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Foreword
This report addresses silviculture pruning methods to avoid heartwood rot fungal diseases infiltrating
the bole of Indian sandalwood (Santalum album) in Australia. In a previous report (RIRDC 10/179),
two types of decay were recognised; one that entered from the tree base and the other via the sapwood
when the bark is damaged or following pruning. Oil analysis confirmed that the tree responds by
trying to encapsulate the fungal infection with sesquiterpenes, the chemicals that make up sandalwood
oil. As these compounds only develop as the tree matures, early care of sandalwood trees until
sandalwood oil is deposited in the heartwood is a key factor affording fungal disease resistance and
maintaining the commercial potential of the plantations.
Wounds to the tree before it matures are potential infection sites for fungal pathogens. Tree pruning to
improve form is a standard practice in the sandalwood industry and could be a major pathway for
fungal infection. This report is targeted towards Indian sandalwood plantation growers, however the
findings will be applicable to other plantation or orchard species in the north of Australia.
Branch pruning was clearly shown to provide a pathway by which fungal pathogens could enter Indian
sandalwood. Potentially, spread of this fungal disease could compromise heartwood formation as the
tree grows. This concurs with previous observations of the presence of fruiting bodies of rot fungi on
the main trunk of 8 and 12 year old trees (RIRDC 10/179). It would be expected that the rot would
take several years to develop to a stage in which it is externally visible. Fungal pathogen presence can
have a strong economic impact by reducing tree growth as well as destroying the cells, where
heartwood development and oil production would occur. In severe cases, they could directly lead to
the death of the trees, or indirectly by weakening the tree and rendering it more susceptible to other
plantation pest or diseases.
Silvicultural pruning is conducted industry-wide in order to obtain a clear bole of 1.0-2.5 m. Review of
management systems indicates that to achieve this, yearly pruning up to four years of age maybe
required. This study clearly shows that the smaller the pruning wound (branch diameter), the less
chance of infection. Wounds on younger trees were rapidly occluded. However, canker fungi were
isolated from 70% of occluded pruning wounds and rot fungi from 10% indicating that an occluded
wound is not necessarily pathogen free and rot may develop in time.
To reduce risk, the safest pruning is in the first year after establishment when the majority of the
branches are small. As the tree ages, pruning cuts need to be further up the branch, away from the bole,
to reduce branch dominance whilst exposing the smallest branch diameter possible.
As there appears to be an element of fungal disease risk with silvicultural pruning, this project also
recommends that sandalwood growers should introduce formal monitoring for visual evidence of
wood rot or fungi during regular plantation inspections or inventory sampling. Occurrence
observations could then be collated against plantation management records to potentially identify
management practices that may contribute to the patterns of fungal presence or absence.
This project was funded from RIRDC Core Funds which were provided by the Australian
Government. The project was also funded by financial and inkind contributions from Elders Forestry.
This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms
part of the Essential Oils R&D program, which aims to improve production systems.
Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at
www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313.

Craig Burns
Managing Director
Rural Industries Research and Development Corporation
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Executive Summary
What the report is about
This report addresses the potentially serious issue of heartwood rot fungal diseases within Indian
sandalwood (Santalum album) in Australia associated with pruning.
Who is the report targeted at?
This report is targeted towards Indian sandalwood plantation growers. Whilst the focus of this report
is sandalwood, the findings will be applicable to other tropical tree species.
Where are the relevant industries located in Australia?
The Indian sandalwood plantation industry is primarily located on the Ord River Irrigation Area
(ORIA) near the town of Kununurra in the East Kimberley region of Western Australia. It is estimated
that some 5000 hectares of the possible 12000 hectares in the Ord Phase 1 of has been established to
date with further expansion expected into the future. The plantation estate has been established
primarily by companies using funds derived from managed investment schemes, with a small
proportion being planted by local landholders with private investment funds. The majority of the
plantations have been established by Tropical Forestry Services (TFS) and Elders Forestry (formerly
Integrated Tree Cropping). The latter estate has been purchased by Santanol Pty Ltd. A small number
of trials and commercial plantations have also been established in other regions of WA (Broome and
Carnarvon, in the north and numerous small trials in the south-west), as well as in tropical Queensland
and the Northern Territory.
Background
RIRDC supported the initial investigation into the identification of the heartwood rot within Indian
sandalwood (Santalum album) and the impact on oil levels within the heartwood (PRJ-004677). This
study was initiated after a destructive harvest was undertaken of 8 and 15 year old trees to investigate
heartwood production (PRJ-002676). In this study, the impact of heartwood rot on aromatic heartwood
production was observed and two types of infection were recognised, one from the base of the tree and
the other via the sapwood when the bark is damaged or potentially following pruning. Sapwood
infection is more damaging than that occurring via the base of the tree, which can have a positive
effect on sandalwood oil production.
To identify and help understand the infection process, two fungal collections were made. Results from
collections made in July-August 2009 identified a suite of fungi that were confirmed using DNA
sequencing. Several well-known rot fungi from the order Poryporales were identified. Oil analysis
confirmed that the tree responds to fungal attack by trying to encapsulate the fungal infection with
sesquiterpenes, the key constituent of sandalwood oil. Evidence is accumulating that the presence of
these sesquiterpenes affords the tree the needed protection from these fungi. As these compounds only
develop as the tree matures, it is important to care for the sandalwood trees while still young (< 5
years), until they deposit sufficient sandalwood oil in their heartwood to aid in fungal disease
resistance and maintain the commercial potential of the plantations.
Wounds to the tree before it matures are a potential infection site for fungal pathogens. Tree pruning to
improve form is a standard practice in the sandalwood industry and could be a major pathway for
fungal infection. To ensure the sustainability of sandalwood on the ORIA, efforts to guard against the
constant threat of disease are imperative.
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Aims/objectives
The primary objectives of the project were to assess:
•
•
•
•
•

commercial pruning within Indian sandalwood
disease resistance of tree to pruning at different times of the year
disease resistance of tree to pruning at different tree ages
disease resistance of tree with different pruning methods
fungal spore monitoring on the ORIA.

