detecting differences in
the ultraviolet spectrum, in particular, more blue colours to locate stressed jarrah and marri
ringbarked trees, as occurs in other insects (Belušič et al., 2017). Small larvae were
detected in the sapwood with some unhatched eggs present in the inner bark of trees at
HS2 when leaves first started to change colour, indicates that oviposition would have
occurred earlier, to allow sufficient time for borers to hatch and reach first instar.
Therefore, borers must have detected changes in trees before a visible change in leaf
colour. As volatile cues tend to be released at maximum levels, when trees first senesce in
response to loss of turgor (Ikeda et al., 1980a, Fan et al., 2007) and most likely before there
was a change in leaf colour, volatile release may have been the main factor attracting adult
P. semipunctata and C. rubripes to visit and oviposit in jarrah and marri. Volatile cues
have been found to be important for other Cerambycidae (Ikeda et al., 1980b, Jin et al.,
2004, Sweeney et al., 2004, Zhang et al., 2006). The volatiles (ethanol, α and β pinene and
cineole) emitted from eucalypts attracted and elicited an olfactory response from the
antennae of P. semipunctata (Powell, 1978, Barata et al., 1992, Hanks et al., 1993b).
These may also have been important volatiles attracting borers to jarrah and marri,
although further study is needed.

Non-volatile compounds including flavanones e.g.

pinocembrin are involved in changing leaf colour of eucalypt trees (Goodger and
Woodrow, 2010) and adults of A. planipennis prefer to visit green traps (Crook et al.,
2009) given they feed on leaves of healthy ash trees (de Groot and Nott, 2004). However,
a change in leaf colour provides a useful indicator that the first stages of borer infestation is
likely occurring, and an 19 % drop in moisture content below that of hydrated trees
provides a quantifiable means for rating eucalypt trees as being susceptible to borer
infestations.
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The total amount of sapwood consumed at any one time was a result of different sized
larvae depending on sapwood moisture. Larvae around 6 mm in length formed noticeable
gallery channels. Where larvae of different ages were present, it is likely these larvae were
competing with each other for the same sapwood resources. This is reinforced by the
observation of galleries made by young larvae traversing those made by larger more
advanced larvae. The younger larvae may have had their growth restricted, particularly
when trees became drier and most of the sapwood resources were nearly depleted. At the
end of sapwood drying at 10–12 % moisture, some larvae had not reached their maximum
size (Figure 6.4a,b) and consequently may never have reached maturity. This variation in
size of larvae has also been observed in trees downed for several months containing P.
semipunctata larvae ranging from early instar to final instar (Hanks et al., 2001). Also in
the present study, the occurrence of different larval sizes of P. semipunctata between 8–18
mm long in marri was similar to the range of larval sizes found in field infested E. grandis
logs in Africa (Mendel, 1985).
Maximum sapwood consumption occurred at different moisture contents and depended on
tree species. For example, larvae reached maximum sapwood consumption at higher
moisture contents of 35 % in marri compared to jarrah at 24 % moisture content. This may
explain the higher borer incidence in marri where borer galleries were rapidly increasing in
size (made by larvae well established in the phloem/sapwood of trees), spreading out and
covering more sapwood area (as shown in Figure 6.2b–d), allowing easier detection than in
jarrah. Differences in sapwood consumption would be expected as at higher sapwood
moisture, nutritional qualities would have been better (Haack and Slansky, 1987) allowing
improved larval development.

Although marri started at a higher sapwood moisture

content, it dried more rapidly than jarrah, this meant it maintained higher levels of
sapwood moisture during drying which may have been of benefit to larval development.
In contrast, the lower sapwood moisture conditions in jarrah may have made it more
difficult for larvae to extract sufficient nutrients from sapwood cells, delaying their
development and maximum consumption only occurred at 24 % moisture content. The
wood of jarrah is harder than marri (Abbott et al., 1989, FPC, 2012) which would have also
been less palatable than marri. Differences in quality of sapwood have been found to
affect borer development (Haack and Slansky, 1987, Bybee et al., 2004a), where drier
wood is generally of lower quality, nitrogen and nutrient content leading to extended
development times (Chararas, 1969, Loyttyniemi, 1983, Mendel, 1985, Shibata, 1998b).
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As the numbers of neonates were similar between tree species (Chapter 5), there would
have been similar pressure on sapwood resources and was unlikely to be the main factor
accounting for the different rates of development. In some trees by the end of drying,
when both tree species had phloem/sapwood moisture contents at 12 %, typical of air dry
eucalypts at 11 and 13 % (Skaar, 1972), not all larvae had reached maturity even 380 days
after HS2. This suggests that these smaller larvae were most likely outcompeted by larger
larvae for sapwood resources, restricting their development.

Lower rate of sapwood

consumption by C. rubripes compared to P. semipunctata during drying, is to be expected
given it makes smaller galleries compared to P. semipunctata (Chapter 5), although C.
rubripes appears to consume more sapwood relative to its size.
Larvae reached maturity in jarrah and marri between 120–270 days with emergence
occurring several months later.

These observations are comparable to larvae of P.

semipunctata in Malawi taking 210 days (7 months) (Powell, 1982) and Israel taking 3–6
months (Mendel, 1985) to complete development. Small larvae still present towards the
latter part of drying at 130 days in jarrah to 180 days in marri after trees senesced, indicates
larvae that began development at HS2, could not emerge and reinfest the same tree at the
latter part of drying. Also, it is unlikely existing adult borers that produced infestation at
HS2 could have remained alive and were able to reinfest the same ringbarked tree when it
became dry. This may have accounted for any new infestations only for part of the time
after trees senesced as adults of P. semipunctata can live between 60 to 120 days under
laboratory conditions at 20–25 °C (Bybee et al., 2004b), although under field conditions
adults would not be expected to survive as long. Also, adult P. semipunctata stops
ovipositing eggs 50–65 days after logs of other Eucalyptus species are cut (Powell, 1982,
Helal and El-Sebay, 1980), this is well before the time when moisture content of jarrah and
marri trees have reached air dry levels. In addition, no eggs are progressively laid by P.
semipunctata adults in logs between 11 % to 8 % moisture (Helal and El-Sebay, 1980).
Importantly, at this stage, volatile signals would have been weak, if non-existent, as
volatiles are mainly released in response to loss of turgor (Ikeda et al., 1980a, Fan et al.,
2007).

