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Abstract

The conversion of 16 million ha of native perennial vegetation to agriculture in the 300 to 600

mm winter rainfall region in the south west of Western Australia (WA) during the period 1850 -

1975 has caused extensive environmental change. One of the more serious changes has been

hydrological, where groundwater has been able to accumulate and mobilise stored salt,

generating land and stream salinity on a regional scale. Salinity has degraded some 10% of the

region and has been projected to damage up to 30% over several decades as a new hydrologic

balance is generated. To help control this threat, research to develop deep rooted perennial crops

commenced. Mallee eucalypts emerged as a strong prospect due to an existing global market for

Eucalyptus oil (in particular 1,8-cineole) and more recently, for their bioenergy, biochar and

carbon sequestration potential.

Mallee species selection in the 1990s and 2000s, based initially on oil production and later on

biomass production, narrowed the number of species to Eucalyptus polybractea, E. loxophleba

(subsp. gratea and lissophloia) and E. kochii (subsp. plenissima, kochii and borealis). A breeding

program was established by the WA State Government for seed production. Progeny trials were

thinned to seed orchards with retained trees selected on the basis of foliar 1,8-cineole

concentration, and later, on a combination of foliar 1,8-cineole and biomass productivity. These

species were adopted as a tool to address the hydrological imbalances with the potential of

regular harvest to diversify incomes for landholders. However, little was known about the yield

potential, genetic parameters of traits of interest, frequency of harvest to maximise yield or the

consequence of mallee integration on farm economics.

To assess the yield potential of mallee, 19 experimental sites were established on mature belts of

mallee (5 to 12 years old) across the WA wheatbelt of the three targeted species. These were

subjected to two harvest frequency treatments (3 to 8 year cycles based on growth rates) and two

seasons of harvest (autumn and spring) treatments over a decade. Mortality was low at 16 sites

ranging from 1% to 12% while the other three sites failed due to shallow soil profiles. Dry

biomass yield on successful sites ranged between 2.2 to 32.8 dry Mg ha-1 year-1. There was a

species response to season of harvest with E. loxophleba more productive following spring

harvests while E. kochii yielded more when subjected to autumn harvests. Sites with higher

productivity generally had acidic soil, low ECe and comparatively high fertility. At nine of the ten

sites subjected to three 3-year harvests, there was no indication of declining yields demonstrating

that at productive sites, 3-year rotations are appropriate for mallee biomass production.

To determine the optimal planting configurations for mallee biomass production, one E.

polybractea and one E. loxophleba trial were established around Narrogin (WA). Each trial

consisted of 20 spacing treatments: four row treatments (1, 2, 4 and 6 row belts); and five within-

Beren Spencer-Grayling Doctoral Thesis Page xiBeren Spencer-Grayling Doctoral Thesis



row spacing treatments (1, 1.5, 2, 3 and 4 m). Biomass yields ranged from 2.7 to 21.2 dry Mg ha-1

year-1 with significant rows and within-row spacing effects. Across both trials, productivity was

highest in narrower belts and shorter within-row spacing. The large variation in productivity will

determine the planting distribution and future profitability from mallee plantings.

In the E. loxophleba seed orchards, individuals were recorded flowering at all times of the year.

The timing of key flowering traits determines the potential of gene exchange and self-

fertilisation. To investigate this, monthly flowering observations were made at an E. loxophleba

seed orchard comprising of 1142 trees, from 60 families and nine provenances. Foliar 1,8-cineole

concentrations and biomass of each tree were also assessed. Heritability for start and end of

flowering and 1,8-cineole were moderate to high (ĥ2 = 0.75 to 0.45) while the propensity to

flower, flowering duration, and biomass estimates were moderate to low (ĥ2 = 0.31 to 0.10).

Strong genetic correlations were found between most flowering traits; correlation between

flowering traits and biomass or 1,8-cineole were weak. To hasten genetic improvement, selection

for in-phase flowering, in addition to biomass productivity and cineole content, should be

adopted.

The mallee breeding program initially applied selection for biomass on sapling biomass. For

mallee, which are coppice crops, gain from selection on sapling vs coppice is unknown. In this

work, we assessed if selection based on coppice biomass provides better gain than on sapling

biomass. At three E. polybractea progeny trails, biomass assessments were made on saplings at

the age of three and six years. The trials were then harvested and coppice biomass was assessed

3.5 years later. We found very low mortality (1-2%) at each trial. Sapling biomass heritability

ranged from 0.06 to 0.36 and 0.07 to 0.17 for coppice. Within-site genetic correlations were

strong between each assessment and cross-site genetic correlations were not different from unity.

Simulation revealed that if the selection imposed on 3-year old saplings was applied to coppice,

negative biomass gains would be achieved (-7.1% to 3.4%); whereas gains of 8.4% to 14.8%

could be achieved if coppice selection was applied to the coppice assessment. Hence selection for

coppice biomass productivity should be made on data generated from coppice growth data.

Experimental mallee biomass and crop yield data were used to assess the economic viability at 11

sites in the WA wheatbelt over the period 2006 to 2012. Levelised cost (LC) of biomass

production ranged across sites from $40 to $257 fresh Mg-1 and was most strongly correlated

with mallee productivity. The loss of crop and pasture yield through mallee competition account

for 38% of mallee costs, mallee harvesting was 32% of costs, opportunity cost of land was 16%

and mallee planting establishment was 14% of costs. If income generated from carbon credits of

below-ground biomass is included, LC dropped by 11%. LC from unharvested mallee ranged
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from $33 to $237 fresh Mg-1. If above- and below-ground biomass are converted to carbon

credits, three of the eleven sites were profitable.

In summary, the results from this thesis show that mallee can be harvested at productive sites on

a 3-year rotation. Mallee should not be planted at sub-optimal sites (alkaline soil, high soil ECe

with poor nutrients) due to high risk of mortality and high costs incurred to the landholder. Future

mallee planting should be in narrow belts (1 or 2 rows) with short (1 to 2 m) within-row spacing.

A well-managed breeding program can achieve gains in both 1,8-foliar cineole and biomass

concurrently. Reproductive phenological observations are important to determine the outcrossing

potential of individual trees and families in a breeding population. To achieve gains in coppice

biomass, breeding programs should select on coppice biomass. Harvested mallee biomass needs

to be sold at under $60 fresh Mg-1 at farm gate to foster profitable processing. Mallee planted in

unfavourable conditions are unlikely to be economically viable except when the landholder

attaches value to the secondary benefits.
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Chapter 1

General Introduction
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Mallee species are multi-stemmed lignotuberious eucalypts suitable for harvest and have been

planted in the Western Australian (WA) wheatbelt for decades as a land management tool with

additional economic benefits from the production of cineole and biomass, and more recently, for

carbon sequestration. This thesis aims to fill key knowledge gaps remaining after two decades of

research into mallee domestication and commercialisation carried out by the government and

university sectors. This introduction provides the historical and land-use context of mallee

development as a perennial crop. It also reviews the progress that has been made in both biomass

production capability and mallee economics.

Early agricultural development in WA

The region lying between latitudes 29° and 34° south and the annual rainfall isohyets 300 and 600

mm in the south west corner of WA was extensively developed for dryland agriculture in the late

1800s and 1900s. The area has a warm temperate Mediterranean type climate with an agriculture

based on introduced annual, winter-growing crop and pasture species, and is locally known as the

wheatbelt region (Turner & Asseng, 2005). Geologically the region consists of an ancient stable

plate of granitic rocks called the Yilgarn Plateau. It has been eroded to a low elevation (300 m)

and low relief landscape, with a mantle of highly weathered materials retained in deep (20-30 m),

infertile soil profiles (Mulcahy, 1967). Conversion of the native woodlands and shrub-lands to

agriculture did not commence on any scale until phosphate fertiliser became available in the early

1900s. Development accelerated in the 1950s following the introduction of trace element

fertilisers, mechanisation, and the adoption of legume based annual pastures used in rotation with

cereal crops (Connor, 2004; Nichols et al., 2012; Kirkegaard et al., 2014). There is now 16

million ha of land in agricultural production supporting competitive, export-oriented industries in

grains, wool and sheep meat with export revenues of over $8 billion in 2016 (Carberry et al.,

2011; ABARE, 2016). New land development slowed to a halt in the 1980s with the introduction

of land clearing controls due to the recognition of sustainability issues, including dryland salinity

and soil loss, as threats to both conservation and agricultural production (Australian Greenhouse

Office, 2000).

Salinity

Secondary salinisation is a consequence of hydrological change following conversion of native

perennial woody vegetation to introduced annual crop and pasture species (Clarke et al., 2002;

Hatton et al., 2003; Peck & Hatton, 2003; George et al., 2008). The shallow-rooted annuals have

lower plant water use and this leads to extensive accumulation of the surplus water in the deeply

weathered (20-30m) regolith formed over the basement igneous rocks. In the generally low relief

landscape this creates permanently moist sub-soils, slowly expanding groundwater systems,
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mobilisation of previously stable sub-soil salt storage, and extensive slow discharge of saline

groundwater in low landscape positions and drainage lines.

The subsoil salt is mostly of marine origin and arrives in rainfall and as dry fallout at 20-50 kg

ha-1 year-1 (Hingston & Gailitis, 1976). Storage of total soluble salts over the full profile depth

(average depth of regolith was 33.6 m) can be up to 20 Gg ha-1 (McFarlane & George, 1992).

Peck and Hurle (1973) showed that under native vegetation salt input and output in stream flow

are approximately in balance, but the reduced water use under agriculture enhances the leaching

of stored salt such that salt output far exceeds input.

Shallow saline water tables and saline seepage has degraded some 1.1 million ha of previously

productive farmland or about 7% of the total 16 million ha of farmland in the wheat/sheep region.

Estimates show that the potential total area under threat of salinity may be up to 4.5 million ha or

28% of the region (George et al., 2005; Simons et al., 2013). In addition to damage to productive

land, the extensive shallow water tables on valley floors degrade water resources (Schofield &

Ruprecht, 1989); compromise regional community and transport infrastructure (Sparks et al.,

2006); and exacerbate the fragmentation of remnant native habitat in a region recognised as one

of the 25 global biodiversity hot-spots (Myers et al., 2000; Hopper & Gioia, 2004). Natural

resource management (NRM) is a generic term covering a range of activities, including those

aiming to overcome these forms of degradation.

Salinity impact on water supply catchments

During the 1970s increasing stream salinity in five catchments with water supply potential that

had been subject to recent agricultural development, was recognised as a problem that required

active intervention. These catchments are confined to higher rainfall areas west of the

wheat/sheep region but have comparable hydrologic processes and salinity risk. The right to clear

land in these catchments was withdrawn and land acquisition for revegetation was imposed

(Sadler & Williams, 1981). This was supported by a period of new investment in salinity related

research (Anon., 1981; Sharma, 1984; Peck & Williamson, 1987) which added momentum to

other long-standing salinity research in the wheat/sheep region (Peck, 1978; Nulsen & Henschke,

1981).

Revegetation commenced on acquired farmland on the Collie River catchment in 1977. Some

10,000 ha of mostly lower slopes and valley floor land was planted in the period up to 1996 with

some success (Mauger et al., 2001). Revegetation was also undertaken in other water supply

catchments (Bari et al., 2004; Smith et al., 2007). This was the first example of large-scale

revegetation for salinity control in WA. It provided an opportunity to design, apply and assess the

performance of a large range of revegetation species and methods. The results are reviewed by

Schofield et al. (1989) and Mauger et al. (2001).
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Revegetation for profit

The forced acquisition of land by the State government was viewed as an unwelcome imposition

by some farmers. A major conclusion from this early experience was that while many tree species

might be well adapted for revegetation of salt affected catchments, those with potential

commercial value, and able to be integrated into local farming systems, should be preferred

(Schofield & Ruprecht, 1989). This preference acknowledged that the up-front cost and long

delayed benefits of salinity control make extensive non-commercial revegetation difficult to

finance (State Salinity Council, 2000; Sparks et al., 2006). Furthermore, the efficient revegetation

and management of the land would be best left to farmers, and if it was profitable and compatible

with their conventional farm business, tree crops might be readily adopted (Lefroy et al., 1993;

Bartle, 2009). It was recognised that a conflict was emerging; landholders were willing to

revegetate, but not to the magnitude that was going to risk their income by conversion of

agricultural land to trees (O'Sullivan, 2004). This restricted revegetation projects to certain soil

types and landscape positions that were suboptimal for highly productive plantings.

The momentum behind the confidence in commercially-driven tree crops was partly due to the

development of the forestry share-farming concept. Share-farming was first applied to Pinus

radiata plantation forestry in WA by the State Department of Conservation and Land

Management (CALM) in the mid-1980s. This stimulated development of a legal instrument

called profit á prendre to enable the ownership of a forestry operation to be separated from the

ownership of the land, including transferability to a new owner upon sale of the land (Heenan,

1987). In this way a processing industry with a payback period of a decade or more could sponsor

development of a secure long-term resource without having to own the land. This form of legal

agreement also proved amenable to a wide range of options in planting configuration (including

agroforestry where tree crop and agriculture are integrated for mutual benefit), and for cost and

revenue sharing between the owners of the land and the timber crop.

This in turn facilitated the emergence of bluegum (Eucalyptus globulus) forestry in the Albany

region in the late 1980s. Bluegum had potential for large scale export of wood chip for paper

manufacture (Shea & Bartle, 1988; Bartle & Shea, 1989). To enhance the attractiveness of

bluegum to farmers, widespread demonstration of agroforestry options were undertaken (Bartle,

1989; Bartle, 1991). However, the wider economic and policy settings proved even more

attractive to agribusiness ‘managed investment schemes’ (MIS). During the early 1990s these

schemes proliferated rapidly, undertaking large scale land purchase and whole-farm plantation

establishment that increased the price of suitable farmland and overwhelmed the interest in

agroforestry. While MIS activity was effective in delivering some public benefits, such as

improved stream water quality in the Denmark River catchment (Bari et al., 2004), the
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community was divided into those who liked trees or profited from selling for forestry, and those

that resented trees displacing conventional agriculture (Schirmer & Tonts, 2003; Schirmer, 2007;

Williams, 2014). Furthermore, the MIS business model proved to be flawed and by 2009 two

major companies (Great Southern and Timbercorp) had become insolvent (Brown et al., 2010).

In spite of problems with MIS development, a viable bluegum industry was established utilising

other business models which were less tax driven. All of the commercial development outlined in

this section occurred outside the wheatbelt. Given the sustainability issues in the wheatbelt, and

that perennial revegetation could contribute to their resolution, the question arose as to whether

the experience in the higher-rainfall agricultural zone could be extended to the wheatbelt.

Woody crops for the wheat/sheep region

In 1992 CALM sought to build on the positive aspects of the bluegum experience and develop

some form of agroforestry or tree crop industry that would be attractive to farmers in the

wheat/sheep region (Bartle & Shea, 2002). An assessment of the options showed that mallee

eucalypts with leaf oil and bioenergy production potential held promise for large scale

development (Bartle, 1999; Barton, 2000; Bartle, 2001; Bartle & Shea, 2002). Building on earlier

trials by Murdoch University, the participation of several farmer groups across the wheat/sheep

region was enlisted by CALM. Two years of species and silvicultural trials, mainly in the form of

demonstration plots, were followed by the commencement of extensive planting and research in

1994 (Department of Agriculture, 1989). Much of this work was never published, but (Eastham et

al., 1993) provides an example of a multi-species experiment used to demonstrated biomass

production, survival and cineole yield of 12 species following multiple harvests. This experiment

was later used to report on water use for salinity mitigation (Eastham et al., 1994).

There was a further period of intensification of salinity research during the 1990s, coincident with

the Decade of Landcare and supported by Commonwealth Government sponsored programs,

such as the National Landcare Program, the Natural Heritage Trust and the National Dryland

Salinity Program (Alexander et al., 2000; Cary & Webb, 2000; Pannell, 2001a). This was a

period of intense activity instigated by questions concerning the sustainability of agriculture in

Australia and its environmental impacts in general, including loss of biodiversity. This period

saw the development of national and state policy, which included some planning concerning

revegetation, including tree planting. In WA, a salinity action plan and strategy were developed

(Anon., 1996b, 1996a; State Salinity Council, 2000; Wallace, 2001). The period generated debate

and controversy, including comments by some who criticised a ‘spirit of forced optimism’, lack

of rigorous analysis, and weak development of the necessary technologies (Pannell, 2001b). For

example, salinity planning in WA generated considerable argument as to the role of revegetation.

Hydrologists analysed new data and argued that the proportion of revegetation required to control
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recharge in some catchments may be as much as 80%, in contrast to the then common assumption

that 10-20% might be adequate (George et al., 1999). This challenged the recommendations for

agroforestry with belt plantings of potentially commercial species like mallee. Bartle (1999)

responded that, with careful design to intercept surface run-off and shallow sub-surface inter-

flow, the effectiveness of a small area of narrow belt plantings could be amplified; but perennials

on recharge areas should only ever be seen as a complement to other measures such as discharge

zone treatments (including perennial pastures and drainage) to achieve a satisfactory level of

salinity control. The concept of designing agriculture to be a structural and functional mimic of

natural ecosystems was the subject of an international meeting that provided useful insights

(Lefroy & Stirzaker, 1999). This ecological perspective of how to better manage the recharge

proportion of the landscape was complemented by a later international meeting that focused on

managing discharge areas using engineering methods such as drainage and groundwater pumping

(Dogramaci & Degens, 2003; Dogramaci, 2004).

No consensus was achieved among researchers on the role of revegetation with perennial species

in salinity management. However, there was a general view that such plantings could offer

advantage in specific situations, especially if a broader set of outcomes – such as water

production, protection of rural towns, and conservation of biodiversity – were taken into

consideration. Nevertheless, these debates and related developments provided the impetus for the

foundation of two Co-operative Research Centres – the CRC for Plant-based Management of

Dryland Salinity (Salinity CRC), and subsequently the Future Farm Industries CRC (FFI CRC).

Here, sustained and coordinated research and development of herbaceous and woody perennials

technology was undertaken over the period 2000-2014 and in WA, some of this centred on oil

mallee.

Climate change

During the 1990s, climate change emerged as a global and national issue. The United Nations

took the lead in trying to achieve coherent global action to better understand the science of

climate; devise remedies and rules for management of anthropogenic greenhouse gas emissions;

and enlist commitment from all nations. An international treaty called the United Nations

Framework Convention on Climate Change (UNFCCC) was signed by 154 states and the

European Community in 1992, which, however, was criticised due to a lack of financial or

market mechanisms to reduce emissions of greenhouse gases (Bodansky, 1993). The Kyoto

Protocol, which extended the UNFCCC, was signed by Australia in 1997 and established legally

binding obligations for most industrialised nations to limit their net emissions of greenhouse

gases to an extent designed to keep atmospheric heating within an acceptable range (Kyoto

Protocol, 1998). Kyoto was not ratified by Australia until 2007. However, this stimulated a
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period of discussion and innovation in Australia on all forms of mitigation of climate change, the

most relevant in the agricultural context being: restricting new land clearing; sequestering carbon

dioxide by revegetation of farmland; and the use of crop residues and new biomass crops for

renewable energy (Kyoto Protocol, 1998; Harper et al., 2007).

In his national review, Garnaut (2008) described climate change as a ‘diabolical policy problem’.

This difficulty is reflected in the national and international weakening of the resolve to mitigate

climate change and slippage to support the UN coordinated action. However, more recently there

has been a strengthened resolve from a number of cities, regions, countries and companies

including the declaration of zero-net-emissions by 2050 targets (NewClimate Institute, 2020; van

Soest et al., 2021). Agriculture has the opportunity to add climate change to the forces driving

profitable new regional biomass industries (Stucley et al., 2012; Climate Change Authority,

2019).

In 2015, the Paris Climate Agreement, further extended the UNFCCC, was ratified by Australia

and mandates emission reductions targets (Paris Agreement, 2015). To achieve these, Australia

legislated the Australian Carbon Credits (Carbon Farming Initiative) Act 2011 (Department of

the Environment, 2015b), as a mechanism for generating carbon credits from the reforestation of

land.  This legislation implements the creation of Australian Carbon Credit Units (ACCU), a unit

tonne of carbon dioxide equivalent, or CO2e, sequestered by specific projects under approved

methodology. The number of ACCUs generated from a revegetation project can be assessed

either using the FullCAM carbon accounting model (Paul et al., 2013) or direct biomass

measurement methods (Department of the Environment, 2014).

There are four methods under which ACCUs can be generated from new revegetation projects:

Reforestation and Afforestation (2015); Reforestation by Environmental or Mallee Plantings –

FullCAM (2014); Measurement based methods for new farm forestry plantations (2014); and

Plantation forestry (2017). These methods differ with limits on the spatial extent where planting

are allowed and restrict certain management options. For instance, the Reforestation by

Environmental or Mallee Plantings – FullCAM, and the Reforestation and Afforestation methods

do not allow for plantings to be harvested, making these methods unsuitable for mallee biomass

supply; the Plantation Forestry method is spatially restricted to current National Plantation

Inventory regions which excludes much or the northern and eastern wheatbelt of WA. Thus, for

the purposes of this thesis, the Measurement based methods for new farm forestry plantations

methodology is used hereafter. This methodology is suitable for farm forestry plantings,

including mallee, over a minimum timeframe of 25 years, although there is a reduction of 20% of

the CO2e net abatement if harvested before 100 years (Department of the Environment, 2015a).

Currently, ninety five percent of ACCUs are purchased by the government through the Emissions
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Reductions Fund (ERF) but these can be on-sold to commercial ventures (Climate Change

Authority, 2020). The four methodologies as outlined above only produced 1.2% of the total

ACCUs generated under the ERF due to the large up-front costs of revegetation (Roxburgh et al.,

2020).

Screening process for commercialisation of perennial species

Many perennial species adapted to the wheat/sheep region environment have the potential to

contribute to salinity control by increasing the annual duration of active growth and the depth of

root penetration and thus access to soil water stores. Overall, this contributes to increasing plant

water use, including from soil water that is not accessible to annual plants. While mallee was an

early standout group for development, there are many other species and many product prospects.

Bartle and Reeves (1992) proposed a strategy for systematic assessment of potentially suitable

species and products. They suggested parallel assessment pathways for species and products with

progressively more intensive assessment of those showing the most promise. This strategy was

applied by Olsen et al. (2004) to the woody native flora of south west of WA, and subsequently

by Hobbs et al. (2009) to the flora of south-eastern Australia. There are several generic

conditions that these studies adopted to sharpen the focus on the most prospective species and

products. Importantly, this work was underpinned by perennial revegetation used as a focus on

commercial production. Other drivers included revegetation to better conserve the native biota,

and to protect water and rural infrastructure assets. Many criteria were used to assess woody

species for commercial production; below are some of the main factors that highlight mallee as a

strong candidate for widespread adoption. These pertain to ecological, physiological and

industrial applications.

Preference for native woody species

The work by Olsen et al. (2004) and Hobbs et al. (2009) took the position that new woody crop

development should focus on domestication of natives rather than introduction of alien species.

The native flora is adapted to local conditions, presents a low risk of generating weed problems

and provides great diversity from which to choose. Biosecurity became a global issue during the

1990s and a National Weed Strategy was developed (Anon., 1999). The focus on regional native

woody species avoided the identified weed risks (Pheloung et al., 1999; Virtue et al., 2004;

Wallace, 2006; Stone et al., 2008).

The imperative of scale

To achieve the sustainable land use goals and the economies of scale necessary for efficient farm

and processor operations, it was essential to obtain broad-scale plantings of woody species. In

this context, it was predicted that commercially viable woody crops used in the most effective
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designs could occupy more than a million ha and produce an annual production tonnage

comparable to the wheat crop (Bartle, 1999, 2001). However, to achieve the necessary scales of

plantings requires products with large volume markets in order to avoid oversupply constraining

product options (see Table 1).

Harvest frequency

An important issue in replacing annual crops and pastures with woody perennials is that while

annual plants provide annual cash flows, harvested woody plants provide much more episodic

cash flows. Woody crops amenable to frequent harvest will provide early and more regular cash

flow, and moderate any competition imposed by belt planting on the adjacent annual crops. The

early revenue return would also help the farmer finance the cost of establishment. But frequent

harvest pushes selection towards coppicing species (i.e. able to re-sprout after harvest and avoid

re-establishment costs). This discounts the potential of conventional forestry and sawn timber

product options without annuity payments.

Whole plant harvest and whole biomass utilisation

Forestry and grain cropping operations evolved with a focus on their major product. Hence

harvest equipment and whole supply chains were developed to capture and deliver their single

product as efficiently as possible. Residues had little or no value and were left in the forest or

field. Globally improved residue collection capability is now being built into supply chains to

capture a proportion of these residues for their emerging product value (Richard, 2010; Stucley et

al., 2012; Wolfsmayr & Rauch, 2014) and a new tool has been developed which maps biomass

residues across Australia (ARENA, 2021a). New industries using coppicing species on a short

harvest cycle will be best suited to whole biomass (a mixture of wood, leaf, twig and bark)

harvest and supply chain operations. Likewise processing operations and products able to utilise

whole biomass would avoid the cost of segregation of biomass components. Such total harvest

operations must be careful to compensate or account for the removal of nutrients and energy from

the system (Grove et al., 2007; Yu et al., 2015).

Product transport horizon

The competitiveness of biomass production systems is dependent on transport supply chains.

Annual crops have product values in the range $200 to $400 Mg-1 (ABARE, 2020).

Transportation of grain to a coastal port accounts for less than 15% of the value of the crop. In

contrast, a bulk biomass product will be limited to a short transport horizon that will generally

exclude export of raw product (Yu et al., 2009). This constrains product options to those for

which at least a preliminary value-adding step can be undertaken locally, and this was a selection

criterion for the products in Table 1.
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Table 1 Potential large-scale product types that might be derived from woody biomass. This table is a
modified version from Section 3 in Olsen et al. (2004)

Product category Product group Examples of particular products

Reconstituted wood
products

Panel Board

Particleboard
Medium density fibreboard
Oriented strand board
Wood/cement/plastic composites

Processed wood
Pulp and paper
Charcoal
Activated carbon

Bioenergy

Solid fuel

Electricity
Industrial steam and heat
Wood pellets
Desalinated water

Biofuel
Cellulosic ethanol
Bio-oil by pyrolysis
Fischer-Tropsch liquids

Industrial products
Chemicals by
transformation

Chemicals from bio-oil refinery
Bio-plastics, biomaterials

Extracted chemicals Oils, solvents, tannins, gums and resins

Fodder Direct gazing Drought fodder reserve
Processed animal feed Feed pellets

Other prospective species for domestication

Table 2 shows the species selection steps used in the Search Project sponsored by the Salinity

Co-operative Research Centre to screen for potentially economic species in the south west WA

native flora (Olsen et al., 2004). Expert knowledge, existing herbarium collections and botanical

databases were used to narrow the selection of species by applying the simple screening steps

outlined in Table 2.

Table 2: Progressive selection of species for domestication potential in the wheat/sheep region. This table
is a modified version from Section 5 in Olsen et al. (2004) and Bartle (2009)

Total number of native species in Western Australia (WA). 9977
Eliminate species listed as rare (likely to lack adaptability for use as crops) 7965
Eliminate monocotyledons (to select for woody species) 6339
Species that occur in at least one of the 4 botanical regions of the wheat/sheep zone 3664
Species taller than 4m (available height data used as a surrogate for growth potential) 484

Species taller than 4m distributed across the four wheat/sheep botanical zones

Avon wheatbelt 309
Esperance sandplain 266
Geraldton sandplain 219
Mallee 293

Species >4 m tall occurring in all 4 botanical regions (adapted to a wide range of sites) 68

This process arrived at a manageable number of species which then made it feasible to

progressively undertake more expensive product testing to arrive at a short-list of best prospects.

The short-list included a selection of mallee eucalypts, some Acacia species (Maslin &

McDonald, 2004; Bartle, 2006) and the salt tolerant fodder shrub, Atriplex nummularia (Barrett-

Lennard et al., 2005).

While this dual species/product strategy was necessary for new woody crop development,

herbaceous perennials can also contribute to salinity control but have the substantial advantage of
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supplying feed to existing livestock industries and acceptable to farmers resistant to tree crops.

Furthermore, there is a track record of herbaceous perennial use and potential to develop new

species to expand the geographic range over which they might be used (Dear & Ewing, 2008;

Dear et al., 2008). Categories of herbaceous perennials subject to further development include

legumes (Cocks, 2001), grasses (Sanford et al., 2005; Moore et al., 2014; Reed, 2014) and forage

species (Barrett-Lennard et al., 2005; Masters et al., 2007; Hughes et al., 2008). Perennial forms

of the conventional cereal crops have also been proposed (Bell et al., 2010).

There is a wide range of halophytic perennials that have good salinity and waterlogging tolerance

and potential for productive use on areas with shallow saline water tables or active saline

discharge (Barrett-Lennard et al., 2005; Rogers et al., 2005; Masters et al., 2007). These include

the saltbush group of species where new selection and breeding programs have generated

improved varieties of Atriplex nummularia and extensive adoption of saltland pastures (Hobbs et

al., 2009). Although productivity and water use on salt-affected sites may be relatively low

compared to upslope land, Bennett et al. (2014) show useful saline groundwater level recession

and reduced salt and nutrient discharge.

Two decades of mallee R&D

This brief historical introduction provides a context for the following review of the two decades

of research and development of a mallee-based industry in WA over the period 1992 to 2015. The

main objective of mallee development is to make it a competitive farm crop that is able to justify

its integration into crop or pasture land on the basis of its economic performance alone. Success

in this regard would open the way to efficient integration of tree crops with annual plant

agriculture, and to achieve whatever salinity control and the other improvements in farm

performance they might deliver. Furthermore, with a profitable woody crop option, farmers may

find it more attractive to implement additional treatments for improving salinity management and

farm sustainability.

This concept and its development over two decades attracted considerable support from research

sponsoring bodies including Commonwealth and WA government departments, universities

(UWA, Murdoch and Curtin), two Co-operative Research Centres (Salinity CRC and Future

Farm Industries CRC) and many hundreds of wheatbelt farmers. The mallee development lost

momentum after the close of the Future Farm Industries CRC in 2015, and the emergence of a

period of uncertain national leadership on climate change policy, regulation of carbon emissions,

and renewable energy that still prevails.

While a mallee-based biomass processing industry remains prospective, only a few small

commercial operations have emerged. The objective of this overview is to provide a background

to the knowledge now available on operational practice, design of integrated mallee systems,
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productivity, harvest and supply chain development, and economics of mallee crops in

wheat/sheep agriculture in WA, with a view to facilitating future industry development.

Why mallee?

Mallee growth habit and taxonomy

Mallee are a group of species within the genus Eucalyptus characterised by multiple stems of low

height (3 to 18 m) that arise from a prominent lignotuber sitting just below the ground surface

that also forms the apex of the root system. The lignotuber is well provided with meristematic

tissue and readily re-sprouts or coppices after damage or removal of the canopy by fire, drought

or harvest (Noble, 1982; Noble, 2001; Wildy & Pate, 2002; Burrows, 2013)

The Eucalyptus genus has some 900 species classified by Brooker (2000) into several major and

several minor sub-genera. Brooker included Angophora and Corymbia within the genus but a

now substantial body of work using molecular genetics supports their exclusion (Ladiges &

Udovicic, 2000; Steane et al., 2002), thus reducing the eucalypts to about 800 species. About

one-third of these can be described as mallee, but a sharp definition of mallee numbers is

problematic given that expression of the mallee habit can be facultative and transitory (Nicolle,

2006). Of the more than 300 eucalypts species that occur in WA, about two-thirds are mallee

(Hopper, 1990). Mallee species occur in all the polytypic sub-genera of Eucalyptus suggesting

that the mallee habit is not a primary evolutionary branch within the genus and that mallee

species therefore embrace considerable genetic diversity (Hill, 1989; Parsons, 1994).

Water use

Mallee are a dominant component of the flora across southern Australia (latitude 25-36 degrees

south and longitude 117-147 degrees east) within climates characterised by cool winters with

250-600 mm annual rainfall (winter dominant in the west to uniform annual distribution in the

east) and hot summers with annual potential evaporation of 1500-2800mm (Parsons, 1994). The

wetter part of this climate range includes the areas now developed for dryland wheat/sheep

agriculture. Mallee also occur in a wide range of landforms ranging from late Quaternary sandy

dune systems in the east to ancient, highly-weathered, deep profiles formed over granitic rocks on

the Yilgarn Plateau in the west (Wasson, 1989).

The 3 to 10 fold excess of potential evaporation over rainfall indicates that water is a major

constraint in biological productivity across this region. Mallee species are well adapted to this

constraint. In a classification of hydraulic functional types, Mitchell et al. (2008) put mallee into

the ‘year-round active water use’ category. Some adaptations to year-round water use were

investigated by Nulsen et al. (1986). In a native stand of E. pileata and E. eremophila near
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Newdegate in WA, they showed mallee to be deep rooted (roots were observed at 28 m); to

actively channel stem flow along deeply penetrating roots; and to occupy deep more permeable

soil types sited downslope of less permeable soils carrying low shrub cover that generated local

run-off during major rainfall events. Verboom and Pate present the concept of bio-engineering,

where plant and soil interact to modify the profile and enhance survival in semi-arid

environments (Verboom & Pate, 2006; Verboom & Pate, 2013).

These contemporary observations help explain the ancient practice of the aboriginal people of

excavating the long lateral roots of mallee (that also have occasional vertical ‘sinker’ roots

(Wildy & Pate, 2002) to extract drinking water. Noble and Kimber (1997) list widespread

historical accounts of this practice and also document that the word ‘mallee’ was derived from

the name of the trees tapped for water by aboriginal people in the Lower Murray River region

who were prominent in this practice.

The case for mallee domestication

Based on the previous comments, the primary reason for selection of mallee as a candidate for

domestication is its impressive pedigree. There are numerous mallee species native to the

wheat/sheep and adjacent pastoral regions. These provide a large pool of genetic diversity from

which can be drawn species with attributes that make them attractive prospects for ‘short-rotation

coppice’ crops. Mallee provide the potential for development of large scale woody crops to be a

semi-arid, warm-temperate climate analogue for the cool temperate woody biomass crops, willow

and poplar, extensively used in the northern hemisphere (Dickmann, 2006; El Kasmioui &

Ceulemans, 2012).

The second reason for selection of mallee is the long history and accumulation of knowledge in

the use of native stands for the production of eucalyptus oil in Australia (Shiel, 1985; Boland et

al., 1991; Coppen, 2002a). In particular, E. polybractea, which occurs in two disjunct populations

in West Wyalong in NSW and Bendigo in Victoria, has been harvested for eucalyptus oil

production for about 100 years (Davis, 2002). Over the past couple of decades, the two major

producers of eucalyptus oil have also established plantations on farmland to increase production,

further building confidence that mallee can make the transition to being a domesticated crop

plant.

The final reason for the selection of mallee was the work done on eucalyptus oil in WA during

the 1980s. Associate Professor Allan Barton, who resided at Murdoch University, identified

cineole, a major component of eucalyptus oil, as an attractive feedstock to produce large volumes

of useful industrial chemicals (Barton, 2000). Of particular focus were to use cineole as a

degreasing agent (Barton & Knight, 1997) and as a co-solvent in water/ethanol-fuel mixtures

(Barton & Tjandra, 1988; Barton & Tjandra, 1989). Barton also assisted in the development of a
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rapid and accurate methodology to quantify the cineole concentration in eucalypts leaves

(Ammon et al., 1985a, 1985b). This facilitated the screening of many mallee to identify species

and individuals with high foliar cineole concentration. Barton’s work inspired others to explore

the variation in foliar cineole from native populations which led to the exploration of the genetics

and taxonomy from some high performing candidate species (Brooker et al., 1988; Barton et al.,

1991; Grayling, 1996). Barton also established species comparison trials at several wheat/sheep

region locations during the period 1985-88 and participated in the first experiments on planted

mallee establishment and productivity (Eastham et al., 1993). The WA Department of

Agriculture became interested in using mallee eucalypts to assist to mitigating land degradation

issues and to produce commercial eucalypt oil (Department of Agriculture, 1989).