Methods used
Two trial sites were selected; one with 1 year old trees and the other with 5 year old trees. Automated
spore traps were placed at both sites. Spores were collected continuously on a sticky tape on a rotating
drum. The tape was collected every two weeks together with the spore load. Pruning was conducted in
different seasons (start of dry in May and pre-wet season in November) and subsequent decay and
associated fungal species were isolated from the decay and identified using the fungal molecular
barcode, the Internal Transcribed Spacer (ITS) gene region. DNA was extracted from the spore traps
collected in the week subsequent to pruning and subjected to pyrosequencing. The spore trap data and
the fungal isolation data were then assessed and correlated.
Results/key findings
This project shows very clearly that
•

•

•

Pruning provides a mechanism by which fungal pathogens can enter Indian sandalwood and
potentially compromise the heartwood as the tree grows. The presence of these pathogens can
have a strong economic impact by reducing the growth of the tree and subsequently reducing
heartwood development and oil production.
The smaller the pruning wound the less the chance of infection. Wounds on younger trees
were rapidly occluded. Thus, if pruning is necessary, the standard practice of pruning in the
first year is advisable. However, within occluded pruning wounds, canker fungi were isolated
in 70% of samples and rot fungi were isolated in 10% of samples. Therefore, an occluded
wound is not necessarily pathogen free and rot may develop in time.
Spores of Basidiomycetes (including heartwood rot fungi) were much more prevalent at the
end of the season (November) and as such pruning at this time would not be recommended.
However, as these trees are in the tropics and under constant irrigation in the dry season,
increasing the relative humidity, the fungal spore load is relatively consistent through the dry
season. Care during pruning should be taken at all times.

Implications for relevant stakeholders
Pruning resulted in the development of decay discoloration associated with known canker pathogens in
84% of the pruned trees and with known rot pathogens in 39% of the pruned trees. The larger the
diameter of the pruning wound the greater the discoloration. However, even for many small, occluded
wounds, decay fungi were present, which could potentially impact growth and oil production over the
rotation.
Recommendations
The recommendations are targeted towards Indian sandalwood plantation growers and would be
applicable both in Australia and Santalum album trees growing in the Pacific Rim. These findings
would also be of interest to growers of other tropical trees that require pruning.
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Introduction
The heartwood of a sandalwood tree is one of the world’s most valuable wood products. High demand
has led to overexploitation of natural sandalwood stands and the establishment of plantations. Plantation
research in Australia was initiated in Western Australia in the late 1980’s and commercial plantations
were established in 1999. The Ord River Irrigation Area (ORIA) near Kununurra has an Indian
sandalwood (Santalum album) plantation estate presently occupying approximately 5000 of the possible
12000 hectares of the first land release. Plantations are also being established in Northern Queensland and
the Northern Territory.
Sandalwood is a slow growing root hemi-parasite. The valuable oil has been reported to start developing
in the heartwood of sandalwood from 5 years onwards. In the tropical north of Western Australia, the
expected harvesting age for most commercial (managed investment scheme) plantations is at 15 years of
age. Plantation diseases usually only become a risk factor in plantation systems after 2 to 3 generations.
However disease risk in tropical plantation systems can become an issue in the first generation. This has
been the case for hardwood plantation development elsewhere (Barry 2002).
Reports of fungal diseases infecting Indian sandalwood are few. In the early 1990’s, the presence of
Phytophthora cinnamomi was detected and an isolation of Ganoderma steyartanum was undertaken from
host species but not from Indian sandalwood (Nelson pers. comm.). More recently, RIRDC supported an
investigation by Barbour et al. (2010) into the identification of the heartwood rot within Indian
sandalwood and its impact on oil levels within the heartwood. This study was initiated after a destructive
harvest was undertaken of 8 and 15 year old trees to investigate heartwood production (PRJ-002676). The
impact of heartwood rot on aromatic heartwood production was observed and two infection types were
recognised, one from the base of the tree and the other via the sapwood when the bark is damaged. The
sapwood infection is the more serious than that occurring via the juvenile wood up the centre of the tree.
This latter infection appeared to be able to limit damage by the presence or induction of aromatic
heartwood and associated sandalwood oil. The study also identified a suite of fungi that were confirmed
using DNA sequencing. They were Daldinia eschscholtzii, and two Poryporales (known rot fungi); a
Fomitopsis spp., which are known as brown rot fungi and an unidentified Polyporales, which appears to
have a mixed identification but is related to Ceriporia lacerate, a lignocellulose degrading fungi, which
is known to degrade CCA-treated wood, Oxyporus latemarginatus, an extracellular peroxidise producing
and lignolytic fungi or Irpex lacteus also known as a lignocellulose degrading fungi.
Barbour et al. (2010) suggested fungi entered Indian sandalwood (Santalum album) trees either from root
infection via the primary wood or from wounds made during pruning or when branches are damaged. The
fungal disease via the primary wood from the base of the tree appeared to have a positive effect on
sandalwood oil production; however, infection via the sapwood reduces the economic viability of the tree
crop. Sapwood fungal entry appears possible when the bark is severely damaged, which not only happens
during types of pruning but also with sun scald and mechanical damage. Following entry, the heartwood
rot infection spreads, reducing the economic viability of the tree crop, as this is where sandalwood oils
should accumulate. Oil analysis has confirmed that the tree responds to fungal attack by trying to
encapsulate the fungal infection with sesquiterpenes, the key constituent of sandalwood oil. Evidence is
also accumulating that the presence of the sesquiterpenes gives the tree the needed protection from these
fungi. As these compounds only develop as the tree matures, early care of Indian sandalwood trees until
sandalwood oil is deposited in the heartwood is a key factor affording fungal disease resistance and
maintaining the commercial potential of the plantations.
The immediate response to this new knowledge was to review silvicultural practices to ensure that
methods minimise fungal diseases entering and proliferating within the tree. This project aims to further
investigate the role that pruning could have as a vector for introducing wood rot and other pathogenic
fungi into sandalwood. Specifically, this project will examine the effect of sandalwood tree age, pruning
timing (season) and branch size on its ability to protect itself against fungal attack.
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Objectives
This project undertook to meet the following aims:
•

Fungal spore monitoring in the ORIA

•

A review of commercial pruning within Indian sandalwood plantations

•

Growth response of the Indian sandalwood tree to pruning

•

Disease resistance of tree to pruning at different times of the year

•

Disease resistance of tree to pruning at different tree ages

•

Disease resistance of tree with different pruning methods.
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Methodology
Site Selection
A trial was designed to examine fungal contamination of pruning wounds in plantation grown S. album,
and to compare between age of pruning, and time of pruning.
Two plantations were selected for the trial:
1. The FPC trial plantation was established in 2007 with 463 S. album trees per hectare, 463 Milletia
pinnata long term hosts, and 926 Sesbania formosa intermediate hosts per hectare.
2. Elders Forestry commercial plantation was established in 2010 with 463 S. album trees per
hectare and, 463 Dalbergia latifolia long-term hosts and 926 Sesbania formosa intermediate
hosts per hectare.
Rainfall data for the trial period is given in Figure 1.