Therefore, it is unlikely dying ringbarked trees from around 65 days after

senescence occurred through to when they reach air dry levels were still attractive to new
adult borers living in the surrounding forest. This suggests any small larvae at the end of
drying were most likely from earlier infestations that had been delayed in their
development.
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Infestation response of borers depends on the development of water stress at a defined drop
in sapwood moisture below turgid levels of different tree species. The change in leaf
colour was directly related to sapwood water stress and loss of sapwood moisture, and
provided a useful visual indicator for detecting the earliest time when eucalypt trees are
most likely to become infested by borers.

Taking bark squares in conjunction with

sapwood moisture cores during tree drying was found to be a useful technique to show the
development of borers, their galleries and sapwood consumption increase at different rates
between tree species as moisture content falls. The development of P. semipunctata was
found to increase more rapidly compared to C. rubripes, with borer development being
promoted in tree species that begin drying at higher moisture contents.
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Chapter 7
Seasonal development of Phoracantha semipunctata and
Coptocercus rubripes (Coleoptera: Cerambycidae) in relation to
log moisture in a native Eucalyptus forest
Abstract
The seasonal response of two eucalyptus longhorned borers Phoracantha semipunctata and
Coptocercus rubripes to freshly cut logs from eucalypt trees in June, October, January and
April and placed in a native eucalypt forest was studied. As logs dried the moisture
content, larval growth and patterns of emergence were measured. There were different
seasons when borer species naturally colonised logs with C. rubripes infesting spring and
P. semipunctata infesting summer cut logs. No infestation occurred in winter cut logs until
they dried in spring at which point they were infested by C. rubripes. During the warmer
conditions in summer, larvae of P. semipunctata grew rapidly and reached maturity in
winter, though borers were either delayed in their development or remained quiescent over
cooler wetter winter months, with adults emerging in the spring until the end of summer.
In comparison, C. rubripes grew more slowly through spring–summer and with the longer
time for development in warmer conditions, reach maturity by autumn with adults
emerging throughout wetter winter months. Some C. rubripes individuals completed their
emergence in spring whilst others delayed their emergence until winter of the following
year, giving two emergence periods. As a result, the length of the life cycle of C. rubripes
was either 9 or 22 months and the life cycle of P. semipunctata was 12 months.
Interestingly, delays in the development of both P. semipunctata and C. rubripes prompted
more synchronised adult emergence.

Introduction
The environmental conditions within different seasons can determine the activity of woodboring insects and affect their phenology (Moreno Paro et al., 2012). Temperature controls
dispersal with a higher propensity of adult P. semipunctata to disperse in temperatures
between 15–22 °C (Chararas et al., 1971, Loyttyniemi, 1983, Bybee et al., 2004b), and
during warm summers the highest numbers of Cerambycidae species in the US were
collected in field traps (Handley et al., 2015). High temperatures are also a main driver of
insect development (Gillott, 1995), and the seasons following colonisation by cerambycids
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can have a large influence on their rate of larval development (Wang, 2017). In temperate
climates with snow cover, larvae of two Cerambycidae A. glabripennis in China and E.
rufulus in the central USA, are forced to overwinter when temperatures fall below 0 °C,
and consequently take up to two years to begin emergence in spring or autumn (Fierke et
al., 2005, Hu et al., 2009). In comparison, the life cycle of P. semipunctata in warmer
Mediterranean climates historically ranged between 2–9 months (Chararas, 1969, Hanks et
al., 1993a, Paine et al., 2009). Phoracantha semipunctata oviposit for a short time of up to
several weeks (Powell, 1982), and larvae that begin development over warmer summer–
autumn months, become quiescent during cooler winter months and have to complete
development in poorer quality sapwood, delaying emergence until the following spring–
summer (Mendel, 1985, Hanks et al., 1993a, Bybee et al., 2004a). Outside Australia,
where it has become established in warm locations, the life cycle can be shorter with 2–3
overlapping generations per year (Duffy, 1963). Closely related species can also differ in
their life cycle, where P. recurva had a shorter generation time, in some instances only
taking 3 months, compared to P. semipunctata ranging 5–13 months (Bybee et al., 2004a).
Two borer species P. semipunctata and C. rubripes common in Australian forests (Froggatt
1916), were found to colonise stressed jarrah and marri trees in the jarrah forest in
southwestern Australia (Chapters 2, 4 and 5). Phoracantha semipunctata are larger borers,
larvae have longer gallery engravings, and adults are mainly active in summer, compared
to C. rubripes with singular and more confined galleries, and are mainly active in spring
(Chapter 5). The aim of this study was to determine how environmental conditions in
different seasons affect larval development and emergence of these two endemic borer
species. This involved placing freshly cut logs in a eucalypt forest in each of the four
seasons and allowing them to be naturally infested by borers.

Methods
Site and treatments
The study was conducted in the Northern Jarrah Forest (NJF) (-32.47°, 116.17°) within a
40-year-old jarrah rehabilitated mine-site with trees approximately 10 m high, and in close
proximity (~1 km) to where P. semipunctata (Chapter 2) and C. rubripes (Chapter 4) had
previously infested stressed trees. At this site, logs cut from felled jarrah trees were placed
at three plots (~10 x 5 m area) that were positioned at least 50 m from each other in semiopen forest that remained shaded by tree canopy. Jarrah was only used as this is the
107

dominant species in this forest. Approximately five jarrah trees were felled and cut into
thirty logs 50 cm long (diameters ranging from 10–14 cm) in each season on the following
harvest dates 18th June 2015 (winter), 15th October 2015 (spring), 14th January 2016
(summer) and 18th April 2016 (autumn). For each season, bundles of logs representing
different treatments were then formed by randomising logs from different felled trees. In
each plot, each bundle was stacked into a pyramid and placed horizontally on a contour
ridge to elevate the logs and allow for drainage.