Global Eucalyptus oil production has been volatile over the last few decades. During the 1990s

the global Eucalyptus oil market volume increased from approximately 3,000 to 7,000 tonnes and

much of this increase came from China, where Eucalyptus oil was a by-product of E. globulus

timber production (Coppen, 2002b; Rajkumar, 2004; Pain, 2007). This oil has lower 1,8-cineole

concentration (65%) and attracts a lower price than the high cineole content (70 to 90%) of the

mallee species selected for cultivation in WA. There was a four-fold increase in Eucalyptus oil

prices during the 2010-2020 period (Butlin pers comm). Given the motivation to utilise all

potentially useful components of mallee biomass to stimulate industry development, it was

deemed as important to maximise both mallee cineole content and biomass yield.

Planning and progress in industry development

Creating new crops with associated regional industry is inevitably a long-term undertaking. An

overview of the major streams of development that have been undertaken for mallee is presented

in Fig 1.

Developing any new industry is inherently risky, especially in the early stages, and this

discourages interest from commercial investors. The State Government Department Conservation

and Land Management (CALM) provided capital and entrepreneurial input to initiate the

bluegum industry in the higher rainfall regions in the late 1980s and early 1990s (Shea & Bartle,

1988; Bartle & Shea, 1989). CALM was keen to further apply the knowledge gained from this

experience, especially given the greater potential for NRM benefits in the wheat/sheep region.

They undertook long-term investment in mallee industry development starting in 1993 (Bartle &

Shea, 2002). As the most prominent investor, CALM took a leading role in coordinating inputs

from other parties including those associated with NRM activities, researchers, R&D funding

agencies, regional economic development interests and potential farmer-growers. In this role

CALM (and its successor departments) provided resources and coordination for more than two

decades supported by annual budgets of about $0.75 million.
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Figure 1: Conceptual overview of the major streams of development required to create a large-scale mallee
biomass based industry (John Bartle pers comm)

An initial objective was to develop a sufficient mallee resource to demonstrate the potential to

supply a large-scale biomass processing industry. This required new technology and service

infrastructure to plant and manage an initial resource (Fig. 1). Six locations representative of the

full range of site conditions that a large mallee industry would encounter were selected from

across the wheat/sheep region. At each location a local farmers’ land-care group was approached

to support participation and provide local leadership. The aim was to confine planting within a

50-75km radius at each location with a view to developing critical mass for harvest efficiency

and efficient future utilisation of the resource. Government funds were readily available to help

revegetate to improve NRM. However, some farmers who were less engaged in the land care

benefit of mallee were aware that revegetation for tree cover alone, even with a subsidy, would

still cost more than the on-farm benefit they could expect. This was reflected in strong support for

the mallee concept, the ready availability of farmers wanting to make exploratory plantings of

mallee, and the emergence of the slogan ‘profitable landcare’ (OMA, 1999).

The local mallee groups were active, innovative and collegial. They combined to form the Oil

Mallee Association (OMA) in 1996 and became active participants in industry development.

Beren Spencer-Grayling Doctoral Thesis Page 15



They were prominent in developing and pooling practical knowledge on mallee establishment

and management. Growers were impressed with the vigour of mallee and its tolerance of sheep

grazing which meant expensive fencing was not required. By 2008 some 12,500 ha of mallee had

been planted with about 20% of all wheat/sheep region farmers undertaking exploratory planting,

most commonly in belt form (URS, 2008). Grower experience was consolidated into an

establishment manual (O'Sullivan, 1998), a code of practice (OMA, 2003, 2012) and an industry

development plan (URS, 2008).

Grower interest extended to developing supply chain technologies. Growers became aware that

an Australian Austoft 7700 cane harvester had been adapted and tested in Sweden for willow

coppice harvest (van der Meijden & Gigler, 1995). They sponsored the purchase of a second-

hand machine from Queensland in 1997. It was found that this machine could not be effectively

adapted to cut the dense mallee stems but this exercise initiated more substantial investment in

supply chain development (Giles, 1999; Bartle, 2001; Giles & Harris, 2003). Eucalyptus oil was

always seen as a possible early source of revenue from mallee (Bartle & Reeves, 1992). Growers

from the group located at Kalannie (30.367ᵒS 117.121ᵒE) attempted to develop small scale oil

extraction. They tested a variety of harvest machines, but even on short harvest cycles with

smaller stem diameters, they had problems with poor machine durability. After several years of

perseverance, a successful small viable operation emerged and continues to operate successfully

(Ian Stanley pers comm).

In 2000 OMA sponsored the establishment of a company (Oil Mallee Company, OMC) to

provide a vehicle for commercial development. The OMC attempted to raise capital to support

research and development but this was not successful. OMC was later sold to a carbon

sequestration company.

In the late 1990s the Kyoto Protocol attracted strong commercial interest in carbon sequestration

and renewable energy (Kyoto Protocol, 1998). In Australia, under the National Greenhouse

Strategy a national Mandated Renewable Energy Target (MRET) was legislated in 2001 where

generators were obliged to deliver 2% of their output from renewable sources, or purchase the

equivalent on an open market. This was later increased to 20% (Crowley, 2013). OMA engaged

with several major corporations to explore the potential of mallee both as a form of carbon

sequestration and renewable energy. This delivered several years of valuable collaborative work

on mallee research as well as promise of processor investment. The work with the WA State

electricity generator, Verve, proceeded to the stage of construction of a demonstration processing

facility. This was established at Narrogin and designed to test conversion of mallee biomass to

activated carbon, electricity and eucalyptus oil (Enecon, 2001). Operational testing was not

completed until 2006, but three years passed before it became clear that the process would not be
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commercially viable (Bartle & Abadi, 2010). This was a dismal outcome for growers who had

been hopeful that their substantial commitment to biomass production would attract an early

bioenergy start-up processor. This adversity was compounded by the growers’ dependence on

regular mallee harvest to moderate the effect of competition from mallee belts on adjacent crop or

pasture (Sudmeyer et al., 2012).

By this time it was clear that wind and solar would capture most of the demand for renewable

electricity generation (Lu et al., 2017) and it is anticipated that batteries will be used to stabilise

the grid (Datta et al., 2018; Faunce et al., 2018) However, there remains a potential biomass

market amongst existing small regional enterprises such as abattoirs and stock feed manufactures

who had experienced recent steep price increases for electricity and who were looking to reduce

their costs for both heat and power (Colley, 2012; Colley et al., 2020). With a view to support

these developments, small scale supply chain options using available equipment were undertaken

(Huxtable & Giles, 2014; Spinelli et al., 2014).

The major product outlook for mallee has now turned to biofuels and biochar. The technologies

for these are rapidly developing but there are still impediments to large-scale investments

(Englund et al., 2020). Recently however, a number of small- to medium-sized enterprises have

moved into production (GHD, 2019). A small-scale plant converting municipal solid and forestry

waste has recently been announced in the Shire of Collie, Western Australia, which aims to

produce bioenergy, biofuels and biochar (ARENA, 2021b).

Growing the resource

Mallee genetics and agronomy

A breeding program was established by CALM in 1993 with the initial aims of producing out-

crossed seed orchards with improved foliar cineole concentrations and to provide information on

genetic parameters for key traits (Bartle et al., 1998). It became apparent, that the progeny trials

were not able to generate accurate estimation of genetic correlation due to the insufficient number

of families (R. Mazanec pers. comm.). For each species, wild trees with available seed were

screened for foliar cineole, using gas chromatography, and by 2002, some 15,000 wild

individuals had been sampled (Bartle & Brennan, 2002). Initially, a threshold lower limit of foliar

cineole of 2.7% was applied to the selection process (Bartle et al., 1998), however, that was later

reduced to 2.5% (Mazanec et al., 2020; Mazanec et al., 2021). For the candidate trees, the seed

was harvested and used to establish progeny trials for the breeding program (Table 3) predicated

on the basis that foliar cineole concentration was a heritable trait (Barton et al., 1991). Progeny

trials were established, saplings screened for foliar cineole concentration and a crude measure of

biomass was undertaken (dead, runt, healthy, sub-dominant, dominant). Based on a combination
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of these two factors, but heavily weighted toward cineole concentration, the progeny trials were

thinned to produce a seed orchard. However, it was clear that current cineole markets alone were

not large enough to support a large scale industry and new markets were required for mallee

biomass (Bartle et al., 1996; Enecon, 2001; Wu et al., 2008; Bartle & Abadi, 2010).

Table 3 The species included in the mallee breeding program, the wild parent trees that comprised the
breeding population and the number of trials established in a range of years.

Species Number of parent
trees

Number of
established trials

Planting years

E. loxophleba subsp. lissophloia 100 11 1995 - 1999
E. kochii subsp. borealis 82 8 1993 - 1997
E. kochii subsp. kochii 29 4 1996 - 1997
E. kochii subsp. plenissima 72 8 1994 - 1997
E. kochii subsp. borealis & kochii & plenissima mix from above 3 1998 - 1999
E. angustissima 117 3 1998 - 2001
E. polybractea 100 12 1993 - 2000

Concurrently, it had become clear that as a result of the strong selection for cineole, the breeding

program may have inadvertently selected against biomass productivity. This partly arose from the

findings of  Milthorpe et al. (1998) who suggested that selections based on concentration of leaf

oil may result in reductions of total cineole yield. To test this, a series of yield trials were

established to compare the biomass performance of the progeny from the seed orchards to bulk

collections of wild seed from the same species. Seven E. loxophleba, four E. polybractea and

three E. kochii yield trials were planted between 2006 and 2011 which were assessed for biomass

at ages three and six, and screened for foliar cineole. The results were clear, the breeding program

had indeed increased cineole concentrations but there was a corresponding loss of biomass

(unpublished data). This demonstrated the requirement for a new breeding direction with a

stronger focus on biomass.

Another potential issue became apparent in the mallee breeding program. The selections for

biomass improvement were done on sapling biomass assessments, not coppice. The heritability of

coppice biomass and the genetic correlation between sapling and coppice had never been

assessed. Wildy et al. (2000) found that when nine mallee taxa were subjected to a harvest at 2.5

years of age and 12 months later, coppice biomass production was strongly correlated with

sapling biomass. Goodger et al. (2007) found from an E. polybractea trial comprising of 20

individuals subjected to harvest at 3.5 years of age, and two coppice harvests 12 and 24 months

later, that there was a strong correlation between biomass and oil yield after each harvest.

However, phenotypic correlation should not be the basis of a breeding program and the genetic

parameters of coppice biomass production were identified as an important area for future

research. This gap in breeding knowledge relating to saplings and coppice biomass heritabilities

and the potential gains that could be achieved in progeny trials for E. polybractea has been

assessed in Chapter 5 of this thesis.
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Speculation arose as to the level of outcrossing from some of the mallee seed orchards. While

undertaking cineole and biomass assessments from these trials, it became clear that while the

flowering in the E. kochii and E. polybractea orchards was quite consistent between years, in the

E. loxophleba orchards, trees were flowering throughout the year. Other eucalypt species have

weak reproductively barriers and can self-pollinate which reduces fitness of the next generation

(Eldridge & Griffin, 1983; Griffin & Cotterill, 1988; Hardner & Potts, 1995). Assessments of the

flowering phenology became necessary to determine the synchronicity of flowering within seed

orchards, especially for the two E. loxophleba subspecies. The implications for breeding strategy

of the flowering phenology in a E. loxophleba seed orchard were assessed in Chapter 4 of this

thesis. The work also included assessment of the genetic correlation between flowering traits with

tree biomass and leaf cineole.

Second-round breeding population establishment

In 2008 the Future Farm Industries Cooperative Research Centre (FFI CRC) was established with

a major stream of research on new short-cycle woody crops for use in farming systems. It

provided funds to establish new breeding populations of E. polybractea and two E. loxophleba

subspecies, lissophloia and gratiae with a focus of genetic improvements in biomass production.

These trials were established in 2010 in Western Australia (Brookton, Lake Bryde and

Newdegate), South Australia (Monarto), New South Wales (Condobolin) and Victoria

(Drummartin). Wild seed was again collected from native papulations but this time without initial

screening for cineole. By the end of the FFI CRC, each individual mallee at each trial had been

assessed for biomass (3-year old) and the trials in Western Australia had been screened for

cineole (Mazanec et al., 2017; Mazanec et al., 2020; Mazanec et al., 2021). Initial results from

the two E. loxophleba subsp. lissophloia and gratiae trials indeed revealed a weak negative

genetic correlation between biomass and foliar cineole concentrations, but positive genetic

correlations between biomass to total cineole yield. These results suggest that gains in cineole

yield could be realised while also selecting for biomass, and that strong selection for cineole was

not required. Indeed, selection simulation incorporating biomass and cineole yield would not

substantially reduce foliar cineole concentrations, but would increase total cineole yield, whereas

selecting trees on foliar cineole concentrations would favour smaller trees (Mazanec et al., 2017;

Mazanec et al., 2020).

Mallee response to harvest regime

Early work on assessment of potential mallee yield in WA (Eastham et al., 1993; Wildy et al.,

2000) preceded the emergence of a common understanding of best practice on species selection,

planting site quality, design of planting layout and management. A major benefit of the early

mallee planting undertaken by farmers was that it provided virtually every combination of
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species, site and design to help form a qualitative view of what works best (URS, 2008; Bartle,

2009). In addition, it provided a large choice of sites for experimental work on response to

harvest treatments.

In spite of being well adapted for coppice regeneration, full canopy loss imposes a major stress

on mallee. This burden can be expressed as sensitivity to the season and frequency of removal of

the canopy by fire or harvest. This was demonstrated in a series of experiments conducted near

Pooncarrie (mean rainfall 250 mm/year, evaporation 2400 mm/year) in the far west of NSW in

the early 1980s (Noble, 1982; Noble, 1989; Noble & Diggle, 2014). This work examined the

population dynamics of extensive mixed-species native mallee woodland in a region subject to

pastoral use where fire risk, grazing productivity and conservation had become issues of concern.

Survival following multiple decapitations, using both fire and manual harvests, were followed

over several years. The findings show a progressive decrease in the rate of mortality for stands

subject to less frequent autumn harvest, and a greater mortality rate in successive annual autumn

compared to spring harvests. Furthermore, severe mortality occurred in autumn from two

successive harvests one year apart. These results indicate the need for caution if shorter harvest

intervals are applied, especially if this is done in autumn.

The long history of harvest of native mallee stands of E. polybractea (and more recently of

planted stands) for eucalyptus oil production in NSW (West Wyalong) and Victoria (west of

Bendigo), shows that a whole canopy, ground-level harvest is sustainable, as long as the harvest

cycle is longer than 18 months (Davis, 2002). This is much more frequent than can be sustained

at Pooncarrie. The more favourable climate in these locations (rainfall 550 mm and evaporation

1500 mm/year) is probably the major factor accounting for this difference. This is supported by

recognition that harvest can be a little more frequent at West Wyalong during periods of above

average rainfall (Davis, 2002). At nearby Condobolin, with a little less favourable climate,

Milthorpe et al. (1998) observed that planted stands of E. polybractea and E. kochii could not

sustain yield under annual spring harvests.

The physiological processes mediating response to harvest have been examined for E. kochii

subsp. plenissima at Kalannie in WA where mean annual rainfall is 320 mm and potential

evaporation 2400 mm year-1 (Wildy & Pate, 2002; Wildy, 2003; Wildy et al., 2004b). They

observed that harvest caused loss of fine roots, reduced production of new fine roots, and

retention of structural roots but with delayed secondary thickening. Root system recovery delayed

recovery of coppice shoots to favour restoring a functional root to shoot ratio. The root to shoot

ratio was more slowly restored for autumn harvests (2.5 years) than for spring (1.7 years). By

contrasting young paddock-planted E. kochii in belts with the same species in nearby mature

native vegetation they observed higher water use efficiency in coppice as gauged by mallee dry
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matter production. Several factors may explain this, e.g. the extant root system; preferential

deployment of assimilates to coppice growth; the small ratio of stem to leaf biomass in coppice

shoots; and the low ratio of leaf area to root system water catchment. This indicates that optimum

biomass production from the available water supply will be achieved by mallee belts subject to a

harvest frequency limited to the period needed for full root system recovery, including some

active secondary root growth. These authors suggests a 2-3 year cycle depending on season of

harvest. However, factors such as the biomass yield required for economic harvest, and impact of

harvest frequency on the lateral root zone competition by belts on adjacent crop or pasture must

also be considered in deciding the harvest frequency. Hence any assessment of yield must be

done within the context of likely harvest regimes extended over multiple coppice harvests with

the expectation of lengthened harvest frequencies with decreasing rainfall. The impact of harvest

frequency and yield to these factors remained unknown and Chapter 2 of this thesis aims to

address some of the knowledge gaps in yield prediction by assessing the impact of harvest

regimes on biomass production from 19 mallee sites over 10-years.

Mallee biomass yield

With the interest from industry, government and universities, many studies directly assessed the

yield potential of mallee. These field plantings display large variation in yield as might be

expected from long narrow belts across a typical WA wheat/sheep farm paddock that may

include several different soil types and a range of site quality (Moore, 2001). Indeed, within belts,

localised access to fresh ground-water can increase growth rates ten-fold (Brooksbank et al.,

2011). Huxtable et al. (2012) reviewed the yield from nine mallee trials and found a large range

across all species and sites from 1 to 23 fresh Mg ha-1 year-1 (Wildy et al., 2003; Wildy et al.,

2004a; Wildy et al., 2004b; Pracilio et al., 2006; Grove et al., 2007; Carter & White, 2009; Liew,

2009; Sudmeyer & Daniels, 2010; Brooksbank et al., 2011). More recent work indicates similar

productivity (Bennett et al., 2015; Sudmeyer & Hall, 2015).

These studies, although useful, were not established to estimate long-term timeframes required to

assess the stability of coppice production over several rotations which was viewed essential for

mallee commercialisation. The previous studies included a range of methodologies including: a

range of landscape positions, different ways of calculating the paddock space the mallee utilised,

different species, and a wide range of mallee ages and harvest frequencies. In order to establish

accurate estimates of mallee yield potential, in 2006, 19 long-term mallee harvest sites were

established to capture the range of mallee yields using large plot size with appropriate replication.

Due to the temporal and seasonal yield differences observed in mallee harvest, different harvest

treatments were imposed. These 19 sites contained the largest long-term assessment of the range

of biomass yield potential of mallee and results are contained in Chapter 2 of this thesis.
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Mallee belt systems design

It is well understood that for the widespread adoption needed for a mallee industry, mallee needs

to be economically viable (Cooper et al., 2005; Bartle & Abadi, 2010; Abadi et al., 2012). The

prospect of commercial viability will be improved if the additional landscape benefits including

increased water use, erosion control and stock shelter are considered. So, the question emerges,

what is the best planting configuration to balance these multiple objectives? There are a number

of options to be considered including: whether to segregate or integrate trees; what is an ideal

range for within and between row spacing; and if integrating, what is the optimal row number per

belt, and distance between belts. These matters have been addressed to varying degrees, however,

the most fundamental debate centres on the question of whether to integrate or separate.

Lefroy and Stirzaker (1999) argue that integration will generally be the preferred method with

narrow belts of tree crops dispersed to manage salinity by exploiting excess water. However,

there are two caveats; 1) that mallee would have to be commercially competitive with traditional

agriculture; and 2) that for complete hydrological control, mallee would need to be planted on a

significant proportion of the landscape, a point endorsed by George et al. (1999) and Hatton and

Nulsen (1999). However, extensive integration of tree belts will impose extensive competition

with adjacent annual crops and pasture. Lefroy and Stirzaker (1999) found that the integration of

tagasaste did indeed reduce crop yield.

Sudmeyer et al. (2012) measured crop yield adjacent to mallee belts at 15 of the 19 sites from the

long-term mallee project established in 2006. This project found that mallee did reduce

agricultural yields adjacent to the belt; and that there were negative correlations between the

magnitude of the crop loss and rainfall and a positive correlations with mallee age and mallee

size with crops being more sensitive to competition than pasture. Across all sites, mallee

competition reached an average of 11.3 m into the alley and yield was reduced by 36% (2 – 20 m

from belt). The crop yield losses were reduced by 22 or 27% compared to open paddock yield

when mallee was subjected to 3 or 6 year harvests respectively. This led Sudmeyer and Hall

(2015) to argue for segregation of mallee from agriculture, but conceding the choice will

ultimately be determined by what a biomass market will pay for mallee biomass.

In the meanwhile, mallee integration was still being asserted on the basis that while mallee might

not solve salinity, it could mitigate the extent of the problem (Bartle, 2009), especially given the

potential scale of mallee biomass markets emerging in the bioenergy and biofuels sector

(Abdullah & Wu, 2009; Bartle & Abadi, 2010; McGrath et al., 2016). The extensive reach of

mallee belts would also achieve greater water use and biomass production per unit area, provide

erosion control, shade and shelter for livestock protection and local and regional biodiversity

benefits (Abadi et al., 2012). It was also recognised, from the work by Ritson (2006) on Pinus
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pinaster, that much faster growth rate could be achieved on edge rows from both plantations and

belts, compared to the internal rows. This was because of increased competition for resources.

Applying these principles to mallee, the faster growth rates of belts would result in more frequent

harvests which would in turn reduce competition to agriculture. The number of rows in belts, the

within-row tree spacing, and the distance between belts were widely varied in planting

undertaken in the 1990s and 2000s (Huxtable et al., 2012).

The most common planting configuration of mallee in belt planting has historically been 4-row

belts, with 2 m between rows and within-row trees spacing of 1.5 m (URS, 2008; Bartle, 2009).

Four-row belts were historically preferred because this was the minimum width able to be

monitored by the remote sensing technology available at the time by the Australian Greenhouse

Office (URS, 2008). However, this  restriction has since been retracted and for carbon

sequestration (below- and above-ground) the new methodologies allowed greater flexibility of

planting configurations including 2-row belts (Paul et al., 2013; Department of the Environment,

2015a). It was also recognised that suppression of internal rows within a mallee belt could be

severe reducing yield by up to 50% (Bartle et al., 2012c; Huxtable et al., 2012; Peck et al., 2012).

This is analogous to the edge effect observed in P. pinaster plantations (Ritson, 2006). Early trial

plantings had highly variable within-row spacing. The comparative assessment of yield responses

to number of rows and within-row spacing remained unknown and Chapter 3 of this thesis aims

to assess how planting configuration affects mallee growth rates and survival of mallee in

agroforestry plantings.

Mallee economics

A common theme of this introduction has been that large scale adoption of mallee will only occur

if they are demonstrably commercially viable. To determine aspects of the economics of mallee,

various reports have been completed. The first was a simple economic analysis presented by

Herbert (2000) who calculated cash-flow and break-even periods. He considered 2-row belts

encompassing 15% of a paddock with three different harvest regimes. At productive sites initial

harvest was at 4 years with subsequent harvests every two years. The other extreme was at saline

sites, with first harvest at 6 years followed by harvest every three years. He estimated that at

harvest age, the average tree would be 15 kg and estimated a price of $30 Mg-1 for mallee

biomass. Transport costs within 50 km were $15 thus the on-farm price was $15 Mg-1. Herbert

(2000) found that mallee biomass would need to attract a price of between $13 and $24 Mg-1 to

be more profitable than existing enterprises. Mallee was found to be more profitable with more

frequent harvests, with the lowest frequent harvest regime not profitable. When secondary

landscape benefits were included, the system became more economically viable with a lower

Beren Spencer-Grayling Doctoral Thesis Page 23



biomass price required for profitability. This model did not take into account the competition of

mallee on agriculture, or of opportunity cost of land.

A more comprehensive mallee economics was completed by Cooper et al. (2005) who presented

a conceptual model matching biophysical and economic conditions. At this time, experimental

long-term biomass estimates were scarce and thus, mallee production was estimated as a function

of capture and conversion of water to biomass. The work estimated the amount of biomass that

could be produced within transport distance from an industrial processing facility. This model

incorporated agricultural crop yields and crop foregone due to displacement by mallee plantings

and by competition with mallee. The estimated yields to break-even with annual crops and

pasture were between 16 to 41 dry Mg ha-1 year-1 depending on rainfall zone and transport

horizon. To test this model, Narrogin and Merredin were selected and using the base-case

scenario; higher rainfall Narrogin could generate 266,000 Mg dry biomass with 7% of the land

planted and supplying enough biomass for a large-scale biomass industry, whereas biomass

production at low rainfall Merredin was not economic. However, the model was sensitive to

biomass price and very sensitive to water use efficiency. Changes to biomass price from $30 to

$35 Mg-1 and water use efficiency from 1.5 to 1.8 g/L revealed that Narrogin could produce up to

1.6 million Mg dry matter year-1 and Merredin 239,000 Mg dry matter year-1 with 16% of the

land planted. This could support large-scale biomass industry based on biomass processing.

Abadi et al. (2006) also used biophysical and economic data to model the economics of several

agroforestry crops, including mallee, in WA and NSW. Paddocks with and without agroforestry

crops were compared using; net present value, annual equivalent returns, break-even periods and

pay-back periods. Mallee biomass price was estimated to be $30 per fresh Mg and at this price,

mallee did not improve the economics of a paddock and would only be implemented for

secondary benefits (e.g. salinity). However, like Cooper et al. (2005), this report found the model

was sensitive to biomass price and mallee could be economic if a greater price could be obtained

for biomass.

The Oil Mallee Association contracted URS to complete an Industry Development Plan which

included an economic assessment of mallee over 30-years (URS, 2008). They used four regions

based on rainfall, reduced crop revenues (competition and opportunity) and included income

based on revenue from the Renewable Energy Target scheme of between $0 and $80 Mg-1 of

CO2e. Biomass growth was estimated to be between 9 and 16 fresh Mg ha-1 year-1. They found

that at $0 CO2e, mallee biomass would be profitable at $40 per fresh Mg delivered to processing

facility in the higher rainfall regions but $45 to $50 was required in the lower rainfall areas.

However, with price of $40 Mg-1 of CO2e, all regions were profitable at $35 per fresh Mg

delivered to processing facility.
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Bartle and Abadi (2010) contemplated the economics of mallee biomass over a 50-year period to

be used as a bioenergy feedstock. They subjected paddocks to 8% mallee configured in two-row

belts to an initial harvest cycle at 5 years, and regular on-going harvests every 3-years with 50

Mg ha-1 (fresh biomass) for each harvest. They also incorporated a price on below-ground carbon.

Their delivery price of fresh biomass was $45 Mg-1. They found that cash flow from mallee

agroforestry would exceed agricultural after 12 years with profits increasing over time.

By 2012, data were starting to emerge from the mallee harvest project comprised of 19 sites

(Mendham et al., 2012; Peck et al., 2012). This increased the quality of the estimates used in the

models twofold: firstly, it provided standardised experimental mallee biomass data; and secondly,

it provided a function of competition of mallee on crops and pasture, later published as Sudmeyer

et al. (2012). This allowed for greater accuracy of the economic models detailed below.

Abadi et al. (2012) included all aspects of mallee and crop costs and estimated mallee yield of 13

to 15 fresh Mg ha-1 year-1. They also estimated the secondary landscape benefits of mallee from

$2 to $15 per fresh Mg of mallee produced and found that mallee cost the landholder (subtracting

the secondary benefits) between $37 and $68 per fresh Mg of mallee biomass delivered to

processing facility. They found that 35% of costs could be attributed to both opportunity and crop

competition costs and also, harvest and haulage.

Bartle et al. (2012b) used mallee biomass data from the mallee harvest project and separated

mallee yield into four rainfall zones which ranged from 4 to 20 fresh Mg ha-1 year-1. They used

the new experimental mallee biomass data to estimate mallee yields within each rainfall zone.

Harvest regimes of 3, 4, 5 and 6 years were applied. They also included a below-ground

component generating carbon credits at $25 Mg-1 of CO2e. To calculate the value of biomass,

they considered the emissions of electricity generation from coal. Biomass supply chain (harvest

and haulage) was modelled at $44 fresh Mg-1 and the model was run over a 50-year timeframe.

The base case results show that mallee biomass systems were economically viable in the two

higher rainfall zones and marginal at the 400-500 mm of annual rainfall and unviable at 300 –

400 mm. They found harvest and delivery costs account for 53% of the total costs of mallee and

28% due to crop competition and opportunity cost of land.

An Excel based paddock simulation model called IMAGINE was developed by Abadi and

Cooper (2004) to estimate mallee biomass production. This was updated in the FFI CRC and is

capable of bio-economic simulation for a range of land use systems (Bartle et al., 2012a). It is

flexible and can model agricultural production for any climatic or edaphic zone over one or more

paddocks up to 50 years. It simulates the financial outcomes from land-use sequence of annual

agriculture with perennial pastures or agroforestry, including mallee belt plantings. For

agroforestry, IMAGINE can estimate the amount of above- and below-ground carbon
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sequestration. It can also estimate the competition imposed on the agricultural crop by mallee.

Costs of production and commodity prices can either be generated from historical data or

estimated using probability distributions. Results of IMAGINE are detailed in (Bartle et al.,

2012a) and later applied to various sites in WA and NSW (Farquharson et al., 2013). Although a

very useful tool, this has yet to be updated with more recent biomass and crop competition data.

The economic assessments of mallee, as summarised above, have been useful in assessing the

economic viability and thus the scope for commercialisation potential of mallee. This has been

constrained by the very limited market for mallee biomass, and consequently, the price per Mg of

mallee biomass is unknown. Secondly, the input values for each model have been limited by the

lack of long-term data sets. With the new mallee biomass and crop competition data generated

from the FFI CRC, a new economic approach is possible. There are now 10-years of mallee

biomass data with different harvest regimes from 19 trial sites. From the same sites, crop yield

data was collected for 6-years including detailed assessments of crop competition imposed by

mallee. These data are suited to Levelised Cost analysis, an economic tool which calculates the

break-even cost of mallee biomass production, to inform industry of the real price of production.

This economic assessment using actual agricultural inputs and production modelling had not been

performed historically making economic decisions difficult for landholders. Chapter 5 of this

thesis uses production and market data to assess the determinants of the economic viability of

mallee eucalypts when integrated into annual agricultural systems.

Thesis objectives and knowledge gaps

This thesis aims to advance the knowledge base by analysing historical and new mallee datasets.

With more information available on mallee agronomy, breeding, yield potential, harvest

management and economics, this thesis aims to fill gaps that may help to advance mallee

commercialisation. An increase in deep rooted woody perennial cover could sequester CO2 and

mitigate hydrological imbalances (and other landscape sustainability management issues) arising

from the widespread clearing of native vegetation across southern Australia.

This thesis draws on the nearly 30 years of research into the commercialisation of mallee

agroforestry in WA by university, government and farmer groups. With the current Australian

Government reluctance to adopt comprehensive carbon abatement, and carbon revenues being

essential for a viable mallee industry, mallee industry research and development has declined

over the past several years.  This thesis has allowed datasets from some of the long-term research

work to be collected, interpreted and published in the public domain.

I aim to address some targeted questions, which may generate further interest in the potential of a

mallee agroforestry industry. There is still some support in the current environment with a
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legislated price and mechanism to generate carbon credits from mallee planting in Australia (Paul

et al., 2013; Department of the Environment, 2015b). The current Australian price is about half

the price of CO2e compared to other industrialised countries (Ramstein et al., 2019) but is

expected to rise. Further, as a result of the increased awareness of climate change in Australia,

there has been a concerted effort made by industry to appear to be tackling climate change, for

example, Australian financial institutions reluctance to finance a proposed coal mine in the

Galilee Basin (Jolley & Rickards, 2020) and other fossil fuel projects. There is now an

expectation that greenhouse gas emitting industries will take action on climate change to appease

their shareholders. Mallee is one of the many tools available to mitigate climate change.

The mallee agroforestry system is well advanced compared to other woody biofuel perennial

crops in Australia. There are technologies to convert mallee biomass to biofuels and bioenergy

and methodology to generate carbon credits from mallee planting. However, there have been

significant knowledge gaps to be addressed to assist an industry development based on integrated

mallee agroforestry. These can be separated into five broad categories: yields, management,

planting configuration, breeding and economics and are visually represented in Fig 2. This thesis

addresses these by:

 Assessing mallee biomass production. Many studies have assessed mallee biomass yield

using various methodologies which makes the yield potential for mallee difficult to

estimate and this may be a barrier for industry. We address this by using site-specific

allometric equations to estimates mallee biomass yield from 19 sites over a 10-year

period. At each site, both harvested and unharvested mallee treatments are included. At

more productive sites, this includes three 3-year harvest cycles. This study also correlates

mallee yield response to site characteristics (edaphic and climatic) to assist in defining

optimal sites (chapter 2; Forest Ecology and Management 2019).

 Examining management of mallee harvesting. The effect of frequency and season of

harvest on biomass production. Decadal datasets are used with four different harvest

regimes (spring and autumn harvests subjected to both short and long harvest cycles).

How the three mallee species respond to the different harvest regimes is examined

(Chapter 2; Forest Ecology and Management 2019).

 Assessing the effect of mallee planting configurations on productivity. Across two sites,

this study estimates the biomass potential of 20 planting configuration treatments. There

were four belt treatments with 1, 2, 4 and 6 row belts divided into five within row

spacing treatments with 1, 1.5, 2, 3 and 4 m. Results are expressed on a plot level to
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compare planting treatments, including the alley to determine total biomass production at

paddock level (Chapter 3, Agroforestry Systems 2020).

 Investigating the synchronicity of flowering in a mallee seed orchard and genetic

parameters of biomass and cineole. This study determines the reproductive phenology

from an E. loxophleba seed orchard. Data is presented from two annual assessments from

a seed orchard comprised of two subspecies and 60 families. The assessment determines

the variation in flowering between and within families, and the heritability of flowering

traits and traits of interest: biomass and foliar cineole. This will allow for breeding

decisions to remove out-of-phase families from the breeding populations without

reducing gains in biomass or cineole (Chapter 4, Scientific Reports 2020).

 Assessing the heritability and genetic parameters of sapling and coppice production. This

provides the first assessment of the heritability of mallee coppice success and biomass

production. The genetic correlation between two sapling, and one coppice biomass

assessments from three E. polybractea progeny trials in southern Australia is estimated.

This determines optimal timing of selection to maximise mallee biomass production.

(Chapter 5, Tree Genetics and Genomes 2021).

 Examine the economic viability of mallee and determines the levelised cost using

experimental data. Six-year mallee biomass and crop yield datasets are used to determine

the break-even price per Mg of fresh mallee biomass. Total costs of mallee production

are calculated and separated into establishment and maintenance costs, harvesting costs,

opportunity cost (of the land the mallee occupies) and competition cost imposed from

mallee on agriculture (Chapter 6, GCB Bioenergy 2021).
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Figure 2 Schematic of thesis structure with arrows linking the broad research areas into chapters
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A B S T R A C T

Mallee eucalypts are hardy, woody perennials that are being developed as a short-rotation coppice crop in
Australia for the production of eucalyptus oil, biofuels and other biomass products. The economic viability of
this prospective crop is dependent on its ability to survive and regenerate following repeated harvesting of the
above ground component. Here we report on survival and biomass yield of mallee belt plantings of Eucalyptus
polybractea, E. loxophleba ssp lissophloia and E. kochii ssp plenissima, at 19 sites, under two harvest-frequencies
(3–8 year cycles) and harvest seasons (autumn or spring) over a decade from 2006 to 2015. 16 sites had post-
harvest mortality ranging from 1.0% to 12.2% while the remaining three sites with either shallow saline water
tables or a silcrete hardpan failed. Average site dry biomass yield across treatments ranged from 2.2 to
32.8 Mg ha−1 yr−1. Higher yielding sites were generally characterised by pH between 3.8 and 8, ECe below 15.0
dS m−1 and high soil fertility. Lower yielding sites were generally near saline valley floors. After 7-years, bio-
mass yield from unharvested treatments exceeded the average cumulative yield of harvest treatments at eight of
the 16 sites, including all three E. kochii sites. For E. loxophleba, significant interactions were found between
season and frequency of harvest with highest yields in long rotation spring treatments. There were also inter-
actions between site and frequency of harvest, which were mainly driven by the variable performance of the
uncut treatment. On average E. loxophleba yielded more biomass following spring harvests whereas E. kochii
yielded more following autumn harvests. E. polybractea yield was unaffected by season or frequency of harvest;
however, harvest treatments yielded more biomass than uncut treatments. After 10 years, at eight of the nine
sites subjected to three 3-year cycles, no decline in biomass yield was observed. The site that declined in pro-
duction was attributed to depletion of a sandplain aquifer by extensive mallee plantings. Overall, the results from
this decadal study indicate that in warm-temperate semi-arid areas, such as the south-west of WA, mallees
biomass can be harvested sustainably at most sites even in short (3-year) rotation cycles.