Survey of Current Pruning Practices
Before setting up trials, a questionnaire was sent to two investment growers and one private grower. Each
grower was asked to respond to eight separate questions:
1. Is form pruning of sandalwood for a clear bole with a single stem undertaken in your plantations,
and what is the final desired specification for clear bole length?
2. What are the prescribed age and/or size (diameter/height) at which sandalwood is pruned in your
plantations?
3. Is pruning confined to a season/months, if so between what months, or is it conditional to labour
availability?
4. Is pruning undertaken as a proportion of the canopy or tree (lower third, half etc.), or to a set
height?
5. How many lifts, and over how many years, are completed to reach the desired clear bole length?
6. Are branches pruned flush with the stem or is a stub left?
7. Is there limits to the size of branches that are pruned, if so what diameter is considered too large?
8. Do you have any other comments regarding pruning method?

Table1.

Pruning and harvest dates and intervals

Treatment

Pruning
date

Harvest 1
date

# days

Harvest 2
date

# days

Harvest 3
date

# days

FPC post-wet

31/05/2011

23/04/2012

328

15/10/2012

503

na

na

FPC pre-wet

4/11/2011

na

na

15/10/2012

346

15/04/2013

528

Elders post-wet

31/05/2011

23/04/2012

328

15/10/2012

503

na

na

Elders pre-wet

4/11/2011

na

na

15/10/2012

346

15/04/2013

528
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Experimental Design and Pruning
The information obtained from the growers was used to design appropriate pruning experiments aimed at
quantifying differences in fungal incursion under different pruning regimes. In each plantation, 40 trees
were selected for pruning, with two branches pruned per tree. 20 were used for the ‘post-wet season’
pruning treatment completed on 31 May 2011, and the remaining 20 trees were pruned for the ‘pre-wet
season’ treatment on 4 November 2011 (Figure 2).
Branches were pruned using secateurs and when required pruning saws, with cuts made as close to the
stem as possible without causing damage to the stem bark (Figure 3). Trees were pruned to a maximum of
one half of tree height.

Harvest
Each plantation was harvested at two time intervals, representing approximately 12 and 18 months after
pruning (Table 1). Trees were cut at least 5 cm below and above the last recognisable pruning wounds,
labelled and stored in plastic polyweave bags. These bags were transported to Perth by road freight.
A bandsaw was used to cut cross sectional discs around a selected pruning wound, with cuts made
approximately 1.5 cm from the edges of the wound. Samples were selected from each tree in the
preference from largest to smallest open wound. Where open wounds were not present, the preference
was in order of the largest to smallest scar tissue. Three wounds per tree were sampled from the Elders
plantation and, where possible, five wounds per tree for the FPC plantation. The reason for different
sampling intensity was the presence of a greater number of wounds (i.e. more pruned branches) on the
older and larger FPC trees.

Figure 1. Monthly rainfall in Kununurra from January 2010 to October 2013 (Bureau of
Meteorology). Pruning times are indicated.
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Figure 2.
Diagrammatic representation of the site layouts: (A) Elders Forestry
plantation (2010) and (B) FPC location (2007). Trees numbered 1 to 20 were pruned on 31
May 2011. Trees numbered 21-40 were pruned on 4 November 2011.
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Figure 3. Images of representative pruned trees: (A) Elders Forestry plantation (1 yo)
and (B) FPC location (5 yo).

Fungal Isolations
Each wound sample was split longitudinally through the centre of the wound using a chisel cleaned with
70% ethanol. Photographs were taken using a digital camera (Panasonic Lumix model DMC-TZ7) of the
wound exterior prior to being split, and of the wound interior after being split. All photographs contained
a scale (ruler) and sample label.
For each pruning wound, shavings were taken using a sterilised scalpel from the margin between stained
and healthy wood. These shavings were then transferred using sterilised forceps onto two media; (a) half
strength Potato Dextrose Agar (PDA, Becton, Dickinson and Company, Sparks, USA, 19.5 g L-1 PDA,
7.5 g L-1 agar) containing 133 µg ml-1 streptomycin and (b) Basidiomycete selective media (5 g L-1 Bacto
peptone (Difco), 20 g L-1 agar, 0.25 g L-1 MgSO4•7H20, 0.5 g L-1 K2HPO4, 0.016 g L-1 benomyl, 100 µg
L-1 streptomycin, 2 ml L-1 50% (v/v) lactic acid, 20 ml L-1 95% ethanol). After two weeks, representative
fungal colonies were transferred onto fresh ½ PDA. The cultures were examined regularly and any
contaminated cultures were cleaned.
Once clean, all isolates from a single harvest time were sub-cultured on the same day onto ½ PDA. This
was to enable comparison of culture morphology. After two weeks, cultures were grouped based on
morphology and representative isolates from each group were selected for molecular identification.
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DNA Extraction, PCR Amplification and Sequencing
DNA was extracted from 82 isolates from harvest 1, 83 isolates from harvest 2 and 54 isolates from
harvest 3. Fungal isolates were transferred to ½ PDA and incubated at 20°C for two weeks. Mycelia were
scraped from the agar surface with a sterile blade into a sterile 1.5 ml tube. Harvested mycelia were
frozen in liquid nitrogen, ground to a fine powder and the genomic DNA extracted (Andjic et al. 2007).
The internal transcribed spacer (ITS1-5.8S-ITS2) region of the ribosomal DNA was amplified using
primers ITS1F and ITS4 (White et al. 1990). The PCR mixture and amplification conditions were as
described (Andjic et al. 2007). Products were purified and sequenced as described (Sakalidis et al.
2011a).

Isolate Identification
Sequences were aligned and analysed using the program Geneious R6 created by Biomatters (available
from http://www.geneious.com). For each harvest (and final for combined harvest) contigs of operational
taxonomic units (OTU) were created to identify identical sequences. Consensus sequences for each contig
were blasted against those available on GenBank (http://www.ncbi.nlm.nih.gov/). This provided an initial
identification, and for some OTU whose sequence match was <95% this was the closest identification
possible. However, for most genera, OTU identity was confirmed by first downloading sequences from
known species, using these to generate an alignment to which the sequences of the sandalwood isolates
were added. Finally, a phylogenetic analysis was conducted in Geneious to confirm identity. For each
isolate, the lineage (Phyla, Class, Order, Family, Genus and where possible, species) was recorded.
Additionally, OTU’s were classified based on their known ecology/biology as either (a) canker pathogens
(b) endophytes and latent pathogens (c) rot fungi, or (d) saprophytes.
All isolates previously placed in the same group based on colony morphology were assigned the same
identity as the sequenced isolate. A data matrix was generated for all OTU’s for each tree. This provided
qualitative data to compare fungal communities between tree age and time of pruning and time of harvest.

Spore Traps
Burkard volumetric spore traps (http://www.burkard.co.uk/7dayst.htm) (Figure 4) were positioned close
to the two trial sites. The internal drum, which was covered with a ‘melinex’ tape coated with silicon
grease, rotated every hour over a seven day period. Air was drawn in and the spores ‘bombarded’ onto
the tape. The flow rate was set and thus by counting the spores deposited on a given section of the tape a
quantitative and comparable spore count was obtained. The tape drums were changed weekly and sent by
post to Murdoch University for further examination.