These contour ridges had been

constructed during the mine site restoration process, 40 years previously to prevent erosion
during the early restoration period. For each season there were nine bundles, with six
bundles of three logs and three bundles of four logs, giving three bundles for each season
per plot. For subsequent seasons, bundles of logs were placed randomly among existing
bundles from previous seasons. Once bundles from all seasons were positioned at plots,
there were a total of 120 logs, with 40 logs per plot. Bundle treatments in each plot were
designed to monitor larval development and determine the season where infestation
occurred, these treatments were (Figure 7.1):
 MT- a bundle of four logs with three used for monitoring larval development (and only
caged once borers began to emerge, as indicated by emergence holes, to capture and
identify insects), with the remaining log, not in contact with the ground, weighed
regularly to measure log moisture over time,
 C1- a bundle of three logs caged three months after larvae were detected in the MT logs,
 C2– a bundle of three logs caged five to six months after larvae were detected in the MT
logs.
Cages were constructed from envelopes of aluminium mesh (1.8 X 1.4 mm mesh-size),
sufficient to contain three logs, with ends and sides double folded to seal the cage, and
rings of garden pipe (18 mm diameter) placed around each end of the bundle to separate
logs from the mesh to prevent oviposition by Cerambycidae or parasitoids (see Chapter 4).
Log moisture was determined by weighing one log in each bundle of four logs, using a
field balance (Satorius®), at approximately 6 weekly intervals until Cerambycidae ceased
to emerge (approximately 12–15 months per season). At this stage, these logs were
removed from the field and placed in an oven at 75 °C until constant weight was achieved.
Log moisture content was calculated as (fresh weight-dry weight/fresh weight at the
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beginning of drying) expressed as a percent for each 6-weekly measurement date. A
temperature logger (Tiny Tag®) was hung from a branch of a small shrub growing within
the central area of the site. The time it took for logs to dry to their minimum moisture
content and the average, minimum and maximum temperatures during different stages of
development and emergence, were determined from datasets. Rainfall data were obtained
from the Wungong station (No. 009044) located ~1.5 km from the field site.

C1
MT

C2

Figure 7.1. Plot showing bundles of logs for each treatment (MT, C1 and C2) placed on
contour ridges constructed during mine site restoration, 40 years previously.

Infestation
To assess larval development for each harvest date, a sample was taken from MT logs 4
weeks after cutting logs and thereafter every 6–8 weeks. This involved removing a 3 x 3
cm bark square to reveal the sapwood surface and the presence of larval galleries or pupal
cells were noted, as well as the width of galleries measured. At subsequent sampling
times, a new bark square was removed 8–10 cm from the previous square. Gallery widths
were measured until they approached maximum size, previously determined in Chapter 6
as 13.7 mm for P. semipunctata and 5.9 mm for C. rubripes. After sampling, larvae were
returned to the sapwood and the bark square replaced and secured with cloth tape (Bear™)
to minimise disturbance. A separate rearing laboratory experiment investigated how long
it took eggs of both borer species to hatch. This involved capturing insects emerging from
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naturally infested logs, placing them in a container, allowing them to mate and lay eggs
between layers of small sheets of plastic, transferring eggs to smaller containers and timing
how long eggs took to hatch.

Borer emergence
Previous work indicated C. rubripes and P. semipunctata took 8 months to begin
emergence (Chapters 4 and 5), and logs were checked every two weeks for emergence
holes beginning in the following April for winter and spring cut logs, December for
autumn logs, and October of the same year for summer logs. As adult borers emerged into
the cages, they were collected in vials and taken back to the laboratory for measurement
and identification. Logs for each season were left for a further six months after emergence
had ceased and then the entire bark was removed and emergence holes and neonate
infestation measured as the number of galleries made by neonate larvae etched into the
phloem/sapwood. This allowed the confirmation of the borer species present. Neonate
larval galleries of C. rubripes are singular while P. semipunctata usually form multiple
galleries (>6) from a single oviposition site, with wider galleries before the entry into the
pupation tunnel, and emergence holes are 0.7 x larger (see Chapter 5 for further detail).

Analysis
For each season, log drying was calculated from the time log moisture consistently began
to decrease to when moisture content began to increase from rainfall. Comparisons among
the drying rates of logs in each season were analysed with ANOVA using Genstat v18. As
only two of the three plots in the trial were attacked by either borer species in any season
all analyses were confined to results from these two plots.

The proportions of logs

attacked between each plot (combined for all seasons) and among treatments were
analysed within each season by Chi-square and expressed as a percent. Comparison of
infestation (number of neonates) among treatments was analysed separately for logs
attacked by C. rubripes (combining winter and spring cut logs) and P. semipunctata
(summer cut logs) with ANOVA with treatment and plot as fixed factors and logs as the
blocking factor. Comparisons of infestation and adult emergence per log among seasons
were analysed with ANOVA with season, treatment and plot as fixed factors and logs as
the blocking factor. Total survival among treatments was analysed by ANCOVA for
unbalanced designs with season, treatment and plot as fixed factors with the number of
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neonates per log as a covariate. Multiple comparisons were made among means via
Bonferroni test at P<0.05. The relationship between maximum gallery width and time
after logs were cut for each season was analysed using least squares regression, although
the significance of this relationship could not be calculated for autumn logs due to low
detection of infestation by borers. This relationship was used to estimate the time when
infestation commenced after logs in each season were cut by extrapolating the relationship
back to the x axis. For each season the time and moisture content when infestation
occurred and larvae became established in sapwood, was determined visually from graphs.
Time of first emergence (from infestation to first beetle to emerge) and duration of
emergence (from first to the last beetle to emerge) was compared among seasons with
ANOVA. All data were tested for normality and where necessary, count data were square
root transformed and percentage data were arcsine transformed before analysis with means
± SEM shown as appropriate. The W or Shapiro-Wilk test was used to determine if a
sample of data comes from a normal distribution (VSN, 2017). Differences between
means were protected when overall F-value was significant (Day and Quinn, 1989).

Results
Log moisture
Immediately after cutting the autumn, winter, spring and summer logs the moisture
contents were 60.1, 58.2, 55.7 and 56.2 %, respectively and were not significantly
(F3,11=1.58, P=0.290) different among seasons. Drying was delayed by 1 and 3 months for
winter and autumn cut logs, during a period of high rainfall and average temperatures of 10
°C. During this time, callus formed in the phloem at both ends of autumn cut logs and
resprouts were produced here, and at various positions along some of the logs. These
resprouts died in October once log moisture fell to 51 % (Figure 7.2a,b). Logs cut in
spring and summer began drying immediately after they were cut when monthly rainfall
totals were low and temperatures were on average 15 °C higher than in autumn and winter
(Figure 7.2a,b). It took 254, 175, 83 and 302 days in winter, spring, summer and autumn,
respectively for log moisture contents to drop to around 10 % (Figure 7.2b). Initial rates of
log drying were significantly (F3,11=57.09, P<0.001) faster in summer logs at 0.50 % day -1
than spring at 0.35 % day -1, and both seasons were significantly (P<0.05) quicker than
winter and autumn logs that dried at 0.23 % day

-1

(Figure 7.2b). Summer logs had a

shorter time of drying in warm conditions and did not reach their lowest moisture content
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before rainfall occurred.

The moisture content of winter, spring and summer logs

increased to a maximum of 31, 34 and 41 %, respectively in the winter of 2016 and in
autumn logs moisture remained at 55 % throughout winter (Figure 7.2b).