1. Introduction

The issues of sustainability in agriculture and climate change are
driving development of options to improve the performance of agri-
cultural systems (Foley et al., 2011). Perennial biomass crops have
potential to be profitable and may also improve the sustainability of
intensive annual crop/pasture agriculture (Brandes et al., 2016;
Brandes et al., 2018; Dale et al., 2016; VanLoocke et al., 2016). Here we
present biomass yield data from three decades of investment in the
domestication of native mallee eucalypts for use as short-rotation
coppice crops in the wheatbelt agricultural region in the south west of

Western Australia. This development was motivated by the prospect of
being able to better manage sustainability problems in traditional
farming systems with the targeted integration of new perennial crops,
but without any reduction in the economic viability of the farm (Bartle,
2009; Bartle and Abadi, 2009; Barton, 2000; URS, 2008).

The major sustainability problem in the Western Australian (WA)
wheatbelt is dryland salinity (GHD, 2019), arising from the small
change in the water balance that followed 20th century conversion of
some 15 million hectares of native vegetation to agriculture based on
annual crops and pastures (George et al., 1997; George, 1992; Hatton
et al., 2003; Peck and Hurle, 1973). The native woody perennial
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vegetation is adapted to exploit any subsoil water infiltration (Robinson
et al., 2006; Verboom and Pate, 2006) and this allowed a large storage
of cyclic salt to accumulate (Hingston and Gailitis, 1976). The con-
version to annual plant agriculture permits some deep soil water pe-
netration, slow accumulation of groundwater and mobilisation of stored
salt (George, 1992). Large areas of Western Australian farmland have
already been degraded by this process, and it is projected that over
several decades some 30% of the landscape could be affected (Simons
et al., 2013) with adverse regional consequences for infrastructure,
water resources and biodiversity protection (George et al., 2008).

The process of water infiltration into WA wheatbelt soil profiles and
the movement of groundwater is dispersed and locally variable
(George, 1992). Lefroy and Stirzaker (1999) considered the options to
achieve complementarity from tree crops in the farm setting, i.e. to
segregate, integrate or rotate. For salinity mitigation, integration in the
form of widely separated, permanent, mallee belts on the recharging
proportion of the farm was adopted as likely best practice for prime
cropland. However, this could be complemented by segregated stands
of mallee forests on poorer quality land. Design of mallee belt layout
needs to achieve economically competitive biomass yields and con-
tribute to salinity control, and as far as possible deliver other on-farm
benefits including: reduction in wind erosion and provision of stock
shelter (Baker et al., 2018; Bird et al., 1992; Sudmeyer et al., 2002;
Sudmeyer and Scott, 2002); reduction of waterlogging (Ellis et al.,
2006; Rundle and Rundle, 2002; Silberstein et al., 2002); protection
and complementation of remnant native vegetation (Smith, 2009); and
managing greenhouse gas emissions (McGrath et al., 2016; Wu et al.,
2007).

Mallee eucalypts are a genetically diverse group within the genus
Eucalyptus, with about 300 species widely distributed across the
southern semi-arid region of Australia (Nicolle, 2006). They are tall
shrubs or low trees that characteristically have multiple stems arising
from a large below-ground lignotuber (Eastham et al., 1993; James,
1984; Wildy et al., 2000b). The lignotuber of mallee eucalypts is well
endowed with meristematic tissue, an adaptation that enables prolific
coppicing after decapitation by fire or drought, and enables regenera-
tion after harvest (Noble, 1982; Noble, 2001; Noble and Diggle, 2014;
Wildy and Pate, 2002).

Confidence in the potential of including mallee as a farm crop de-
veloped initially from native woodland stands of E. polybractea har-
vested on short rotations in both New South Wales (NSW) and Victoria.
This commenced about a century ago to provide the international
market for high cineole containing eucalyptus oil (Coppen and Hone,
1992; Davis, 2002). In recent decades this industry expanded into
production from plantations established on former farmland (Davis,
2002).

In addition to cineole production, mallee eucalypts have been the
focus of research as a bioenergy feedstock crop to mitigate climate
change (Bartle and Abadi, 2009; McGrath et al., 2016; O'Connell et al.,
2007; Shepherd et al., 2011). Many WA mallee species were screened
for high biomass yield potential and leaf cineole content. Subspecies of
both E. loxophleba L.A.S. Johnson and K.D. Hill and E. kochii C.A
Gardner, were identified as prospective candidates (Wildy et al., 2000a;
Wildy et al., 2000b). Together with E. polybractea, these three species of
mallee eucalypts, hereafter referred to as ‘mallee’, provide a semi-arid
climate analogue for the northern hemisphere cool temperate short
rotation coppice species willow and poplar (Dickmann, 2006; Volk
et al., 2016) and perennial grasses in the Mississippi Basin (Brandes
et al., 2018; VanLoocke et al., 2016).

Early studies investigating fire and harvest of natural stands of
mallee provide an indication of survival and biomass yield responses to
various harvest regimes. In the pastoral region of NSW (mean rainfall
250 mm/year, evaporation 2400 mm/year) mallee mortality rates were
sensitive to the frequency of ‘harvest’ (Noble, 1982; Noble, 1989a,b;
Noble and Diggle, 2014); the effect was more pronounced when har-
vests were undertaken in autumn compared to spring. In a later study,

Milthorpe et al. (1998) subjected 1-year old plantations of E. polybractea
and E. kochii in Condobolin NSW (mean rainfall 460 mm/year, eva-
poration 1800 mm) to annual harvest for 5-years. Yield improved on
the second harvest, but thereafter declined from 6 to 2 Mg ha−1. Si-
milarly, Davis (2002) observed failing vigour after 9-years of annual
harvests for E. polybractea at West Wyalong NSW (mean rainfall
480 mm/year and evaporation 1600 mm). These observations suggest
implications for mallee biomass production arising from the choice of
season and frequency of harvest, especially in more arid regions.

Wildy and Pate (2002) and Wildy et al. (2004b) examined the
mallee root system responses to harvest. They demonstrated that newly
harvested trees (E. kochii ssp plenissima) showed loss of fine root (< 2
mm) biomass, arrested production of roots, secondary thickening of
structural roots, and an increasing shoot to root ratio to restore a
functional balance. The recovery of root biomass to pre-harvest levels
took 1.7- to 2.5-years. Spring harvests showed earlier and stronger root
and shoot growth than late summer harvest.

The growth of individual trees and tree stands through time have
been well described e.g. Richards (1959). In the general growth func-
tion, a tree grows slowly at an early age, reaches exponential growth at
middle age and then declines with old age (e.g. Johnson and Abrams
(2009), Zhao-gang and Feng-ri (2003)). In a coppice system, the growth
function model is reset after harvesting. Thus, a key driver of biomass
production is likely to be the frequency of harvest and, to maximise
production, management decisions can be imposed to align timing of
harvest with growth rate. Estimations have been made concerning
when to harvest mallee under short-rotation. For instance, Bartle and
Abadi (2009) proposed a conceptual model where mallee are first
harvested at 5-years of age, then every subsequent 3-years. Yu et al.
(2015) conducted a life cycle analysis based on harvest at 7-years with
subsequent harvests every 4- to 5-years. Both of these cases contain
models where biomass estimations were based on best available data
and stability of productivity over time was inferred.

This paper presents results of different harvest regimes at 19 sites,
covering a range of landforms and soil types across the WA wheatbelt,
where mallee belts were monitored and harvested over a 10-year
period. A subset of these results have been previously presented in re-
search reports (Mendham et al., 2012; Peck et al., 2012). This paper re-
analyses the original data, with the inclusion of three additional years
of biomass data, testing the following hypotheses:

1. That frequency and season of harvest have no effect on biomass
production or mortality;

2. There is no decline in the biomass yield caused by the cumulative
effect of regular harvest.

This paper also presents the allometric relationships used to calcu-
late total dry biomass and dry components (wood, bark, twig and leaf)
of the three mallee species: E. loxophleba subsp. lissophloia, E. poly-
bractea and E. kochii subsp. plenissima.

2. Materials and methods

This study concludes a long term research project that was set up
across 19 sites with the dual purpose of quantifying biomass production
of mallee belts subjected to contrasting harvest regimes, and to de-
termine the competition imposed on adjacent annual crop and pasture
over the harvest cycle (Mendham et al., 2012; Peck et al., 2012;
Sudmeyer et al., 2012a). The work reported here is principally con-
cerned with mallee biomass production. Site 5 from the previous re-
ports was excluded from the statistical analysis, as this site traversed
three distinct site types rendering the 3 replications inadequate. Site
names were left consistent with previous reports to allow for further
examination of data.
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2.1. Species and study site

This study investigated the three major mallee species widely
adopted for planting by farmers in WA: Eucalyptus loxophleba subsp.
lissophloia, E. polybractea and E. kochii subsp. plenissima. These species
will be hereafter referred to as Elox, Epol and Ekoc respectively. Typically
Epol has been planted in higher rainfall zones of the southern wheatbelt,
Ekoc has been planted in the northern wheatbelt where it naturally
occurs and Elox has been planted throughout the wheatbelt (c.f. Fig. 1
and Table 1).

This study ran for 10-years (2006–2015) using 19 mallee belt
plantings that had been established several years earlier by farmers in
the WA wheatbelt (Fig. 1). For site details see Table 1. Sites were chosen
to be representative of the range of species and environmental condi-
tions where belt plantings of mallee had been undertaken (for detailed
landscape and soil information see Table S1).

The wheatbelt has a Mediterranean climate with hot dry summers
and mild wet winters. Over the duration of this experiment, mean an-
nual rainfall ranged from 628 mm on the south-coast to 304 mm in the
north-east, and evaporation ranged from 1646 mm to 2575 mm
(Table 1). The crops and pastures of this region are predominantly non-
irrigated, winter-growing annuals.

2.2. Experimental design

All sites were planted in belt configurations of two, three, four or six
rows within paddocks subject to rotations of annual crops and pasture.
However, each plot within this study consisted of only two rows, an
edge row and the adjacent row (Fig. 2). The plots ran along the belt and

were either 20 m long with a 10 m buffer between plots or 25 m long
with a 12.5 m buffer.

Each site consisted of 15 plots, three replicates of five treatments in
a randomised block design. The four harvest treatments were arranged
in a 2x2 factorial design with the addition of an uncut control treat-
ment. There were two season of harvest treatments, spring and autumn;
and two frequency of harvest treatments, 3- and 4-year. All mallee in
each plot were measured annually and harvested in the allocated sea-
sons. However, it became apparent prior to the second harvest that the
allocated 3- and 4-year harvest frequencies were not viable on poorer
sites due to concerns of mortality and increased unit costs of biomass
harvesting. Harvest frequency was reduced until coppice biomass ex-
ceeded approximately 10–15 dry kg/tree to keep harvest cost of below
AU$30 Mg−1 (Spinelli et al., 2014). With these considerations, the final
frequency of harvest treatments imposed were: short with a minimum
of 3-years between harvests and long which was the short harvest cycle
duration plus one year. The more productive sites (9 sites in total)
completed three short and two long coppice cycles while the least
productive sites only underwent one full cycle.

2.3. Site soils physico-chemical characteristics

Between 2008 and 2010, soil cores were drilled at each site using an
EVH Rhino 2100 drill rig 20 m from the centre of each uncut treatment
replicate. The total core depth was limited to 10 m or by the presence of
a hardpan or water table. Soil cores were tested for ECe (dS m−1), pH
(CaCl2) and nutrients (NH3, NO3

−, Cowell P, Cowell K, S and organic C)
approximately every 50–60 cm. The soil nutrient content from each
core was estimated in the top 50 cm of the soil profiles and corrected for

Fig. 1. Location of mallee trial sites within the Western Australia wheatbelt; also shown are selected rainfall isohyets (grey line). The site numbers shown on the map
correspond to those in Table 1.
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the bulk density of the soil horizon. pH and ECe were expressed as the
maximum and minimum recorded from each core. Further metho-
dology for soil data collection are detailed in Sudmeyer et al. (2012b)
whereas soil properties and classification for each site are described in
Appendix B from Peck et al. (2012). The soil data that were used for
analyses described in this study are presented in Table S2.

2.4. Assessment of above ground fresh biomass (AGFB)

Assessments of AGFB were made bi-annually across the 10-years of
the trial. The autumn harvests and uncut treatments were measured in
March and April while the spring treatments were measured in
September and October. To estimate AGFB for uncut mallee, stem
diameters in mm were measured at 10 cm above ground level with a
diameter tape, or callipers, in which case two perpendicular measure-
ments were taken. Where buttressing or lignotubers affected the mea-
surement, the stems were measured at the point closest to 10 cm above
the ground where it most accurately reflected the true stem diameter.

To provide a single diameter estimate for multiple stemmed uncut
mallee the Equivalent Diameter near Root Collar (EDRC) in cm was
calculated as in Chojnacky and Milton (2008):

=
=

EDRC drc
i 1

n

i
2

(1)

where drc equals the diameter of each stem near the root collar and n
equals the number of stems from an individual plant. Diameter was
used for AGFB estimation except at Site 11 that was dominated by small
mallee with bushy forms and multiple stems. For such uncut and cop-
piced mallee, Crown Volume Index (CVI) was deemed a more accurate
biomass assessment method. CVI estimates the volume of the coppice in
m3 as:

= × ×CVI H W Wi j (2)

where H is the height and Wi and Wj are perpendicular, horizontal
crown widths in cm. Site 17 had been harvested in February 2002, 4-
years before the commencement of this project and the EDRC method

Table 1
Site characteristics and planting configuration for all field sites. Meteorological data obtained through SILO (Jeffrey et al., 2001) datasets from 2005 to 2014. Site 4
was never established. Sites names have been kept consistent with previous publications for traceability.

Site Lat (°S) Long (°E) Species Year
planted

Mean annual
rainfall (mm)

Mean annual pan
evaporative (mm)

Mean maximum
temperature (°C)

Mean minimum
temperature (°C)

Number of
rows

Alley width
(m)

Plot length
(m)

1 −32.87 117.25 Epol 1996 443 1781 23.4 10.0 2 70 20
2 −32.96 117.52 Elox 1997 406 1775 23.3 9.9 2 20 20
3 −32.85 117.59 Elox 2000 396 1811 23.4 9.9 3 50 20
5 −29.98 116.48 Elox 1998 308 2577 27.0 12.4 4 > 250 20
6 −30.30 117.43 Elox 1999 304 2556 26.8 12.5 3 95 20
7 −30.52 117.14 Elox 2000 305 2493 26.5 12.2 2 40 20
8 −32.99 117.73 Epol 1998 396 1785 23.2 9.8 4 125–250 20
9 −33.48 117.00 Elox 1999 486 1646 23.2 9.4 2 35 20
10 −32.76 117.83 Elox 1998 364 1889 23.9 10.2 2 36 20
11 −30.78 117.61 Ekoc 1999 322 2401 26.1 11.9 2 30–250 20
12 −33.49 117.79 Elox 2000 417 1722 22.9 9.8 6 55 20
13 −32.67 118.24 Elox 1997 362 1972 24.6 10.4 2 48 20
14 −30.01 116.91 Elox 2000 340 2357 26.1 11.7 4 40–120 20
15 −30.21 117.36 Ekoc 1998 319 2567 26.8 12.4 2 95 25
16 −30.18 117.37 Ekoc 1994 324 2575 26.8 12.4 2 95 25
17 −30.60 117.39 Elox 1999* 306 2466 26.4 12.2 2 50 25
18 −33.63 121.77 Epol 2001 610 1929 22.8 11.2 6 90–100 25
19 −33.63 121.76 Epol 2001 628 1935 22.8 11.4 6 120–140 25
20 −33.52 122.16 Elox 2001 513 1951 22.6 10.8 6 150–250 25

* Initially harvested in Feb 2002 prior to trial.

Pasture or crop

Buffer 10 m Treatment plot 20 m Buffer 10 m

Measurment trees

Rip lines approx.
Distance between trees  2 m apart

1.5-2.5 m

Unmeasured trees

Pasture or crop

Fig. 2. Schematic showing layout of a four-row mallee belt, and location of measurement plot and buffers. Mallee rows are planted on 0.5 m deep rip lines typically
2 m apart and a within-row spacing of between 1.5 and 2.5 m. Sites 15–20 had 25 m plots with 12.5 m buffers.
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was used for the initial measurement.
Measurements at three of the nineteen sites were terminated due to

high mortality and poor performance. At Sites 6, 7 and 14 coppice
measurement ceased in 2012, 2008 and 2009 respectively.
Measurements continued for the uncut treatment until the conclusion of
the project at Site 6 whilst at Sites 7 and 14 uncut treatments were
measured until 2011 (see Table 7).

2.5. Destructive measurements

Biomass was harvested with a chainsaw close to ground level and
weighed in a trailer fitted with Ruddweigh 600 mm load bar (preci-
sion ± 0.1 kg). Uncut and coppiced mallee were selected using a stra-
tified random selection method as detailed in (Snowdon et al., 2002).
The uncut and coppiced mallee were stratified into 12 diameter or CVI
size classes and samples from each group were randomly selected. A
range of 20–122 uncut and 45–142 coppice were destructively sampled
from each site (see Tables S4 and S5 for more details). Trees for uncut
treatments were destructively sampled in 2006 with the initial spring
and autumn harvests. Most of the coppice were destructively sampled at
first coppice harvest in 2009–2011. Additional coppice and uncut
mallee were destructively sampled during latter years when the size of
the mallee out-grew the range of the initial size classes, increasing the
size range of the allometric model. The additional uncut samples were
harvested from areas of the planting not part of the experiment.

2.6. Partitioning and moisture content

For all but site 14, uncut mallee were stratified into three size
classes and two to four mallee per size class were selected per site, as
described by Snowdon et al. (2002), except at Site 13, where only four
trees were sampled. Total weight of wood with bark (> 20 mm dia-
meter over bark), and twig with leaf (< 20 mm diameter over bark)
were recorded. These were further partitioned into four biomass com-
ponents (wood, bark, leaf and twig). Sub-samples of each of the four
components were weighed in the field. The subsamples were trans-
ported to a laboratory and oven dried at 70 °C. When the weights of the
samples had stabilised, the final weight was recorded. A similar method
was applied to coppice with data collected from 11 of the 19 sites.

2.7. Mallee survival

Gaps in belts were recorded at commencement in 2006 and later
deaths were recorded annually during biomass assessments. Percent
survival was the difference between the mallee counts at the initial and
the subsequent years of measurement. Mallee deaths were verified the
following year and thus no new deaths were recorded in 2015, the last
measurement year. This method accommodated the occasional ob-
servation of delayed coppice regeneration.

2.8. Allometry

Mallee allometry has been published in Paul et al. (2016) and Paul
et al. (2013b), however new equations were developed for this study
because of site and species bias inherent in using generalised equations.
Dry biomass components of uncut or coppiced mallee were estimated
by two-step allometric modelling. In the first step, generic and species-
specific allometric models were developed to estimate AGFB from
EDRC/CVI. In the second step, a further set of allometric models were
developed to estimate dry components from AGFB. The two models are
described below:

= + +ln AGFB ln a b ln x( ) ( ) ( )Indiv (3)

where AGFBIndiv is above ground fresh biomass of the individual
mallee, a and b are parameter estimates, x is EDRC in cm or CVI in m3

from Eqs. (1) and (2), respectively and ε is the error term. To estimate

dry components further allometric equations were developed using:

= + +ln AGDBC ln c d ln q e( ) ( ) ( )i i i i (4)

where AGDBCi is above ground dry biomass for componenti (i.e., leaf,
twig, bark or wood) of the individual mallee, ci and di are parameter
estimates for componenti, q is AGFB and ei is the error term for com-
ponenti biomass model. In all cases, estimates a/ci and b/di were cal-
culated using linear least-squares procedures. Due to the time-demand
of data collection for component partitioning, species-specific models
were tested and site-level analysis was omitted. General linear model-
ling (GLM) was used to test whether species improved the performance
of the models.

For all allometric equations, the residuals were checked for het-
eroscedasticity. Data from 10 uncut and 24 coppiced mallee were re-
moved from analysis as those were deemed data entry errors or were
small individuals (EDRC or CVI < 26 mm or < 0.6 m3) which may not
conform to scaling laws (Enquist et al., 2007). Two correction factors
were assessed to remove bias from back-transformation (Baskerville,
1972; Beauchamp and Olson, 1973) but in this study the two methods
had a maximum difference in biomass estimation of 0.67%, so the more
common methodology of Baskerville (1972) was used.

2.9. Plot biomass estimation

The individual biomass of uncut and coppiced mallee was calculated
by converting EDRC or CVI to fresh biomass (Eq. (3)) then applying the
component allometrics (Eq. (4)) and summing the partitioned dry
components:

=
=

Total AGDB C
i

n
i1 (5)

where AGDB is above ground dry biomass, Ci is the dry weight of tree/
coppice biomass component, i: wood (> 20 mm diameter over bark),
bark, twig (< 20 mm diameter over bark) and leaf.

To standardise land area under different planting configuration and
mallee size, the edge of the plot adjacent to the crop/pasture was cal-
culated as half the internal distance between rows within a belt ex-
tended into the adjacent crop, as explored in Appendix 9 by Paul et al.
(2013a). Plot-level biomass estimates were divided by the total number
of years of growth and expressed in dry biomass per hectare per year
(Mg ha−1 yr−1).

A preliminary analysis showed biomass yield symmetry between
rows within a belt Figs. S1–S20. For example, in a four row belt, row
one biomass is equivalent to biomass from row four; row two is
equivalent to row three. This was tested from replicated datasets from
20 sites and at 18 sites there was no difference between the stem dia-
meters between the outer two rows each side of a mallee belt in paired
comparison t-tests (P > 0.05) (Figs. S1–S20). Therefore in this study,
to standardise biomass estimates between sites with a different number
of rows, sites with more than two-rows have been compensated with
the additional biomass from the unmeasured rows using belt symmetry
principles (e.g. doubling the measured two-row biomass from a four-
row belt to estimate total biomass).

2.10. Statistical analysis

2.10.1. Treatment effect evaluation
Treatment effects were evaluated using general linear models:

= + + + + + + +

+ +

y s r (s ) u a (u ) f (u ) s . a (u ) a . f (u ) s

. f (u ) s . a . f (u ) e
ijklm i k i j l j m j i l j l m j i

m j i l m j ijklm (6)

= + + + + +y s r (s ) u f (u ) s . f (u ) eijkm i k i j m j i m j ijkm (6a)

where y is AGDB, si is the sitei, rk(si) is the replicatek nested within sitei,
uj is the cut/uncutj harvest treatment, al is the seasonl of harvest, fm is
the frequencym of harvest and eijklm is the residual error. All main effects

B. Spencer, et al. Forest Ecology and Management 453 (2019) 117576

5

Beren Spencer-Grayling Doctoral Thesis Page 46



and interactions were nested within uj. The site effect was tested using
rep (site) as an error term. Because the spring treatments were modified
at most sites after 7-years, two sets of analyses were performed to test:
(i) the effect of all treatments (season of harvest and frequency of
harvest) on the 7-year dataset (Eq. (6)), and (ii) the effect of frequency
of harvest on the 10-year dataset with the season factor al excluded (Eq.
(6a)). Further, because each species occurred at one site only, separate
analyses were done for each species. Where necessary data were
transformed using Box-Cox transformation to meet assumptions of
normality and variance homogeneity. Tukey-Cramer tests were used to
compare least square means (LSM) at different sites, treatments and site
by treatment interactions.

Eq. (6) was also used to test the factors responsible for mortality.
The arcsine transformation was used to approximate the model. Other
models were tested, including binomial distribution with logit link
function but these specifications did not converge. Since the failed sites
were only measured for part of the experiment, two analyses were
performed: (i) a three-year analysis that including the three failed sites
excluding the effect of frequency of harvest because none of the sites
were harvested and (ii) a 10-year analysis using Eq. (6a). Site 6 was
excluded from the analysis because neither long autumn nor long spring
treatments were established.

2.10.2. Relationships of mallee growth to environmental variables
Stepwise multiple regression of annual growth on soil, climatic and

landscape variables (listed in Table S3), were carried out to identify
environmental variables that explain observed growth responses.
Variables were included in the regression if they improved model fit
(P < 0.05). Collinearity was tested by checking the variance inflation
factor with a cut off of 10 (Chatterjee and Ali, 2015). Every site, in-
cluding the failed sites, was included in this analysis to identify site
variable/s predicting poor performance.

All analyses reported here were performed using SAS v9.4 (SAS,
2017).

3. Results

3.1. Estimation of mallee biomass

Allometric models were used to estimate dry biomass in a two-step
process. For the first step of the estimation process (Eq. (3)), species-
and site-specific allometric models based on EDRC in cm or CVI in m3

explained between 79% and 98% of the variation in AGFB (Tables 2, S4
and S5). For all species-specific and most of the site-specific models, the
uncut mallee models had a better fit than the coppice models.

The second stage of the allometric modelling (Eq. (4)), estimated
dry component biomass (wood, bark, twig and leaf) from AGFB models
and accounted for 87–98% of variances, depending on component
biomass (Tables 3 and 4). GLMs revealed species differences for both
uncut and coppiced mallee. For uncut mallee equations, there were
significant differences in both slope and intercept between species,
primarily due to Elox allometry being different from allometries of the
other two species (Table 3). Inclusion of species in coppice allometries

also improved fit of the component biomass models. The species effects
were realised in intercepts (Table 4). The biomass components changed
with tree size for all treatments and species. For the uncut treatment dry
components across the species ranged from 26.5 to 30.3% for wood,
3.9–7.5% for bark, 14.5–16.3% for twigs, and 8.9–10.6% for leaves. For
the coppice treatments, the respective ranges were 10.7–18.1% for
wood, 2.9–3.4% for bark, 21.7–24.4% for twigs and 15.4–17.9% for
leaves. Thus, in the harvested treatments, foliage accounted for a larger
percentage of total biomass than in the uncut treatments, which con-
versely had a larger percentage of wood and bark.

3.2. Mortality

Mortality varied from about 1% to 45% across sites; the highest
mortalities (> 30%) occurred at valley floor Sites 6 and 7 which had
saline ground water close to the surface or Site 14 with a silcrete
hardpan at a depth 2–4 m, while the lowest mortality rates were ob-
served at sites with relatively low soil constraints (Fig. 3(a and b)).

Table 2
Parameterisation of allometric model for species-specific prediction of above ground fresh biomass (AGFB) of uncut tree from ‘equivalent diameter near root collar’
(EDRC) in cm and coppice from Crown Volume Index (CVI) in m3 (Eq. (3)). Sample number (n), coefficient of determination (R2), Mean Squared Error (MSE), and
values in parentheses are standard errors of parameter estimates.

Species Treatment n AGFB range (kg) Intercept (b) Slope (a) R2 MSE

Ekoc Uncut tree 178 0.8–331.5 −2.315 (0.138) 2.471 (0.053) 0.926 0.058
Elox Uncut tree 724 0.5–702.0 −2.120 (0.054) 2.535 (0.025) 0.936 0.068
Epol Uncut tree 112 4.5–771.5 −2.008 (0.154) 2.463 (0.058) 0.943 0.052
Ekoc Coppice 156 1.0–107.3 0.786 (0.084) 0.956 (0.027) 0.892 0.033
Elox Coppice 775 0.1–152.5 −0.094 (0.043) 1.074 (0.014) 0.877 0.067
Epol Coppice 508 0.1–316.0 0.221 (0.050) 1.055 (0.015) 0.902 0.066

Table 3
Allometric models for estimating above ground dry components (wood, bark,
twig and leaf) of uncut mallee from AGFB (Eq. (4)). Numbers in parentheses are
standard errors. Sample sizes and the largest biomass per uncut mallee for each
species model were: Ekoc n = 25, upper domain = 327.7 kg, Elox n = 89, upper
domain = 702 kg, and Epol, n = 34 and upper domain = 683.8.

Component Species Intercept (di) Slope (ci) MSE R2

Wood Epol&Ekoc −2.640 (0.092) 1.271 (0.016) 0.039 0.978
Elox −2.295 (0.140) 1.224 (0.034) 0.036 0.98

Bark Epol −4.180 (0.126) 1.173 (0.030) 0.042 0.973
Ekoc −2.556 (0.284) 1.006 (0.064)
Elox −3.197 (0.152) 0.990 (0.038)

Twig Epol&Ekoc −1.190 (0.098) 0.858 (0.018) 0.047 0.947
Elox −1.296 (0.045)

Leaf Epol&Ekoc −0.909 (0.118) 0.695 (0.021) 0.064 0.897
Elox −0.991 (0.052)

Table 4
Allometric models for estimating above ground dry components (wood, bark,
twig and leaf) of coppiced mallee from AGFB (Eq. (4)). Numbers in parentheses
are standard errors. Sample sizes and the largest biomass per coppice for each
species model were: Ekoc n = 17, upper domain = 77.8 kg; Elox n = 75, upper
domain = 49.8 kg; and Epol, n = 59 and upper domain = 194 kg.

Component Species Intercept (di) Slope (ci) MSE R2

Wood Epol&Elox −3.424 (0.213) 1.408 (0.052) 0.119 0.878
Ekoc −3.753 (0.097)

Bark Ekoc&Elox −4.520 (0.109) 1.303 (0.046) 0.094 0.877
Epol −4.798 (0.177)

Twig Ekoc&Epol −0.801 (0.091) 0.822 (0.021) 0.023 0.939
Elox −0.955 (0.030)

Leaf Ekoc & Elox −1.298 (0.136) 0.896 (0.032) 0.051 0.87
Epol −1.422 (0.121)
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By the end of the study, Ekoc had overall mortality rate of 6.2%. The
season of harvest had more effect on survival than frequency of harvest,
with spring treatment mortality of 9.1% compared to autumn harvest
treatment of 3.4% or uncut treatment of 6.0% (P < 0.05) (Table 5).
There was a site by season interaction (P < 0.05) due to elevated
spring mortality at Site 15 (23.1%) and the uncut treatment at Site 16
(10.0%). Most of the spring mortality was from the initial harvest.

Using the 3-year dataset, there was a significant site by season effect
(P > 0.05) due to high spring mortality at Sites 15 and 11 with no
spring deaths at Site 16. However, season as a main effect proved more
significant (P < 0.0005) primarily due to the high mortality of the
spring treatments compared to the consistently low mortality of the
autumn harvest (Table 5). Site was also significant with mortality of
7.3% at Site 15 when compared to 0.5% at Site 16 (P < 0.05) (Fig. 3a).
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Fig. 3. Mortality (%) by site and species averaged across all harvest treatments ( ± s.e.). (a) Analysis included all trial sites using 3-years of data and (b) analysis
excluded three failed sites and used 10-year data sets. Within a species, site means that are followed by different letters signify a difference in mortality at P < 0.05.
Site was not significant (NS) for Ekoc or Epol sites.

Table 5
Effects of harvest regimes (season and frequency) on mallee mortality using 3-years of data for the failed sites, 3-years of data for the successful sites (excluding the
three failed Elox sites) and 10-year data. Mortality means of treatments are followed by different letters are significantly different at P < 0.05 based on Tukey’s HSD
test.

3 Year data failed sites 3 Year data successful sites 10 Year data

Species FreOfHarv Autumn Spring Control Autumn Spring Control Autumn Spring Control

Ekoc Control 1.1AB 6.0AB

Long 0.5A 7.1BC 4.0AB 7.1AB

Short 0.0A 9.3C 2.8A 10.9B

Elox Control 5.4A 1.8A 4.9A

Long 12.7AB 34.6BC 3.4AB 1.5A 6.9AB 2.6A

Short 30.8B 62.3C 4.7B 1.7A 8.2B 3.2A

Epol Control 0.7NS 2.5ns

Long 1.4NS 2.1NS 2.7ns 3.1ns

Short 0.7NS 2.8NS 1.1ns 2.8ns
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In contrast to the Ekoc sites, by the end of the study, Elox had very
low spring mortality (2.9%), less than half the mortality of the autumn
harvest treatments (7.9%) with season being highly significant
(P < 0.001) (Table 5). The site effect was also significant (P < 0.05)
ranging from 1.3% at Site 3 to 11.3% at Site 20 (Fig. 3b). Two separate
analyses of the mortality data were carried out after 3-year; the three
failed sites were analysed separately to reduce the impact of mortality
on the successful sites (Fig. 3a). In the first analysis using the failed site
data only, season of harvest had a significant effect on mortality in the
spring treatments (51.3%) compared to the autumn treatments of
(23.3%) (P < 0.01). In the second analysis that excluded the failed
sites, there was a significant site by season interaction (P < 0.05) with
mortality at Sites 17 and 20 autumn treatments of 11.2% and 7.5%
respectively, compared to Sites 3 and 10 which had mortality of under
1.0%. Season as a main effect was highly significant (P < 0.01) with
mortality of 4.1% across autumn treatments compared to 1.6% for the
spring treatments. The site effect was also highly significant
(P < 0.0001) mainly due to mortality of under 2% at Sites 3, 9, 10, 11
and 13 compared to 6.5% and 5% at sites 17 and 20 respectively.

Epol had low mortality rate throughout the trial period; neither site
nor harvest treatments impacted on its survival.

The annual mortality of coppice and uncut treatments was not
uniform. For coppiced mallee treatments, mortality rates peaked the
first year after the initial harvest for Elox and Epol at 1.9% and 1.6%
respectively whereas Ekoc mortality rate peaked 2-years after the initial
harvest at 2.5% (Fig. 4). There was a weaker trend observed in the
uncut treatments with lower mortality rates occurring for each species
throughout the trial period.

3.2.1. Annual biomass production
Annual biomass data was used to analyse all the spring and autumn

treatments after 7-years because at many sites the spring treatments
were modified. The frequency of harvest of all autumn and uncut
treatments over 10 annual measurements were analysed separately.

3.2.2. Ekoc sites
For the 7-year spring/autumn analysis, there was greater than a

three-fold yield difference between the highest and lowest yielding sites
(P < 0.0001) that remained for the duration of the experiment
(Table 6). For 7-year analysis with all treatments, the uncut and autumn
treatments significantly outperformed the spring treatments
(P < 0.001) as seen at Sites 11 and 15. Additionally, the uncut treat-
ment produced more biomass than the coppice treatments after 7-years
(P < 0.005); however, these differences were not significant after 10-
years. There were no differences in annual growth rate between the
frequency of harvest treatments at 7- and 10-years, nor were any in-
teractions present.

3.2.3. Elox sites
Similar to the Ekoc result, site was the most important factor influ-

encing yield (P < 0.0001) at the 7- and 10-yr results with a three-fold
difference between the highest and lowest yielding sites (Table 7).
There was also a significant difference between harvest seasons; how-
ever, there was a reversal of the performance of the treatments com-
pared to the Ekoc sites in that the spring coppice yielded more biomass
than the uncut treatments or autumn treatments (P = 0.005). This
difference was not realised across all sites, with Site 13 showing the
opposite trend. There was no significant interaction between site and
season. There was no difference between frequency of harvest treat-
ments but there were significant interactions between frequency of
harvest and season (P < 0.005), in which the autumn treatment yield
was higher under the short rotation, whereas the spring treatments
benefited from longer harvest cycles. Excluding the failed sites, there
was a significant interaction between performance of the harvested and
uncut treatments and site (P < 0.0001) for both the 7- and 10-year
analyses. At five of the eight sites (Sites 2, 3, 9 12 and 20) all coppice

treatments outperformed the uncut treatments whereas the reverse was
found at Sites 10, 13 and 17. However, the main effect of harvested or
uncut treatment was not significant in the 7-year analysis but the
coppice treatments yielded more biomass in the 10-year analysis
(P = 0.01).

3.2.4. Epol sites
The Epol sites included the highest yielding sites across this study

and there was a two- to three-fold difference between site yields
(P < 0.0001) (Table 8). There was no effect of season and frequency of
harvest, but there were interactions between site and the harvested or
uncut treatments (P < 0.001). Higher yields were observed for all
coppice treatments at Sites 8 and 18 and three of the four coppice
treatments at Site 1. In contrast, at Site 19 the uncut treatment out-
performed the coppice treatments (P < 0.05). Across all sites, the main
effect of harvesting compared to the uncut treatment was significant
(P = 0.0001) with more biomass produced following harvesting. For
the 10-year analysis, there was no difference between the yield of fre-
quency of harvest treatments but the interaction and main effect that
were observed at 7-yr persisted to 10-yr P < 0.001 and P = 0.005
respectively.