Spore Counting
Tapes were removed carefully from the drum using forceps and placed on a plastic template for cutting
(static forces stick the tape to the template). Sections of tape representing one day were placed on
microscope slides and mounted in dilute toluene blue. Across the tape, one field of view at 20x
magnification corresponding to 1 h of spore deposition was counted (i.e. 24 fields of view per tape
section which corresponds to one day). All spore types that could be recognised were counted in the
following steps; 1, 2, 3, 5, 10, 20, 30, 40, 50, 75, 100, >100.
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Figure 4. Burkard spore trap onsite in sandalwood plantation

Deep Sequencing
Spore tapes from both sites representing the week of pruning for the post-wet season treatment (31 May –
6 June 2011) and the pre-wet season (4-11 November 2011) were subjected to deep sequencing. Using
the template, each tape was divided into day section and then each day divided into 8 h sections (section 1
represented 10.00 am to 6 pm, section 2 represented 6 pm to 2 am and section 3 represented 2 am to 10
am). Thus, for each tape there were 21 samples (84 in total). DNA was extracted using the MoBio
PowerSoil DNA isolation kit (Carlsbad, CA), used according to the manufacturer’s protocol. Final
elutions were done in 60 µL of TE buffer.
Extracted DNA was then sent to the Australian Genome Research Facility (AGRF) for amplicon library
generation, quantification and 454-pyrosequencing. Two rounds of PCR were performed. In the first
round, the ITS1 gene region was amplified using primers ITS1F and ITS2 (White et al. 1990). The ITS
gene region is the barcode region for fungi (Schoch et al. 2012) and is thus the region for which the most
data is available for comparison. For the second PCR round, fusion primers were designed following the
454 System Guidelines for Amplicon Experimental Design, and the unidirectional sequencing protocol
was selected (Lib-L chemistry for emPCR, ‘One-Way Reads’). Forward fusion barcoded primers were
based on the ITS1F primer (5’-A-KEY-MID-ITS1F -3’) and the universal ITS2 primer was used for
amplification (5’-B-KEY-ITS2-3’), where A and B represents the NGS Lib-L adaptors, and the MID (1 to
84) from Roche’s Technical Bulletin was added for post sequencing sample identification.
The libraries were sequenced using the Roche 454 GS-FLX System (454 Life Sciences/Roche Applied
Biosystems, Nutley, NJ, USA). Post sequencing, the results were run through Roche’s standard amplicon
analysis pipeline. This is a very stringent pipeline which results in only the long high quality reads
remaining. The composition of species diversity in high-throughput amplicon sequencing data were
carried out using the Quantitative Insights Into Microbial Ecology (QIIME) software package version 1.6
(http://qiime.org/) (Caporaso et al. 2010).

8

Results
Review of Current Pruning Practices
The survey on growers’ pruning methods (Table 2) clearly showed that they aim to produce a sandalwood
bole of 1.0-2.5 m in length, and they were prepared to remove up to half the canopy to achieve this. Some
of the growers chose pruning close to the stem.

Table 2.

Summary of answers from Indian sandalwood growers regarding pruning
methods

Questions

Grower 1

Grower 2

Grower 3

1. Do you form prune
your trees?

Yes

Yes

Yes

2. Bole length?

1.0-1.8 m

Aim for 2.5 m

1.8 m on 85 % of
trees

3. Age of pruning?

1 year: 2 prunes
nd
2 year: 1 prune
rd
3 year: 1 prune

Multiple pruning each
year, for first four
years

No prescribed age,
prune each year until
1.8 m clear bole

4. Timing?

Coming out of wet
season, March
onwards

During dry season,
March to October

March to June

5. Canopy
Proportion removed?

No more than half
of canopy

No more than one
third of canopy

No more than one
third of canopy

6. How close is
pruning to main stem?

Close as possible
without damaging
stem

Not flush, branch
swelling left on

Flush, but with a stub
of 1-5 mm

7. Max size of
branches removed?

No more than half
diameter of main
stem

No formal limit,
branches removed
when small

No more than half
diameter of main
stem

st
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Tree Response to Pruning
Pruning wounds were either occluded (Figure 5A) or remained exposed on the surface (Figure 5B). Most
wounds were associated with some symptoms of decay (Figures 5-7).

Figure 5. Sections of sandalwood split at the pruning wound illustrating (A) an occluded
pruning wound and (B) an exposed pruning wound.
Not surprisingly, the average wound diameter was much greater for the older trees at FPC (Figure 6). The
majority of these wounds were still exposed 18 months after pruning regardless of the time of pruning.
Pruning wounds on the younger trees at Elders were mostly occluded, even 12 months after pruning.
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Figure 6. Average response of trees at both sites to (A) post-wet season and (B) pre-wet
season pruning.
Data is given for both harvest times and the diameter of the surface pruning wound, the internal diameter
and the depth below the bark of the occluded region is given (see Figure 5 for explanation of terms).
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Decay of Wood
A rating scale from 0-6 was used to quantify the subsequent decay of the wood as a consequence of
pruning (Figure 7). The symptoms of decay are those that can be associated with fungal activity and is
predominantly observed as discoloration (staining or darkening) of the wood, although for the high rating
there is already evidence of soft rot.

Figure 7. Sections of sandalwood split at the pruning site representative for each decay
rating from 0-6
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On average, more post-pruning staining was observed in the older trees (Figure 8). The wounds created in
the younger trees often appeared to have healed completely with new bark on the surface (Figure 7).
Additionally, the tree’s response to the pruning wounds resulted in a significant reduction in the
discoloration observed in the second harvest for the younger trees at Elders, regardless of the time of
pruning. Some reduction in discoloration was also observed for the older trees at FPC, but only after the
post-wet season pruning (Figure 8).