Figure 7.2. The (a) daily minimum and maximum temperature, and monthly rainfall, (b)
mean (± SEM) bark moisture content of logs from the time logs were cut in each season
(black arrows) with days after logs were cut for winter: 18th June 2015 (day 0), spring: 15th
October 2015 (day 120), summer: 14th January 2016 (day 210), and autumn: 18th April
2016 (day 294), and (c) cumulative adult emergence (%) of Coptocercus rubripes (CR)
from winter (blue), spring (green) and autumn (purple) and Phoracantha semipunctata
(PS) from summer (red) cut logs. Shown in (c) is the period from oviposition (derived
from Figure 7.5) until larvae were first detected (dashed boxes), and the period from when
larvae were first detected to when galleries reached maximum size (solid boxes) for each
season except autumn.
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Infestation and larval growth
Borers attacked logs at two of the three plots, and the number of logs attacked between the
remaining two plots did not differ significantly (t5,47=0.00, P=1.00) and were combined
when testing for season and cage treatments. Logs cut in winter, spring, and autumn were
only infested by C. rubripes while logs cut in summer were only infested by P.
semipunctata. The infestation incidence across all seasons for examining differences
among the three caging treatments (C1=open cage for three months after infestation,
C2=open cage for five to six months and MT=monitoring only caged when emergence
began) were similar (χ2=1.47, P=0.479) with C1 72 %, C2 83.3 %, MT 66.7 %.
Infestation incidence among seasons, across all caging treatments, were significantly
(χ2=9.0, P=0.029) different where incidence was 72 %, 83.3 %, 66.7 %, 38.8 % in winter,
spring, summer and autumn, respectively (Figure 7.3).

Figure 7.3. Percent logs infested by Coptocercus rubripes (winter, spring and autumn)
and Phoracantha semipunctata (summer) for different caging treatments in each season.
C1=caged after three months of infestation, C2=caged after six months of infestation,
MT=only caged when emergence began.

(n=18 for each season, and n=6 for each

treatment across two plots).
Neonate infestation per log by C. rubripes was not significantly (F2,24=0.00, P=0.99)
different among caging treatments of C1 (average 5.78 ± 1.63), C2 (average 5.72 ± 2.23)
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and MT (average 5.94 ± 2.00) logs. Also, neonate infestation by P. semipunctata was not
significantly (F2,15=1.77, P=0.204) different among caging treatments C1 (average 1.0 ±
0.45), C2 (average 7.00 ± 3.44) and MT (average 3.67 ± 1.80). Comparing different
seasons, combining all log caging treatments and irrespective of borer species, showed
neonate infestation was significantly (F5,47=8.41, P<0.001) higher (1.9x) in winter than
spring and summer, with autumn significantly (P<0.05) lower compared to the other three
seasons (Figure 7.4). It was also found that C. rubripes was similar (P>0.05) to P.
semipunctata in summer.

Figure 7.4. Means ± SEM neonate infestation of all logs cut that were infested in each
season with Coptocercus rubripes (winter, spring and autumn) and Phoracantha
semipunctata (summer), where number of logs from left to right were n=15, 13, 11, 9.
Galleries of 1st or 2nd instar larvae of C. rubripes were not detected in winter cut logs until
late spring, 120 days after they were cut (18th June 2015) with larvae in spring cut logs not
detected until early summer, 42 days after they were cut (15th October 2015). In autumn
cut logs, larvae of C. rubripes were not detected in mid-spring up to 190 days after they
were cut (18th April 2016). Whilst galleries of 2nd instar P. semipunctata larvae were
detected in summer logs in late summer, 37 days after they were cut (14th January 2016)
(Figure 7.5). While at the time galleries were detected the phloem/sapwood moisture
content of winter, spring and summer cut logs was 33 %, 28 %, and 30 %, respectively,
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averaging 30.33 ± 1.45 %, and could not be calculated for autumn logs (Figure 7.2b,c).
Extrapolating the relationship from maximum gallery width and time back to the x axis, it
was estimated (dashed lines) infestation by C. rubripes in winter logs occurred 25 days
before spring logs were cut, and when moisture in winter cut logs had begun to fall (Figure
7.2b), while for P. semipunctata infestation was estimated to have occurred several days
after summer logs were cut (Figure 7.5). At the time of infestation moisture content of
winter, spring, and summer cut logs were estimated from Figures 7.2b and 7.5 and found to
be 13, 10, and 0 %, respectively below the maximum moisture levels when logs were cut
and averaged 7.6 ± 3.9 % (Figure 7.2b,c).
Development time, from first detecting larvae were established in the sapwood to when
they had created mature galleries, was faster (F4,12=60.49, P<0.001) for P. semipunctata
taking 148 days in summer cut logs compared to 200 days for C. rubripes in spring cut
logs. Development of C. rubripes in winter cut logs taking 180 days and was similar
(F1,35=5.70, P>0.05) to spring cut logs (Figure 7.5). The earliest time larvae were detected
in autumn logs was 340 days after they were cut, and by this time larvae had reached
maturity (Figure 7.5), precluding development of a regression relationship of larval
growth. Galleries of C. rubripes in winter cut logs reached their maximum size in autumn,
at a moisture of 11 % (closest value to the time this occurred), in spring logs at moisture of
17 % after logs had dried and were being rewetted from rainfall, and in autumn cut logs
when logs had fully dried to 11 % moisture (Figures 7.2b,c and 7.5). In summer for P.
semipunctata, although there was a shorter time for development than C. rubripes, mature
galleries occurred at 22 % moisture content after logs had dried and were being rewetted
from rainfall (Figures 7.2b,c and 7.5).
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Figure 7.5. Relationship between maximum gallery width (mm) and days after logs were
cut (time 0) in each season for Coptocercus rubripes in winter (closed square) (n=6),
spring (white square) (n=22) and autumn (closed triangle) (n=6) logs, and Phoracantha
semipunctata in summer (closed circle) cut logs (n=6), with regression for winter, y =
0.041x - 3.51, spring, y = 0.041x - 3.52, and summer, y = 0.090x + 2.18. Means ± SEM
are shown, though for winter cut logs some SE are smaller than the symbol. Dashed lines
show the estimated time when larvae began development in spring and summer logs.
Dotted line shows estimated growth of larvae for autumn cut logs.
During development (from when 1st instar larvae were detected until they reached
maturity) of C. rubripes in winter and spring cut logs the average mean temperatures were
similar at 21.9 °C (average of 14.2 min and 29.7 °C max), and comparable to temperatures
experienced by P. semipunctata as it was maturing in summer cut logs at 20.2 °C (average
of 14.3 min and 26.0 °C max) (daily temperatures shown in Figure 7.2a).
Total survivorship (adult borers emerged from neonate larvae) of P. semipunctata
emerging from summer cut logs was significantly (F3,42=4.12, P=0.017) higher compared
to C. rubripes in winter and spring, with winter and spring similar and higher (P<0.05)
than autumn (Figure 7.6). Total survivorship was not significantly influenced by neonates
per log (ANCOVA, F3,28=3.13, P=0.089).
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Figure 7.6. Mean ± SEM percent total survival of Coptocercus rubripes (winter, spring
and autumn) and Phoracantha semipunctata (summer) in all logs that were infested in each
season, where number of logs from left to right were n=15, 13, 11, 7.