Fig. 4. Mortality of all coppice and uncut treatments ( ± s.e.) of three mallee
species (a) E. kochii, (b) E. loxophleba and (c) E. polybractea for each year. Only
autumn coppice treatments were used after 2012. The three failed Elox sites
were excluded from analysis.
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3.3. Yield comparison across multiple cycles

By the conclusion of this experiment, nine sites had undergone three
complete cycles of 3-year autumn harvests and biomass yield was stable
except for Site 1, 16 and 18 (Fig. 5). Sites 1 and 18 produced less
biomass in the first harvest cycle. Site 16 was the only site that showed
progressive decline over the three harvest cycles.

3.4. Relationships of mallee growth to environmental variables

Stepwise multiple linear regression of biomass on environmental
variables identified soil and/or climate factors that accounted for some
of the variation in biomass across sites and species. While the growth of
uncut controls and coppice treatments were affected by some common
factors, coppice growth variation was also influenced by variation in
soil nutrients status and climatic factors. For uncut mallee biomass, soil
pH, salinity constraints and soil carbon status accounted for over half
the biomass variance across sites and species (Eq. (7)):

= + =T 28.16 3.37MpH 0.227MEc 0.007OC, R 0.56adj
2 (7)

where T is biomass of the uncut control treatment (Mg ha−1 yr−1),
MpH is maximum pH (CaCl2), MEc is maximum soil electrical con-
ductivity (ECe dS m−1) and OC is organic carbon (g/m3) of soil.

For coppice, the variability in biomass across sites and species was
explained by a combination of soil and climate constraints (Eq. (8)):

= + + =C 162.6 4.66MpH 2.77T 0.269MEc 0.102 N 0.007OC R 0.72max adj
2

(8)

where C is coppice biomass (Mg ha−1 yr−1), MpH is maximum site pH
(CaCl2), Tmax is Maximum Temperature (°C), MEc is maximum soil
electrical conductivity (dS m−1), N is NO3

− plus NH4
+ (g/m3), and OC

is organic carbon (g/m3) of soil.

4. Discussion

The data presented here show substantial variation in both biomass
yield and mortality across sites, associated with species, climatic and
edaphic variables. There is no consistent effect on biomass or mortality
from frequency of harvest. However, there was a species response to
season of harvest. Ekoc responded better to autumn harvest, Elox

performed better with spring harvest and Epol performed well in each
season and displayed low mortality.

4.1. Site effect

The variation in climatic and edaphic factors across the 19 sites
more strongly influenced biomass production than the treatments im-
posed. The combination of rainfall, evaporation and soil depth has been
found to accurately predict biomass production of juvenile mallee
plantings (Wildy et al., 2000a). In this study, we found that most bio-
mass yield variance (56–72%) was accounted for by edaphic (pH, ECe,
N and organic C) and climate (Tmax) variables. The impacts of pH, ECe

and Tmax on yield were negative, while soil nutrients (N and OC) had
positive effects. Although climate is a key determinant of plantation
productivity in the WA wheatbelt by virtue of its impact on landscape
water balance (Brooksbank et al., 2011; Robinson et al., 2006; Smettem
and Harper, 2009; Sudmeyer et al., 2004; Wildy et al., 2004a), our
findings emphasise the importance of localised, edaphic factors con-
trolling water and nutrient availability and uptake by mallee at any
given site.

Soil pH was a good predictor of growth for both uncut and coppiced
treatments indicating that the studied mallee species prefer acidic soils.
pH varied across the sites from 3.6 to 9.1. Symonds et al. (2001) found
in a nursery trial that many eucalypt species prefer acidic conditions,
including Epol which produced significantly less biomass above a pH of
7.6. The distribution of some endemic eucalypt species or provenances
are restricted by soil pH, and perform poorly when grown out of their
natural range (Anderson and Ladiges, 1978; Ladiges and Ashton, 1977;
Parsons and Specht, 1967). This suggests that pH should be considered
in species and site selection, and that agricultural soils too acidic and
expensive to ameliorate for other crops may be suitable for mallee.

Another factor that reduced yield across the sites was soil salinity
which has been shown, especially in combination with waterlogging, to
reduce growth and survival of plants (Barrett-Lennard, 2003). Site 11
exhibited the highest soil salinity of 36.6 dS m−1 but had a dry profile,
whereas Sites 6, 7, 10, 12, 15, and 17 all had high salinity with shallow
saline groundwater (Peck et al., 2012). These root zone soil constraints
may have contributed to the high mortality at two of the failed sites
(Sites 6 and 7) and to low biomass yield at the other sites. In contrast,
Site 1, which was located mid-slope and considered to have access to
fresh groundwater at 6–10 m (Peck et al., 2012), had the highest yield.
Of the three mallee species, Elox is considered to be moderately salt-
tolerant and can survive at ECe 30.0 dS m−1 (Pepper and Craig, 1986).
Brooksbank (2011) found that Epol and Ekoc will not use saline
groundwater exceeding 16.1 dS m−1 whereas Elox actively sourced
groundwater at 30.1 dS m−1.

Elox was most commonly planted on lower slopes and valley floors,
reflecting its natural occurrence on such sites. However, under agri-
cultural use such sites have been compromised by the accumulation of
saline groundwater and as for conventional annual crops, have reduced
yield. At Sites 6 and 7 (< 5 m elevation above adjacent saline discharge
area) establishment was achieved, but high mortality occurred after
first harvest. In contrast, the uncut treatment at Site 7 achieved yields of
17.6 Mg ha−1 yr−1. These sites had soil salinities of 15.2 and 20.0 dS
m−1 respectively, suggesting that Elox salt tolerance is reduced as a
result of harvesting. There are perennial grazing plant options for salt
affected valley floor sites (Barrett-Lennard et al., 2006; Bennett et al.,
2009), but these sites may be usefully bounded on lower slopes by
plantations of Elox to be harvested on longer cycles. The four Epol sites
had relatively deep soil profiles and were only saline at depth (> 6 m)
and could be considered relatively unconstrained by soil salinity.
Mallee plantings will span multiple soil types and it is inevitable that
yield variability will occur.

Nitrogen (NO3
− and NH4

+) and organic carbon had a positive effect
on growth. It was thought that nutrient supply might only slowly be-
come limiting because all sites were within fertilised annual cropping

Table 6
Annualised increments of total dry biomass yield (Mg ha−1 yr−1) of Ekoc for
each treatment and harvest cycle. The bracketed numbers are the duration in
years of the harvest cycle. Tukey’s tests were performed to test difference be-
tween site, treatment and site by treatment interaction – means with the same
letter do not differ at the 0.05 significance level. Tests for all treatments are
given in the 7-year column, and tests for autumn and uncut treatments are
given in 10-year column.

Site Season Frequency 7-year 10-year Cycle 1 Cycle 2 Cycle 3

11C Autumn Short 4.8 (6)FG 4.8 (9)E 4.5 (7) 5.6 (2)
Spring Short 3.0 (6)G 3.0 (6)
Autumn Long 4.2 (6)G 3.7 (9)E 3.4 (8) 6.0 (1)
Spring Long 3.5 (6)G 3.5 (6)
Control Control 5.3 (6)EFG 4.9 (9)DE

15B Autumn Short 9.4 (6)DEF 10.2 (9)BC 10.3 (5) 10.0 (4)
Spring Short 4.6 (6)G 5.2 (5) 1.9 (1)
Autumn Long 9.4 (6)DEF 8.9 (9)CD 9.4 (6) 8.1 (3)
Spring Long 4.8 (6)G 4.8 (6)
Control Control 10.1 (6)CDE 9.1 (9)C

16A Autumn Short 17.0 (6)AB 14.9 (9)A 18.6 (3) 15.4 (3) 10.6 (3)
Spring Short 13.1 (6)BCD 12.3 (3) 13.8 (3)
Autumn Long 15.7 (6)AB 14.1 (9)AB 16.8 (4) 12.0 (5)
Spring Long 14.3 (6)BC 14.4 (4) 14.1 (2)
Control Control 19.5 (6)A 15.9 (9)A
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and sheep-grazed legume-based pastures. However, the level of nutrient
removal appears too great especially for N and P, and fertiliser appli-
cation will be required following harvesting (Grove et al., 2007; Yu
et al., 2015). Soil sampling occurred between the first and the second
harvests at most sites. Soil organic carbon was positively correlated
with biomass production for both the coppice and unharvested treat-
ments. This suggests that concentrations of organic carbon were

unaffected by biomass removal. However, the presence of nitrogen in
the coppice model suggests removal of biomass may have reduced
available soil nitrogen pools. Also, poor inherent site soil fertility may
have limited growth from the time of establishment. In 2012 the spring
treatments for 10 sites were harvested and then converted to nutrient
trials. The addition of 320 kg/ha of ammonium sulphate, 230 kg/ha of
double phosphate and 85 kg/ha of nitrate of potash between the rows in

Table 7
Annualised increments of total dry biomass yield (Mg ha−1 yr−1) of Elox for each treatment and harvest cycle. The bracketed numbers are the duration in years of the
harvest cycle. Tukey’s tests were performed to test difference between site, treatment and site by treatment interaction – means with the same letter do not differ at
the 0.05 significance level. Tests for all treatments are given in the 7-year column, and tests for autumn and uncut treatments are given in 10-year column.

Site Season Frequency 7-year 10-year Cycle 1 Cycle 2 Cycle 3

2C Autumn Short 9.7 (6)BCDEF 8.6 (9)BC 9.7 (6) 6.2 (3)
Spring Short 8.1 (6)CDEFG 8.1 (6) 6.7 (2)
Autumn Long 7.7 (6)FG 7.5 (9)CD 7.1 (7) 8.6 (2)
Spring Long 7.1 (6)FGH 6.2 (7) 4.7 (1)
Control Control 5.6 (6)HIJKL 5.3 (9)F

3C Autumn Short 7.6 (6)FG 7.7 (8)CD 7.7 (3) 7.5 (3) 8.0 (2)
Spring Short 7.5 (6)FG 6.5 (3) 8.5 (3)
Autumn Long 6.4 (6)GHIJ 7.1 (8)CDE 6.7 (4) 7.4 (4)
Spring Long 8.1 (6)DEFG 8.6 (4) 7.1 (2)
Control Control 4.9 (6)JKML 5.5 (8)F

9A Autumn Short 10.3 (6)BCD 10.0 (9)AB 8.9 (3) 11.6 (3) 9.4 (3)
Spring Short 12.3 (6)AB 8.5 (3) 16.1 (3)
Autumn Long 10.1 (6)BCDE 10.3 (9)AB 9.1 (4) 11.2 (5)
Spring Long 14.6 (6)A 11.2 (4) 21.4 (2)
Control Control 8.8 (6)CDEF 7.6 (9)CD

10A Autumn Short 6.4 (6)GHIJ 6.5 (9)DEF 5.7 (5) 7.4 (4)
Spring Short 7.8 (6)EFG 6.2 (5) 15.9 (1)
Autumn Long 8 (6)DEFG 7.4 (9)CD 8.0 (6) 6.1 (3)
Spring Long 10.7 (6)BC 10.7 (6)
Control Control 12.1 (6)AB 11.0 (9)A

12E Autumn Short 4.2 (6)KLM 3.9 (9)G 4.2 (6) 3.2 (3)
Spring Short 5.1 (6)IJKL 5.1 (6) 3.0 (2)
Autumn Long 4.2 (6)KLM 3.7 (9)G 3.7 (7) 3.7 (2)
Spring Long 4.3 (6)KLM 3.1 (7) 1.7 (1)
Control Control 2.4 (6)N 2.2 (9)H

13B Autumn Short 7.7 (6)FG 7.8 (9)CD 8.4 (3) 7.0 (3) 8.0 (3)
Spring Short 6.7 (6)GHI 6.5 (3) 6.9 (3)
Autumn Long 6.2 (6)GHIJ 7.2 (9)CDE 6.9 (4) 7.4 (5)
Spring Long 6.6 (6)GHI 7.1 (5) 4.3 (1)
Control Control 10.2 (6)BCDE 10.7 (9)AB

17B Autumn Short 7.1 (6)JIHK 7.1 (9)EF 7.6 (3) 6.7 (3) 7.2 (3)
Autumn Long 6.8 (6)JKLM 7.1 (9)F 7.0 (4) 7.1 (5)
Spring Long 8.5 (6)GHI 8.9 (4) 7.7 (2)
Control Control 10.1 (6)EFG 9.1 (9)CDE

20D Autumn Short 4.6 (5)KLM 6.7 (8)F 6.7 (6) 6.9 (2)
Spring Short 4.2 (5)LM 5.3 (5)
Autumn Long 3.9 (5)M 4.7 (8)G 4.7 (8)
Spring Long 5.2 (5)IJKL 6.5 (5)
Control Control 3.7 (5)M 3.9 (8)G

5 Autumn Short 12.6 (4) 12.4 (4)
Spring Short 5.3 (4) 10.1 (2)
Autumn Long 9.8 (5) 12.6 (4)
Spring Long 12.1 (5) 4.8 (1)
Control Control 12.5 (9)

6 Autumn Short 4.9 (3) 3.7 (3)
Spring Short 0.3 (3) 0.8 (2)
Autumn Long 6.1 (4) 3.0 (2)
Spring Long 4.7 (5)
Control Control 17.6 (9)

7 Autumn Short 0.3 (2)
Spring Short 0.1 (2)
Control Control 0.7 (5)

14 Autumn Short 1.1 (3)
Spring Short 0.5 (2)
Autumn Long 0.8 (3)
Spring Long 0.3 (2)
Control Control 3.9 (5)
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both 2012 and 2013 increased biomass production in 2014 by 11% per
annum (Spencer et al., unpublished data). This supports the growth
model indication that soil nutrition constrains biomass production and
that this might be mitigated with application of fertilizer or biomass ash
(Grove et al., 2007).

4.2. Frequency of harvest

The short and long frequencies of harvest exhibited high survival
and strong coppice vigour with no downward trend in yield after con-
secutive harvests. Excluding the three failed sites, mortality for the
duration of the project, across all treatments, was 4.7%. These results
contrast with other studies which reported mortality of up to 100%
(Noble and Diggle, 2014) or progressive declines in productivity
(Milthorpe et al., 1998; Wildy and Pate, 2002) under more frequent
harvest regimes. In our study, coppice mortality following the initial
harvests in 2006 and 2007 accounted for 46% of overall mortality. The
peak mortality at first harvest appears to be induced by the harvest,
because mortality rates in the uncut treatments remained steady.

Harvest mortality was mostly confined to smaller trees, and appears to
have had little effect on biomass yield. In 2010, there was a slight in-
crease in mortality where many sites received about half their average
annual rainfall.

It has been suggested that carbohydrate root reserves in WA flora
have an important role in the capacity to resprout (Bell et al., 1996).
Wildy and Pate (2002) found that with removal of foliage from E kochii
every three months, starch was a poor predictor of subsequent biomass
production and mortality. They also found the reduction of starch re-
serves persisted for 12–18 months after harvest. Hence to minimise
mortality risk, a minimum 3-year harvest interval was chosen in this
study. It was anticipated that this would also deliver sufficient biomass
to facilitate development of low cost, high volume harvest systems
(Abadi et al., 2012). No trend was observed within sites to suggest a
penalty in annual yield under the shorter harvest frequency.

Excluding the three failed sites, the frequency of harvest resulted in
sustainable biomass production, at higher yielding sites. Site 1 dis-
played large variation between cycles peaking at cycle two with
38.3 Mg ha−1 yr−1 (dry weight) with lower yields at cycles one and

Table 8
Annualised increments of total dry biomass yield (Mg ha−1 yr−1) of Epol for each treatment and harvest cycle. The bracketed numbers are the duration in years of the
harvest cycle. Tukey’s tests were performed to test difference between site, treatment and site by treatment interaction – means with the same letter do not differ at
the 0.05 significance level. Tests for all treatments are given in the 7-year column, and tests for autumn and uncut treatments are given in 10-year column.

Site Season Frequency 7-year 10-year Cycle 1 Cycle 2 Cycle 3

1A Autumn Short 30.4 (6)A 30.2 (9)A 22.7 (3) 38.3 (3) 29.7 (3)
Spring Short 28.2 (6)A 14.7 (3) 41.7 (3)
Autumn Long 29.3 (6)A 32.8 (9)A 28.5 (4) 36.3 (5)
Spring Long 19.8 (6)AB 15.8 (4) 27.9 (2)
Control Control 25.5 (6)A 23.7 (9)A

8D Autumn Short 10.7 (6)GH 10.5 (9)DEF 10.6 (3) 10.9 (3) 9.9 (3)
Spring Short 10.4 (6)H 9.2 (3) 11.5 (3)
Autumn Long 11.2 (6)FGH 10.7 (9)DEF 10.8 (4) 10.6 (5)
Spring Long 11.7 (6)EFGH 11.2 (4) 12.7 (2)
Control Control 7.1 (6)I 7.4 (9)G

18B Autumn Short 16.1 (6)CDEF 16.9 (9)BC 13.2 (3) 19.1 (3) 18.5 (3)
Spring Short 16.7 (6)CDE 12.3 (3) 21.2 (3) 17.0 (2)
Autumn Long 17.6 (6)CD 18.7 (9)B 14.1 (4) 22.3 (5)
Spring Long 19.4 (6)BC 14.0 (4) 27.8 (4)
Control Control 16.5 (6)CDEF 15.6 (9)BCD

19C Autumn Short 12.7 (6)H 12.1 (9)F 11.7 (3) 13.8 (3) 10.9 (3)
Spring Short 14.0 (6)EFGH 12.9 (3) 15.0 (3) 11.5 (2)
Autumn Long 13.2 (6)GH 11.5 (9)EF 10.2 (4) 12.5 (5)

‘ Spring Long 14.4 (6)DEFGH 9.6 (4) 17.1 (4)
Control Control 15.3 (6)DEFG 13.9 (9)CDE

Fig. 5. Annualised dry biomass yield (Mg
ha−1 year−1) for all sites under three 3-year
harvest cycle regimes. Solid black bars re-
present cycle one, pattern bars cycle two
and grey bars cycle 3. Total rainfall for each
3-year cycle from autumn to autumn (March
to March) is represent by diamonds. Site 3
was removed in 2014 and the last 3-year
rotation was limited to 2-years of data.
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three. Site 16 showed progressive declines in yield for the 3-year au-
tumn harvest coppice treatment from 18.6 to 10.6 Mg ha−1 yr−1. There
was no progressive decline in rainfall over this period and no other site
displayed a declining yield trend (Fig. 5). Site 16 is just upslope from
the boundary between the sandplain landform and the in-situ weath-
ered profiles over the igneous basement. These junctions are often the
site of discharge from perched sandplain aquifers, that are readily de-
pleted with localised tree planting (George, 1990). Investigations of this
site reported in Bennett et al. (2005) and Pracilio et al. (2006) support
the conclusion that the sandplain aquifer had been exhausted by the
extensive mallee planting of which Site 16 was part. These sites would
be optimally managed by matching plantation area to the discharge
volume of the aquifer.

There was a species response to harvest with Ekoc seemingly the least
tolerant, especially following spring harvests. At each Ekoc site, the uncut
treatments yielded more biomass than the coppice treatments. In con-
trast, most Epol and Elox sites yielded more biomass under coppice re-
gimes, however, this was not consistent between sites. The juxtaposition
of an Epol belt adjacent to Site 16, an Ekoc belt, provided an opportunity
to observe the consequence of the drying out of the shallow aquifer on
two different mallee species (Bennett et al., 2005; Pracilio et al., 2006).
While Ekoc showed progressive decline in harvest yield, Epol suffered
extensive drought death. This vulnerability of Epol to the hotter/drier
climate of the northern wheatbelt (evaporation > 2500 mm and rain-
fall < 350 mm) has been widely observed in farmer plantings. Epol is
native to central Victoria and southern NSW (evaporation 1600 mm and
rainfall 480 mm) and in the absence of sufficient water it is prone to
mortality (J. Bartle, D. Huxtable and B. Spencer personal observations).
In contrast, Ekoc is a native species in this region and although it showed
a decline in biomass at Site 16, no widespread death was recorded. When
comparing the two species drought responses, Epol increases root growth
thereby capturing more annual rainfall whereas Ekoc reduces leaf area
(Brooksbank, 2011). These adaptations seem to favour Ekoc in the
northern wheatbelt, where this species can survive without groundwater
supply but increase growth rate by ten-fold when additional groundwater
is available (Brooksbank et al., 2011). However, without additional
ground water, the zone of transition for Epol selection lies where the
aridity index (ratio of annual rainfall to annual evaporation) is about 0.2.
Similar contrasting drought responses and growth rates have been found
in other tree species in this region (Mitchell et al., 2013).

4.3. Season of harvest

Large-scale markets for mallee biomass will require nearly con-
tinuous supply of biomass to minimise storage costs (Abadi et al.,
2012); hence harvest may need to occur at any time of the year. The
seasonal rainfall and temperature cycles in the south west of WA are
likely to influence the response of mallee crops to harvest. It has been
shown that below ground carbohydrate reserves in unharvested mallee
are lower in summer than spring (Wildy and Pate, 2002) and lower
survival rates are observed with autumn harvests (Milthorpe et al.,
1994; Noble, 1982; Noble and Diggle, 2014). Thus, it was hypothesised
that the autumn harvest would produce less biomass and higher mor-
tality than spring harvest. Our results showed no consistent adverse
impacts of autumn harvest, refuting our hypothesis. Our study had
longer harvest intervals than the works cited above and the 3-year
harvest cycle appears to avoid depleting stand vigour. However, this
study found differential species responses to season of harvest. Ekoc sites
yielded more biomass with autumn treatments and this could be at-
tributed to shorter rainfall period in the northern wheatbelt where all
the Ekoc sites were located. In contrast, the Elox sites produced more
biomass with spring harvests. The failed Elox sites (6, 7 and 14) did
produce less biomass with higher mortality following spring harvests
compared to the uncompromised trials. These sites were all in the
northern wheatbelt where only one Elox site survived (Site 17). More
research is needed to establish the northern range of Elox for production

of biomass, especially on sub-optimal sites. There was no seasonal effect
of biomass production at the Epol sites.

Without the stress of harvest, it was expected that uncut treatments
would exhibit higher survival and this was generally observed. With
respect to harvested mallee, our results indicate that season had a
greater effect on mortality than frequency of harvest; Ekoc sites ex-
hibited higher spring losses whereas greater losses of Elox occurred in
autumn, consistent with previous studies (Noble, 1982; Noble and
Diggle, 2014). Native herbivorous spring beetles (Liparetrus spp.) were
observed at sites in the north-eastern wheatbelt, where all of the Ekoc

sites were located, and herbivory of emergent coppice foliage may have
contributed to higher spring mortality. The four Epol sites exhibited low
mortality whereas Milthorpe et al. (1994) found elevated mortality
from of Epol from autumn harvests but this was attributed mainly to
waterlogging after a flood event. It appears that mortality reflected
seasonal factors, especially at a species-level.

4.4. Biomass yield

Caution should be taken when directly comparing the biomass yield
between sites with different planting configurations. The mallee
plantings selected for this experiment were chosen from established
plantings reflecting the landholder’s site selection, planting design and
management. Selection focussed on stands that were seen as adequately
representative of overall performance and fell within the narrow-belt
specification of planting row number and within-row spacing. It was
necessary to estimate actual yield of standing biomass for belts ranging
from 2 to 6 planting rows. When comparing the yield between 2-row
belt and belts with more than 2-rows, Mendham et al. (2012) and Peck
et al. (2012) doubled the yield of the outer row of sites containing more
than 2-rows because the inner rows had on average only 65–70% the
biomass of outer rows. However, subsequent spacing trial data suggests
that the outer row biomass from treatments containing more than 2-
rows have about 90% of the biomass of a 2-row belt (B. Spencer et al.,
unpublished data). Nevertheless, a tree in a 2-row belt will have greater
access to water and nutrient resources and will not be subjected to the
additional competition imposed by sites containing more than 2-rows.
Hence the biomass yield estimates for 2-row belts will be inflated when
compared to sites of more than 2-rows.

In this study, biomass is reported as dry weights, with fresh mallee
biomass, depending on size and site, varying between 36% and 48% in
water content. Most mallee studies report fresh biomass, making direct
comparisons difficult. Mallee growth rates, reported as dry mass or
adjusted to 40% moisture, are in the range of 1–25 Mg ha−1 yr−1

(Bennett et al., 2015; Brooksbank, 2012; Carter and White, 2009; Grove
et al., 2007; Pracilio et al., 2006; Sudmeyer and Hall, 2015). For most of
our sites, the growth rates were within the above range, although at
some sites considerably higher rates were observed. These sites may
reflect the age of plantings. The project was initiated in 2006 on es-
tablished plantings that were then between five and 12-years of age and
all mallee plantings were older than any of those referred to above.

This study confirms that Epol is capable of high biomass production
in the high rainfall/low evaporation south-western wheatbelt region.
Elox is well adapted to the central and eastern wheatbelt on mid to
lower slopes, but three sites failed due to the presence of either silcrete
hardpan or shallow saline groundwater. Ekoc sites were restricted to
upper slope sandplain soils in the northern wheatbelt, but can deliver
reasonable yields (3–16 Mg ha−1 yr−1), although only one study site
was subjected to the 3- and 4-year harvest regime. It is important to
match species to site types as they have different tolerances to salinity
and water requirements (Brooksbank, 2011). There is potential for
siting plantations of Elox on the transition zone from saline valley floor
to lower slopes and for Ekoc on sand plain seepage areas in the central
and northern wheatbelt regions. Productivity of all three species is
constrained by shallow saline groundwater and by the scattered oc-
currence of silcrete hardpan.
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4.5. Capacity to coppice

Mortality at harvest has been reported for other species of eucalypts
grown for biomass. The 4.7% mortality in this project compares to other
studies where 99% of E. camaldulensis and E. dunnii coppiced within 1-
year post-harvest (Grunwald and Karschon, 1974; Li et al., 2012). In
contrast, mortality over 25% has been recorded for E. globulus at
15 months post-harvest (Whittock et al., 2003) and E. grandis 20 months
post-harvest (Little and Toit, 2003). However, these mallee data were for
multiple harvest cycles over a longer time period than the other studies.

The effect of genetic variation in coppicing has not been reported
for these three mallee species. However, there is evidence from other
eucalypts that it may be important. Whittock et al. (2003) for instance,
found significant variation between the coppicing of sub-races of E.
globulus post-harvest and Borzak et al. (2016) found, for the same
species, that larger lignotubers exhibited lower mortality and faster
growth. Our results indicate a spike in coppice mortality after the first
harvest that did not occur in subsequent harvests. Establishing the
heritability of coppicing vigour of families or sub-races could poten-
tially reduce post-harvest mortality and increase production.

4.6. Economic considerations of harvest

There are three economic questions that need to be addressed before
harvesting: the market for biomass products; the cost of harvest; and the
competition imposed by mallee belts on adjacent crops and pasture. The
components of biomass (leaf, twig, bark, wood) change with the species
and the size of the uncut or coppiced mallee, providing scope to ma-
nipulate biomass composition by varying the frequency of harvest. The
component allometric regressions demonstrate more frequent harvests
increase the percentage of leaf while reducing the wood fraction.
Depending on prices for the components, and available markets for
biofuels and extractives such as cineole (Davis, 2002), manipulating
frequency of harvest could be important for economic optimisation.
There are boundaries to harvest frequency due to mortality risk if too
frequent and harvester capability if too infrequent. Cycle duration will
influence the competition that mallee belts impose on adjacent crop or
pasture. Sudmeyer et al. (2012a) demonstrated greater competition on
adjacent annual crops occurs with larger mallee, and that competition is
reduced after harvest for up to five years. However, the ultimate as-
sessment of economic viability will need to include a holistic assessment
of all on- and off-farm benefits that have been a major motivation for
development of a woody perennial crop (Bartle and Abadi, 2009).

4.7. Conclusion

This study reports that dry weight biomass yields ranged from 2.2 to
32.8 Mg ha−1 yr−1. All three species planted at sites not limited by
saline water or silcrete hardpan consistently produced woody biomass
that could be used for a range of products and services. The frequencies
of harvest imposed did not compromise biomass production and except
for three sites, mortality was generally low and independent of fre-
quency of harvest. There was a species response to season of harvest
where Elox performed better following spring harvests whereas Ekoc had
higher mortality with lower yields. Epol was unaffected by season and
frequency of harvest imposed.

This study confirms that Epol is a high biomass producer provided it is
planted in higher rainfall and lower evaporation regions. Elox is an
adaptable species and can tolerate moderate salinity, but planting too
close to saline water tables reduces productivity and may result in high
mortality after harvest. Ekoc sites were restricted to sandplain soils in the
northern wheatbelt, but can deliver reasonable yields (3–16 Mg ha−1

yr−1), although only one study site was subjected to the 3- and 4-year
harvest regime. Mallee belt plantings will span multiple soil types and it
is inevitable that yield variability will occur. It is important to match
species to site types as they have different tolerances. Frequency of

harvest will affect biomass component composition and hence utility and
value. Soil factors including pH, ECe, shallow saline water tables and soil
nutrition were found to strongly influence biomass production. These
results have implications for initial site selection for mallee plantings and
management decisions regarding timing of harvest.
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Abstract Mallee eucalypts have been extensively

planted in the Western Australia wheatbelt for salinity

mitigation and as a short-rotation coppice crop for the

production of cineole and bioenergy feedstocks.

Mallee has been planted in wide-spaced narrow belts

(2–6 rows) within annual crops and pasture, but

optimal planting configurations have not been deter-

mined. Here, we assess the biomass yield responses of

Eucalyptus loxophleba ssp. lissophloia and E. poly-

bractea to; four row treatments (1, 2, 4 and 6 row belts)

and five within-row spacing treatments (1, 1.5, 2, 3 and

4 m). Thirteen years after planting, the row effects on

plot-level biomass productivity of E. loxophleba

ranged from 4.3 to 21.2 Mg ha-1 year-1. For E.

polybractea, both row number and within-row spacing

affected yield, which ranged from 2.7 to

18.8 Mg ha-1 year-1. For both species, the highest

growth rates were observed in the one-row belts with

shorter (\ 3 m) within-row spacing. Within the belts,

reductions of growth rate were observed with addi-

tional rows, due to increased competition and signif-

icant suppression of internal rows; and with wider

within-row spacing, due to lower initial planting

density. However, when including the area between

belts, wider belts generated more biomass. For both

species, average tree size decreased with additional

rows and shorter within-row spacing. For both species,

the number of stems per tree increased with wider

within-row spacing, and also for E. polybractea, with

fewer rows. The substantial variation in productivity,

tree size and form found in these results will affect

harvestability and ultimately the economic viability of

future mallee plantings.

Keywords Agroforestry � Alley farming � Tree belt

design � Bioenergy crops � Oil mallee � Spacing trial

Introduction

Over the last three decades research has been under-

taken to develop woody perennial crops to comple-

ment annual crops and pastures in the Western

Australian (WA) wheatbelt. Economically viable

perennial crops could help mitigate dryland salinity

(Olsen et al. 2004; Bartle et al. 2007; Bartle and Abadi

2010). Lefroy and Stirzaker (1999) examined tree crop

planting options for salinity management and con-

cluded that integrated plantings would be preferred to

segregated or rotated tree crop systems. In this case

integrated plantings would take the form of wide-
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spaced narrow belts within the existing annual

crop/pasture farming system.

Mallee eucalypts (hereafter referred to as mallee)

are small, multi-stemmed lignotuberous trees. Mallee

were selected as the most prospective woody peren-

nials for crop development due to their ability to

coppice after regular, short-cycle harvest. Some 300

native mallee species occur across the inland, lower

annual rainfall (200–500 mm) regions of the southern

states of Australia (Nicolle 2006). Mallee attracted

commercial interest from the early years of European

settlement in Australia as a source of eucalyptus oil

(extracted from the leaf by steam distillation). Species

with leaf oil consisting predominantly of 1,8-cineole

(hereafter referred to as cineole) were particularly

favoured (Davis 2002). There are a few current

operations in Australia extracting eucalyptus oil from

mallee species, from both native and cultivated stands,

on coppice harvest cycles of 1–5 years. Historic

markets for cineole focussed on non-prescription

medical uses but recent work has shown promise for

industrial scale use (Barton and Tjandra 1989; Davis

2002; Soh and Stachowiak 2002; Leita et al. 2010).

High total oil, cineole-rich mallee species have been

selected to suit the full range of edaphic and climatic

conditions in the WA wheatbelt. Two of these are the

subject of this work, Eucalyptus polybractea R.T

Baker, native to New South Wales and Victoria, and

Eucalyptus loxophleba Benth. subsp. lissophloia LAS

Johnson & KD Hill, from WA. Both of these species

readily coppice after harvest (Eastham et al. 1993;

Wildy et al. 2000a; Spencer et al. 2019). Recent

interest in carbon sequestration by agroforestry sys-

tems to combat climate change (Harrison and Gassner

2020) gave strong impetus to develop mallee for its

carbon offset and bioenergy potential (Wu et al. 2008;

Abadi et al. 2012; Yu et al. 2015). Biofuels became a

major research area with a particular focus on

conversion to fuels by pyrolysis (O’Connell et al.

2007; Garcia-Perez et al. 2008; Wu et al. 2009;

McGrath et al. 2017).

Integration of mallee into the wheatbelt farms has

potential direct commercial returns. Other on-farm

and regional benefits may also be substantial: hydro-

logical control reducing salinity and waterlogging

(Rundle and Rundle 2002; Silberstein et al. 2002; Ellis

et al. 2006; Robinson et al. 2006); stock shelter and

wind erosion control (Bird et al. 1992; Sudmeyer and

Scott 2002a, b; Baker et al. 2018) and biodiversity

benefits (Smith 2009). However, mallee have exten-

sive root systems and while their deep root penetration

is beneficial (Nulsen et al. 1986; Robinson et al. 2006),

their lateral roots spread well beyond the planted belts,

creating a wide competition zone with the adjacent

annual crops and pastures (Sudmeyer et al. 2012).

Economic analyses have been undertaken to help

define the full range of costs and benefits (Cooper et al.

2006; Abadi et al. 2012).

The number of rows in a belt, plant spacing within

the rows, and harvest frequency will all affect biomass

yield and composition. In agroforestry plantings,

shorter within-row spacing leads to smaller trees but

greater yield (Karim and Savill 1991; Dagar et al.

2016). This within-row tree spacing effect has also

been demonstrated in plantation forestry prior to

canopy closure (Niemistö 1995; DeBell and Harring-

ton 2002; Pinkard and Neilsen 2003; West and Smith

2019). The most common planting configuration for

mallee has been 4-row belts, 40–100 m apart, with

2 m between rows and 1.5 m within-row spacing

(URS 2008; Bartle 2009). The area between belts is

commonly called the alley. A study across eight sites

in WA with more than 2-rows, found yield reduction in

internal rows of 60% for unharvested belts; and for

harvested belts inner row suppression of up to 80%

(Huxtable et al. 2012). Evidence that 1- or 2-row belts

may better utilise the land occupied indicates the need

to better define the yield characteristics of these

narrow belts (Prasad et al. 2010; Paula et al. 2013).

This study presents the results of two mallee

spacing experiments consisting of four different

numbers of rows, and five within-row spacing treat-

ments. The aim is to determine:

(1) The planting configuration that maximises

mallee productivity by testing total biomass

response to planting configurations; and

(2) The effect of planting configuration on survival

and tree form.

Methodology

Study site and species

The experiments were established at two sites north of

the town of Narrogin (32.93�S, 117.18�E, altitude

290–310 m) in the Western Australian wheatbelt. The
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wheatbelt has mild wet winters and hot dry summers.

Annual average rainfall (1986–2015) for Narrogin was

447 mm, annual evaporation 1566 mm, average daily

maximum temperature was 22.7 �C and average daily

minimum temperature was 9.8 �C (Jeffrey et al. 2001).

The experimental sites were selected considering

suitability of soil types to the two selected mallee

species: E. polybractea and E. loxophleba subsp.

lissophloia, which are widely planted in the Western

Australian wheat belt. These species will be hereafter

referred to as Epol and Elox respectively. Each site

consisted of only one of the two species. Both sites

have similar landscape position and soil type, i.e.

shallow valley floor landform in the Eastern Darling

Range Zone and depositional profiles having duplex

soils with deep grey sandy surface soil horizon to 1 m

over sandy clay (Moore 2001). Both sites were cleared

of native vegetation several decades ago and con-

verted to an agriculture based on well-fertilised annual

crop/pasture rotations.