Figure 8. Average damage rating for trees from both sites at each harvest
There was a strong positive correlation between the size of the pruning wounds and the discoloration of
the wood. The larger the pruning wound the greater the subsequent discoloration (Figure 9A). Not
surprisingly there was a negative relationship between the depth of occlusion and the decay rating. The
deeper the remnant pruning wound, the less the discoloration (Figure 9B). It is important to note however,
that even though the surface of many wounds in the younger trees had healed completely, there was still
significant discoloration and fungal activity within occluded pruning wounds. In time, this could lead to
the development of internal rots. After 18 months, very few of the pruning wounds in the older trees at
FPC had been occluded (Figure 9B). All pruning wounds in these older trees were associated with
discoloration with the lowest rating for a tree of 2.
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Figure 9. Relationship between the decay rating and (A) diameter of visible pruning
wound and (B) depth of occluded wood (trees with no occlusion were omitted).
In the legend, P1= the post-wet season pruning, P2=pre-wet season pruning, H1= first harvest at 12
months after pruning, H2 = 2nd harvest 18 months after pruning. Trees from Elders site were 1 yo at
time of first pruning, trees at FPC site were 5 yo at time of first pruning.
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Spore Trapping
The diversity of spore types observed on the spore tapes was very high (over 100 recognisable spore
types). After counting several weeks’ data it was realised that the data gathered was excessive and not
useful in regards to determining the best time to conduct pruning. The pruning wounds would have been
most susceptible to infection in the week they were pruned. Thus it was decided that a new approach
would be used to analyse the airborne fungal diversity as captured on the spore tapes for the weeks in
which the pruning was conducted; 31 May – 6 June 2011 and 4-11 November 2011 (see Material and
Methods).
From the spore tapes, the following observations were made:
1. Spore release occurs throughout the day, with the numbers of spores collected being relatively
uniform; i.e. there was not peak time for spore release.
2. The number of spores trapped varied daily in relation to the relative humidity, the more humid the
more spores were released.
3. Some spore types were more common than others.
4. The spore types differed between the two locations.
5. Some spore types were released during the day and some were released at night (Figure 10).

Figure 10.

Average spore release per hour (average of 7 days) for three spore types at
the FPC field site. Two spore types (blue and red lines) were preferentially
released during the day while the other (green lines) was released at night.
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Fungal Diversity Associated with Pruning Wounds
Wood inhabiting fungi were isolated from all pruning wounds at all harvests. There was a total of 531
fungal isolates and these were placed in 75 fungal taxa (Table 3). Data from multiple pruning wounds per
tree were combined to give a single value per tree (i.e. if same species was recovered from multiple
pruning wounds in the same tree it was only counted once). Significantly more fungal species were
isolated from the older trees with an average of 4.22 species per tree for the younger trees and 6.13
species per tree for the older trees.
Table 3.

Number of fungal isolates and species recovered from pruning wounds at
each harvest
Total number
of isolates

Number of
isolates#

No of fungal
species

Post-wet season pruning
Elders (1 yo)
Harvest 1
62
48
14
Elders (1 yo)
Harvest 2
82
47
18
FPC (5 yo)
Harvest 1
80
70
29
FPC (5 yo)
Harvest 2
59
50
26
Pre-wet season pruning
Elders (1 yo)
Harvest 1
48
44
18
Elders (1 yo)
Harvest 2
50
30
14
FPC (5 yo)
Harvest 1
65
54
22
FPC (5 yo)
Harvest 2
85
71
29
Total
531
75
# Multiple isolations of the same fungal species from one tree are counted only once

Species per
tree
4.8
4.7
7.0
5.0
4.4
3.0
5.4
7.1
5.17

There was considerable variation in the identity of the fungal species obtained from the different aged
trees. Most markedly, younger trees contained a greater proportion of Nectriaceae and more
Agaricomycetes were isolated from older trees (Figure 11, Table 4).

Figure 11.

Proportion of isolations belonging to different fungal families for (A) trees at
Elders (1 year old) and (B) trees at FPC (5 years old). This data is averaged
over time of pruning and harvests.
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Table 4.

Proportion of fungal isolations attributed to each of the 75 taxa recovered over the duration of the trial. Isolates are coded by
their most common life strategy (Ecology). Those listed as canker (C) or rot pathogens (R) are most likely to damage the
integrity of sandalwood, both structurally and the quality of the wood.
Post-wet pruning
Family

Species

#

Ecology

H1

H2

1 yo

1 yo

Pre-wet pruning

H1

H2

H1

H2

H1

5 yo

5 yo

1 yo

1 yo

5 yo
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Phylum

Sub-Phyla

Class

Order

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Barriopsis iraniana

C

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Cophinforma atrovirens

C

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Lasiodiplodia pseudotheobromae

C

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Neoscytalidium dimidiatum

C

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Neoscytalidium novohollandiae

C

Ascomycota

Pezizomycotina

Dothideomycetes

Botryosphaeriales Botryosphaeriaceae Pseudofusicoccum adansoniae

C

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Cladosporium cladosporioides

S

0.021

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Cladosporium cucumerinum

S

0.021

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Cladosporium flabelliforme

S

0.021

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Cladosporium pseudocladosporioides S

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Cladosporium tenuissimum

S

Ascomycota

Pezizomycotina

Dothideomycetes

Capnodiales

Mycosphaerellaceae Teratosphaeria

S

Ascomycota

Pezizomycotina

Dothideomycetes

Dothiorales

Dothioraceae

Aureobasidium pullulans

S

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Incertae sedis

Phoma aff. glomerata

C

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Montagnulaceae

Montagnulaceae sp.

S

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Montagnulaceae

Paraphaeosphaeria sp.

S

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Alternaria arborescens

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Alternaria eureka

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus aff. australiensis

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus aff. kusanoi

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus aff. sichuanensis

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus eragrostidis

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus geniculatus

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus graminicola

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus hawaiiensis

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus intermedius

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus kusanoi

E

0.014
0.085

0.100

5 yo
0.014

0.033
0.125

H2

0.063

0.068

0.033

0.042

0.014
0.037

0.070

0.019

0.014

0.019

0.014

0.014

0.043

0.063

0.045

0.037

0.023

0.021

0.056
0.033

0.019

0.014

0.014
0.019
0.043

0.043

0.042

0.023

0.042

0.023

0.130

0.029
0.014
0.167

0.064

0.014

0.100

0.130

0.113

0.014
0.021

0.037
0.014

0.086
0.085

0.028

0.086

0.083

0.014

0.063
0.021

0.023

0.074

0.085
0.014

0.023
0.014

0.014
0.021

Post-wet pruning
#

H1

H2

H1

H2

1 yo

1 yo

5 yo

5 yo
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Phylum

Sub-Phyla

Class

Order

Family

Species

Ecology

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus lunatus

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus miyabeanus

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus sp. MLS-2010

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus sp. P45E1

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Cochliobolus spicifer

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Ochrocladosporium sp.

E

0.014

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Pleasporaceae sp.

E

0.071

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Pleospora sp.

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Pyrenochaeta sp.

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Setosphaeria sp.

E

Ascomycota

Pezizomycotina

Dothideomycetes

Pleosporales

Pleosporaceae

Stemphylium solani

E

Ascomycota

Pezizomycotina

Eurotiomycetes

Chaetothyriales

Herpotrichiellaceae

Exophiala bergeri

S

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Diaporthaceae

Diaporthe sp.

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium aff. australiense

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium aff. scolyti

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium fuscum

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium parasiticum

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium rubrigenum

C

Ascomycota

Pezizomycotina

Sordariomycetes

Diaporthales

Togniniaceae

Phaeoacremonium sp. nov.