Time of emergence
Emergence of C. rubripes began in autumn (first emergence period) or winter (second
emergence period) with emergence in the first period taking 200 days throughout winter
until spring, while in the second period only taking 30 days in winter. Coptocercus
rubripes emergence during in winter cut logs occurred 20 days before the first emergence
in spring cut logs, while emergence of autumn cut logs was delayed for 18 months.
Emergence of P. semipunctata began in late-spring and occurred rapidly over 20 days.
Development rate (from infestation to first beetle to emerge per log) of C. rubripes in
winter and spring cut logs (average 395 ± 43 days) was significantly (F2,26=6.72, P=0.006)
longer (0.88x) than P. semipunctata in summer logs (Table 7.1). Development rate of C.
rubripes in the autumn cut logs was estimated at 720 days for the only beetle that was
collected in the third winter after the autumn logs were cut, along with several holes. The
first emergence period of C. rubripes occurred when winter and spring logs were
increasing in moisture of between 15–33 % from rainfall, and temperatures were on
average 12.9 °C, (6.4 °C min and 18.9 °C max) (Figure 7.2a–c).

Emergence of P.

semipunctata occurred when logs had dried to 8–10 % and temperatures were on average
23.0 °C, (13.7 min and 33 °C max) (Figure 7.2a–c).

Adult emergence was not
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significantly (F2,26=1.37, P=0.56) different among winter, spring and summer cut logs,
with an overall average of 3.74 ± 0.65.
Table 7.1.

The effect of season on the number (mean ± SEM) of days to first emergence

(irrespective of the emergence period) and the duration of emergence (from first to the last beetle to
emerge, irrespective of the emergence period) for Coptocercus rubripes in winter and spring and
Phoracantha semipunctata in summer cut logs. Autumn logs have been excluded due to low
numbers. Means with letters within each variable from Bonferroni tests are shown.
Season logs were cut*

Time to first emergence
Duration of emergence
(days)
(days)
Winter (C. rubripes)
311 ± 58.54 a
112.4 ± 57.8 a
Spring (C. rubripes)
448 ± 56.67 b
232.0 ± 56.1 a
Summer (P. semipunctata)
348 ± 3.99 a
22.8 ± 2.9 b
*Winter (18th June 2015), spring (15th October 2015) and summer (14th January 2016)

In the autumn of the following year at 150 days after the end of the first emergence period
of C. rubripes, some of the winter and spring cut logs contained C. rubripes plugged pupal
cells (average 2.17 ± 0.46) containing pupae (Figure 7.7).

Subsequently, a second

emergence period of C. rubripes began a year later in the following winter after the first
emergence period, when temperatures were on average 12.3 °C (8.4 min and 16.2 °C max)
(Figure 7.2a–c). Adult emergence of C. rubripes in the second emergence period was
significantly (F=266.6, P<0.001) faster (4x) than those in the first emergence period.
Duration of emergence for P. semipunctata in summer cut logs was significantly
(F2,26=1.08, P<0.001) shorter (9.6x) than C. rubripes in winter and spring cut logs (Table
7.1, Figure 7.1c).

Figure 7.7. A split jarrah log showing a pupa of Coptocercus rubripes inside a pupal cell.
Scale bar=14 mm.
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Discussion
Seasons played a major role in differentiating the activity and infestation preference of C.
rubripes and P. semipunctata and whether infestation occurred was dependent on the
moisture conditions of the logs during each season. High moisture levels of logs in autumn
or winter caused by frequent autumn–winter rainfall in 2017 appear to have prevented
infestation despite the potential for logs to become attacked at this time with C. rubripes
that inhabited the forest based on previous experiments (Chapters 4 and 5). Coptocercus
rubripes emergence peaked in mid-winter (July) and diminished significantly by October
(Chapter 4), similar observations on C. rubripes emergence were observed from
ringbarked trees in autumn and winter (Chapter 5). As larvae were only detected in a few
logs in autumn, and only in winter cut logs once they began to dry in spring, it is likely that
high moisture conditions in the jarrah logs with wet sapwood either killed eggs or
prevented larvae laid in the outer bark from reaching the sapwood and becoming
established (Powell, 1982, Hanks et al., 1991, Hanks et al., 1999). The high turgidity of
cells at this time was evident from resprouts growing from autumn cut logs throughout
winter. No P. semipunctata larvae were observed in winter and spring cut logs in the
present study, whereas in other studies emergence of P. semipunctata occurring in spring
and summer (Chapter 5), suggesting either logs weren’t dry enough in spring, or there were
no P. semipunctata in the vicinity of logs at this time in the experiment.
Caging treatments, to exclude borers for certain times after logs were cut, showed most
infestation occurred within 3 months after logs were cut for each season. As no further
infestation occurred in logs exposed for 6 months after logs were cut, log moisture had
fallen to around 20 % and appeared to be too dry for oviposition to be effective, as old logs
can be less attractive for oviposition (Paine et al., 2001). The higher density of neonates in
winter cut logs, infested in early spring, one month before the spring logs were cut in
October, provided a longer time under ideal conditions for infestation to occur, as moisture
ranged between 50–25 % during this time. The placing of spring cut logs alongside winter
cut logs, one month after winter cut logs had been infested, may have provided a second
volatile cue that continued to attract adults to the sites, increasing infestation in the winter
cut logs. The small amount of sapwood drying (7 % below the maximum content) where it
was estimated larvae began infesting logs, suggests this level of moisture provided
conditions in the sapwood that was no longer inhibiting larval development. This estimate
appears to depend on the rate on which logs were drying, and their starting moisture
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content. For example, in winter the drop in moisture content was larger where logs were
initially wetter and dried more slowly, compared to a much smaller decrease in summer
when logs were drier and dried more rapidly. The 30 % moisture content where larvae
first became established in the sapwood in winter, spring and summer cut logs was similar
to the 34 % moisture for dying ringbarked jarrah trees (Chapter 6). This suggests this
moisture content in jarrah may be a useful indicator of conditions in the sapwood that are
suitable for larval development.
Seasonal conditions following infestation also affected the rate of larval development. The
rapid growth of P. semipunctata larvae may be in response to fast drying of summer cut
logs and compares with the slower growth of C. rubripes responding to slower drying of
winter and spring cut logs. Phoracantha semipunctata by consuming fresher sapwood
may have enabled larvae to reach maturity at the start of winter. This occurred in a shorter
time compared to C. rubripes that were likely consuming older sapwood with lower
nutritional quality towards the end of their development, when logs became rewetted from
winter rainfall. However, the cooler conditions during winter appeared to delay the onset
of pupation in P. semipunctata, where adults began to emerge as temperatures increased
throughout late spring, 11 months after logs became infested. This contrasts to the longer
period of warm conditions during spring and summer that enabled C. rubripes larvae to
reach maturity, pupate and to start emerging by end of autumn, before logs began to rewet
in winter, 9 months after logs became infested.