Both experiments were established in winter 2000.

Prior to planting, weed control was carried out using

glyphosate and simazine. Seedlings were planted into

soil that had been ripped to a depth of 50 cm and rip-

lines were 2 m apart.

Experimental design

Both experiments had a split plot design with four

replicates and random allocation of main plots within

each replicate, and sub-plots within the main plots

(Fig. 1). The belt row configuration was the main plot

treatment with four levels: 1, 2, 4 or 6 row belts. The

distance between rows was maintained at 2 m as this is

the minimum spacing required for a single row

harvester to access internal rows. The main plots were

divided into five within-row spacing treatments of 1,

1.5, 2, 3 or 4 m. At each main plot boundary there was

a six-tree buffer while there was a three-tree buffer

between the sub-plots. The larger buffer was used

between the main plots as it represented a change in

both tree-spacing and number of row treatments. Each

sub-plot consisted of 12 trees distributed between the

number of rows prescribed.

Two analyses were performed: firstly, to compare

the productivity of each treatment on the area the

mallee plots physically occupy; and secondly, to

compare the productivity of each treatment including

the alley area to determine mallee productivity of the

entire paddock. These two approaches were used as

both have limitations, the first analysis does not

account for the area of influence the mallee belt has on

the immediately adjacent agricultural land (called the

competition zone) and the second approach does not

account for the additional area foregone to agriculture

that the wider belts occupy.

In the first analysis, to standardise the plot area of

each treatment, the outer edge of the plot was

calculated as half the internal distance between rows,

as used by Paul et al. (2013a). Hence, the 2 m inter-

row space had 1 m added to each side to derive plot

area. The 1-row treatment was also allocated a 1 m

edge to derive area. Consequently, the 1-row treatment

is twice the length and half the width of the 2-row

treatment; analogously the 1-row treatment was six

times the length and one sixth the width of the 6-row

treatment. This method allocates equivalent plot areas

to different row treatments with the same spacing

treatment. For instance, for a 1 m within-row spacing,

the 1-row belt of 12 trees has a plot area of 24 m2, 12

trees 9 2 m2 (1 m2 each side of the belt) and the

6-row belt at 1 m within-row spacing also has a plot

area of 24 m2 (2 trees along the belt 9 2 m between

row 9 5 internal rows plus 2 external tree 9 2

rows 9 1 m2 for the external edge). However, plot

area is modified by the within-row spacing treatments

(Table 1).

In the second analysis, the alley area was included

to calculate mallee productivity over the entire

paddock. Alley widths at both experiments were

approximately 50 m apart. The plot area, for instance,

for a 1 m within-row spacing, the 1-row belt of 12

trees has a plot area of 0.06 ha (12 m 9 50 m)

whereas the 6-row belt at the same spacing has a plot

area of 0.01 ha (2 m 9 50 m) (Table 1).

Estimating dry mass of trees

Diameters of each stem were measured in the winter of

2013 with a diameter tape at approximately 10 cm

above ground level. All stems over 10 mm were

measured. Fibrous bark, buttressing and swelling

associated with low branching was avoided by slightly

raising or lowering the measurement height. For

multiple stemmed trees, the Equivalent Diameter

(EDRC) method of Chojnacky and Milton (2008)

was used to provide a single diameter:
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Fig. 1 A schematic of the trial design and planting configura-

tion: a fully randomised allocation of main plot treatments

(number of rows) within each replicate, and b further

randomised arrangement of the subplot (within-row spacing)

treatments within the whole plot factor using replicate 1 as an

example

Table 1 Plot areas and stocking density (trees ha-1) of within-row spacing treatments (m) for the plot-level scenario and the plot

areas for each row-treatment and within-row spacing for the paddock-level scenario

Within row spacing (m) Plot-level scenario Paddock-level scenario

Plot area (ha) Trees ha-1 Row treatment and plot area (ha)

1-row belt 2-row belt 4-row belt 6-row belt

1 0.0024 5000 0.060 0.030 0.015 0.010

1.5 0.0036 3333 0.090 0.045 0.023 0.015

2 0.0048 2500 0.120 0.060 0.030 0.020

3 0.0072 1667 0.180 0.090 0.045 0.030

4 0.0096 1250 0.240 0.120 0.060 0.040

The numbers refer to each replicate at the two experimental sites. Note that for the plot-level scenario, at a given within-row spacing,

the plot area is the same for all four different row spacing treatments; see text in the Methods section for details
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EDRC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

drc2
i

s

ð1Þ

where drc equals the diameter of each stem and

n equals the number of stems of each tree.

Mallee allometric equations developed by Spencer

et al. (2019) were used to estimate dry biomass in a

two-step process; first converting EDRC to above

ground fresh biomass, then partitioning fresh biomass

into oven dry wood, bark, twig and leaf. These data

were then summed to estimate the dry biomass of the

tree which was used to calculate standing dry biomass

for each treatment and plot- and paddock-level

scenarios. Other mallee eucalypt allometric equations

were assessed; these include Paul et al. (2013b) which

did not cover suitable size range for stem diameter,

while the continental-scale multi-stemmed equation

published Paul et al. (2016) underestimated biomass

when compared to the species-specific equations

generated by Spencer et al. (2019).

Statistical model

Treatment effects were evaluated by sites using mixed

linear models using REML to estimate variance

components in SAS 9.4 (SAS 2017) with the following

formula:

yijk ¼ ri þ oj þ sk þ ojx sk þ oj rið Þ þ eijk ð2Þ

where y is the trait of interest (dry biomass ha-1,

number of stems or survival), ri is the replicate effect,

oj is the row treatment, sk is the spacing treatment, oj x

sk is the interaction between the row and the spacing

treatments, and eijk is the residual error. Replicate and

replicate nested with the main plot (row treatment)

were specified as random effects. The proportion of

trees that survived were analysed following arcsine

transformation. Tree biomass was natural-log trans-

formed to reduce heteroscedasticity and heterogeneity

of variance. Prior to measurement, a fire had burnt one

replicate of the 6-row treatment at the Epol site.

Additionally, at the Elox site, two subplots (4 and 3 m

spacing) of one replicate of the 1-row treatment had

high mortality and the remaining trees had been

damaged by termites modifying the growth form of the

trees. The burnt and termite affected plot data were

treated as missing observations in analysis.

Results

Planting configuration on mallee survival

Tree survival, averaged across treatments, was 86%

(range: 69–94%) at the Elox site while at the Epol site it

was 89% (range: 78–96%) (Fig. 2a). Significant

differences in survival were observed at the Elox site

(p\ 0.05) for the row treatments (Table 2), where

there was 78% survival for the 1-row belts compared

to above 86% for the other row treatments. No

differences in survival were observed between treat-

ments at the Epol site.

Planting configuration affects productivity

of mallee in agroforestry systems

For the plot-level scenario, across both experiments,

the 1-row treatment produced significantly more

biomass per unit area than the other row-treatments

(Fig. 2b). Table 2 summarises the significance of the

main- and sub-plot results at both sites. The number of

row treatment had a highly significant effect on

biomass production which ranged from

4.3–21.2 Mg ha-1 year-1 at the Elox site

(p\ 0.0001) and 2.7–18.8 Mg ha-1 year-1 at the

Epol site (p\ 0.001). There was a yield reduction

with additional rows, with the highest yielding 1-row

treatment producing more than twice the biomass of

any of the 4 and 6-row treatments. The within-row

spacing treatment was also highly significant at the

Epol site (p\ 0.0001) where the 1 m within-row

spacing yield exceeded the other within-row spacing

treatments. Although not significant, a similar trend

was observed at the Elox site except for the 1-row

treatment. Across both sites and most row-treatments,

the 3 and 4 m within-row spacing treatments consis-

tently produced the least biomass. The interaction

between row treatment and within-row spacing was

not significant (Table 2).

For the paddock-level scenario, productivity ranged

from 0.65–1.56 Mg ha-1 year-1 at the Elox site and

from 0.43–1.86 Mg ha-1 year-1 at the Epol site with

most biomass being generated at the wide belts (4- or

6-rows) with short within-row spacing (Fig. 2c).

These wider belts produced significantly more bio-

mass (p\ 0.01) than the 1- or 2-row treatments, with

the 6-row belt, averaged across within-row spacing

treatments, producing almost double the biomass of
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the 1-row belt at both sites. The within-row spacing

treatments were highly significant at the Epol site

(p\ 0.0001) where, averaged across row-treatments,

the 1 m within-row spacing belt yielded nearly twice

the biomass compared to the 3 and 4 m within-row

treatments. Analogous to the plot-level analysis, a

similar trend occurred at the Elox site, but was not

significant. The interaction between row treatment and

within-row spacing was also not significant.

The biomass production of the 4- and 6-row

treatments were further analysed and there was a

difference (p\ 0.0001) in biomass production

between the external and internal rows (Fig. 3). At

both sites there were interactions (p\ 0.005) between

external and internal row biomass and the within-row

spacing treatments, driven by the higher yields of the

external rows at shorter within-row spacing. The short

within-row spacing outperformed the wider spacing at

the Epol site (p\ 0.01) while at the Elox site, the 4-row

treatment yielded nearly 2 Mg ha-1 year-1 more than

the 6-row treatment (p\ 0.05). At most within-row

spacing treatments, there was at least a doubling, but

up to a five-fold difference in biomass production of

the external rows compared to the internal rows. This

was much more pronounced for the higher density

within-row spacing treatments.

Planting configuration affects individual tree size

and number of stems

Average tree biomass varied significantly for both row

number treatment and within-row spacing treatment

(Table 2). Generally, for all row-number treatments

and species, tree size increased with increasing within-

row spacing such that the largest trees were observed

in the 4 m within-row spacing (Fig. 4a). However, for

Epol the 1- and 1.5 m within-row spacing treatments

had similar productivity. For instance, at the Elox site,

the 1-row treatment had the smallest mallee at the 1 m

within-row spacing and averaged 61 kg per tree, while

at the 4 m within-row spacing, average tree size

increased to 264 kg. The magnitude of difference

between the within-row spacing treatments was gen-

erally two to four-fold greater at the 4 m spacing

Fig. 2 Effect of number of rows (1, 2, 4 and 6) and within-row

spacing treatments on: a mallee survival; b plot-level produc-

tivity (Plot prod Mg ha-1 year-1) which includes only the area

occupied by mallee; and c paddock-level productivity (Paddock

prod Mg ha-1 year-1) which includes the alley area between

mallee belts. All graphics refer to the Eucalyptus loxophleba
subsp. lissophloia (Elox) and E. polybractea (Epol) sites near

Narrogin, Western Australia. Error bars represent ± one

standard error (n = 3–4)
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Fig. 3 Yield responses of the internal and external rows of the

combined 4- and 6-row treatments and within-row spacing

treatments of Eucalyptus loxophleba subsp. lissophloia (Elox)

and E. polybractea (Epol) at two sites near Narrogin, Western

Australia. Error bars represent ± one standard error (n = 3–4)

Fig. 4 Effect of number of rows (1, 2, 4 and 6) and within-row

spacing treatments on: a mallee size (kg dry biomass per tree);

and b the number of stems per tree. Each graphic refers to the

Eucalyptus loxophleba subsp. lissophloia (Elox) and E. poly-
bractea (Epol) sites near Narrogin, Western Australia. Error bars

represent ± one standard error (n = 3–4)
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compared to the 1 m spacing. This difference was less

pronounced at the Epol site especially for the 6-row

treatment. Trees on average were also largest in the

1-row treatment and smallest in the 6-row treatment

although there was no statistical difference between

the 4- and 6-row treatments at the Epol site. The

average tree biomass of the 1-row belt was three times

the biomass of the 6-row treatment at both sites.

On average, Epol had more stems per mallee

compared to the Elox site (2.8 vs 1.6 stems). The

number of stems was significantly affected by within-

row spacing at both sites (Table 2), with fewer stems

per mallee at the denser within-row spacing treatments

(Fig. 4b). At the Elox site, this ranged from 1.4 stems at

the 1 m within-row spacing to 1.8 stem at the 4 m

within-row spacing; the corresponding figures for the

same treatments at the Epol site were 2.2 and 3.4 stems.

The number of stems also varied significantly between

the row treatments but only at the Epol site. The 1-row

treatment averaged 3.5 stems per mallee, which

decreased to 2.3 stems per mallee in the 6-row

treatment. This trend, although not significant, was

also apparent at the Elox site.

Discussion

Understanding the impact of planting configuration

and tree belt design on productivity of tree crops may

facilitate their optimal integration into farming sys-

tems. To help develop this knowledge we examined

effects of planting configuration on productivity of

two commonly planted mallee species within the

Western Australian wheat belt. Our results revealed

that the design of a mallee belt exerts significant

impacts on several key attributes including productiv-

ity, tree size and form (stem number), and tree

mortality. These are discussed below.

Biomass production

Productivity of the plot-level scenario of Elox and Epol

in this study ranged from 2.7 to 21.2 Mg ha-1 yr-1.

These results are mostly within the range observed for

unharvested mallee productivity study from 19 sites in

the Western Australian wheatbelt (Spencer et al.

2019). This study considers the impact of spacing

configuration on productivity and found the produc-

tivity of the 1-row Elox ([ 20 Mg ha-1 year-1 over

13 years) is the highest yield we have observed for this

species. Biomass production per plot area, was

affected by both the row treatment and within-row

spacing. In this study, the 1-row treatment had

significantly faster growth rates than the other treat-

ments and productivity penalties were observed with

additional rows and also with wider spacing.

The yield responses from the paddock-level sce-

nario, in which wider belts produced more biomass

than the narrower belts, were contrary to the plot level

results. This was, however, expected: a 6-row belt

from external stump to stump physically occupies

10 m, whereas a 2-row belt occupies only 2 m, which

is a considerable difference with 50 m alley widths.

This land is completely foregone to agriculture. The

narrower-belts also have faster growth rates per tree.

Competition imposed from unharvested mature mal-

lee on the immediately adjacent agriculture has been

found to extend a further 14 m from mature mallee

belts (Sudmeyer et al. 2012), however, it is unknown if

belt width will impact competition extent.

A common finding between the plot- and paddock-

level scenarios was that shorter within-row spacing

treatments were generally more productive. In plan-

tation forestry, Binkley (2004) hypothesised that prior

to canopy closure suppression of growth through tree

dominance is low and resource supply is high for all

trees. At this stage the increase in biomass production

is a function of stocking rate. As competition between

trees begins, growth rate slows, with earlier onset of

competition in higher density plantings, where less

competitive individuals are suppressed. The applica-

tion of this concept to narrow belts indicates that

competition will lead to conspicuous asymmetry in

size between trees, described as phase two of the

Binkley (2004) model. This was indeed observed in

these two spacing experiments where clear asymmetry

was observed in 4- and 6-row treatment, especially

comparing the external with internal rows.

The lower productivity observed from the internal

rows of the 4- and 6-row treatments was caused by the

suppression of growth rates from the external rows.

This production penalty has been observed elsewhere

for mallee and other species (Ritson 2006; Prasad et al.

2010; Huxtable et al. 2012; Paula et al. 2013) and is

driven by the trees in the external rows having greater

access to the additional resources especially light,

nutrients and water.
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The most likely reason for the slower growth rates

of many planting configurations is the lack of available

water. In the Western Australian wheatbelt, the annual

potential evaporation (PET) can be up to five-fold the

annual rainfall (at Narrogin annual PET is three and a

half times the annual rainfall) and water has been

shown to be a major limiting resource for mallee belts.

Rainfall has not been shown to be a predictor of mallee

productivity (Spencer et al. 2019) probably because

other water sources are available. For instance,

Bennett et al. (2015) demonstrated by intercepting

surface run-off by tree belts with small bunds, there

was a 35% increase in biomass production. Mallee

with access to fresh groundwater have shown up to ten

times the biomass accumulation compared to those

without access to groundwater (Wildy et al. 2004;

Brooksbank et al. 2011). Access to these additional

water sources are likely to benefit exterior trees with

fewer rows and wider within-row spacing.

Work on other species in higher rainfall and lower

insolation environments indicate that shading can

limit tree growth (Long and Smith 1984; Righi et al.

2016; Pommerening and Sánchez Meador 2018).

Wildy and Pate (2002) found that shaded E. kochii

coppice produced less biomass than unshaded coppice

in the first year post-harvest. Shading could be a factor

in mallee belts especially because the larger external

trees may shade the smaller internal-row trees during

winter when radiation is lower and water is more

readily available. However, if shading was limiting

growth, the internal trees from the denser within-row

spacing treatments would be less productive than the

internal trees of the wider within-row spacing. This

was not observed at these two sites, where there was a

reduction in productivity of external trees with wider

spacing, but the internal trees remained similarly

suppressed (Fig. 4). Indeed, eucalypts tend to be

crown-shy thus making shading due to crown domi-

nance unlikely in even aged plantings (Lane-Poole

1936; Schönau and Coetzee 1989).

Competition for nutrients is another factor that

could affect productivity under different planting

configurations. Both spacing trials were located on

fertilised annual cropping paddocks and trees from

external rows, narrower belts or wider spacing would

have greater access to additional nutrients. Indeed, in

plantation forestry, soil nutrition may vary consider-

ably in small areas across a site resulting in varied

growth rates (Thomson 1986; Phillips and Marion

2004). Recently, we showed soil organic carbon and

nitrogen (NO3
- and NH4

?) were correlated with

mallee biomass productivity in a multi-site long term

study (Spencer et al. 2019). Organic carbon is

probably a surrogate for nutrient supply and water

availability in sandy soils (Doran and Smith 1987;

Loveland and Webb 2003). The nitrogen correlation

was, however, limited to frequently harvested treat-

ments where biomass removal has been shown to

deplete soil nitrogen stores (Grove et al. 2007; Yu et al.

2015). However, in this study, neither spacing trial had

been harvested.

For both mallee species, the plot-level growth rate

per tree of the 1-row belt was markedly higher than for

the 2-row belt even at double the within-row spacing.

Similar but smaller responses have been observed

elsewhere but on much younger trees (Prasad et al.

2010; Paula et al. 2013). The process involved in this

highly divergent response is unclear, but it suggests

that competition between rows is more pronounced

than competition within rows. A likely explanation is

that trees in multiple row belts are subject to the

additional competition of the neighbouring row.

Within a few years of planting, root systems will

overlap, competition for resources within the belt area

will strengthen and roots will grow into the adjacent

agricultural land to acquire water and nutrients. This

lateral root growth has been observed with crop

suppression in the alley of unharvested mallee where

there was a reduction in crop and pasture yield by 36%

between 2 and 20 m from the mallee belts compared to

open paddock yields in the Western Australian

wheatbelt (Sudmeyer et al. 2012). Such suppression

of adjacent crops from agroforestry plantings have

been widely observed in other countries (Rao et al.

1991; Prasad et al. 2010; Dagar et al. 2016; Oliveira

et al. 2016).

Two metres between rows was generally viewed as

the minimum distance for a harvester to access

multiple row belts. This planting configuration was

found to reduce mallee productivity compared to

1-row belts. Single-row belts may also reduce estab-

lishment costs and decrease the paddock area allocated

to mallee while still achieving enhanced water use and

some degree of salinity control. However, 2-row belts,

compared to 1-row belts, may provide greater capacity

to consume excess water and will be less porous,

providing better stock shelter and wind erosion

control. If the between-row spacing of 2 m was
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increased, this would reduce the penalty of the

additional row and minimise the productivity differ-

ence between the 2- and 1-row belts.

Tree size and form

As the within-row spacing increases, the average tree

size increases. Average tree size is also affected by

mortality, that is, if mortality is high in a plot, the

average tree size of survivors also increases. This was

observed in the 1-row Elox treatment where the

average mallee biomass for the 4 m within-row

spacing is more than fourfold as large as the 1 m

within-row spacing. This difference was due to both

the increased spacing and higher mortality at the 4 m

within-row spacing. Mortality at larger within-row

spacing will make available additional space and

resources resulting in larger mallee than mortality at

shorter spacing. In these experiments, there was a

large range of whole-tree biomass across spacing

treatments. The smallest trees were in the 4- and 6-row

treatments at shorter within-row spacing. This diver-

gence in mallee size will affect harvestability and

proportions of the biomass components.

Maximum tree size, tree form and production per

kilometre of row and belt are factors in the harvest

viability of a mallee belt system. Mallee is difficult to

harvest, having high wood density (Ilic et al. 2000) and

multiple stems. Poplar, willow, sugar cane or forage

harvesters are not suitable for harvesting mallee with

large stem diameters (Giles and Harris 2003; Abadi

et al. 2012), but traditional forestry harvesters have

been used (Spinelli et al. 2014) and a prototype single-

row chipper-harvester to improve harvesting effi-

ciency has been developed and tested (Bartle 2009;

Goss et al. 2014). Traditional forest harvesting equip-

ment is more efficient with larger, taller trees. The

chipper-harvester, being a continuously moving, inte-

grated cutting-and-chipping operation, is mostly influ-

enced by yield per kilometre of row, provided tree size

range is below about 150 kg per tree. By varying the

speed of the harvester, maximum efficiency can be

maintained over a range of tree sizes, but overall

harvest and transport (forwarding) efficiency is

improved with high yields per kilometre of row

(Abadi et al. 2012). Tree form is less significant for the

chipper harvester than it is for traditional forest

harvesting and chipping, but an upright form is easier

to handle.

In the current work, the number of stems per tree is

used as a proxy for upright form, and the number of

stems increased for both species and with wider

spacing. This response is similar to that observed in

eucalypt forestry trials where branch size is inversely

proportional to stocking rates (Neilsen and Gerrand

1999; Gerrand and Neilsen 2000; Henskens et al.

2001). Mallee belt design can therefore aim to use

shorter within-row spacing to increase yield, reduce

tree size and stem number. Concentrating biomass into

fewer rows will reduce the total amount of biomass

produced but may result in increased harvest effi-

ciency for a chipper harvester because the biomass

will be concentrated into fewer rows. In contrast,

narrow belts would likely increase costs using tradi-

tional forestry equipment because additional travel

distance would be required to process less biomass.

The strategy of maximising biomass while min-

imising tree size with shorter within-row spacing will

alter the component partitioning of biomass with

increased stemwood in larger trees (Paul et al. 2017).

Foliar cineole, has greater economic value than wood,

twig and bark (Barton 2000; Davis 2002). Currently,

for leaf oil production, whole trees are harvested in the

paddock with the oil extracted via hydro-distillation or

steam distillation (Wildy et al. 2000b; Babu and Singh

2009). Both traditional forestry harvesting equipment

and single-row chipper-harvester process whole tree

biomass on-site ready for transport. This material can

then be delivered to a processing plant where the leaf

material would be separated from the other fractions

and cineole extracted (Enecon 2001). The results from

our study suggest there is scope to maximise leaf

production by producing smaller mallee, without

reducing mallee productivity. Where cineole produc-

tion is a major objective, leaf biomass yield can be

favoured by shorter within-row spacing. If a larger

proportion of wood fraction is preferred then 1-row

belts with larger within-row spacing can be used, but

this may require conventional forestry harvesting

equipment.

Conclusion

The two species in this experiment showed broadly

similar production responses to both row-number and

within-row spacing treatments. Single row belts with

shorter within-row spacing have faster growth rates
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per tree than any other configuration, particularly for

Epol. However, wider belts generate more biomass but

the internal rows display considerable suppression

with reduced productivity and occupy more land.

Closer within row spacing will favour leaf biomass

production. If wood biomass is the target product,

narrow belts with wider spacing should be considered.

Acknowledgements The authors would like to thank Wayne

O’Sullivan, Marianne Perry and Jasmine Stokes for their

assistance in data collection. Also thank you to Sarah Van

Gent, Richard Mazanec, Wayne O’Sullivan and Rick Giles for

reading early drafts. We would also like to thank the reviewers

and editors who provided important comments that improved

the manuscript.

Funding This project was made possible with funds from the

State Government of Western Australia. The authors would also

like to acknowledge the contribution of an Australian

Government Research Training Program Scholarship in

supporting this research.

Code availability The SAS code generated during analysis

from the current study are available from the corresponding

author on reasonable request.

Compliance with ethical standards

Conflicts of interest Authors declare that there are no con-

flicts of interest.

Availability of data and material The datasets generated

during and/or analysed during the current study are available

from the corresponding author on reasonable request.

References

Abadi A, Bartle J, Giles R, Thomas Q (2012) Supply and

delivery of mallees. In: Stucley C, Schuck S, Sims R, Bland

J, Marino B, Borowitzka M, Abadi A, Bartle J, Giles R,

Thomas Q (eds) Bioenergy in Australia: status and

opportunities. Bioenergy Australia Limited St Leonards,

Australia, pp 140–172

Babu GDK, Singh B (2009) Simulation of Eucalyptus cinerea

oil distillation: a study on optimization of 1, 8-cineole

production. Biochem Eng J 44(2–3):226–231

Baker T, Moroni M, Mendham D, Smith R, Hunt M (2018)

Impacts of windbreak shelter on crop and livestock pro-

duction. Crop Pasture Sci 69(8):785–796

Bartle JR (2009) Integrated production systems. In: Nuberg I,

George B, Reid R (eds) Agroforestry for natural resource

management. CSIRO, Collingwood, Australia, pp 267–280

Bartle JR, Abadi A (2010) Toward sustainable production of

second generation bioenergy feedstocks. Energy Fuels

24(1):2–9

Bartle JR, Olsen G, Cooper D, Hobbs T (2007) Scale of biomass

production from new woody crops for salinity control in

dryland agriculture in Australia. Int J Glob Energy Issues

27(2):115–137

Barton AFM (2000) The oil mallee project: a multifaceted

industrial ecology case study. J Ind Ecol 3(2–3):161–176

Barton AFM, Tjandra J (1989) Eucalyptus oil as a cosolvent in

water-ethanol-gasoline mixtures. Fuel 68(1):11–17

Bennett RG, Mendham D, Ogden G, Bartle JR (2015)

Enhancing tree belt productivity through capture of short-

slope runoff water. GCB Bioenergy 7(5):1107–1117

Binkley D (2004) A hypothesis about the interaction of tree

dominance and stand production through stand develop-

ment. For Ecol Manag 190(2–3):265–271

Bird P, Bicknell D, Bulman P, Burke S, Leys J, Parker J,

Sommen F, Voller P (1992) The role of shelter in Australia

for protecting soils, plants and livestock. Agrofor Syst

20(1):59–86

Brooksbank K, Veneklaas EJ, White D, Carter J (2011) Water

availability determines hydrological impact of tree belts in

dryland cropping systems. Agric Water Manag

100(1):76–83

Chojnacky DC, Milton M (2008) Measuring carbon in shrubs in

field measurements for forest carbon monitoring. Springer,

USA, pp 45–72

Cooper D, Olsen G, Bartle J (2006) Capture of agricultural

surplus water determines the productivity and scale of new

low-rainfall woody crop industries. Aust J Exp Agric

45(11):1369–1388

Dagar JC, Lal K, Ram J, Kumar M, Chaudhari SK, Yadav RK,

Ahamad S, Singh G, Kaur A (2016) Eucalyptus geometry

in agroforestry on waterlogged saline soils influences plant

and soil traits in North-West India. Agr Ecosyst Environ

233:33–42

Davis GR (2002) Cultivation and production of eucalypts in

Australia: with special reference to the leaf oils. In: Coppen

JJW (ed) Eucalyptus: the genus eucalyptus. Taylor and

Francis, London, UK, pp 183–201

DeBell DS, Harrington CA (2002) Density and rectangularity of

planting influence 20-year growth and development of red

alder. Can J For Res 32(7):1244–1253

Doran JW, Smith MS (1987) Organic matter management and

utilization of soil and fertilizer nutrients. In: Follett RF (ed)

Soil fertility and organic matter as critical components of

production systems. Soil Science Society of America.

Special Publication Madison Special Publication No 19,

USA, pp 53–72

Eastham J, Scott PR, Steckis RA, Barton AFM, Hunter LJ,

Sudmeyer RJ (1993) Survival, growth and productivity of

tree species under evaluation for agroforestry to control

salinity in the Western Australian wheatbelt. Agrofor Syst

21(3):223–237

Ellis TW, Leguedois S, Hairsine PB, Tongway DJ (2006)

Capture of overland flow by a tree belt on a pastured hill-

slope in south-eastern Australia. Soil Res 44(2):117–125

Enecon P (2001) Integrated tree processing of mallee eucalypts.

RIRDC Publication No 01/160. Rural Industries research

and development corporation, Barton, Australia

Garcia-Perez M, Wang XS, Shen J, Rhodes MJ, Tian F, Lee

W-J, Wu H, Li C-Z (2008) Fast pyrolysis of oil mallee

woody biomass: effect of temperature on the yield and

quality of pyrolysis products. Ind Eng Chem Res

47(6):1846–1854

123

82 Agroforest Syst (2021) 95:71–84

Author's personal copy

Beren Spencer-Grayling Doctoral Thesis Page 69



Gerrand AM, Neilsen WA (2000) Comparing square and rect-

angular spacings in Eucalyptus nitens using a Scotch plaid

design. For Ecol Manag 129(1–3):1–6

Giles RC, Harris HD (2003) Short rotation crops for bioenergy;

Proceedings of the IEA bioenergy task 30 conference.

Paper presented at the Short rotation crops for bioenergy,

Tauranga, New Zealand

Goss K, Abadi A, Crossin E, Stucley C, Turnbull P (2014)

Sustainable mallee jet fuel: sustainability and life cycle

assessment for supply to Perth airport, Western Australia.

Project No DP36. Future Farm Industries CRC, Perth,

Australia

Grove T, Mendham D, Rance S, Bartle J, Shea S (2007) Nutrient

management of intensively harvested oil mallee tree crops.

Publication No 07/084. Rural industries research and

development corporation, Barton Australia

Harrison RD, Gassner A (2020) Agricultural lands key to mit-

igation and adaptation. Science 367(6477):518–518

Henskens FL, Battaglia M, Cherry ML, Beadle CL (2001)

Physiological basis of spacing effects on tree growth and

form in Eucalyptus globulus. Trees 15(6):365–377

Huxtable D, Peck A, Bartle J, Sudmeyer R (2012) Tree biomass.

In: Peck A, Sudmeyer R, Huxtable D, Bartle J, Mendham D

(eds) Productivity of mallee agroforestry systems under

various harvest and competition management regimes.

Publication No. 11/162 Rural Industries Research and

Development Corporation, Barton, Australia

Ilic J, Boland D, McDonald M, Downes G, Blakemore P (2000)

Wood density phase 1: state of knowledge. National carbon

accounting system technical report no. 18. Australian

Greenhouse Office. Australian Greenhouse Office, Can-

berra, Australia

Jeffrey SJ, Carter JO, Moodie KB, Beswick AR (2001) Using

spatial interpolation to construct a comprehensive archive

of Australian climate data. Environ Model Softw

16(4):309–330

Karim A, Savill P (1991) Effect of spacing on growth and bio-

mass production of Gliricidia sepium (Jacq) Walp in an

alley cropping system in Sierra Leone. Agrofor Syst

16(3):213–222

Lane-Poole C (1936) Eucalypt planting in South Africa. Aust

For 1(1):25–32

Lefroy E, Stirzaker R (1999) Agroforestry for water manage-

ment in the cropping zone of southern Australia. Agrofor

Syst 45(1):277–302

Leita BA, Warden AC, Burke N, O’Shea MS, Trimm D (2010)

Production of p-cymene and hydrogen from a bio-renew-

able feedstock–1,8-cineole (eucalyptus oil). Green Chem

12(1):70–76

Long JN, Smith FW (1984) Relation between size and density in

developing stands: a description and possible mechanisms.

For Ecol Manag 7(3):191–206

Loveland P, Webb J (2003) Is there a critical level of organic

matter in the agricultural soils of temperate regions: a

review. Soil Tillage Res 70:1–18

McGrath JF, Goss KF, Brown MW, Bartle JR, Abadi A (2017)

Aviation biofuel from integrated woody biomass in

southern Australia. Wiley Interdisciplinary Reviews:

Energy and Environment 6(2):e221. https://doi.org/10.

1002/wene.221

Moore GA (2001) Soilguide (Soil guide): a handbook for

understanding and managing agricultural soils Bulletin

4343 Department of agriculture and food, Western Aus-

tralia, Perth, Australia

Neilsen WA, Gerrand AM (1999) Growth and branching habit

of Eucalyptus nitens at different spacing and the effect on

final crop selection. For Ecol Manag 123(2):217–229

Nicolle D (2006) A classification and census of regenerative

strategies in the eucalypts (Angophora, Corymbia and

Eucalyptus—Myrtaceae), with special reference to the

obligate seeders. Aust J Bot 54(4):391–407
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flowering phenology 
in a Eucalyptus loxophleba seed 
orchard, heritability and genetic 
correlation with biomass 
production and cineole: breeding 
strategy implications
Beren Spencer1,2*, Richard Mazanec2, Amir Abadi1, Mark Gibberd1 & Ayalsew Zerihun1

Reproductive synchronicity within a seed orchard facilitates gene exchange and reduces self-
fertilisation. Here we assessed key flowering traits, biomass and foliar 1,8-cineole concentrations of 
Eucalyptus loxophleba (subsp. lissophloia and gratiae) in an open-pollinated seed orchard. Monthly 
flowering observations were made on 1142 trees from 60 families and nine provenances across 2 years. 
The percentage of trees flowering in both years was similar at 87%. There were differences between 
provenances and families within provenances for flowering traits, biomass and 1,8-cineole and 
interactions between provenances and year for flowering traits. Heritability of start and end flowering, 
and 1,8-cineole were high to moderate ( ̂h2 = 0.75–0.45) and duration of flowering, propensity to flower 
and biomass estimates were moderate to low ( ̂h2 = 0.31–0.10). Genetic and phenotypic correlations 
between flowering traits were high (rg = 0.96–0.63 and rp = 0.93–0.34) except between duration and end 
of flowering. The correlations were weaker between flowering traits and biomass or 1,8-cineole. ‘Dual 
flowering’, when trees underwent two reproductive cycles in a year, was responsible for out-of-phase 
flowering and those with low biomass and 1,8-cineole concentration should be removed from the 
breeding programme to hasten selection for desirable traits.

In southwest Western Australia, as elsewhere in Australia, the large scale conversion of native vegetation to 
agricultural land was followed by extensive salinity  problems1,2. In the early 1990s, a research program was 
initiated to identify multi-purpose perennial crops that could mitigate the salinity problems while providing 
additional economic benefit when integrated with the annual crop based farming systems of the  region3. The 
research identified mallee eucalypts as the preferred candidates due to their capacity to coppice after short-cycle 
 harvest4–7. While the initial selection of mallee species focussed on foliar 1,8-cineole concentration (hereafter 
referred to as cineole), for large-scale bio-renewable  feedstock8–11, subsequently, biomass yield emerged as an 
additional selection criterion as the opportunity for carbon sequestration and bioenergy became prospective 
during the late  1990s12–14.

Two species, Eucalyptus loxophleba subsp. Lissophloia L.A.S. Johnson & K.D. Hill, hereafter referred to as  Eliss, 
and E. loxophleba subsp. gratiae Brooker, hereafter referred to as  Egrat were selected for development given their 
high concentrations of foliar cineole, fast growth rates and prominence in native woodlands of the southwest of 
Western  Australia15,16. Successful development of improved tree crops, with multiple desirable traits, presents 
a challenge with limited understanding of key genetic parameters, such as heritability, genetic and phenotypic 
correlations. Thus, in 1993 a breeding programme was initiated; and by 2002, 11 E. loxophleba trials had been 
established using progeny from a total of 78 parents selected in the wild for high cineole  content17,18. The trials 

open
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were assessed for foliar cineole concentration and biomass then thinned to produce genetically improved seed 
for agroforestry plantings. This study assessed one of these open-pollinated seed orchards for key flowering traits, 
cineole and biomass yield with the aim of facilitating production of improved seed to enhance the potential 
commercial viability of these species as tree crops.