C

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Bionectriaceae

Clonostachys rosea

S

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Hypocreaceae

Acremonium sclerotigenum

C

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Actinostilbe macalpinei

E

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium aff. concentricum

E

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium aff. nelsonii

E

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium aff. solani

E

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium concentricum

E

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium decemcellulare

E

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium equiseti

E

0.104

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium proliferatum

E

0.063

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium solani

E

0.146

0.170

Pre-wet pruning
H1

H2

H1

1 yo

1 yo

5 yo

0.068
0.014

H2
5 yo
0.014

0.023

0.019
0.019
0.014

0.021

0.042

0.019

0.033
0.063

0.149

0.042

0.091

0.100
0.033

0.014

0.033
0.014
0.021
0.023
0.167

0.019
0.033

0.014
0.042
0.085

0.042

0.086

0.042

0.068

0.067

0.019

0.042

0.100
0.042
0.021
0.014
0.029
0.014
0.014
0.033
0.021

0.028

0.021
0.043
0.021

0.205

0.267

0.037

0.042

Post-wet pruning
#

H1

H2

1 yo

1 yo

Phylum

Sub-Phyla

Class

Order

Family

Species

Ecology

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium/Aschersonia sp.

E

Ascomycota

Pezizomycotina

Sordariomycetes

Hypocreales

Nectriaceae

Stephanonectria sp.

E

Ascomycota

Pezizomycotina

Sordariomycetes

Magnaporthaceae Magnaporthaceae

Mycoleptodiscus sp.

S

Ascomycota

Pezizomycotina

Sordariomycetes

Microascales

Microascaceae

Microascus cirrosus

S

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Sordariales

Cephalothecaceae

Phialemonium dimorphosporum

E

0.128

Ascomycota

Pezizomycotina

Sordariomycetes

Sordariales

Lasiosphaeriaceae

Arthrinium sp.

E

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Xylariales

Amphisphaeriaceae

Pestalotiopsis adusta

E

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Xylariales

Amphisphaeriaceae

Pestalotiopsis microspora

E

Ascomycota

Pezizomycotina

Sordariomycetes

Xylariales

Amphisphaeriaceae

Pestalotiopsis scirpina

E

0.021

Ascomycota

Pezizomycotina

Sordariomycetes

Xylariales

Amphisphaeriaceae

Pestalotiopsis sinensis

E

0.021

Ascomycota

Pezizomycotina
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Sordariomycetes

Xylariales

Amphisphaeriaceae

Truncatella sp. (96%)

E

Basidiomycota Agaricomycotina

Agaricomycetes

Agaricales

Psathyrellaceae

Coprinellus aureogranulatus

S(R*)

Basidiomycota Agaricomycotina

Agaricomycetes

Agaricales

Psathyrellaceae

Psathyrella sp.

S

Basidiomycota Agaricomycotina

Agaricomycetes

Agaricales

unknown genus

R

Basidiomycota Agaricomycotina

Agaricomycetes

Corticiales

Phlebia subserialis

R

Basidiomycota Agaricomycotina

Agaricomycetes

Hymenochaetales Hymenochaetaceae

Phellinus aff. bicuspidatus

R

Basidiomycota Agaricomycotina

Agaricomycetes

Polyporales

Phanerochaetaceae

Porosterum sp.

R

Basidiomycota Agaricomycotina

Agaricomycetes

Polyporales

Polyporaceae

Polyporus aff. arcularius

R

Cryptobasidiaceae

Acaromyces ingoldii

R

Basidiomycota Ustilaginomycotina Exobasidiomycetes Exobasidiales

Corticiaceae

# C=canker pathogen, E= known endophyte, R=known rot pathogen, S=saprophyte
* a saprophyte of rooting wood, often isolated in conjunction with wood rotting fungi

H1

H2

5 yo

5 yo

0.029

Pre-wet pruning
H1

H2

H1

H2
5 yo

1 yo

1 yo

5 yo

0.023

0.167

0.037

0.033
0.021
0.014
0.146

0.159

0.111

0.014
0.021
0.014
0.021

0.043

0.057

0.063

0.045

0.056

0.099

0.014
0.028
0.021

0.021

0.019

0.014

0.042
0.028
0.014
0.021

0.021

0.023
0.045

0.074

0.056

Figure 12.

Proportion of isolations belonging to different fungal families for young trees
(upper panel) and older trees (lower panel) pruned post-wet season (left) and
pre-wet season (right)
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When comparing the fungal taxonomy across pruning times, tree age and harvest time, several patterns
arise (Figure 12, Table 4). The proportion of Pleosporaceae remains constant at about 40%. Fungi in this
family are known endophytes and sometimes latent pathogens. The proportion of Botrosphaeriaceae was
also constant, between 10-15%. Species in this family are known canker pathogens, which often cause
lesions with discoloration similar to that observed for the pruning wounds. There was a high proportion of
Nectraceae (predominantly Fusarium spp.) isolated from the younger trees, these are also well known
endophytes. The Agaricomycetes were all known rot pathogens and these were much more common in
the older trees, especially after the pre-wet season pruning (Figure 12).
While the taxonomic differences reveal interesting patterns, the data is better presented when the most
common ecological niche is assigned to each fungal taxon (Table 5, Figures 13-14). For both aged trees,
endophytes were isolated from every tree (Table 1) and contributed to the greatest proportion of
isolations, with relatively more endophytes isolated from the younger trees (Figure 13). Canker fungi
were isolated from almost all of the older trees, but were less prevalent in the younger trees, especially
after the pre-wet pruning (Table 5). Rot fungi were almost exclusively isolated from the older trees.
Table 5.

Number of fungal isolates and species recovered from pruning wounds at
each harvest

Post-wet season pruning
Elders (1 yo)
Harvest 1
Elders (1 yo)
Harvest 2
FPC (5 yo)
Harvest 1
FPC (5 yo)
Harvest 2
Pre-wet season pruning
Elders (1 yo)
Harvest 1
Elders (1 yo)
Harvest 2
FPC (5 yo)
Harvest 1
FPC (5 yo)
Harvest 2
Total

No. trees

No. trees with
endophytes

No. trees with
canker fungi

No. trees with
rot pathogens

10
10
10
10

10
10
10
10

10
8
10
9

0
3
6
6

10
10
10
10
80

10
10
10
10
80

6
4
10
10
67

1
0
7
10
33

There was a strong correlation between the decay rating and the fungal species isolated. Only endophytes
were isolated from pruning wounds that had been completely occluded with no evidence of discoloration.
The highest decay ratings were observed for wounds associated with both canker and rot fungi.
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Figure 13.

Proportion of isolations belonging to each ecological niche (A) trees at
Elders (1 year old) and (B) trees at FPC (5 years old). This data is averaged
over time of pruning and harvests.