The higher total survival of P.

semipunctata is likely due to larvae delaying pupation until the warmer spring–summer
months, compared to C. rubripes pupating during cooler winter months. Older sapwood
has decreased levels of nitrogen content (Haack and Slansky, 1987) and dry older sapwood
has been suggested to limit the ability of larvae to pupate (Hanks et al., 2005).
The differences in development rate of both borers appeared to alter their patterns of
emergence. Having delayed development over winter appears to have tightly synchronised
emergence in P. semipunctata which completed emergence in warmer summer months. In
contrast, C. rubripes not being delayed in their development, its emergence was more
gradual from autumn through to late spring. However, some C. rubripes larvae emerged in
the following winter, 18 months after logs had become infested. These larvae appeared to
have been stopped in their development when the logs became rewetted from rainfall and
cooler conditions during winter, requiring a second warmer spring–summer period to fully
develop. Although data are limited, similar delays over winter were found for C. rubripes
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larvae developing in autumn logs. Similar quiescent periods in the larval development of
P. semipunctata have been reported (Bybee et al., 2004a), and its pupation in E.
camaldulensis was also delayed during winter (Mendel, 1985). Synchronised emergence
by both P. semipunctata and C. rubripes may have been attributed to delays in
development due to long exposure times to colder temperatures (Hanks et al 1991) with
minimum temperatures during winter in the NJF remaining above zero and near 5 to 12 °C
(Fig. 7.2a).

It is likely slower developing larvae in winter caught up to the faster

developing larvae in the following autumn, causing them to become synchronised. A
similar behaviour was observed during development of P. semipunctata and P. recurva
(Bybee et al., 2004a), and synchronised emergence has also been observed in other insects
(Gillott, 1995).
The length of the dry period following infestation, and the interruption of development
from rainfall saturating the sapwood environment affected the infestation time, length of
development and the emergence period for these two borers in the Cerambycidae. The
Western Australian jarrah forest typically experiences a Mediterranean-type climate, with
annual summer drought and cool wet winters (Gentilli, 1989). Both Cerambycidae appear
to have adapted to these climatic conditions in different ways. The smaller C. rubripes
infests mainly in spring, with a slower growth rate of larvae, was able to complete its
development by utilising the extended warm conditions throughout spring–summer with
emergence first occurring throughout winter. This season of emergence of C. rubripes
corresponds to that for specimen collections recorded in winter in WA (Wang, 1995b).
The timing of emergence concurs with a similar time recorded in a trial nearby in the
previous year (Chapter 4) suggesting this emergence time during winter is a characteristic
of the insect. The larger P. semipunctata infests mainly in summer and appears to take
advantage of the warmer conditions with rapid development up to winter, although
development over winter was delayed or stopped until emergence began the following
summer, as was observed in a previous trial nearby in the jarrah forest (Chapter 5). This
behaviour favoured increased survival of P. semipunctata compared to C. rubripes. The
unique behaviour of these different species of Cerambycidae only dispersing within
particular seasons also occurs for other Cerambycidae in the same habitat in many regions
worldwide (Pereira da Silva et al., 2011, Hanks et al., 2014, Handley et al., 2015,
Keszthelyi, 2015). The summer activity of P. semipunctata is typical in other locations
outside Australia (Egypt, Israel, Zambia) (Chararas, 1969, Helal and El-Sebay, 1980,
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Powell, 1982, Loyttyniemi, 1983, Mendel, 1985, Ali et al., 1986), and it also has one
generation per year in an exotic habitat in California (Bybee et al., 2004a), where the
climate is similar to the jarrah forest. The strategy of each insect favouring a different
season suggests this is an adaptive measure to ensure maximum fitness for succeeding
populations of borer species occupying a shared habitat.
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Chapter 8
General Discussion
Response to drought
This study reports that canopy collapse following a severe drought in a native forest was
one of the main contributors to outbreaks of P. semipunctata. In this study, experiments
were conducted on borer behaviour within the forest environment using a range of
techniques such as caging, ringbarking, cut logs, sapwood moisture cores, taking bark
squares for borer sampling, and monitoring whole trees for visual changes in the canopy in
response to stress, and preferences of borer infestation. These experiments allowed drying
trees and logs to be naturally infested and have shown for the first time the important role
the native borer C. rubripes has in infesting stressed trees during winter and spring, with a
preference for jarrah (Eucalyptus marginata) trees, and has singular galleries per
oviposition site.

This borer has a different life cycle to it native counterpart P.

semipunctata that attacked trees during summer, when eucalypt trees were flowering,
prefers marri (Corymbia calophylla), and has multiple galleries from each oviposition site.
Coptocercus rubripes was shown to emerge in 9 months compared to P. semipunctata
emerging 12 months after hosts became infested. In addition, when conditions are not
optimal, the emergence of C. rubripes can be delayed for 20 months after infestation,
giving a second emergence period. In other studies, similar delays in emergence have been
observed for P. semipunctata and P. recurva over winter (Bybee et al., 2004a). Varying
susceptibility of host varieties of Eucalyptus is common and has been shown for borer
infestations by P. solida (Lawson, 2003) and attractiveness by P. semipunctata (Hanks et
al., 1993b). It was interesting that P. recurva was not found infesting jarrah or marri hosts,
despite being present in southwestern Australia (Wang, 1995b). However, it was found to
be an important borer infesting other Eucalypts in Californian plantations (Bybee et al.,
2004a, Jones et al., 2015).
Ringbarking was a particularly useful technique to simulate drought and provided a known
source of trees where borer responses could be closely followed. Ringbarking trees at one
time produced a surprising variability in the time trees took to die, with death occurring
periodically over several years, and had the advantage of providing different seasons when
trees died. The use of cut logs as a manageable sampling unit to some extent represented
drying fallen trees that naturally occur in native forest stands. Using logs allowed further
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control of the season when sapwood drying occurred.