The timing of key reproductive events is crucial for outcrossing, and in eucalypts barriers that restrict pol-
len dispersal can result in self-pollination and reduced  fitness19–22. Open-pollinated seed orchards, without any 
reproductive isolation could facilitate panmixia resulting in panmictic equilibrium. A shift from panmictic 
equilibrium (e.g. due to asynchrony in flowering time) may lead to unbalanced contributions of genetic material 
from individual parents to the next generation and reproductive  isolation23. Several studies have shown that time 
of anthesis in eucalyptus is under genetic control, resulting in different flowering times between provenances and 
 families24–27. Therefore, understanding the reproductive phenology of a seed orchard can enable culling repro-
ductively isolated trees, families or provenances thereby increasing the overall level of outcrossing in the orchard.

Synchronicity of flowering within a seed orchard also enables transmission of favourable genes or traits in a 
breeding programme. For instance, foliar cineole concentration for  Eliss has a high narrow sense heritability of 
0.53 ± 0.0718. Fully exploiting traits with high heritability relies on outcrossing (synchronised flowering) within a 
seed orchard. Padovan et al.28 identified 12 single nucleotide polymorphisms for E. loxophleba that are associated 
with terpene production including two for cineole. However, when selecting for a breeding trait, unfavourable 
genetic correlation between traits could compromise gains for the second trait. For instance, with E. camaldu-
lensis, there is a moderate negative correlation between total monoterpenes (including cineole) and  biomass29. 
Understanding the correlations between key flowering traits, biomass and foliar cineole concentration will reduce 
unfavourable bias from breeding selections.

The flowering phenology of several eucalypt species are documented, for example E. regnans30 and E. globu-
lus24, but only general observations of flowering periods in natural populations have been made for  Eliss and  Egrat. 
Records of the timing of flowering activity for  Eliss indicate some variation including September to  February31 
and August to  October32. Similarly,  Egrat has been documented to flower between September and  December31 
and from October to  November32.  Bell33 monitored flowering in three  Eliss families in a seed orchard near Col-
lie, Western Australia, where peak flowering occurred from November to December, however some individuals 
flowered as early as June/July. Observations in  Eliss and  Egrat seed orchards and in wild populations indicated that 
flowering can be observed at almost any time of the year (B. Spencer and W. O’Sullivan personal observations).

The timing and duration of anthesis for a species determines its capacity to breed within a plantation but also 
with neighbouring populations of closely related species. Genetic pollution by pollen dispersal has been identified 
as an important conservation threat that can lead to  extinction34. This is particularly so in the Eucalyptus genus 
due to highly mobile pollen and weak reproductive  barriers35. Further, the considerable interest in tree planting 
on farms has facilitated pollen flow between formerly isolated species resulting in exotic eucalypt  hybrids36,37 and 
the E. loxophleba group is known to be a prolific pollinator. For example, an exotic  Eliss planting has pollinated 
over half of a remnant E. loxophleba ssp. supralaevis population, with the exotic pollen travelling up to 1940 m 
from its  source38. Eucalyptus loxophleba has been recorded as hybridising with E. kruseana39, E. wandoo40 and 
E. absita41 where the species naturally co-exist. Additionally, the Western Australian Herbarium database lists 
hybrids of the various subspecies of E. loxophleba with E. accedens, E. astringens, E. blaxellii, E. erythronema, E. 
occidentalis, E. orthostemon, E. rudis, E. spathulata and E. victrix42.

This work examines the flowering phenology of  Eliss and  Egrat in a single orchard and determines:

• the variation between and within subspecies, provenances and families to identify out of phase provenances 
and families under a common environment setting; and

• the heritability and genetic parameters of key flowering traits, biomass and foliar cineole.

 It is expected that knowledge of genetic control and heritability of the various traits considered here, and culling 
of those which flower outside of the peak flowering period from the seed orchard will speed up production of 
seeds with desired traits and support commercial viability of mallee as bioenergy tree corps.

Methods
Study site. The study site was located approximately 200 km south east of Perth near Toolibin Lake (32.88°S, 
117.62°E). The average rainfall is approximately 400 mm and falls mainly between May and September.

The seed orchard, containing both  Eliss and  Egrat was planted in 1999 and the population contains 60 families 
from nine provenances and three broad regions encompassing the full natural distribution of these taxa (Table 1, 
Fig. 1). Here a family is defined as the sexually produced open-pollinated progeny from a wild parent tree and a 
provenance refers to the progeny of wild trees from a known geographic range. The distribution of  Eliss is much 
wider than  Egrat and to reflect this, seven of the nine provenances were  Eliss (Fig. 1). The 60 families were planted 
in six-tree row plots in a randomised row-column design with 20 replicates. The orchard was thinned in 2005 
from 7200 trees to 1142 based on breeding values for foliar cineole concentration and above ground biomass. 
After thinning, all 60 families and nine provenances were still represented in the seed orchard with the number 
of trees retained in each family ranging from 14 to 22.

floral assessments. Floral assessments were completed approximately every 4 weeks from May 2012 to 
January 2013 and from February 2014 to January 2015. To carry out these assessments the canopy of each tree 
was scanned for presence of reproductive activity from the ground using 8 × 40 binoculars in teams of two to 
reduce assessor bias. In addition, several times a day, observer teams were calibrated with each other to further 
reduce bias.
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Each tree in the seed orchard was assessed for the three stages of reproduction: immature buds; mature buds; 
and flowering. Firstly, the immature buds were assessed following the shedding of the involucral bracts. This was 
separated into three phases: a score of one was given when the involucral bracts had just shed but the buds were 
still clustered together; a score of two indicated clear separation between the buds; a score of three was given when 
the operculum was visible and buds were approaching mature size. If a tree had more than one of these phases 
present during any one assessment, the different phases were recorded. In the 2012 assessment, it was noted that 
many individual trees had two reproductive events within the year. In the 2014 assessment, where these separate 
events were observed within a tree, they were recorded separately. These are referred to as reproductive flushes.

After the buds had matured, the bud density was assessed on a scale of one to four. A rank of four was given 
to trees with a dense crop (mature buds, flowers and capsules post-anthesis) distributed evenly throughout 
the tree. A score of three was given to trees with an average crop density, or a dense crop unevenly distributed 
throughout the canopy. A score of two was given to trees with a sparse crop and a score of one to trees with a 
crop too sparse to accurately assess.

Finally, as flowering matured, the percentage of buds, active flowers and spent flowers were estimated from 
the full canopy of each tree. In the 2014 assessment, each reproductive flush was recorded separately. Different 
flushes were discernible because there was a physical gap between the reproductive flushes which were usually 
separated by vegetative growth and the newer buds were smaller and brighter green. Flowers were determined 
as active when the operculum had been shed and white or cream anthers were evident. Flowers were classified 
as spent when the anthers were desiccated, brown or absent.

flowering criteria. Where a bud density score of one was observed, that reproductive flush was eliminated 
from the analysis. These flushes were sparse and scores fluctuated widely between assessments. This appeared 
to be due to loss of reproductive structures through natural abortion or predation processes. These flushes also 
tended to receive inflated flowering scores because flowers are more prominent than buds on a sparse crop. We 
defined flowering as a phase when at least two percent of the buds in a reproductive phase were in flower with 
fresh anthers present. A score of 1% was used to represent few extant flowers to assist the team in the following 
assessment to indicate that the tree had commenced flowering. Additionally, a tree was defined as flowering 
when more than 5% of its pre-flowering buds had progressed past anthesis between assessments. This was rarely 
seen during autumn and winter assessments, but was on occasions in spring and early summer, when flowering 
proceeded more rapidly.

Biomass assessment. Two biomass assessments were taken for individuals within this seed orchard. 
The first assessment was taken pre-thinning in autumn 2004 by measuring the Crown Volume Index (CVI), as 
described in Spencer et al.5, of each of the 5372 healthy trees in the orchard. Briefly, CVI is the measurement of 
the height and two perpendicular crown widths expressed as  m3.

The stem basal area of the remaining trees post-thinning (1163 trees) was assessed in February 2014. The 
stems of each tree were measured with a diameter tape approximately 10 cm above the ground. Loose and fibrous 
bark was removed and burls and buttressing associated with the lignotubers were avoided. A single diameter 
estimate was obtained by calculating the Equivalent Diameter near Root Collar (EDRC) as specified in Chojnacky 
and  Milton44 using the formula:

(1)EDRC =

√

√

√

√

n
∑

i=1

drc2i

Table 1.  Descriptions of regions, provenances, and climate of locations from where the two subspecies of 
Eucalyptus loxophleba for the seed orchard planting were sourced. The number of families in each provenance 
and individual trees assessed for flowering traits are also described. Climatic data and elevation which were 
obtained from SILO  dataset43 from 1985 to 2015.

Region Provenance No families No trees assessed
Mean maximum 
temperature (°C)

Mean minimum 
temperature (°C)

Mean annual rainfall 
(mm)

Mean annual pan 
evaporation (mm) Elevation (m)

Egrat South Dumbleyung 7 133 22.9 9.9 340.5 1674.1 341

Egrat South Lake Grace 14 274 23.5 10.0 330.3 1798.4 329

Eliss East Coolgardie 3 53 25.1 11.2 306.4 2412.7 469

Eliss East Goongarrie 2 39 26.5 12.7 275.1 2698.4 415

Eliss East Norseman 11 217 24.6 10.4 302.4 2114.2 375

Eliss West Narembeen 4 78 24.2 10.0 370.1 1931.5 457

Eliss West SouthernCrs 5 90 25.4 11.4 317.6 2167.7 400

Eliss West Trayning 11 208 25.7 11.6 321.8 2235.2 378

Eliss West Westonia 3 50 25.5 11.0 335.3 2264.2 354
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where n is number the number of stems drc is individual diameter of each stem. General  Eliss species allometric 
equations were applied to the natural log of CVI and stem diameter to convert to dry biomass as specified in 
Spencer et al.5 using the back-transformation correction methodology as outlined by  Baskerville45.

cineole assessment. Leaf samples were collected in autumn 2004 from 5223 healthy trees in the seed 
orchard. For each tree, cineole was extracted from 3 g leaf samples in 50 mL ethanol for ≥ 4 weeks and analysed 
using HP5890A gas chromatograph as detailed in Mazanec et al.18.

Figure 1.  The location of the 60 parent trees from the Eucalyptus loxophleba seed orchard and their 
provenances. Circles represent key population centres and large triple circle is the location of the seed orchard. 
The eastern  Eliss region comprises Goongarrie, Coolgardie and Norseman. The western  Eliss region comprises 
Westonia, Trayning, Southern Cross and Narembeen. The Egrat subsp. has two provenances, Lake Grace and 
Dumbleyung. This map was generated using MicroStation Version 8i. Bentley Systems Incorporated, 2006 https 
://www.bentl ey.com/en/produ cts/brand s/micro stati on.
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Heat sum. Heat sum was calculated by averaging the maximum and minimum daily temperatures above a 
base temperature below which an organism will not  develop46. Climatic data was obtained through SILO from 
interpolated  dataset43. We used a base temperature of 5 °C which was determined for E. globulus47 and used in 
eucalypt flowering studies by Jones et al.26. The annual heat sum for the flowering year was calculated from the 
first day of summer preceding the assessment year.

Statistical analysis. The floral traits (start, end, duration of flowering and the number of reproductive 
flushes), biomass and foliar cineole of each tree were analysed using a series of mixed linear models in SAS 9.448:

where  yijklmn and  yijklm are the floral, biomass and cineole traits,  ri is the random replicate effect,  cj(ri) is the ran-
dom effect  columnj nested within  replicatei,  bk(ri) is the random effect  rowk nested within  replicatei,  pl is the 
 provenancel,  fm(pl) is the  familym within the  provenancel,  yn is the  yearn and  eijklmn and  yijklm are the residual errors 
of the respective models. Interactions were tested between year and provenance  (pl.yn), as well as between year 
and family nested within provenance  (yn.fm(pl); however, the proportion of dual flush trees, cineole and biomass 
analyses excluded the year factor  yn from the model (Eq. 2b) because these data were not collected over multiple 
years. Given that the dataset was unbalanced due to mortality and thinning, replicate was treated as a random 
effect so that inter-block information could be  recovered49. Biomass data was transformed using natural loga-
rithms to conform to homogeneity assumptions. The proportion of trees that flowered and proportion of dual 
flush trees were tested with the same model following arcsine transformation. Tukey–Kramer tests were used 
to determine the differences in the least square means of key traits. Start of flowering week was standardised to 
compare the 2012 and 2014 assessments. At the first assessment in 2012, 9% of the trees were flowering, and the 
2014 data were truncated to match the 9% flowering from the 2012 assessment.

To estimate heritability, the data were analysed with ASReml Version 4.150 using a linear mixed model (Eq. 2a). 
To estimate univariate heritability in flowering traits from 2012 and 2014, Eq. (2b) was used but family within 
the provenance was a random effect as required to calculate variance for heritability  estimates51. The heritability 
analysis for number of flushes and propensity to flower in each year used a binomial model with a logit link. 
Genetic correlations were estimated from bivariate analysis of traits. Insignificant random effects were removed 
if they introduced instability to the model and log-likelihood was used to determine the model of best fit.

Eucalypts have a mixed breeding system in open-pollinated seed orchards and self-fertilisation is  common19. 
Based on the outcome of the Sampson and  Byrne38 study of a third closely related subspecies in the loxophleba 
group, E. loxophleba subsp. supralaevis, it is assumed that  Eliss and  Egrat have a mixed mating system. Griffin and 
 Cotterill20 suggested using a coefficient of relationship of ρ = 1/1.25 to compensate for mixed mating and a selfing 
percentage of 30% for seed sourced from wild populations of E. regnans. This approach has been assessed and 
confirmed appropriate for correcting heritability estimates in an open-pollinated eucalypt progeny  trial52 and 
subsequently applied to a series of  Eliss progeny  trials18.

Narrow-sense heritability was calculated from variance components of the individual traits using the formula:

where ĥ2 is the narrow sense heritability, σ2
a is the additive genetic variance and σ2

ƞ residual error component 
of variance.

Genetic and phenotypic correlations were calculated between all combinations of flowering traits (start, 
duration and end), dry biomass weight and foliar cineole concentration using the formula:

where r is either rg, the genetic correlation, or rp, the phenotypic correlation. σxy is the additive genetic covariance 
for the genetic correlations and σ2

x and σ2
y are the additive genetic variances of the two traits. For the phenotypic 

correlations, σxy is the phenotypic covariance and σ2
x and σ2

y are the phenotypic variances for the traits.

Results
General flowering observations. Of the population of 1142 trees, 87% flowered in each year (Table 2, 
Fig. 2a). The reproductive activity differed between the subspecies with  Egrat from the two south provenances 
having the lowest (79–82%) flowering in both years (Table 2).  Eliss showed consistent reproductive activity: 91% 
and 93% from the eastern and western provenances, respectively. From the monthly observations, the popula-
tion commenced flowering in late summer to early autumn, with peak flowering in spring (Fig. 2a). Flowering 
was about 2 weeks earlier in 2014 and this trend continued for most of the assessment period. The earlier flower-
ing in 2014 corresponded with a higher heat sum (4515 °C) compared to 2012 (4332 °C).

Tracking of individual reproductive flushes in 2014 revealed that 16% of trees flowered on two separate 
occasions (Table 2). Two provenances from the  Eliss east region had the highest proportion of dual flush trees fol-
lowed by the two  Egrat provenances. The trees that had dual reproductive phases exhibited two different flowering 

(2a)yijklmn = ri + cj(ri)+ bk(ri)+ pl + fm
(

pl
)

+ yn + pl .yn + yn.fm
(

pl
)

+ eijklmn

(2b)yijklm = ri + cj(ri)+ bk(ri)+ pl + fm
(

pl
)

+ eijklm

(3)ĥ
2
=

σ
2
a

(

σ2a + σ2
η

)

(4)r =
σxy

√

σ2x ∗ σ
2
y
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phenologies; the first flush of the dual flush trees had a long flowering duration compared to the second flush 
(Fig. 2b). In trees with a single flowering flush, the timing of flower initiation affected the duration of flower-
ing. Trees that started flowering in late summer and autumn flowered for over 20 weeks, whereas a flowering 
phase that commenced in late winter and early spring flowered for under 12 weeks (Supplementary Table S1). 
In assessing the duration of flowering, flowering phases that commenced after week 38 were omitted because a 
high proportion had not concluded by the time the study was terminated.

Effect of provenances on traits. Flowering start, end, duration, proportion of flowering, proportion of 
dual flush, foliar cineole content and biomass differed, significantly (P < 0.0001) between provenance and family 
within provenance and between family within provenance for start of flowering (P < 0.001) (Table 3). High levels 
of synchronicity in flowering events occurred within provenances, but there were substantial differences in the 
timing of flowering between provenances, as shown in (Fig. 3 and Table 4). For all the flowering traits assessed 
in this study, there were provenance by year interactions. Thus, a few provenances varied substantially between 
flowering years, with Dumbleyung, Southern Cross and Westonia finishing flowering four weeks later in 2014 
compared to 2012. Also, the Norseman and Southern Cross provenances commenced flowering earlier in 2012 
than in 2014 while all other provenances started flowering later. There were considerable provenance differences 
between flowering traits. The Coolgardie provenance commenced flowering earlier than the other provenances 
in both years, whereas the Goongarrie provenance started flowering later. All provenances finished flowering 
later in 2012 than 2014. Flowering duration was generally longer in 2014 than in 2012 with about a 4-week 
difference at Norseman and Southern Cross. Flowering was shortest in both years for  Eliss provenances from 
Goongarrie. The other  Eliss east provenances had some of the longest flowering duration. The  Egrat provenances 
were less reproductively active across both years except when compared to Narembeen in 2014 and Southern 
Cross, Goongarrie and Coolgardie in 2012.

Two of the  Eliss east provenances, Norseman and Coolgardie, had the highest proportion of dual flush trees 
followed by the two  Egrat provenances (Tables 2, 5). All of the  Eliss west provenances had a consistently low (1–8%) 
percentage of dual flush trees. The average foliar cineole concentrations for each provenance ranged from 1.6% in 
Southern Cross to 2.7% of green leaf weight in Coolgardie (Table 5). On average, the  Eliss east provenances tended 
to have higher cineole concentration, while the  Eliss west region contained the two worst performing provenances. 

Table 2.  Proportion of individuals flowering (%) for trees derived from each provenance for each assessment 
year and the proportion of trees with dual reproductive flushes (%) in the 2014 assessments.

Provenance Region % flower 2012 % flower 2014 % dual flush 2014

Dumbleyung Egrat south 81.8 80.3 17.4

Lake Grace Egrat south 82.8 78.4 21.2

Coolgardie Eliss east 86.8 94.3 28.3

Goongarrie Eliss east 84.6 94.9 5.1

Norseman Eliss east 93.1 89.8 34.3

Narembeen Eliss west 94.9 84.6 1.3

Southern Cross Eliss west 83.3 91.1 4.4

Trayning Eliss west 88.0 95.7 1.4

Westonia Eliss west 92.0 92.0 8.0
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Figure 2.  Proportion and timing of all trees flowering in the Eucalyptus loxophleba seed orchard at monthly 
intervals: (a) across all families and provenances in 2012 (solid line) and 2014 (dashed line); and (b) of single 
flush (black solid line) and the first (dashed line) and second (dotted line) flush of dual flush trees. Panels (a) 
and (b) were generated using Microsoft Excel, Version 2016. Microsoft Corporation, 2016 https ://www.micro 
soft.com/en-au/downl oad/offic e.aspx.
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There was consistency in the biomass of different provenances between first and second measurement (Table 5). 
For the pre- and post-thinning growth, both  Egrat provenances were ranked among the top performers along with 
 Eliss from Goongarrie. Coolgardie and Westonia were the poorest performers in both assessments. On average, 
 Eliss east and  Eliss west were similar in their biomass ranking.

Table 3.  Results of least square means analysis of flowering traits, cineole and biomass. F-values and degrees 
of freedom, in parentheses, for the fixed effects traits (start, end and duration of flowering, proportion 
flowering, proportion dual flush, foliar cineole concentration and pre- and post-thinning biomass estimates) 
and the Z-values for the random effects (replicate, column nested within replicate and row nested within 
replicate) at the Eucalyptus loxophleba seed orchard. Significance test results for fixed and random effects are 
denoted as: *P < 0.05; **P < 0.001; ***P < 0.0001.

Effect

Flowering Proportion

Foliar cineole

ln (dry biomass)

Start End Duration Flowering Dual flush Pre-thinned Post-thinned

Fixed effects

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

F (degree of 
freedom) or Z 
value

Year 11.1 (1)** 353.0 (1)*** 34.2 (1)*** 0.52 (1)

Prov 17.2 (8)*** 57.4 (8)*** 26.7 (8)*** 7.38 (8)*** 20.98 (8)*** 104.6 (8)*** 28.6 (8)*** 11.2 (8)***

Family(Prov) 3.1 (8)** 12.1 (51)*** 4.4 (51)*** 2.63 (51)*** 4.29 (51)*** 22.1 (51)*** 4.1 (51)*** 3.3 (51)***

Year*Prov 7.8 (51)*** 3.6 (8)** 2.2 (8)* 2.51 (8)*

Year*Family(Prov) 1.0 (51) 1.9 (51)** 1.1 (51) 1.05 (51)

Random effects

 Rep 0.0 1.7* 0.0 2.0* 0.0 2.3* 2.7** 0.6

 Col(Rep) 2.2* 2.5** 1.9** 1.9** 0.0 2.0 4.6*** 4.0***

 Row(Rep) 4.0*** 2.3** 2.9*** 0.0 1.0 2.4*** 4.5*** 2.9**

 Residual 27.9*** 28.0*** 41.6*** 32.1*** 21.4*** 49.3*** 50.1*** 20.2***

Figure 3.  Start and end flowering times from 2012 and 2014 of Eucalyptus loxophleba provenances. Box plots 
represent variation in flowering times for 2012 start (no fill) and end (grey fill) and 2014 start (red fill) and 
end (blue fill). Flowering week is from the first week of January. Line in the middle of each box is the median 
provenance flowering time and edge of boxes 25th and 75th percentile. Dots represent outliers. Provenances are: 
DUM Dumbleyung, LGR Lake Grace, COO Coolgardie, GOG Goongarrie, NOR Norseman, NAR Narembeen, 
SNC Southern Cross, TYG  Trayning, WES Westonia. Figure was generated using JMP, Version 14. SAS Institute 
Inc. 1989–2019 https ://www.jmp.com/en_au/home.html.
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Effect of families on traits. There was substantial variation in flowering times within provenances. There 
was, for instance, about 3 months difference between the commencements of flowering among families derived 
from parents with Lake Grace, Norseman or Southern Cross provenance (Fig. 4). There was a spread of eight 
weeks in end of flowering within the individuals from the Lake Grace provenance and nearly 6 weeks range for 
Goongarrie and Norseman. There was also substantial overlap of flowering between most families although 
there are a few early or late families which were reproductively isolated from other families in the seed orchard. 
For instance, Family 8 (from Lake Grace) ended flowering in week 40 while Family 26 (from Goongarrie) started 
flowering in week 38 (details of the individual tree start and end of flowering times for families 8 and 26 is 
included in Supplementary Fig. S1). Generally, the peak flowering times of both of these families were out of 
phase with the peak flowering periods of the other families. The families that flowered the earliest (22, 8, 27 and 
23) all started flowering on the twentieth week of the year whereas the last families to start flowering (46, 36, 37 

Table 4.  Least square means of flowering traits for provenance by year with the standard error (in 
parentheses) at the Eucalyptus loxophleba seed orchard. Proportion flowering was arcsine-transformed. Tukey’s 
tests were performed to determine the difference between provenances by year interaction, means that are 
similar have the same letter at α = 0.05 significance level (Sig). Provenances are: DUM Dumbleyung, LGR Lake 
Grace, COO Coolgardie, GOG Goongarrie, NOR Norseman, NAR Narembeen, SNC Southern Cross, TYG  
Trayning, WES Westonia.

Region Prov Year

Start flowering End flowering Duration flowering Proportion flowering

Estimate (SE) Sig Estimate (SE) Sig Estimate (SE) Sig Estimate (SE) Sig

Egrat DUM 2012 28.4 (0.67) BCD 47.8 (0.47) BCD 27.5 (1.00) A 1.29 (0.05) CD

Egrat DUM 2014 26.9 (0.68) CD 45.7 (0.45) DE 24.7 (0.96) ABC 1.26 (0.05) D

Egrat LGR 2012 29.2 (0.48) BC 48.1 (0.32) BC 20.7 (0.66) CDEF 1.30 (0.05) CD

Egrat LGR 2014 27.6 (0.50) CD 44.0 (0.32) E 18.1 (0.67) EFG 1.23 (0.05) D

Eliss east COO 2012 21.4 (1.02) E 49.3 (0.55) AB 16.0 (1.18) G 1.36 (0.08) ABCD

Eliss east COO 2014 21.2 (0.97) E 47.4 (0.52) BCD 16.2 (1.11) G 1.48 (0.08) AB

Eliss east GOG 2012 34.4 (1.21) A 47.3 (0.24) CD 19.0 (0.48) EFG 1.34 (0.09) ABCD

Eliss east GOG 2014 32.2 (1.13) AB 44.4 (0.25) E 17.7 (0.49) G 1.49 (0.09) AB

Eliss east NOR 2012 27.3 (0.50) CD 47.3 (0.38) BCD 17.9 (0.79) EFG 1.47 (0.05) AB

Eliss east NOR 2014 28.8 (0.51) BCD 44.3 (0.40) E 17.5 (0.84) EFG 1.42 (0.05) AB

Eliss west NAR 2012 30.4 (0.80) ABC 50.6 (0.25) A 24.4 (0.49) AB 1.49 (0.07) AB

Eliss west NAR 2014 27.7 (0.86) BCD 48.7 (0.25) B 20.8 (0.50) DE 1.32 (0.07) BCD

Eliss west SNC 2012 26.8 (0.80) CD 48.0 (0.38) BC 22.2 (0.78) BCD 1.33 (0.06) BCD

Eliss west SNC 2014 27.3 (0.76) CD 44.6 (0.36) E 18.0 (0.75) EFG 1.45 (0.06) AB

Eliss west TYG 2012 29.0 (0.52) BCD 47.8 (0.26) BC 19.8 (0.52) DEFG 1.39 (0.05) ABC

Eliss west TYG 2014 26.8 (0.50) D 44.3 (0.25) E 18.4 (0.50) FG 1.50 (0.05) A

Eliss west WES 2012 30.3 (1.03) ABCD 48.5 (0.48) BC 19.3 (1.01) DEFG 1.46 (0.08) AB

Eliss west WES 2014 27.8 (1.03) BCD 44.8 (0.48) E 18.0 (1.01) DEFG 1.46 (0.08) AB

Table 5.  Least square means for proportion dual flush (arcsine transform of proportion that flowered twice), 
foliar cineole content (% green weight) and biomass estimates of orchard pre-thinned (aged 5) and post-
thinned (aged 15) at the Eucalyptus loxophleba seed orchard with the standard error in brackets. Tukey’s tests 
were performed to test the difference between provenances, means that are similar have the same letter at 
α = 0.05 significance level (Sig). Provenances are: DUM Dumbleyung, LGR Lake Grace, COO Coolgardie, GOG 
Goongarrie, NOR Norseman, NAR Narembeen, SNC Southern Cross, TYG  Trayning, WES Westonia.

Region Prov

Proportion dual 
flush Cineole

Log dry biomass pre-
thinning

Log dry biomass 
post-thinning

Estimate (SE) Sig Estimate (SE) Sig Estimate (SE) Sig Estimate (SE) Sig

Egrat DUM 0.32 (0.05) BC 2.1 (0.04) E 1.9 (0.05) A 3.4 (0.06) A

Egrat LGR 0.39 (0.04) B 2.5 (0.03) C 1.9 (0.05) A 3.4 (0.05) A

Eliss east COO 0.44 (0.08) AB 2.7 (0.05) A 1.5 (0.06) E 2.9 (0.09) C

Eliss east GOG 0.09 (0.09) D 2.3 (0.06) CDE 1.8 (0.06) AB 3.5 (0.10) A

Eliss east NOR 0.60 (0.04) A 2.5 (0.03) BC 1.7 (0.05) BC 3.1 (0.05) BC

Eliss west NAR 0.01 (0.07) D 2.6 (0.05) AB 1.8 (0.06) BC 3.2 (0.07) AB

Eliss west SNC 0.08 (0.06) D 1.6 (0.04) F 1.6 (0.05) DE 3.2 (0.07) AB

Eliss west TYG 0.02 (0.04) D 2.3 (0.03) D 1.7 (0.05) CD 3.1 (0.05) BC

Eliss west WES 0.15 (0.08) CD 1.8 (0.05) F 1.5 (0.06) DE 3.0 (0.09) BC
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and 26) started flowering 13–17 weeks later. A similar trend was observed with the end of flowering trait with 
the earliest families ending flowering in weeks 40–44 (8, 47, 10 and 53) and the latest end flowering families 
(26, 46, 37 and 35) ended after week 51. Least square means for all flowering traits of each family are detailed in 
Supplementary Table S2.

Table 6 shows substantial differences in the proportion of trees that flowered, proportion of trees with dual 
flushes, foliar cineole content and biomass from the families within provenances. The families within provenances 
that showed wide ranges in the proportion of trees that flowered were from Lake Grace (62–100%), Southern 
Cross (81–100%), and Dumbleyung (82–100%), while the rest had narrower ranges (90–100%). Similarly, there 
were families within provenances with considerable variation in dual flush proportions: in families from the 
Dumbleyung, Lake Grace, Coolgardie and Norseman provenances, the percentage of dual flush trees ranged 
from < 1 to 69%. For families from Goongarrie, there were no variation (both at 1%), while for the rest of the 
families within the remaining provenances, trees with dual flush were in the range of 0–7%.

There were two families (46 and 58) that averaged foliar cineole under 0.9% of green leaf weight whereas the 
top performing families had cineole concentration exceeding 3.0%. Several provenances have tight ranges (little 
variation among families) while other provenances show wide ranges between families. For example, families 
within the Narembeen provenance show little variation (2.5–2.7%), whereas those within Westonia are highly 
variable (0.9–2.6%). Likewise, there is more variation in biomass estimates across both measurements within the 
Lake Grace provenance compared to Westonia. There was nearly double the average back-transformed biomass 
from the high yielding families in the pre-thinned assessment (1, 6, 15 and 16 vs 59, 34, 22 and 46) and this dif-
ference was more pronounced after thinning (26, 3, 13 and 6 vs 46, 24, 22 and 34).

Heritability, genetic and phenotypic correlations. Narrow-sense heritability ranged from high for 
end of flowering ( ̂h2 = 0.66–0.75), moderate for start flowering traits ( ̂h2 = 0.45 ± 0.10) and foliar cineole content 
( ̂h2 = 0.53 ± 0.09) and low for duration of flowering and both biomass estimates ( ̂h2 = 0.10–0.33) (Table 7). Nar-
row-sense heritability for dual flush flowering was ( ̂h2 = 0.61 ± 0.16), propensity to flower in 2012 ( ̂h2 = 0.19 ± 0.10) 
and 2014 ( ̂h2 = 0.24 ± 0.11). There were strong genetic correlations between the same flowering traits from dif-
ferent years (rg = 0.84–0.96) but the phenotypic correlations were lower (rp = 0.40–0.55). Genetic correlations 
were also high between most of the key flowering traits across years except for end of flowering and duration of 
flowering which generally had high standard errors. The genetic correlations between the start and end of flow-
ering were all positive and above 0.62. The magnitudes of the genetic correlations between start and duration of 
flowering were also high although these correlations were negative. Phenotypic correlations were generally lower 

Figure 4.  The start and end of flowering times (averaged over 2012 and 2014) of Eucalyptus loxophleba 
lissophloia  (Eliss) E. loxophleba gratea  (Egrat) families. Light grey box plots represent start flowering week and dark 
grey boxes plots represent end of flowering times. First week of January is week 1. Line in the middle of each box 
is the median provenance flowering time and edge of boxes 25th and 75th percentile. Dots represent outliers. 
DUM Dumbleyung, LGR Lake Grace, COO Coolgardie, GOG Goongarrie, NOR Norseman, NAR Narembeen, 
SNC Southern Cross, TYG  Trayning, WES Westonia. Figure was generated using JMP, Version 14. SAS Institute 
Inc. 1989–2019 https ://www.jmp.com/en_au/home.html.
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Prov Family Foliar cineole (SE)
Log dry biomass pre-thinned 
(SE)

Log dry biomass post-thinned 
(SE)

Arcsine proportion flowered 
(SE)

Arcsine proportion dual 
flush (SE)

DUM 1 1.7 (0.09) 2.2 (0.08) 3.4 (0.14) 1.29 (0.09) 0.73 (0.14)

DUM 2 2.2 (0.10) 1.8 (0.09) 3.5 (0.14) 1.27 (0.09) 0.33 (0.14)

DUM 3 2.0 (0.08) 2.0 (0.08) 3.8 (0.14) 1.28 (0.09) 0.82 (0.13)

DUM 4 2.4 (0.09) 1.8 (0.09) 3.3 (0.15) 1.14 (0.10) − 0.01 (0.16)

DUM 5 2.4 (0.08) 1.9 (0.08) 3.4 (0.14) 1.33 (0.09) 0.08 (0.13)

DUM 6 1.7 (0.08) 2.1 (0.08) 3.7 (0.14) 1.46 (0.09) 0.19 (0.13)

DUM 7 2.5 (0.08) 1.7 (0.08) 3.0 (0.14) 1.17 (0.08) 0.09 (0.13)

LGR 8 2.7 (0.09) 2.0 (0.09) 3.6 (0.16) 0.95 (0.09) − 0.01 (0.18)

LGR 9 2.3 (0.08) 1.9 (0.08) 3.6 (0.14) 1.54 (0.09) 0.00 (0.12)

LGR 10 2.4 (0.08) 1.8 (0.08) 3.4 (0.14) 1.13 (0.08) − 0.01 (0.15)

LGR 11 2.6 (0.08) 1.8 (0.08) 2.9 (0.14) 1.29 (0.09) 0.63 (0.14)

LGR 12 2.9 (0.08) 1.9 (0.08) 3.4 (0.14) 1.39 (0.09) 0.98 (0.13)

LGR 13 2.8 (0.08) 2.0 (0.08) 3.8 (0.14) 1.38 (0.09) 0.78 (0.13)

LGR 14 1.8 (0.09) 1.7 (0.08) 2.8 (0.15) 1.46 (0.09) 0.58 (0.13)

LGR 15 2.8 (0.08) 2.1 (0.08) 3.4 (0.14) 1.21 (0.09) 0.45 (0.14)

LGR 16 2.2 (0.08) 2.1 (0.08) 3.6 (0.14) 1.18 (0.08) − 0.01 (0.13)

LGR 17 2.3 (0.08) 1.9 (0.08) 3.3 (0.14) 1.34 (0.08) 0.52 (0.12)

LGR 18 2.7 (0.08) 1.9 (0.08) 3.3 (0.14) 1.21 (0.09) 0.56 (0.14)

LGR 19 2.8 (0.09) 1.9 (0.09) 3.4 (0.14) 1.42 (0.08) 0.94 (0.12)

LGR 20 2.6 (0.08) 1.8 (0.08) 3.5 (0.14) 1.26 (0.09) 0.08 (0.12)

LGR 21 1.4 (0.08) 1.6 (0.08) 3.0 (0.15) 0.91 (0.09) − 0.02 (0.19)

COO 22 3.2 (0.10) 1.4 (0.09) 2.7 (0.14) 1.39 (0.09) 0.37 (0.13)

COO 23 2.4 (0.08) 1.5 (0.08) 3.2 (0.14) 1.49 (0.09) 0.96 (0.12)

COO 24 2.5 (0.08) 1.5 (0.08) 2.7 (0.16) 1.38 (0.09) 0.00 (0.14)

GOG 25 2.5 (0.08) 1.9 (0.08) 3.2 (0.14) 1.25 (0.09) 0.09 (0.12)

GOG 26 2.2 (0.08) 1.8 (0.08) 3.9 (0.14) 1.58 (0.09) 0.09 (0.12)

NOR 27 2.7 (0.09) 1.7 (0.08) 3.1 (0.14) 1.45 (0.09) 0.78 (0.12)

NOR 28 2.6 (0.09) 1.8 (0.08) 3.6 (0.14) 1.38 (0.09) 0.09 (0.13)

NOR 29 2.5 (0.08) 1.9 (0.08) 3.5 (0.13) 1.22 (0.08) 0.22 (0.14)

NOR 30 2.5 (0.08) 1.8 (0.08) 3.2 (0.15) 1.53 (0.09) 0.83 (0.13)

NOR 31 2.4 (0.09) 1.8 (0.09) 3.1 (0.15) 1.45 (0.09) 0.97 (0.13)

NOR 32 2.2 (0.08) 1.7 (0.08) 2.9 (0.15) 1.56 (0.09) 0.52 (0.12)

NOR 33 2.4 (0.08) 1.7 (0.08) 3.0 (0.14) 1.49 (0.08) 0.83 (0.12)

NOR 34 2.6 (0.08) 1.4 (0.08) 2.6 (0.14) 1.33 (0.09) 0.78 (0.13)

NOR 35 2.6 (0.08) 1.7 (0.08) 2.9 (0.14) 1.49 (0.09) 0.60 (0.12)

NOR 36 2.5 (0.08) 1.6 (0.08) 3.2 (0.14) 1.50 (0.09) 0.41 (0.12)

NOR 37 2.4 (0.08) 1.8 (0.08) 3.1 (0.13) 1.46 (0.08) 0.52 (0.12)

NAR 38 2.6 (0.08) 1.7 (0.08) 3.1 (0.13) 1.36 (0.09) − 0.01 (0.14)

NAR 39 2.7 (0.08) 1.8 (0.08) 3.3 (0.14) 1.52 (0.08) 0.07 (0.12)

NAR 40 2.5 (0.08) 1.8 (0.08) 3.1 (0.15) 1.35 (0.09) 0.00 (0.14)

NAR 41 2.5 (0.08) 1.8 (0.08) 3.3 (0.14) 1.41 (0.09) − 0.01 (0.13)

SNC 42 1.5 (0.08) 1.7 (0.08) 3.2 (0.14) 1.40 (0.09) 0.09 (0.12)

SNC 43 2.3 (0.08) 1.8 (0.08) 3.4 (0.14) 1.43 (0.09) 0.00 (0.12)

SNC 44 1.5 (0.08) 1.7 (0.08) 3.1 (0.14) 1.12 (0.09) 0.11 (0.14)

SNC 45 1.9 (0.08) 1.6 (0.08) 3.5 (0.15) 1.40 (0.09) 0.00 (0.13)

SNC 46 0.9 (0.08) 1.3 (0.08) 2.8 (0.16) 1.59 (0.10) 0.22 (0.14)

TYG 47 3.1 (0.09) 1.6 (0.08) 2.9 (0.14) 1.45 (0.09) 0.00 (0.12)

TYG 48 2.0 (0.08) 1.7 (0.08) 3.0 (0.14) 1.58 (0.09) 0.08 (0.12)

TYG 49 2.1 (0.08) 1.8 (0.08) 3.4 (0.14) 1.44 (0.09) 0.00 (0.12)

TYG 50 2.1 (0.09) 1.7 (0.08) 3.1 (0.14) 1.56 (0.09) − 0.01 (0.13)

TYG 51 2.0 (0.08) 1.5 (0.08) 3.0 (0.17) 1.51 (0.10) − 0.01 (0.15)

TYG 52 2.6 (0.08) 1.6 (0.08) 3.3 (0.14) 1.42 (0.08) 0.07 (0.12)

TYG 53 2.5 (0.09) 1.7 (0.08) 3.0 (0.14) 1.42 (0.09) 0.00 (0.12)

TYG 54 2.3 (0.08) 1.9 (0.08) 3.1 (0.14) 1.34 (0.08) 0.08 (0.12)

TYG 55 2.2 (0.09) 1.6 (0.08) 3.3 (0.15) 1.40 (0.09) − 0.01 (0.13)

TYG 56 2.3 (0.09) 1.6 (0.09) 3.0 (0.14) 1.27 (0.09) 0.00 (0.12)

Continued
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than genetic correlations, but they had lower standard errors. There were high negative phenotypic correlations 
between start of flowering 2012 and duration of flowering in 2012 (rp = − 0.93) and in 2014 (rp = − 0.81).