When comparing the fungal ecology across pruning times, there were differences in taxonomy, due to
tree age and harvest time (Figure 14, Table 3). Endophytes dominate in younger trees regardless of the
time of pruning or the harvest. Canker pathogens are more commonly isolated in the first harvest after
pruning (12 months), but their relative proportion had dropped by the time of the second harvest. Rot
pathogens were only observed after the second harvest for trees pruned post-wet season and after the first
harvest for trees pruned pre-wet season. The older trees had less endophytes and more canker pathogens.
Rots were isolated at all harvest times, but in a greater proportion for trees pruned pre-wet season (Figure
14).
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Figure 14. Proportion of
isolations
belonging to
each ecological
niche for young
trees (left panel)
and older trees
(right panel)
pruned postwet season
(left) and prewet season
(right). This is
compared to
the data
obtained from
the spore traps.

Fungal Diversity at Time of Pruning as Revealed by Pyrosequencing
Over 150, 000 individual reads were obtained in the pyrosequencing run, resulting in approximately
2000 reads for each of the 84 barcoded samples. Around 250 individual OTU’s were identified from
both sites in the week following the post-wet season pruning and from the FPC site in the week
following the pre-wet season pruning, with 150 OTU’s recognised from the Elders site after the second
pruning (Table 6). A total of 565 OTU’s were recognised; most of these correspond to a known fungal
species, but many could only be placed in a genus or a family. The 565 OTU’s were placed in 211
genera and 114 families. Of the OTU’s, an average 55.1% were classified as unknown fungi. This
result is similar to that obtained in other studies of environmental samples and probably reflects the
large number of unculturable fungi (i.e. can not be grown on synthetic media). However this is
unlikely to impact on the results as the organisms known to cause rots and cankers are easily grown on
synthetic media. This means that there is no sequence data on any database that corresponds to these
sequences. In further analysis of the data, these unknown fungi were removed and proportions
recalculated.
Table 6.

Fungal OTU’s recovered from spore traps situated at both trial sites

Post-wet season pruning
Elders (1 yo)
FPC (5 yo)
Pre-wet season pruning
Elders (1 yo)
FPC (5 yo)
Total

Number of
OTU’s

Proportion
unidentified

Canker, Rot and
Endophytes

266
276

53.6%
45.9%

20.9%
29.2%

145
262
565

74.1%
57.8%
55.1%

17.3%
26.6%
23.5%

There were marked differences in the fungal communities (as captured on the spore tapes) between the
two sites and between the two pruning times (Figure 15). The most dramatic difference was the major
increase in the proportion of Basidiomycetes (blue and purple) compared to Ascomycetes (all other
colours) at the second (pre-wet season) pruning (Figure 15). This was especially evident at the Elders
site. There were always more Capnodiales at the FPC site, which were mainly leaf pathogens.
Diaporthales, Hypocreales and other Sordariomycetes were more prevalent at the time of the first
pruning (post-wet). The Botryosphaeriales only accounted for a minor proportion of the OTU’s
recovered from spore traps.
Ecological niches were assigned to all OTU’s; as with the taxonomy, there were marked differences
between sites and times of pruning. At the end of May 2011 (first pruning), the relative proportions of
the different ecological niches were similar between the two sites (Figure 16). Relatively more canker
pathogens were recovered from the Elders site and more leaf and rot pathogens from the FPC site. At
the start of November 2011 (second pruning), rot fungi dominated at the Elders site (Figure 16).
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Figure 15.

Proportion of OTU’s belonging to different fungal families for young trees
(upper panel) and older trees (lower panel) pruned post-wet season (left)
and pre-wet season (right). Basidiomycetes are blue and purple,
Ascomycetes are green, pink and orange.
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Figure 16.

Proportion of OTU’s belonging to each ecological niche for young trees
(upper panel) and older trees (lower panel) pruned post-wet season (left)
and pre-wet season (right).