It also allowed the detailed

monitoring of how moisture influenced the rate of sapwood utilisation by the borers.
Caging cut logs was a useful technique and helped identify the specific periods of borer
infestation and to quantify effects of parasitoids on borer survival, and allowed easy
collection of emerging adults from both ringbarked trees and cut logs for identification.
These approaches provided a better understanding of how the loss of sapwood moisture
effects larval development, and the time of their emergence from trees affected by drought.

1. Sapwood moisture and larval development
The way these two borer species utilised sapwood resources in response to changes in
sapwood moisture was dependent on the following factors;
 high moisture levels limited the ability of larvae to successfully infest sapwood, though
high levels of borer infestation were apparent when leaf senescence occurred in
response to water stress (from drought, ringbarked trees or drying logs, Chapters 2, 6
and 7),
 larval growth responded to variable sapwood drying rates, and delays in larval maturity
by cool winters prolonged borer emergence (Chapter 7),
 larvae of different ages produced galleries of different sizes at any one moisture content
(Chapter 6),
 larvae of different borer species consume sapwood at different rates, with P.
semipunctata faster than C. rubripes, and sapwood consumption occurred at a higher
moisture content in marri than jarrah (Chapters 6 and 7),
 trunk sections towards the base of trees and thicker bark are conducive environments for
increased adult survival (Chapter 3), and
 competition for sapwood among maturing larvae and infestation by the parasitic wasps
Syngaster lepidus and Callibracon limbatus can have additive effects on reducing borer
survival (Chapter 4).
The following conceptual sapwood utilisation model is based on findings from this thesis
and explains how sapwood consumption and borer development appeared directly
dependant on changes in moisture content as trees died and started to dry out (Figure 8.1).
The model was developed by taking bark squares from borer infested eucalypt hosts and
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the monitoring of moisture content during drying in a native forest. A relationship was
then formed between the development of borer larvae and their rate of sapwood
consumption to maturity with falling sapwood moisture content in jarrah and marri trees.

*moisture ranges have been derived from jarrah (Eucalyptus marginata) and marri
(Corymbia calophylla)
Figure 8.1. The sapwood utilisation model represents the stages of sapwood consumption
(brown) and larval growth (green) (1–4; 1=sapwood only, no larvae; 2=some consumption,
small larvae; 3=moderate consumption, medium sized larvae; 4=high sapwood
consumption, mature larvae), during borer development in jarrah and marri trees as they
dry. The potential volume of sapwood is a fixed food resource depending on the individual
host (tree or log) and can only support a certain density of borers. The moisture gradient
runs from fully hydrated in healthy trees (high) to severely stressed and then dead trees
(low). Infestation by borers only begins at the moisture threshold (----), shortly after (A)
larvae begin development and (B) reach maturity when sapwood moisture is low. Near the
end of larval development, a feedback may occur between reduced larval growth from
parasitism (blue line and arrow) and competition (red arrow).
Stage 1- High sapwood moisture prevents infestation when trees are at maximum turgidity
(Chapters 6 and 7).

Once trees become drought stressed and as sapwood moisture

decreases below turgid levels, a critical threshold moisture level (----) is reached and
triggers the onset of successful borer infestation of P. semipunctata and/or C. rubripes
(Figure 8.1) (Chapters 2 and 7). This moisture content appears to vary between 4 and 19
%, irrespective of tree species, most likely to be close to 7 % (Chapters 6 and 7). Moisture
125

deficits have a large effect on the ability of wood-boring insects to attack stressed trees
(Bytinski-Salz and Neumark, 1953, Chararas, 1969, Hanks et al., 1999, Hanks et al., 2005),
and survival can vary depending on tissue moisture content (Hanks et al., 1991).
Stage 2- Larvae become established consuming phloem/sapwood once sapwood moisture
had fallen to 34 or 46 % and water potential has fallen to -4.11 and -3.35 MPa for jarrah
and marri, respectively. This represented a decrease of 7–19 % moisture and 1.3 to 2.0
MPa water potential below turgid levels and canopy leaf senescence occurred with a colour
change from bright green to yellow (Chapter 6).

Others studies have shown water

potentials more negative than -2.7 MPa have a positive effect on larval survival (Hanks et
al., 1999). At this stage, sapwood is still sufficiently moist and highly nutritious (Haack
and Slansky, 1987) allow larvae to develop rapidly. However, if larval numbers are high
there is reduced survivorship (Paine et al., 2001).
Stage 3- Rapid drying of sapwood slows larval growth and occurs within 3–4 months from
when trees start dying, the sapwood becomes less nutritious and larval growth slows. In
turn, the larvae are forced to consume proportionally more sapwood to maintain their
growth rate. Delays in larval development can occur with the deterioration of sapwood
(Haack and Slansky, 1987). Larvae of different ages with different gallery sizes are
contributing to sapwood consumption. However, bark thickness, by providing a protective
environment, may reduce desiccation (Timms et al., 2006), has the potential to slow drying
rates of sapwood and allow improved conditions for larval development. Borer emergence
was highest in lower larger tree sections (Chapter 3), and was shown for other species of
Cerambycidae (Zhang et al., 1993, Fierke et al., 2005, Albert et al., 2012).
Stage 4- High competition for sapwood resources as moisture content approaches air dry
levels and larvae reach maturity with overlapping galleries indicating sapwood resources
are becoming depleted.

Larvae of P. semipunctata can still be trying to complete

development when logs have dried (Ivory, 1977). However, as larvae of varying ages
occur at any one moisture content (Chapter 6), competition is likely to occur, where late
developing larvae are delayed in their development and are forced to consume dry, older
less nutritious sapwood, and compete with older mature larvae that have already consumed
most of the available sapwood resources. This may have led to late developing larvae
trying to complete development in dried sapwood, being delayed in their development,
with emergence occurring much later, i.e. up to 22 months after infestation for C. rubripes
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(Chapter 7) (Figure 8.1). In other cerambcyids feeding on dry wood, delayed larval
development prevents them from reaching maturity (Banno & Yamagami, 1991).
Parasitism can also occur at this stage and change the density of developing larvae altering
the level of competition and survival (Chapter 4) (Figure 8.1).
The sapwood utilisation model can be used to explain the following situations that
occurred in the jarrah forest during the study (Figure 8.2a,b).