The correlations were of similar magnitude to the standard errors for many of the biomass and cineole esti-
mates, except between the two biomass estimates. There were however, moderate genetic correlations between 
flowering duration in 2014 and pre-thinned biomass, and weak genetic correlations between start and end of 
flowering time in 2014 and foliar cineole concentration. In contrast, there was a weak positive phenotypic cor-
relation between cineole and of end of flowering in 2012 and 2014. There were also weak negative phenotypic 
correlations between post-thinned biomass and start of flowering. There was a moderate negative genetic cor-
relation between pre-thinned biomass and start of flowering in the 2014 assessment and a corresponding positive 
weak phenotypic correlation end of flowering for 2014.

Discussion
Understanding flowering phenology is critical in seed orchard design, as synchronicity of flowering amongst 
parents is key to maximising outcrossing, genetic quality of the seed, and its ability to deliver traits of commercial 
interest. The results from this study displayed large variation in flowering phenology within and between sub-
species, provenances and families. With the exception of a few families, there was a high level of synchronicity 
of flowering within the seed orchard but substantial differences between provenances. However, caution should 
be used when directly comparing the provenance-level data as there are different numbers of families in each 
provenance; for example, Coolgardie, Goongarrie and Westonia were poorly represented with a small number 
of families.

The large range of commencement and end of flowering times within provenances may in part be reflected 
by the percentage of dual-flush trees in each provenance. In most cases, dual flush trees started flowering earlier 
(i.e. the first flush) in the year than their single flush contemporaries, resulting in greater flowering duration. 
These were the most of the out-of-phase trees in the orchard. We estimate that only a small proportion (< 4%) 
of the total buds in the orchard flowered out of phase with the single flush trees. Early dual flush trees which 

Prov Family Foliar cineole (SE)
Log dry biomass pre-thinned 
(SE)

Log dry biomass post-thinned 
(SE)

Arcsine proportion flowered 
(SE)

Arcsine proportion dual 
flush (SE)

TYG 57 2.5 (0.08) 1.7 (0.08) 3.2 (0.14) 1.49 (0.09) − 0.01 (0.12)

WES 58 0.9 (0.09) 1.5 (0.08) 3.0 (0.16) 1.38 (0.10) 0.27 (0.15)

WES 59 2.6 (0.09) 1.5 (0.09) 3.0 (0.14) 1.46 (0.09) 0.19 (0.13)

WES 60 1.8 (0.08) 1.6 (0.08) 3.0 (0.14) 1.54 (0.09) 0.00 (0.12)

Table 6.  Least square means for foliar cineole content (% green weight), biomass estimates of pre-thinned 
(aged 5) and post-thinned (aged 15) orchard, arcsine transformed proportion of flowered and dual flush 
flowing with the standard error in brackets (SE). DUM Dumbleyung, LGR Lake Grace, COO Coolgardie, GOG 
Goongarrie, NOR Norseman, NAR Narembeen, SNC Southern Cross, TYG  Trayning, WES Westonia.

Table 7.  Heritability, genetic and phenotypic correlations for Eucalyptus loxophleba seed orchard. Narrow-
sense heritability (± standard errors) of each trait is on the diagonal (in bold), above the diagonal is genetic 
correlation (± standard errors) and below the diagonal is phenotypic correlations (± standard errors) in italics. 
Traits are start flowering week in 2012 and 2014, end of flowering week in 2012 and 2014, duration of flowering 
in 2012 and 2014, foliar cineole concentration by weight, ln (dry biomass) of the pre-thinned orchard as 
measured in 2004 and ln (dry biomass) of post-thinned seed orchard as measured in 2014.

Genetic correlations

Start flower 12 Start flower 14 End flower 12 End flower 14
Duration 
flower12

Duration 
flower14 Cineole

Ln (DBM) pre-
thinned

Ln(DBM) post-
thinned

Phenotypic correlations

Start flower 12 0.446 ± 0.097 0.888 ± 0.057 0.654 ± 0.109 0.739 ± 0.093 − 0.905 ± 0.034 − 0.592 ± 0.156 − 0.099 ± 0.162 − 0.291 ± 0.173 − 0.118 ± 0.190

Start flower 14 0.549 ± 0.028 0.447 ± 0.097 0.628 ± 0.115 0.797 ± 0.078 − 0.807 ± 0.086 − 0.690 ± 0.109 − 0.276 ± 0.154 − 0.456 ± 0.157 − 0.158 ± 0.188

End flower 12 0.335 ± 0.041 0.336 ± 0.043 0.655 ± 0.117 0.963 ± 0.030 − 0.258 ± 0.177 0.154 ± 0.206 − 0.209 ± 0.150 − 0.211 ± 0.171 − 0.043 ± 0.184

End flower 14 0.309 ± 0.042 0.395 ± 0.038 0.540 ± 0.035 0.746 ± 0.123 − 0.396 ± 0.159 − 0.118 ± 0.205 − 0.244 ± 0.147 − 0.227 ± 0.168 − 0.038 ± 0.181

Duration 
flower12 − 0.931 ± 0.006 − 0.476 ± 0.031 0.017 ± 0.046 − 0.136 ± 0.044 0.328 ± 0.083 0.843 ± 0.114 − 0.001 ± 0.173 0.256 ± 0.185 0.126 ± 0.200

Duration 
flower14 − 0.377 ± 0.034 − 0.814 ± 0.015 − 0.014 ± 0.044 0.191 ± 0.040 0.400 ± 0.034 0.186 ± 0.063 0.127 ± 0.194 0.493 ± 0.185 0.240 ± 0.217

Cineole − 0.003 ± 0.048 − 0.061 ± 0.048 0.226 ± 0.034 0.171 ± 0.033 − 0.032 ± 0.047 0.030 ± 0.046 0.526 ± 0.087 0.209 ± 0.160 0.180 ± 0.167

Ln (DBM) pre-
thinned − 0.114 ± 0.036 − 0.054 ± 0.037 0.036 ± 0.037 0.125 ± 0.031 0.131 ± 0.037 0.034 ± 0.038 − 0.015 ± 0.02 0.096 ± 0.025 0.763 ± 0.091

Ln (DBM) post-
thinned − 0.139 ± 0.042 − 0.123 ± 0.041 0.037 ± 0.045 − 0.048 ± 0.044 0.164 ± 0.041 0.080 ± 0.041 0.047 ± 0.045 0.678 ± 0.017 0.288 ± 0.075
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were active before the main flush of the orchard will have a greatly reduced opportunity to outcross with other 
trees in the seed orchard.

After the  Eliss eastern provenances the southern  Egrat provenances had the second highest proportion of dual 
flush trees. There is no evidence that the two regions exhibiting high rates of dual flush flowering is due to their 
relatedness. Investigation on the chloroplast DNA has revealed that  Egrat is more closely related to the neigh-
bouring  Eliss western and E. loxophleba subsp. loxophleba than to  Eliss eastern  provenances53. However, the high 
heritability of the dual flush trait ( ̂h2 = 0.61 ± 0.15) suggests that selections could be made to reduce its prevalence 
in breeding populations. A large percentage of these dual flush trees were  Egrat, and based on this alone, it may 
be appropriate to separate  Egrat into a separate breeding population. The taxonomic split between  Eliss and  Egrat 
is  contentious54,55, however, a breeding population comprised of  Egrat alone would allow more out-crossing of 
these dual flush trees especially at the start and end of the annual reproductive cycles. Considering  Eliss has been 
shown to have weak reproductive  barriers38–42, it would allow the subspecies to be planted in their natural range 
thereby minimising genetic ‘pollution’ of other subspecies.

The dual flush  Eliss trees, most of which originate from eastern provenances, flowered out of phase with the 
single flush  Eliss. Many of these families also performed poorly in biomass assessments. For example, the Cool-
gardie provenance (families 22, 23 and 24) ranked last for biomass in the two measurements of this trial, flowered 
considerably earlier than any other family and nearly 30% of the trees flowered twice. Family 22 had the highest 
foliar cineole concentration, but ranked second and third last for biomass and was the earliest family to flower. 
Some families in the Norseman provenance, in contrast, included seven of the latest ten flowering families with 
a high proportion of dual flush trees and below average biomass. High cineole families may be kept in the seed 
orchard to maintain cineole levels, but seed should not be collected from these families for biomass plantings 
and they should be carefully considered before inclusion in future breeding programmes. Families with a high 
proportion of dual flush trees, low cineole and biomass rank, could be removed from the breeding populations. 
The other  Eliss eastern provenance, Goongarrie, consisted of two families, both with a low proportion of dual flush 
trees. Family 26 was the fourth latest to flower, but this family ranked highest in biomass in the second assessment 
and family 25 flowered during peak time and ranked well for both biomass and cineole. Thus, although  Eliss east 
provenances were on average poor performers in the seed orchard, some families from the eastern provenances 
may be candidates for next-generation seed or clonal orchards.

Mazanec et al.18 reports on the variation of biomass from different provenances from three large  Eliss progeny 
trials across southern Australia. Each trial consisted of nine provenances with at least 13 families. It was found 
that the progeny from Norseman ranked last for biomass at two of the three trials and the progeny from Cardunia 
Rocks, the other eastern provenance, performed average or below at the three trials. These trials were measured 
at age three and gives further support for the poor biomass performance from the  Eliss eastern range. However, 
short-duration studies can at times fail to indicate longer-term performance and further measurements of these 
trial should reveal more about the top biomass producing  Eliss provenances.

This study shows that, with the exception of a few families, there is a considerable proportion of trees flowering 
in the seed orchard throughout most months the year. However, the amount of reproductive activity is uneven; 
the rate of anthesis is much more pronounced in late winter and spring when it is common for 30–50% of buds 
to have commenced flowering in a 1-month period. This contrasts with other studies of southern Eucalyptus 
species. For example, warmer temperatures are known to trigger key developmental stages in E. nitens including 
bud initiation and  growth56 and heat-sum has been found to be the main driver of anthesis time in E. globulus and 
E. nitens26,57. With only 2 years of data, the effect that heat sum had on the timing of anthesis for E. loxophleba 
is impossible to determine. The year of greater heat did correspond with earlier flowering and shorter flowering 
duration, both expected outcomes in the heat sum model. However,  Eliss and  Egrat, in contrast to E. nitens and E. 
globulus, are adapted to arid conditions.

Moisture availability and rainfall events have been identified as important factors affecting anthesis for plants 
in arid  environments58–62 and that is a likely cause of slow reproductive development of  Eliss and  Egrat during late 
summer and autumn. Furthermore, Friedel et al.59 demonstrated that soil moisture was a predictor of flowering 
for 46 arid-zone species although flowering events lagged between 1 and 9 months after rainfall. This is consist-
ent with the flowering of  Eliss and  Egrat in this study where there were no significant rainfall events in 2012 until 
May and in 2014 until April.  Eliss and  Egrat are well adapted to drought and appear to exhibit drought-induced 
dormancy of the crown.

The plastic nature of the species recorded in the arid zone of Australia by Friedel et al.59,  Davies61 and others 
suggest that eastern provenances of  Eliss may be more strongly adapted to rainfall-induced growth and repro-
duction than western provenances. The multiple reproductive events observed in this trial may be a function 
of that adaptation. It is possible that trees from the low rainfall eastern provenances were responding to the 
higher rainfall experienced near Lake Toolibin. However, the two most southerly provenances  (Egrat) also had a 
high percentage (20%) of dual flushes trees and are the two closest provenances to Lake Toolibin.  Egrat was less 
reproductively active, suggesting that these provenances did not benefit from the slightly higher rainfall of the 
study site when compared to their natural range. In contrast, western and eastern  Eliss provenances displayed 
high levels of reproductive activity at a site with higher rainfall and lower evaporation compared to their natural 
distribution. There was however, no trend in northern provenances to flower earlier than the more southerly  Egrat 
provenances, a trend recorded for E. marginata63 and for Corymbia citriodora subsp. variegata and C. maculata27. 
However, the opposite trend has been observed in E. globulus where Victorian provenances flowered later than 
the more southerly eastern-coast Tasmanian  provenances26.

Biomass generally has a lower heritability than either flowering traits or cineole production and this was 
observed in this trial. The pre-thinned biomass heritability was low ( ̂h2 = 0.10 ± 0.03) but increased after thinning 
to 0.29 ± 0.08 suggesting that estimates of additive genetic variance for this trait were biased upwards as a result. 
The difference between the two estimates suggests that some degree of bias was introduced as a result of selective 
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thinning. We have no way of knowing if the bias extends to the flowering traits; and therefore, some caution 
should be used in interpretation of these results. However, Mazanec et al.18 found narrow-sense heritably at three 
 Eliss progeny trials of 0.19 ± 0.05, 0.13 ± 0.04 and 0.25 ± 0.05 at Monarto (South Australia), Condobolin (New 
South Wales) and Brookton (Western Australia) respectively. Stem diameter, an accurate estimator of biomass, 
has been found to be moderately heritable in other eucalyptus species including E. nitens ĥ2 = 0.18–0.1964,65, and 
E. cladocalyx ĥ2 = 0.1466 and ĥ2 = 0.3067.

Heritability of flowering traits in this study were under moderate to strong genetic control. These results are 
consistent with results from other studies in eucalypts. Jones et al.26 reported high broad-sense heritability for 
peak anthesis time ( Ĥ2 = 0.78) in an E. globulus clonal seed orchard but found weak heritability for duration 
of flowering ( Ĥ2 = 0.09) with the low heritability attributed to the correlation between duration of flowering 
and flower  abundance68. For the same species, Gore and  Potts25 found narrow-sense heritability over 0.64 for 
start, peak and end of flowering after a single year of assessment. Flowering intensity of E. cladocalyx has been 
recorded as ĥ2 = 0.4869 and ĥ2 = 0.5266. The number of reproductive flushes was under strong genetic control 
( ̂h2 = 0.61 ± 0.16) but the propensity to flower in 2012 and 2014 were quite low ĥ2 = 0.19 ± 0.10 and ĥ2 = 0.24 ± 0.11 
respectively, although this is much higher than the ĥ2 = 0.06 ± 0.05 reported for E. globulus26.

Foliar cineole concentration was observed to be under strong genetic control ( ̂h2 = 0.53 ± 0.09). Mazanec 
et al.18 found similar narrow-sense heritability at an  Eliss progeny trial in Brookton, Western Australia, of over 
1700 trees from 126 families ( ̂h2 = 0.53 ± 0.07) and from an  Egrat progeny trial of 90 families of ( ̂h2 = 0.50 ± 0.08)70. 
Similar heritability was found in E. camaldulensis29. Heritability as high as ĥ2 = 0.83 was found in a small E. kochii 
seed  orchard71. In the current study, the parent trees had been tested for foliar cineole concentration prior to 
selection with seed only sourced from elite individuals (foliar cineole concentration > 2.5%) so selection was 
biased to high cineole individuals. This is because at that time, in the genetic selection of this species, cineole 
was considered likely to be the major product for commercial planting of these  species8,11. The two more recent 
 Eliss and  Egrat progeny trials mentioned above were not subject to pre-selection for foliar cineole but the herit-
ability results were similar suggesting that pre-selection for high cineole did not influence estimates of additive 
variance in this trial.

The strong genetic and phenotypic correlations between duration and start of flowering have been found 
in other species, for instance, Lythrum salicaria (rp = − 0.92)72. The correlations for  Eliss are much higher when 
comparing within years than across years and may be attributable to the annual variation in dual flush flowering 
which exhibit longer duration of flowering. It is unknown if the trees that flowered twice in 2014 also did so in 
2012 and although the heritability for this trait is high, another assessment following individual reproductive 
flushes would be useful. Furthermore, assessment of the performance of progeny from the first-and second-flush 
of the dual flush trees and single flush trees could indicate the degree of inbreeding or selfing.

Genetic correlations suggest that selection for high biomass and cineole may result in selection of early 
flowering trees. For example, if selection is biased toward biomass then the low genetic correlation for that trait 
with flowering time will allow greater freedom in selection of trees with later flowering times. The orchard was 
initially conservatively thinned, in most cases an individual from each family was retained from each replicate. 
Poor biomass producing  Eliss east families with high levels of dual flush flowering could be eliminated from the 
orchard which would increase flowering synchronicity without negatively impact biomass production.

conclusion
This study has shown that timing of anthesis is strongly influenced by genetic factors. Genetically, there is a large 
amount of variation with broad-scale differences among provenances and families. Most flowering traits, along 
with cineole, were moderately to strongly heritable whereas biomass heritability was low. At the start and end of 
the annual flowering cycle, dual flush trees were reproductively isolated and because the trait is strongly herit-
able, this could result in greater flowering asymmetry in progeny collected from the dual flush trees. Dual flush 
flowering was evident in the  Egrat provenances. For this reason and because of the potential spread of genetic 
material to native stands through pollen dispersal,  Egrat should be treated as a separate breeding population for 
use within its natural range. The  Eliss east provenances included families with the highest proportion of dual flush 
trees and the poorest biomass yield. These families should be eliminated from the general breeding programme. 
Due to the moderate to negligible genetic correlations between flowering traits, biomass and foliar cineole con-
centrations, selections should be based on biomass and cineole. Families with a high proportion of dual flush 
trees and otherwise desirable characteristics should be further studied to determine if this was a one-off event 
or if it is a recurring phenomenon. Opportunistic use of available soil moisture may be responsible for dual flush 
flowering in eastern provenances, however, the 2-week divergence in flowering time between assessment years 
may be driven by heat-sum.

Data availability
The flowering key traits (start, end and duration of flowering), biomass estimates and foliar cineole data from 
this manuscript has not been achieved, but prior to publication it will be published on CSIRO data access portal 
https ://data.csiro .au/dap/disco veryS ervic e with a DOI number.
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Abstract
Eucalyptus polybractea has been planted as a short-rotation coppice crop for bioenergy inWestern Australia. Historical breeding
selections were based on sapling biomass and despite a long history as a coppice crop, the genetic parameters of coppicing are
unknown. Here, we assessed sapling biomass at ages 3 and 6 from three progeny trials across southern Australia. After the second
sapling assessment, all trees were harvested. Coppice biomass was assessed 3.5 years later. Mortality following harvest was
between 1 and 2%. Additive genetic variance for the 6-sapling estimate at one site was not significant. Sapling heritabilities were
between 0.06 and 0.36 at 3 years, and 0.18 and 0.20 at 6 years. The heritability for the coppice biomass was between 0.07 and
0.17. Within-site genetic and phenotypic correlations were strong between all biomass assessments. Cross-site correlations were
not different from unity. Selections based on net breeding values revealed positive gains in sapling and coppice biomass. Lower
or negative gains were estimated if 3-year sapling selections were applied to the coppice assessments (−7.1% to 3.4%) with useful
families culled. Positive gains were obtained if 6-year sapling selections were applied to the coppice assessment (6.4% to 9.3%)
but these were lower than those obtained by applying coppice selections to the coppice assessment (8.4% to 14.8%). Removal of
poor performing families and families that displayed fast sapling growth rates but under-performed as coppice will benefit
potential coppice production. These results indicate that selections should be made using coppice data.

Keywords Coppice biomass . Eucalyptus polybractea . Net breeding values . Heritability . Sapling biomass . Genetic and
phenotypic correlations . Selection simulation

Introduction

A suite of mallee Eucalyptus sp. were selected for short-
rotation coppice crops inWestern Australia (WA) for essential
oils, bioenergy and biofuel feedstocks (Bartle and Abadi
2010; Davis 2002; McGrath et al. 2016). Species selections
were based on the ability to coppice vigorously after harvest
with high concentration of foliar 1,8-cineole (Hobbs et al.
2009). One of the successful candidates for development
was Eucalyptus polybractea R.T. Baker which has been

harvested on a 2-year cycle in Victoria and New South
Wales (NSW) for high-grade eucalyptus oil production for
over a century (Davis 2002; Goodger et al. 2007).
Agroforestry trials in WA have demonstrated that
E. polybractea is capable of high productivity when grown
on sites with acidic deep soil profiles with low salinity
(Spencer et al. 2019; Wildy et al. 2000). In 1993 an
E. polybractea breeding programme was initiated with three
small progeny trials (Bartle et al. 1998). Additional trials were
added in later years and included progeny from 100 families
using seed from wild parents with cineole concentrations of
>2.5% (Mazanec et al. in press).

In order to maximise the potential of E. polybractea for
cineole production, breeding focused on gains in foliar 1,8-
cineole concentration for the high-grade eucalyptus oil market
(Boland et al. 1991; Coppen 2002; Davis 2002). The market
for eucalyptus oil with high levels of 1,8-cineole did not ma-
terialise and the potential for biomass for bioenergy (Abdullah
and Wu 2009; McGrath et al. 2016; Wu et al. 2008) emerged
as a greater potential avenue for profit (Bartle and Abadi
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2010). Breeding decisions for E. polybractea on biomass per-
formance have historically been based on assessment of sap-
ling performance although the relationship between sapling
and coppice biomass is unknown. Studies in other eucalypt
species have revealed a wide range of genetic correlations
between sapling and coppice biomass ranging from weak
(Whittock et al. 2003) to very strong (Amâncio et al. 2020;
Li et al. 2012). This variation in genetic correlations may be
underpinned by the genetic control of lignotuber develop-
ment, which has been found to be responsible for the varying
degrees of success of coppicing (Bortoloto et al. 2020;
Walters et al. 2005; Whittock et al. 2003).

The mallee species developed as coppice crops in WA, in
contrast, show very high rates of reshooting after harvest
(Eastham et al. 1993; Milthorpe et al. 1998; Spencer et al.
2019) suggesting that lignotuber development in these species
is less variable. For example, resprouting from the lignotubers,
E. kochii, does not appear to be limited by either the number of
meristematic foci or starch reserves, but rather a loss of fine
root material and reduction of thickening of structural root-
stock following too frequent harvesting (Wildy and Pate
2002). Subsequent work across four trial-plantings has dem-
onstrated that for E. polybractea, a rotation length of 3 years is
appropriate for sustainable biomass production (Spencer et al.
2019). However, greater gains in biomass production may be
realised if a breeding programme is focused on coppice pro-
ductivity following harvest.

The heritability of desirable traits underpins the accuracy of
selection of elite individuals or families for genetic gain. If
multiple traits are of interest, it is of critical importance to
understand the genetic relationships between them, as selec-
tion for one trait may result in correlated gains or losses in
another (Isik et al. 2017). For instance, Milthorpe et al. (1998)
observed that selection of individuals based on foliar eucalyp-
tus oil concentration alone may reduce total oil production,
and for two subspecies of E. loxophleba, weak negative cor-
relations have been observed between biomass and foliar cin-
eole concentrations (Mazanec et al. 2020; Mazanec et al.
2017). Currently, there are no published estimates of genetic
parameters for E. polybractea pertaining to coppice biomass.
Knowledge of the genetic correlations between sapling and
coppice biomass production at different ages as well as be-
tween subsequent coppice cycles is essential for determining
the optimal time for selection for biomass production.

Eliminating inferior genotypes will improve both biomass
and 1,8-cineole yields and will assist in the economic viability
of any future E. polybractea industry.

This paper reports the results of a study investigating (1)
the heritability of coppicing success and biomass production,
(2) the correlations between sapling and coppice biomass
across three progeny trials established across southern
Australia and (3) the optimal timing of selection through sim-
ulations of trial thinning for conversion to seed orchards and
establishment of clonal orchards.

Methods

Study sites

Three progeny trials were planted in 2009 at the Condobolin
Agricultural Research Station in NSW (33.07° S, 147.24° E),
Drummartin in Victoria (36.44° S, 114.43° E) and at the
Newdegate Research Station in WA (33.12° S, 118.82° E).
All sites have mild winters and hot summers with Drummartin
and Newdegate receiving most of their rainfall in the winter
months while rainfall at Condobolin is more evenly distribut-
ed throughout the year (Table 1). Climate and elevation data
were sourced from the Australian Bureau of Meteorology sta-
tions located at the Condobolin and Newdegate Research
Stations and Drummartin town site. The soil at Newdegate is
duplex with yellow sand over clay, Drummartin is a duplex
with grey-brown loam over sodic red clay while at
Condobolin, the soil is gradational red and brown earths
(Mazanec et al. in press).

Each of the three progeny trials consisted of the same 66
open-pollinated families. All parent trees were randomly select-
ed from native stands in the region of West Wyalong in NSW.
The trials were planted in a Latinised row-column design with
families randomly assigned to four-tree row plots. There were
six replicates at Condobolin and Drummartin. However, space
constraints at the Newdegate trial required a configuration with
four replicates and five-tree row plots. Planting spacing of 1.5
m was applied within each row, and rows were 3 m apart. Each
trial had a two-tree buffer surrounding the entire trial using the
same species with unknown progeny.

In the spring of 2016, each trial, including buffer trees, was
cut as close to ground level as possible using chainsaws.

Table 1 Average climatic
conditions during the trial period
(2009 to 2020) at the three
progeny trial locations. Climatic
and elevation data were obtained
from Bureau of Meteorology
(SILO 2020)

Trial
location

Annual
rainfall (mm)

Annual
evaporation (mm)

Maximum
temperature (°C)

Minimum
temperature (°C)

Elevation
(m)

Condobolin 491 2245 27.8 11.9 195

Drummartin 471 1720 25.2 10.0 115

Newdegate 359 1904 26.3 9.6 320
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Biomass assessments

Each trial was measured twice before harvest, once when the
trials were in their third year (spring 2012 to autumn 2013)
and again in spring 2016 when the saplings were about 6
years. Coppice post-harvest was measured in autumn 2020.
For the initial sapling and coppice assessments, the height and
crown widths (in two perpendicular directions) of each mallee
weremeasured to the closed 5 cm using a surveyor’s staff. The
Crown Volume Index (CVI) was calculated as the product of
those three measurements as described in Spencer et al.
(2019). At the initial measurement at Drummartin, both stem
basal area (SBA) and CVI were measured. The SBA method
was used in the second assessment (2016) where the stems of
each mallee were measured at 10 cm above ground level with
a diameter tape. Where there were multiple stems, each diam-
eter was converted cross-sectional stem areas and was
summed to give the total cross-sectional stem areas as de-
scribed by Huxtable et al. (2012).

After the 3-year sapling measurement, between 46 and 53
buffer trees, representative of the size of the trial trees, were
measured and then destructively sampled. After the second
biomass assessment, an additional 40 trees were destructively
sampled from each trial. Linear regressions relating SBA or
CVI to above-ground biomass were used to estimate above-
ground tree biomass. The regression parameters for the initial
assessment are detailed in Mazanec et al. (in press). For the
coppice assessment, species-specific E. polybractea coppice
biomass allometric equations were used to estimate above-
ground green biomass (Spencer et al. 2019).

Data analysis

Allometric equations between SBA and biomass were devel-
oped using SAS Proc Reg on natural log transformed data
(SAS 2017). The equations took the form:

ln yð Þ ¼ ln að Þ þ b ln xð Þ þ ε ð1Þ
where y is the above-ground green biomass, x is the SBA, a is
the intercept, b is the slope and ε denotes the model residuals.
To remove bias inherent to back-transforming from logarith-
mic to original scale, the Baskerville (1972) correction was
applied.

Analysis of heritability and genetic parameters was con-
ducted using ASReml 4.1 (Gilmour et al. 2015) using the
following linear mixed model:

Y ¼ Χbþ Ζuþ e ð2Þ
where Y is the phenotypic vector of observation,X is the fixed
effects design matrix, b is the vector of fixed effects, Z is the

random effects design matrix, u is the vector of the random
effects and e is the vector residual error. Terms in b included
the intercept and population effects while u included replicate,
long column, row within replicate, column within replicate,
plot and family effects.

Within the framework of the linear mixed model, we con-
ducted three classes of analysis, as detailed in the following
sections.

Univariate family model analyses

Univariate analyses, for each trial, were conducted to deter-
mine requirements for transformation prior to estimation of
the fixed and random effects symbolised in b and u of Eq. 2.
Terms in b included the intercept and population effects and
terms in u included replicate, long column, row within repli-
cate, columnwithin replicate, plot and family effects. Residual
plots were examined for heteroscedasticity. Mean-variance
relationships and potential transformations were assessed
using the slope of the log(absolute residual) on log(predicted
value) as outlined by Gilmour et al. (2015). All biomass data
required transformation. The 3-year sapling biomass was
transformed to x0.3 where x = 3-year-old sampling biomass
(Mazanec et al. in press), the 6-year-old sapling biomass was
subjected to y0.0 where y = 6-year-old sapling biomass while
coppice biomass was transformed using z0.25 where z = cop-
pice biomass. Univariate genetic parameters of the presences/
absence of coppice post-harvest were analysed using the logit
link function in ASReml with the same model specifications.

Univariate individual tree model

Once appropriate transformations were determined and
applied, a univariate individual tree model was used to
estimate additive genetic variances for biomass from each
trial. Cases with significant additive genetic variance provided
initial estimates of heritability and served as checks for
subsequent analysis. Griffin and Cotterill (1988) observed that
mixed mating systems in open-pollinated eucalypts may result
in inflated heritability estimates. They suggested the use of a
coefficient of relationship of ρ = 1/2.5 when estimating herita-
bility to adjust for selfing rates of about 30%. Bush et al. (2011)
affirmed that this methodology was applicable in first-
generation open-pollinated eucalypts. Recently, Kainer et al.
(2018) used the above coefficient of relationship when estimat-
ing heritability in E. polybractea. In our analysis, we also ap-
plied a selfing rate of 30% in ASReml to appropriately adjust
additive variance estimate. Terms in u and b were the same
between the family and individual tree models with the excep-
tion that the family term was replace by an individual tree
random additive effect. The additive genetic variance between
relatives was modelled via the numerator relationship matrix
(Henderson 1976). The significance of individual variance

Tree Genetics & Genomes           (2021) 17:15 Page 3 of 12    15 

Beren Spencer-Grayling Doctoral Thesis Page 92



components was checked using a one-tailed log likelihood ratio
test with 0.5 degrees for freedom (Gilmour et al. 2015).

Bivariate analyses

For this model, measurements of trees in different years were
treated as different traits for the purpose of estimating genetic
correlations. Terms in b and in u were the same as the univar-
iate individual tree model, nested within trait. Estimated var-
iances and covariances were used to calculate genetic correla-
tions between the various biomass assessments. The genetic
correlations were checked for significant deviation from zero
and unity. To test for significant difference from zero, the
correlation was constrained to zero and a two-tailed log like-
lihood ratio test with 1 degree of freedomwas used. To test for
significant difference from unity, the correlation was
constrained to one and a one-tailed log-likelihood ratio test
with 0.5 degrees of freedom was used.

Univariate cross-site analyses

For this model, terms in b included intercept and the site ef-
fects while terms in u were identical to the univariate individ-
ual tree model nested within site. Design effects and site var-
iances were assumed independent between sites and genetic
variances were assumed heterogenous. This model was used
to estimate reported narrow-sense heritability for each site and
cross-site genetic correlation. Cross-site genetic correlations
were estimated on a pairwise basis and then checked for sig-
nificant variation from zero and unity as described above.

An expanded version of the cross-site model was used to
include family effects and site by family interaction effects as
fixed terms in b. Design elements in u were as described
above. This model was used to generate best linear unbiased
estimates (BLUEs) for populations and families.

Narrow-sense heritability was estimated using the follow-
ing formula:

bh
2
¼ σ2

a

σ2
a þ σ2

p þ σ2
e

� � ð3Þ

where ĥ2 is the narrow-sense heritability, σ2a is the additive
variance, σ2p is the plot variance and σ

2
e is the error variance.

Genetic and phenotypic correlations were calculated using
the following formula:

r ¼ σ2
12

ffiffiffiffiffiffiffiffiffiffiffiffi

σ2
1*σ

2
2

p ð4Þ

where r represents either the genetic correlation (rg) or the
phenotypic correlation coefficient (rp) and σ212, σ

2
1 and σ22

represent either the additive genetic covariance and additive
genetic variances or phenotypic correlation and phenotypic
variances, respectively.

Net breeding values

Simulations of thinning trials for conversion to seed orchards
were compared between years and between sapling and cop-
pice on the basis of biomass. In order to evaluate the effect of
selection at different sapling ages and between sapling and
coppice, net breeding values (NBVs) for the three biomass
assessments were estimated for each individual tree at each
trial. For each assessment, a selection scheme using the NBV
was applied to each trial for each sapling and coppice mea-
surement, which simulated thinning the trials for conversion
to seed orchards. In this process, the single individual with the
highest NBV in a family plot was selected for retention if its
NBV was above the mean NBV for the trial under consider-
ation. If no trees in a plot satisfied that criterion, then no trees
were retained in that plot. An additional selection scenario was
performed to simulate selection for a clone orchard which
included very high selection intensities of the best ten unrelat-
ed individuals at each trial.