The spore trap data set was ‘corrected’ to remove all OTU’s not linked to wood (i.e. mycorrhizal
fungi), most of the Basidiomycetes except the rot fungi, the leaf pathogens, insect pathogens, yeasts
and many of the saprophytes. This left an average of 25% of the reads that corresponded to canker
pathogens, wood endophytes, rot pathogens or wood saprophytes (Table 4). The spore trap data was
compared to the actual isolation data in Figure 11. The proportion of wood fungi collected in the spore
traps and those isolated from the pruning wounds correspond very well, with the exception of the prewet pruning at Elders (Figure 12). At the time of pruning, there was a high proportion of spores of
known rot fungi trapped. However, few rot fungi were isolated from the pruning wounds after 12
months and after 18 months (second harvest) there were no rot fungi isolated.
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Discussion
This project confirmed that pruning wounds are an entry pathway for canker and rot fungi, and even if
the wound is occluded, the rot may already be well established internally. As these wounds are on the
main stem, over time, rot may develop, but at present the consequences over the duration of the
rotation are unknown.
In a survey of current pruning practices, it was clear that growers prune during the dry season and that
each grower aims to have a bole length of 1.0-2.5 m, and they were prepared to remove up to half the
canopy to achieve this. As a consequence of this practice, the main stem would potentially be exposed
to sun scald, depending upon the shade provided by the host trees. Sun damage to the cambium layer
of the stem may provide a place of access for fungi into the sapwood and heartwood (Hodges 1969).
Some of the growers also prune close to the stem, which again may allow an additional fungal
entrance into sapwood and heartwood of the tree (Barry et al. 2000, Lee 2002). Besides pruning,
mechanical damage of the stem during weed management and the removal of dead host trees would
also provide entrance routes for pathogens (Schwarze et al. 2000, Vasiliauskas 2001).
In this trial, trees were pruned in two seasons; May which was after the wet season and November
which was just at the start of the wet season. The level of fungal infection of pruning wounds did not
vary between these seasons, nor did the amount of discoloration observed. Tree age however, had a
considerable effect on several parameters. The pruning wounds on younger trees were smaller, were
almost all occluded within 12 months of pruning and were generally associated with less discoloration
and fewer decay fungi. Conversely, very few of the pruning wounds on the older trees were occluded,
even if they were small. Wounds of older trees were almost always (96%) associated with known
canker pathogens and very often (74%) with rot pathogens. There was an obvious relationship
between tree age and wound size (larger trees had larger wounds) and this was then reflected in the
amount of discoloration; larger wounds had more discoloration.
The commonly recovered canker pathogens include members of the Botryosphaeriaceae which are
well known canker pathogens (especially in association with stress) (Slippers & Wingfield 2007). The
species recovered from Indian sandalwood were the same species recovered from boabs and from
pruning wounds in mangoes in the Ord region (Pavlic et al. 2008, Rea et al. 2011, Sakalidis et al.
2011b, Sakalidis et al. 2011c). Most of the rot fungi isolated were polypores, which are well known
rot fungi (Ryvarden 1991). In general, wood decays take several years to develop typical wood rot
symptoms and compromise the wood. After 18 months, rot was only evident in a few of the pruning
wounds given the highest decay rating. However, the isolation of rot fungi from many of the wounds
indicate that the fungi are there and it is expected that the rot symptoms would develop with time.
These symptoms (white and brown rot and association fungi fruiting bodies on the outside of the
trunks) had been observed previously in 8 and 12 year old Indian sandalwood in RIRDC Project No.
PRJ-004677 (Barbour et al. 2010). It was suggested that the rot observed in these older trees was a
consequence of an earlier infection from sun scald, mechanical damage or pruning. The results of the
current study confirm this hypothesis.
Fungal spore monitoring was conducted from the time of the May pruning until two weeks after the
November pruning. It was the initial intention to relate data from the spore traps to temperature and
humidity data and to determine the period with the lowest spore load. However, there were too many
spore types collected on the tapes to gather meaningful data. Spore release is linked to humidity,
however even in the dry season in Kununurra; the use of irrigation maintains a relatively high
humidity in the plantations. The spore tapes did provide us with an additional valuable resource. We
were able to extract DNA from the tapes and subject this to pyrosequencing and compare the fungal
diversity revealed from the tapes to that of the fungi found within the pruning wounds.
As expected, there was a huge fungal diversity captured on the tapes; there were over 500 OTU’s
(operational taxonomic units), which in the most part corresponded to species, but some only matched
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at a genera, order or family level. A large proportion of the data (55%) corresponded to unidentified
fungi. This is not unexpected, as our knowledge of fungi is limited firstly to those that can be cultured
and secondly to those that cause a disease. Of the remaining 45%, there were many leaf pathogens,
mycorrhizal fungi and insect pathogens and saprophytes that would never be recovered from wood.
There was a sharp difference in the fungal communities between the two pruning times. In May, the
communities were dominated by Ascomycetes while in November, Basidiomycetes were much more
common. Most canker fungi are Ascomycetes and more rot fungi are Basidiomycetes.
When non-wood inhabiting fungi were removed, there were 36 genera remaining. Interestingly, the
relative proportion of the different groups, canker fungi, endophytes and rot fungi were comparable
except for the pre-wet pruning in November of the younger trees. Spore trap data shows an abundance
of rot fungi (>75%) at this site, but this was not reflected in the isolations from the pruning wounds. In
fact, after the second harvest, the proportion of rot fungi isolated from these trees was negligible. It
would appear that the younger trees were in a rapid growth phase, occluded the wounds quickly and
plant defences were able to exclude rot pathogens.
It is important to note, that in the occluded wounds on the younger trees, there were rot fungi isolated,
especially after the May pruning, and canker pathogens were recovered from most wounds. The
canker pathogens could potentially continue to grow and cause disease that would provide another
infection site for rot pathogens later in the rotation (Burdon 1993, Desprez-Loustau et al. 2006).
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Implications
This project shows very clearly that pruning can provide a mechanism by which fungal pathogens
enter Indian sandalwood and potentially compromise the heartwood as the tree grows. Whilst fungal
pathogens metabolise the cellulose within the core of the tree, the cambium and bark are often
minimally affected. This concurs with previous observations where the presence of fruiting bodies of
rot fungi on the main trunk of 8 and 12 year old trees had only a slight bark wound as the only external
sign that the fungus was thriving within the tree. Heartwood fungal rots can take several years to
develop to a stage in which they are externally visible. The presence of these pathogens could have a
strong economic impact on sandalwood by reducing tree growth and subsequently heartwood
development and oil production. The real impact of these pathogens will remain unknown until large
scale harvesting commences within 5-10 years. In severe cases, they can directly lead to tree death, or
indirectly by weakening the tree and rendering it more susceptible to other plantation pests or diseases.
Black ants and termites are often observed as secondary invasions with the latter often causing the
final death of the tree.
Pruning is conducted industry-wide in order to obtain a clear bole of 1.0-2.5 m, which may require
yearly pruning up to four years of age. This study clearly shows that a smaller pruning wound has less
chance of infection. Additionally, wounds on younger trees were rapidly occluded. To reduce risk, if
pruning is necessary, this should be done in the first year.
It was observed that spores of Basidiomycetes (including heartwood rot fungi) were much more
prevalent at the end of the season (November) and as such, pruning at this time would not be
recommended.
As these trees are in the tropics and because of the constant irrigation in the dry season, which
increases the relative humidity, the fungal spore load will be relatively consistent through the dry
season. These fungi will also be present in the remnant bushland and parks and in the other
horticultural crops. As the fungal spore load is a constant, and any wound to the bark of Indian
sandalwood will create a potential infection site for canker and rot fungi, all care should be taken to
avoid wounds and minimise pruning. There is the possibility for treating wounds at the time of pruning
to minimise subsequent decay (Sosnowski et al. 2008). Such treatments could be chemical or
biological. Chemical treatments are either antifungal or form a protective layer that prevents the entry
or germination of the fungal spores. Biological treatments involve the application of beneficial
organisms to the wound surface.
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Recommendations
Sandalwood growers should rationalise their pruning specifications and requirement to prune. Growers
will have to weigh up the gains achieved by pruning against the risk of pathogenic fungal infection
potential associated with reduction in plantation health and yield.
As a consequence, sandalwood growers should review their pruning methodology to ensure they are
minimising the exposure to potentially damaging pathogenic fungi. The following are some guidelines
that have been informed by the results of this project:
•

Pruning at one year of age as currently done by growers is good practice

•

Pruning should be limited to trees under at least five years, but possibly to trees three years or
younger

•

Pruning events should be limited to the lead-up to the wet season (October/November) as
spore trap results during this period indicated an increase in prevalence of Basidiomycetes that
include fungi that cause heartwood rot

•

Corrective pruning (e.g. to remove multiple stems or leaders) should be ceased or limited to
small branches as larger wounds were shown to be associated with higher incidence of
pathogenic fungi

•

Whilst pruning during the first few years will reduce the risk of wounds being exposed to
pathogenic fungi, there is still a risk. Thus, where possible, pruning should be applied
selectively and on the basis of individual tree needs

•

As trees age and branches get larger, pruning could be restricted to preventing dominant
leaders rather than tight pruning flush with the bole. This would mean that competing leaders
would be pruned further away from the bole where the branch was of a diameter for effective
disease protection and yet be able to weaken the branch enough for dominance by the leader to
be maintained

•

If not already doing so, sandalwood growers should introduce formal monitoring for visual
evidence of wood rot or fungi during regular plantation inspections or inventory sampling.
Occurrence observations could then be collated against plantation management records to
potentially identify management practices that may contribute to the patterns of fungal
presence or absence.
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