Figure 8.2.

The interaction between moisture loss (dashed lines) and sapwood

consumption (solid lines) for (a) different rates of moisture loss in summer (black), and
spring (green) for Phoracantha semipunctata (black) and Coptocercus rubripes (green),
and (b) moisture loss starting at different hydration levels in marri (Corymbia calophylla
black) and jarrah (Eucalyptus marginata green) and sapwood consumption for either P.
semipunctata or C. rubripes in marri (black) and jarrah (green). Maximum sapwood
consumption occurs when larvae have reached maturity. TH=critical threshold moisture
when infestation was successful.
(a) Different sapwood drying rates- The moisture level of host tissues at maximum
turgidity is held constant regardless of the season when host tissues begin drying. Also,
sapwood drying in different seasons has similar threshold moistures when infestation
begins. Sapwood dries rapidly in summer, and P. semipunctata larvae consume more
sapwood at a high rate as they have a shorter time in warmer conditions to reach maturity
before cooler conditions prevail after autumn (Figure 8.2a). In contrast, sapwood dries
more slowly in spring, and combined with the longer time in warmer conditions for
development, it appears C. rubripes larvae are under less pressure to consume sapwood
and although they grow more slowly, they still reach maturity before conditions become
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cooler (Figure 8.2a). Larvae of P. semipunctata appear to be adapted to utilise sapwood
resources more efficiently during warm conditions and this increases their survival
compared to C. rubripes (Chapter 7). It is also likely P. semipunctata consume sapwood at
a higher rate than C. rubripes, to take advantage of the higher nutritional quality of wood
as drying sapwood becomes more difficult to eat and digest (Haack and Slansky, 1987).
(b) Eucalypt trees differing in moisture content- Maximum turgidity of host tissues differs
depending on the tree species being attacked, with marri infested at a 10 % higher
threshold moisture than jarrah. Sapwood dries more rapidly in marri, and maintains a
higher moisture content, allowing P. semipunctata and C. rubripes larvae to grow quicker
and reach maturity earlier than jarrah. Whilst jarrah dries more slowly and larvae reach
maturity at lower moisture contents (Chapter 6) (Figure 8.2b). The higher turgidity of
marri, coupled with its thicker bark, provided a more conducive sapwood environment than
jarrah for larval development, and by increasing survival to pupation, gave higher total
survival at least for P. semipunctata in marri compared to jarrah (Chapter 3). Thicker bark
has been known to provide a more stable and cooler environment for larval development
(Timms et al., 2006).

2. Larval development and time of borer emergence
The season in which borer larvae reach maturity influences the time when they are ready to
pupate. For instance, in summer when sapwood is drying rapidly, P. semipunctata have
rapid growth and mature by winter, though the cool wet winter conditions delay the onset
of emergence until late spring ending in summer. In spring when sapwood is drying
slower, despite C. rubripes growing more slowly than P. semipunctata, it was able to reach
maturity by late autumn and adults emerged throughout winter (Chapter 7). Therefore,
adult C. rubripes have a greater tolerance to colder conditions than P. semipunctata, as the
latter has not yet developed to maturity and do not emerge in winter. However, not all C.
rubripes larvae develop in the sapwood at the same rate and, any slow developing larvae
trying to consume older sapwood are delayed in development. These delayed larvae do not
reach maturity before the cool winter conditions, and will ‘incubate’ until the following
spring/summer and only emerge the following winter, some 22 months after eggs were laid
(Chapter 7). This gives two periods of emergence, approx 12 months apart, which has not
been shown previously for C. rubripes. Whilst for P. semipunctata, the majority emerged
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throughout summer, and although this was also shown in a previous study (Bybee et al.,
2004a) a minority were delayed for several months emerging in winter.

Future work
The range of techniques developed in this study, provided some insight into the behaviour
and response of Cerambycidae attacking drought stressed trees within a eucalypt forest and
have the potential to be used to:


gain more detailed insights into the ecology, behaviour, interactions among a
greater range of Cerambycidae present and their role in sapwood utilisation within
other eucalypt forests in different regions within Australia,



determine how the expected increased frequency and intensity of droughts likely to
occur in the future (Bates et al., 2008), will affect borer populations in forested
regions suffering drought stress,



calibrate changes in reflectance detected by multi- and hyperspectral remote
sensing methods to predict where borer populations are likely to occur. This, in
turn, may provide the basis for selective thinning or other management options that
may be implemented in order to alleviate stress in stands and hence reduce the
incidence and severity of borer infestations, and



identify the full range of Cerambycidae present and their roles during an
infestation of stressed trees.

The above in turn will also benefit silviculture and forest management practices, target
clearfelling operations where borer species are likely to infest stressed trees and reduce the
impact of borers to improve wood quality during processing of finished timber and lumber
wood products.

Conclusion
This study has demonstrated changes in sapwood moisture was a major influence in
controlling the behaviour, larval development, timing and duration of borer life cycle in
stressed hosts. The factors controlling infestation, neonate feeding, development to mature
larvae, adult emergence, and emergence phenology were explored using stressed trees in
drought areas, ringbarked trees, and cut logs. Importantly, working in a native jarrah forest
habitat allowed natural infestation, compared to other studies in exotic plantations, and
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highlighted P. semipunctata was not the only borer active, with another borer C. rubripes,
being an important wood-boring insect in this forest environment. This study revealed
each borer species has a different season when they infest trees, with P. semipunctata
mainly in summer and C. rubripes mainly in spring. The two borer species developed at
different rates as sapwood moisture decreased, which in turn determined their timing of
emergence, with P. semipunctata only emerging in spring–summer, and C. rubripes
mainly emerging in autumn–winter. This was shown to be complex, where not all borers
emerged in one year, and their delayed development may have increased their survival.
Where on rare occasions their seasons overlap, and both borers co-occurred, their
development appears to be complementary, as they utilised different areas of sapwood,
with P. semipunctata having straight and numerous galleries and C. rubripes galleries
being more confined with single galleries. Two species of parasitoids appeared common in
the jarrah forest and dramatically reduced the density of larvae, though on average only
controlled larval population levels by ~38 %, with effectiveness decreasing with increased
density of neonates. In the absence of parasitoids, competition for sapwood resources
played a large part in reducing the survival of larvae and limited their ability to mature.
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