For individual sites, NBV included the intercept, site, pop-
ulation and additive effects. Selection was conducted on the
back-transformed scale and genetic gains were calculated
using the percentage difference between the back-
transformed mean NBV of the selected trees and of mean
NBV of the trial.

To observe the impact on genetic gain of selection at the
sapling stage, gain was recalculated using NBVs for coppice
on the 3- and 6-year saplings’ assessment and compared to the
gain estimated when selecting for only coppice. Estimated
genetic gains apply to redeployment of seedlings on the same
site at which selections were made (Mazanec et al. in press).

Preliminary analysis indicated that additive variance for the
6-year sapling estimates at Drummartin was not significant (P
> 0.05); therefore, heritabilities, genetic correlations and
NBVs pertaining to that year were not estimated.

Results

Estimation of biomass

The allometric relationship (Eq. 1) between stem basal area
and above-ground fresh biomass for the 6-year saplings was
highly significant for each trial (P < 0.0001) (Table 2).
Equations for 3-year sapling assessment are detailed in
Mazanec et al. (in press), and for coppice biomass estimates,
the species-specific E. polybractea equation was used from
Spencer et al. (2019).
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Trial biomass estimates

The back-transformed mean tree biomass at each of the three
biomass assessments is given in Table 3. Growth rates were
highest at the first assessment at Condobolin with a significant
location effect (P < 0.001) and slowest growth at the
Newdegate trial, but there appeared to be reversal of growth
rates so that no significant differences were evident at the
second measurement. Significant differences emerged again
(P < 0.001) following the coppice assessment with faster
growth rates at the Drummartin trial while rates at the other
two sites were similar.

Mortality post-harvest

Post-harvest survival was very high across the three trials,
ranging from 97.9% at Condobolin to 99.5% at Newdegate
(Table 4). Across the 66 families, this ranged from 100%
survival for 36 families to 94% for the worst performing fam-
ily (Table S1). Due to the very high survival at each trial and
the resulting insignificant additive variance for coppicing abil-
ity, heritability of survival post-harvest could not be estimated
for each trial.

The untransformed phenotypic mean weight of the 6-year
sapling estimates at Newdegate, Drummartin and Condobolin
was 31.5, 28.2 and 28.7 kg while the corresponding pheno-
typic means for saplings that failed to coppice were 10.7, 15.3
and 11.4 kg at each trial, respectively.

Effect of population on biomass performance

Ranking of biomass performances of the populations was
highly variable with significant population effects across the
three assessments (P < 0.001); however, the population by site
interaction was not significant (P > 0.05) at each of the three
assessments. Removal of three populations that were con-
founded with family (single family population) did not change
the significance of any factor. For the 3-year sapling estimates,
populations from West Yalgogrin, Tallimba Rd West and
Charcoal Tank Road performed strongly ranking within the
top 3 populations at two of the three trials (Table 5). In the
second assessment, West Yalgogrin, Tallimba Rd West,
Tallimba Rd East and Winters Lane all ranked in the top three
at two of the three trials. Across both sapling assessments,
West Mid-West Highway, West Wyalong Town and Kerrs
Lane performed poorly, with Kerrs Lane performing last at
five of the six assessments.

In assessment of biomass performances for the coppice,
Charcoal Tank Road ranked in the top three at all three trials,
Tallimba Road East at two trials. West Wyalong Town and
Kerrs Lane were poor performers with Kerrs Lane ranking last
at two trials. When the single parent trees were removed,
Winters Lane ranked in the top two at all three trials while
West Yalgogrin ranked top two at Newdegate and
Condobolin and West Mid-West Highway ranked second at
Drummartin.

Effect of family on biomass performance

Consistent with the population rankings, there was sub-
stantial family variation across assessments exemplified
by significant family effect (P < 0.001) across all three
assessments. There was also a significant family by site
interaction effect in the first sapling assessments (P <
0.01) but this became non-significant in the 6-year sapling
and coppice assessments (P > 0.05). Removal for the
three families confounded with populations did not
change the significance of any factor. Further assessment
of the performance of the individual families is detailed in
selection section below and the family estimates are pro-
vided in Tables S2, S3 and S4.

Table 2 Statistics of the site-specific allometric models that were used
to estimate above-ground fresh biomass from stem basal area at the three
progeny trials. Biomass ranges of sample trees included in the models are
also shown. MSE is mean square error and R2 is the coefficient of
determination

Location Biomass range (kg) Slope Intercept MSE R2

Newdegate 0.2–119.1 1.195 −1.709 0.025 0.969

Drummartin 2.4–126.5 1.124 −1.415 0.032 0.974

Condobolin 0.5–84.0 1.105 −1.182 0.048 0.966

Table 3 Back-transformed best linear unbiased estimates (BLUEs) of
average tree biomass (kg) across the three E. polybractea progeny trials at
each biomass assessment

Location 3-year sapling 6-year sapling Coppice

Newdegate 5.2 26.5 11.8

Drummartin 8.5 22.9 26.0

Condobolin 11.5 24.5 11.0

Table 4 The number of saplings and coppice at each trial and the
proportion that coppiced after harvest

Location No. of saplings No. of coppice % coppiced

Newdegate 1117 1111 99.5

Drummartin 1290 1281 99.3

Condobolin 1362 1334 97.9
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Genetic parameters

Biomass heritabilities were highest at the Condobolin trial
with h2 of 0.32 ± 0.08 for the 3-year sapling assessment,
reduced to 0.18 ± 0.05 for the 6-year sapling assessment and
0.17 ± 0.05 for the coppice (Table 6). At Newdegate, herita-
bilities were lower for all three biomass assessments with the
additive variance for coppice only marginally significant (P =
0.0497). At Drummartin, heritability for coppice was 0.07 ±
0.04 but additive variance was only marginally significant (P
= 0.0497) for the 3-year sapling assessment and not significant
for the 6-year sapling measurement (P > 0.05).

Within-site genetic correlations were high and significant
(P < 0.005) between biomass assessments at the Newdegate
and Condobolin trials with low standard errors ranging from
0.65 ± 0.12 to 1.07 ± 0.17 (Table 6). These were significantly
different from unity between all assessments at Condobolin
and between the two sapling assessments at Newdegate (P <
0.05) but not significant between the coppice and sapling as-
sessments (P > 0.05). At both trials, the lowest genetic corre-
lations were between the 2016 sapling and the 2020 coppice

estimate. Very high genetic correlations were estimated for the
3- and 6-year sapling estimate (2013 and 2016) and the first
sapling and the coppice estimate (2013 and 2020). At
Drummartin, a weak genetic correlation was estimated for
the 3-year sapling and coppice assessments (rg = 0.47 ±
0.31) due to the weak additive variance and was significantly
different from unity (P < 0.01).

In contrast to the genetic correlations, phenotypic correla-
tions were lowest between the 3-year sapling measurement
and the coppice measurement which ranged from rp = 0.67
± 0.02 to 0.73 ± 0.02 (Table 6). The strengths of the correla-
tions were stronger between the two sapling measurements (rp
= 0.79 ± 0.01 to 0.88 ± 0.01). The phenotypic correlations
were stronger between coppice and 6-year saplings (rp =
0.75 ± 0.01 to 0.80 ± 0.01) than between coppice and 3-year
saplings (rp = 0.67 ± 0.02 to 0.73 ± 0.02).

Cross-site genetic correlations were very high between
Newdegate and Condobolin (0.82 ± 0.15 to 0.94 ± 0.13) with
low standard errors for both sapling estimates and were very
high for the coppice estimate but with higher standard errors
(0.93 ± 0.31) (Table 7). The 3-year sapling genetic correlation

Table 5 BLUEs of biomass for
each population at the three
progeny trials with standard errors

Location Population Parent trees 3-year sapling 6-year sapling Coppice

Newdegate Charcoal Tank Rd 1 1.686 ± 0.095 3.268 ± 0.164 1.869 ± 0.092

Kerrs Lane 2 1.520 ± 0.072 3.214 ± 0.115 1.840 ± 0.074

Tallimba Rd East 1 1.586 ± 0.089 3.323 ± 0.147 1.805 ± 0.086

Tallimba Rd West 1 1.712 ± 0.089 3.582 ± 0.155 1.962 ± 0.089

West Mid-West Hwy 4 1.598 ± 0.057 3.053 ± 0.079 1.759 ± 0.062

West Yalgogrin 4 1.666 ± 0.058 3.305 ± 0.081 1.873 ± 0.063

Winters Lane 24 1.652 ± 0.045 3.325 ± 0.047 1.866 ± 0.054

West Wyalong Town 29 1.629 ± 0.044 3.262 ± 0.046 1.857 ± 0.054

Average 1.631 ± 0.069 3.279 ± 0.041 1.856 ± 0.053

Drummartin Charcoal Tank Rd 1 1.934 ± 0.101 3.272 ± 0.158 2.313 ± 0.085

Kerrs Lane 2 1.764 ± 0.071 2.962 ± 0.109 2.085 ± 0.065

Tallimba Rd East 1 1.882 ± 0.098 3.109 ± 0.154 2.192 ± 0.083

Tallimba Rd West 1 1.780 ± 0.100 3.042 ± 0.162 2.223 ± 0.086

West Mid-West Hwy 4 1.849 ± 0.053 2.993 ± 0.081 2.246 ± 0.053

West Yalgogrin 4 2.003 ± 0.055 3.282 ± 0.084 2.189 ± 0.054

Winters Lane 24 1.945 ± 0.029 3.215 ± 0.042 2.306 ± 0.042

West Wyalong Town 29 1.867 ± 0.028 3.076 ± 0.040 2.241 ± 0.041

Average 1.878 ± 0.067 3.133 ± 0.034 2.257 ± 0.040

Condobolin Charcoal Tank Rd 1 1.959 ± 0.086 3.074 ± 0.123 1.835 ± 0.065

Kerrs Lane 2 1.869 ± 0.063 3.052 ± 0.087 1.736 ± 0.052

Tallimba Rd East 1 2.108 ± 0.086 3.297 ± 0.120 1.849 ± 0.065

Tallimba Rd West 1 2.190 ± 0.094 3.292 ± 0.137 1.922 ± 0.071

West Mid-West Hwy 4 2.067 ± 0.049 3.144 ± 0.062 1.815 ± 0.044

West Yalgogrin 4 2.068 ± 0.049 3.282 ± 0.063 1.827 ± 0.044

Winters Lane 24 2.087 ± 0.032 3.196 ± 0.031 1.827 ± 0.036

West Wyalong Town 29 2.093 ± 0.031 3.204 ± 0.029 1.816 ± 0.036

Average 2.055 ± 0.061 3.198 ± 0.024 1.821 ± 0.035
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betweenDrummartin and Condobolin was also very high with
similar standard errors (1.03 ± 0.37). The other coppice cross-
site correlations were inflated well above one, due to weak
additive variances used for these estimates and should be used
with caution. All genetic correlations were not significantly
different from unity (P > 0.05).

Estimated gains following selection

Condobolin displayed the highest estimated gains for the 3-
year sapling and coppice assessments with 24.1% and 14.8%,
respectively (Table 8). Gains were similar for 3- and 6-year
sapling at Newdegate with 17.2% to 17.7%, respectively and
for 6-year sapling at Condobolin (16.5%). Gains were sub-
stantially lower for coppice at Newdegate (9.5%) and
Drummartin (8.4%) which also had the lowest 3-year sapling
gain of 11.5%. When applying the 3-year selections to the 6-
year assessment, gains were reduced by about 13% at
Condobolin and 3% at Newdegate. However, simulating the
gains if 3-year sapling selections were applied to coppice,
negative gains were observed for both sites (−6.2% and
−7.1%) with positive but small gains at Drummartin.
Repeating the simulation and assuming selection had been
conducted in 6-year saplings immediately prior to harvest,
positive gains were observed for coppice (6.4% to 9.3%) but
these were smaller gains at each site than when selection was
conducted and applied to the coppice (8.4% to 14.8%).

With fewer trees selected for clonal selection, gains were
higher than for the orchard thinning scenario, with gains for
saplings (24.6% to 65.3%) and coppice (18.9% to 37.2%)
assessments. Similar trends were also observed when apply-
ing selections to other assessments, but the magnitude of gains
was larger. When 3-year sapling selections were applied to
coppice, gains were reduced by 10.7% at Drummartin,
36.0% at Newdegate and 51.4% at Condobolin when com-
pared to coppice selections applied to coppice.

Comparison of the number of individuals selected from
each family post-selection (Tables S5, S6 and S7) revealed
four broad performance categories. These were (1) elite
families across all assessments, (2) poor performing fami-
lies across all assessments, (3) strong sapling but poor cop-
pice performers and (4) weak sapling but strong coppice
performers. By far, the most numerous category was elite
families with 27 families at Newdegate and Drummartin
and 25 families at Condobolin maintaining their full com-
plement of possible selections across all assessments (e.g.
families 7, 11 and 14). In contrast, selection completely
eliminated seven families at Newdegate and five at
Condobolin (e.g. families 30, 58, 59 and 66). At
Newdegate and Condobolin, families 10 and 61 had the
full sapling complement selected (or one eliminated) but
no coppice selected, whereas families 17 and 54 performed
poorly as saplings yet well after the coppice assessment. At
Newdegate, family 48 was eliminated for sapling

Table 6 Heritabilities, genetic and phenotypic correlations ± standard
errors for the 3- and 6-year sapling biomass assessments (2013 and 2016)
and coppice assessment (2020) from the three mallee progeny trials.
Heritabilities on the diagonal (in bold) with genetic and phenotypic

correlations respectively above and below the diagonal entries. For cases
with non-significant additive genetic variance, heritability and genetic
correlations are denoted ns (non-significant)

Newdegate Drummartin Condobolin

2013 2016 2020 2013 2016 2020 2013 2016 2020

2013 0.20 ± 0.07 0.84 ± 0.09 1.07 ± 0.17 0.06 ± 0.03 ns 0.47 ± 0.31 0.32 ± 0.08 0.93 ± 0.04 0.83 ± 0.08

2016 0.79 ± 0.01 0.18 ± 0.06 0.79 ± 0.16 0.88 ± 0.01 ns ns 0.87 ± 0.01 0.18 ± 0.05 0.65 ± 0.12

2020 0.68 ± 0.02 0.78 ± 0.01 0.08 ± 0.05 0.67 ± 0.02 0.80 ± 0.01 0.07 ± 0.04 0.73 ± 0.02 0.75 ± 0.01 0.17 ± 0.05

Table 7 Heritabilities, cross-site and genetic correlations ± standard
errors for the 3- and 6-year sapling biomass assessments (2013 and
2016) and coppice assessment (2020) from the three mallee progeny
trials. Heritabilities on the diagonal (in bold); genetic correlations off-

diagonal. ns denotes non-significant additive variance. Trial names
Newde, Drum and Condo refer to Newdegate, Drummartin and
Condobolin, respectively

2013 2016 2020

Newde Drum Condo Newde Drum Condo Newde Drum Condo

Newde 0.19 ± 0.07 1.11 ± 0.37 0.82 ± 0.15 0.18 ± 0.06 ns 0.94 ± 0.13 0.07 ± 0.05 1.45 ± 0.49 0.93 ± 0.31

Drum 0.05 ± 0.03 1.03 ± 0.32 ns ns 0.07 ± 0.04 1.21 ± 0.25

Condo 0.32 ± 0.08 0.21 ± 0.06 0.19 ± 0.05
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selections yet the full complement of coppice was selected,
and this also occurred with family 25 at Condobolin.

A similar trend held for the clonal selections (Table 8):
there were four families that were selected seven or more
times out of eight possible selection opportunities (families
11, 19, 41 and 46) (Table S8). Twenty-two families were only
selected as sapling whereas eight families were only selected
as coppice. Out of the 66 families present in the progeny trials,
36 were not represented for clonal propagation.

Discussion

This study shows that across the three trials, almost all
E. polybractea saplings coppiced following harvest. From the
populations used in this study, coppicing seems to be a wide-
spread adaptation suggesting that coppicing is strongly linked
to the species fitness. There were some large differences in the
performances of certain families when comparing the sapling to
the coppice assessments. Heritabilities were weak to moderate
for all biomass assessments and reduced from first sapling as-
sessment to coppice assessment at Condobolin and Newdegate
but increased at Drummartin. Strong within-site phenotypic
correlations were observed at all trials with high genetic corre-
lations at the trials with significant additive variance. Within
years, cross-site genetic correlations were strong between the
trials. Gains were highest for the sapling biomass and reduced
for coppice, but if used as a short-rotation coppice crop, selec-
tion should be done on the coppice assessment.

Considerable variation of growth rates was observed across
the three trials. Condobolin experienced the fastest growth be-
fore the 3-year sapling assessment with the slowest growth at
Newdegate. Part of elevated growth rates at Condobolin may
be explained by the manual watering post-planting, whereas
Newdegate receiving about 900 mm less rainfall over the 3
years than the other two sites. However, by the 6-year sapling
assessment, tree sizes across the three trials were similar

suggesting that the Condobolin may have experienced
competition-related growth suppression. The average size of
the coppice at Drummartin was more than double that of the
other two sites, but over the period, Drummartin received an
additional 100 mm of rainfall with the lowest evaporation rates.

Survival

Previous work has reported that survival from trials at multiple
locations in WA, Victoria and NSW and under varying num-
bers of harvests was generally high, ranging from 90 to 99%
(Goodger et al. 2007; Milthorpe et al. 1998; Milthorpe et al.
1994; Spencer et al. 2019; Wildy et al. 2000). In our study,
survival was at the higher range recorded for this species.
Various factors, including family (Whittock et al. 2003), envi-
ronment (Spencer et al. 2019;Wildy et al. 2000), harvest timing
and frequency (Spencer et al. 2019; Wildy and Pate 2002) can
contribute tomortality across studies. The seed for the relatively
low (90%) survival reported in Goodger et al. (2007) was from
central Victoria whereas in our study, the families were collect-
ed from parent trees located in a disjunct south-central NSW
population, several hundred kilometres to the northeast. It is
possible that the origin of parent trees (environmental adapta-
tion) contributes to resprouting capacity; however, it is more
likely that the age at first harvest is responsible for the differ-
ence in survival with the harvest age between 1 and 3.5 years
old from the trials with lower survival (Goodger et al. 2007;
Milthorpe et al. 1998; Milthorpe et al. 1994;Wildy et al. 2000).
In this present experiment, the mallee were 6 years old and
between 5- and 10-year-old trees at first harvest in Spencer
et al. (2019). We found no evidence that population differences
contributed to survival following harvest.

We found that larger E. polybractea saplings were more
likely to coppice than smaller saplings. In contrast, Wildy
et al. (2000) found for the same species that coppice success
is not related to the size of the sapling prior to harvest. These
divergent results may be explained by the age and planting

Table 8 Gains made from selection to produce a thinned seed orchard
or clonal orchard using data from the three biomass assessments: 3- and 6-
year sapling and coppice at Newdegate and Condobolin, and the 3-year
sapling and coppice assessment at Drummartin. Gains were calculated
from the selections made in 3-year sapling assessments and applied to the

6-year sapling assessment. Gains were also calculated for coppice bio-
mass assuming selections had been conducted in both 3-year and 6-year
saplings. The number of trees selected for thinning at Newdegate (n =
171–185), Condobolin (n = 262–284) and Drummartin (n = 238–240),
and for clonal population n = 10

Trial Selection 3-year sapling
gain (%)

6-year sapling
gain (%)

Coppice
gain (%)

6-year gain using 3-year
selections (%)

Coppice gain using 3-
year selections (%)

Coppice gain using 6-
year selections (%)

Newdegate Thinning 17.2 17.7 9.5 13.8 −6.2 6.4

Condobolin 24.1 16.5 14.8 11.3 −7.1 9.3

Drummartin 11.5 8.4 3.4

Newdegate Clonal 40.4 41.3 22.6 26.9 −13.4 15.4

Condobolin 65.3 40.6 37.2 35.3 −14.2 19.8

Drummartin 24.6 18.9 8.2
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configuration in our study with older trees subjected to block
planting configuration compared to alley planting used by
Wildy et al. (2000). Both of these factors increase competition
between trees suppressing smaller trees, which were less like-
ly to reshoot. Whittock et al. (2003) found in agreement with
our study, for E. globulus, that coppice success was deter-
mined by the size of sapling prior to harvest (rg = 0.61). For
E. kochii, Wildy and Pate (2002) found that coppice success is
not due to starch reserves or the number of meristematic foci
in the lignotubers.

Genetic parameters

Heritability of sapling biomass is generally low to moderate
for semi-arid mallee eucalypt species (Mazanec et al. 2020;
Mazanec et al. 2017; Spencer et al. 2020); however, nothing
has been published regarding the heritability of coppice pro-
duction of E. polybractea. The heritability of resprouting fol-
lowing harvest for other eucalypt species has been estimated.
For example, the diameter at breast height ofE. dunnii coppice
has been recorded as h2 = 0.42 ± 0.17 (Li et al. 2012) and a
range of h2 = 0.33 to 0.57 for E. grandis (Reddy and
Rockwood 1989). Much lower heritabilities (h2 = 0.16 ±
0.05) were found for coppice height for E. globulus in
Tasmania which is closer to the range found in the present
study (Whittock et al. 2003).

At Newdegate, the two heritability estimates for saplings
were stable but lower for coppice. At Condobolin, there was a
large drop between the first and second sapling heritability
estimates and a further, but smaller, drop in the coppice cycle.
At Drummartin, the heritability of coppice was higher than for
the two sapling assessments. The reason for the divergent
trends in heritability between sites is unclear and may be
driven by the different environmental conditions at the three
trials and contrasts with the findings from Osorio et al. (2001)
who found for E. grandis that heritabilities of tree volume and
mean annual increments increased from 3 years old until 6
years old (harvest age). It was, however, expected that there
would be divergence of performance in a mallee between the
sapling and coppice assessments, on the basis of genetic control
of lignotuber development in other eucalypt species (Bortoloto
et al. 2020; Walters et al. 2005; Whittock et al. 2003).

Heritability of below 0.1 renders selection of good geno-
types unreliable (Cotterill and Dean 1990) which is of concern
for selection of coppice at Newdegate and Drummartin. The
timing of measurement may influence heritability estimates.
The coppice were below the size likely to be profitable for
harvest especially at Newdegate and Condobolin where the
average coppice was under 12 kg (Spinelli et al. 2014).
These trials should be assessed immediately prior to harvest
of the first coppice cycle as differentiation between families
may increase with age. If heritability estimates are not im-
proved, then it may be necessary to use backward selection

as this enables calculation of parental breeding values with
high accuracy (Falconer and Mackay 1996; Isik et al. 2017).

Across all trials, there were moderate to high positive phe-
notypic correlations between the three biomass estimations
indicating that bigger saplings, either at age 3 or 6 years, will
produce bigger coppice. This is contrary to the finding from
the selection scenarios that show that selection for 3-year-old
saplings will result in a negative gain for coppice production.
However, across all trials, the phenotypic correlations were
weakest between the first sapling and the coppice estimates.
These correlations were similar to the Pearson’s correlation
found between sapl ing and coppice biomass for
E. polybractea of r = 0.73 which reduced to r = 0.66 between
two coppice cycles (Goodger et al. 2007). This indicates that,
if selecting for coppice biomass using sapling data, selections
are best done on older saplings, which are less likely to be
affected by nursery or planting effects.

Across the three E. polybractea trials, within-site genetic
correlations revealed similarities and differences when com-
pared to the phenotypic correlations. Excluding the
Drummartin trial (due to non-significant or weak sapling addi-
tive variance), strong and positive genetic correlations were
estimated between the sapling (3 and 6 years) and the coppice
biomass estimates indicating that similar genes are associated
with sapling and coppice growth (Falconer and Mackay 1996).
However, contrary to the phenotypic correlations, there were
stronger genetic correlations between the first sapling estimate
and the coppice estimate at Newdegate (1.07 ± 0.17) and
Condobolin (0.86 ± 0.07) than between the second sapling
assessment and coppice (Newdegate (0.79 ± 0.14) and
Condobolin (0.67 ± 0.11)) but these were either within or close
to the margins of error. Similar magnitude of genetic correla-
tions have been found for E. dunnii in China (Li et al. 2012).
Contrary to these findings, Whittock et al. (2003) found much
weaker correlations between diameter of sapling and the height
of coppice (rg = 0.12). Such divergence may arise from the
substantial difference between subraces of E. globulus in
lignotuber size and development which led to a much lower
proportion of coppice success across the species distribution
(Whittock et al. 2003). Similar results were observed by
Walters et al. (2005) for E. obliqua who found a provenance
response to lignotuber size. E. obliqua and E. globulus are able
to regenerate from seed or coppicing from lignotubers, but it
seems that certain provenances favour either method. Mallee
eucalypts invest in more below-ground biomass than non-
mallee species, with E. polybractea having root to shoot ratio
of 0.61 (Brooksbank and Goodwin in press) which is substan-
tially higher than E. globulus with 0.29 to 0.30 (Fabião et al.
1995; Resh et al. 2003). This additional investment in below-
ground biomass allows almost all E. polybractea saplings to
reshoot, unlike E. obliqua and E. globulus.

There is some debate as to whether selections should be
done on first (sapling) or second (coppice) rotations for
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coppice crops. A study of five experiments of mixed eucalypt
species in Brazil demonstrated that selection before the first
rotation was appropriate (Amâncio et al. 2020). This is
contrasted with the results from a small E. polybractea trial
that suggests that selection for biomass at first coppice rotation
is better than when done at saplings or after the second cop-
pice rotation (Goodger et al. 2007). Studies with the aim of
quantifying the best rotation for biomass selection of coppice
crops are rare, but our results are in agreement that second
rotation data should be used.

At Drummartin, the additive variance became significant
after harvest suggesting that the genes associated with coppic-
ing were more strongly expressed than for either of the sapling
assessments that either had very weak or non-significant ad-
ditive variance. Low additive variance resulting in low or no
heritability suggests there is little differentiation between fam-
ilies. The higher differentiation between families post-
coppicing at Drummartin seems to be an anomaly and was
not repeated at the other two trials. This suggests that another
factor is operating and may be explained, in part, by the ge-
netic control of lignotuber development in some eucalypts
species (Bortoloto et al. 2020; Walters et al. 2005; Whittock
et al. 2003). Walters et al. (2005) demonstrated in a nursery
experiment that E. obliqua with larger lignotubers had higher
concentrations of carbohydrates and after decapitation, pro-
duced more above-ground biomass. If the same mechanism
was responsible for coppice regrowth for E. polybractea, the
higher heritability of coppice growth at Drummartin may ac-
tually be indirect measure of the heritability of lignotuber de-
velopment. However, why this trend was observed at
Drummartin and not the other trials is unclear; possibly pecu-
liar site conditions triggered different genes which give rise to
more detectable additive variance.

Genotype by environment interactions

The genotype by environment cross-site analysis for this study
was partly compromised due to non-significant additive vari-
ance for the 6-year sapling assessments at Drummartin and the
weakly significant additive variance for the coppice assess-
ment at Newdegate. This resulted in inflated estimates of
cross-site genetic correlations for Drummartin with the other
trials, especially for the coppice assessments. Being limited to
two sites with significant additive variance for all three bio-
mass assessments is not ideal for cross-site analysis and these
results should be taken with some caution until confirmed on
more sites or further assessments of coppice biomass.
However, genetic correlations between Newdegate and
Condobolin trials were positive and very strong (rg = 0.80 to
0.94) for all three assessments. There is conjecture from dif-
ferent studies regarding the threshold of cross-site genetic cor-
relations necessary for separate trials into different breeding
programmes to maximise biomass gains (Li et al. 2017).

However, Robertson (1959) suggested a threshold of <0.80
to indicate practical significance of G × E interaction, whereas
Xie (2003) suggested a threshold of 0.70. Our results suggest
that G × E between the Newdegate and Condobolin trials,
although having quite different soils and climates, is of little
practical significance.

It is clear that the sapling phase in a commercial mallee
plantation forms only a small fraction of the productive life
of the trees, with the vast majority of biomass produced in
successive coppice cycles (Bartle and Abadi 2010; Davis
2002; Spencer et al. 2019). The results of this study combined
with that of Goodger et al. (2007) indicate that maximum
gains in biomass production in the first coppice cycle are
likely to be achieved by selecting seed orchard parents after
the first coppice cycle. Some caution is required and addition-
al measurements in subsequent coppice cycles are required to
confirm this result. These findings dictate that considerable
time is required to establish an improved seed orchard suitable
for coppice production from wild E. polybractea parents, with
first thinning at a minimum of 5–6 years then a further 3–4
years for coppice assessment, then an additional 3–4 years to
produce usable seed. However, this process may be hastened
by thinning the three progeny trials into seed orchards based
on coppice selections, or by producing elite clonal orchards
using coppice shoots (Goodger et al. 2008) which would has-
ten improved seed for a biomass industries.

Conclusions

This study found thatE. polybractea coppices vigorously after
harvesting with very lowmortality. Due to the uneven number
of families in each population, little is gained from further
analysis, but generally, populations that performed well did
so across the three trials and the three assessments. Inspection
of the performance of the individual families revealed that
certain families seem to be disposed to either sapling or cop-
pice production. However, more than half the families were
stable across the three biomass assessments, with consistently
high or low yields.

We found similar genetic parameters to other studies of
mallee, with low to moderate heritabilities of biomass esti-
mates. However, this study is unique because it includes bio-
mass estimates of both sapling and coppice. Strong within-site
genetic and phenotypic correlations were established between
sapling and coppice biomass estimates across two of the three
trials suggesting that selections of superior saplings or coppice
would result in biomass gains. The cross-sites genetic corre-
lations, where additive variance was significant, revealed that
G × E was likely to be of little practical significance. If
E. polybractea is to be used for long-term short-rotation cop-
pice crops, selection for breedingmay best be conducted in the
first or subsequent coppice cycles. Assessment of additional
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coppice cycles is necessary to confirm at what point selection
is optimal. Due to the low additive variance for the coppice
assessments at Drummartin and Newdegate, a further harvest
and reassessment of biomass after 3–4 years of growth may
yield improved estimates of genetic parameters at these sites
with the potential for further biomass gains. These trials may
be thinned to produce improved seed orchards or elite indi-
viduals could be used for explant sources for clonal orchards.
This will result in enhanced biomass production of
E. polybractea which will benefit commercial plantations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11295-021-01499-7.
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Abstract
Mallee eucalypts are being developed as a short rotation coppice crop for integra-
tion into agricultural systems in the south-west of Western Australia. These have 
potential for biomass production for bioenergy, eucalyptus oil and generating car-
bon credits and to help control the extensive occurrence of dryland salinity. Some 
12,000 ha of mallee planting has been undertaken since 1994, mostly in the form 
of wide-spaced, narrow belts within the annual agricultural system. Production and 
market data were used to estimate levelized costs (LC) of mallee biomass production 
under different harvest regimes across 11 sites from 2006 to 2012. We found LC 
ranged from AUD40 to AUD257 fresh Mg−1. LC was most strongly determined by 
mallee production, followed by the crop/pasture rotation decisions of the landholder. 
Mallee harvest regime had minor impact on LC. Crop and pasture yield loss due to 
competition from the mallee belts accounted for 38% of costs, harvesting biomass 
was 32%, opportunity cost of the land occupied by the mallee belts was 16% while 
establishment and maintenance costs accounted for 14% of the costs. When income 
from carbon sequestered in mallee root biomass was included, the LC dropped by 
an average of 11% at the current Australian price of AUD15 Mg−1 CO2 equivalent 
(CO2e). The income from carbon sequestered in root biomass alone is unlikely to 
make mallee agroforestry economically viable. Hence, income from harvested bio-
mass in the form of feedstocks for industry or carbon credits is necessary to make 
mallee agroforestry commercially attractive. LC for unharvested mallee belts ranged 
from AUD33 to AUD237 Mg−1. Where above- and below-ground biomass is con-
verted to CO2e at AUD15 Mg−1, the LC drops to AUD11–AUD64, with three of 11 
sites likely to be profitable. These three sites were characterized by high biomass 
production with low agricultural gross margins.

K E Y W O R D S

agroforestry, alley cropping, carbon sequestration, competition zone, levelized cost, oil mallee, 
tree-crop competition
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1 |  INTRODUCTION

Integration of mallee eucalypts—which are lignotuberous 
Eucalyptus spp. with multi-stemmed growth form—into 
the dryland farming systems in the wheatbelt of Western 
Australia (WA) could help address several land degradation 
issues, in particular the on-farm impacts of dryland salin-
ity and its adverse downstream consequences for water re-
sources, conservation and infrastructure (Bartle et al., 2007; 
Clarke et  al.,  2002; George,  1990). Since the early 1990s, 
widespread test planting of mallee was undertaken with 
some 1,000 farmers establishing mallee belts on more than 
12,700  ha of land (Bartle & Abadi,  2010; URS,  2008). 
However, the use of revegetation for salinity mitigation is 
contentious (George et al., 1999) and benefits will take de-
cades to be realized and require extensive planting as part of 
an integrated farming system. Hence, mallee cropping must 
also generate an economic return to make it viable.

Selected mallee species have long been used for small-scale 
production of eucalyptus oil (Davis, 2002). Its major constitu-
ent, 1,8-cineole, has potential for large-scale markets in biofu-
els and industrial products (Barton & Tjandra, 1989; Mewalal 
et  al.,  2017; Soh & Stachowiak,  2002). Mallee biomass also 
has potential as bioenergy and biofuel feedstock (Barron & 
Zil, 2006; Garcia-Perez et al., 2008; McGrath et al., 2016; Wu 
et al., 2010; Yu et al., 2009) and biochar (Abdullah & Wu, 2009; 
Ding et al., 2016). More recently, the Australian Government 
Carbon Credits (Carbon Farming Initiative) Act 2011 pro-
vides opportunities for mallee plantings to generate revenue. In 
the United States, alley cropping has been estimated to have 
the potential to mitigate 82  Tg of CO2e per year (Fargione 
et al., 2018). In Australia, there are vast untapped agricultural 
areas with potential to mitigate CO2e using perennial crops, of 
which mallee is a strong candidate (Hobbs et al., 2009).

To date, efforts have focussed on assessing the utility of 
mallee agroforestry and optimization of design and production 
(Mendham et al., 2012; Peck et al., 2012). Lefroy and Stirzaker 
(1999) proposed that widely dispersed belts of woody perenni-
als were likely to be the most effective planting configuration 
for groundwater management. Mallee agroforestry plantings 
typically consist of belts of mallee with two to six rows sepa-
rated by 40–100 m wide alleys of conventional crops and pas-
ture (URS, 2008). Narrow belts (fewer rows of mallee) provide 
greater biomass productivity per unit of land occupied by the 
belt compared to wider belts or block plantings (Noorduijn 
et al., 2009; Paul et al., 2013; Spencer et al., 2020). However, 
narrower belts increase the area of interaction between mallee 
and the adjacent crop/pasture for a given area planted to mallee. 
Productivity of crops and pasture within 20 metres of the mal-
lee belts is suppressed due to competition for water (Robinson 
et al., 2006; Sudmeyer et al., 2012; Sudmeyer & Hall, 2015). 
For this reason, Sudmeyer and Hall (2015) proposed segrega-
tion of mallee from agriculture to reduce the competition loss.

Due to the prevalence of wide-spaced belt planting 
(URS,  2008), and to facilitate further adoption, the direct 
and/or indirect economic benefits of mallee production need 
to be quantified. Past economic studies have had limited 
long-term experimental data and have used simulation mod-
elling of mallee belt growth and the interaction of belts with 
crops/pastures to estimate the likely costs and benefits of in-
tegrating mallee into the farming systems (Abadi et al., 2012; 
Bartle & Abadi, 2010). Using this modelling approach, Bartle 
and Abadi (2010) found that mallee agroforestry (harvested 
at year 5 and then every 3 years), when compared to agri-
culture, became profitable after 12 years at a selling price of 
AUD45 per fresh Mg. Subsequently, Abadi et al. (2012) mod-
elled the economics of a mallee biomass production system 
and suggested that the cost of production was in the range of 
AUD53–AUD70 per Mg of fresh biomass with co-benefits 
valued at between AUD2 and AUD15 Mg−1.

This paper considers the economic viability of mallee in an 
agroforestry system using a decadal experiment providing yield 
data from mallee belts with six harvesting treatments across 19 
sites (Spencer et al., 2019) and crop and pasture yields measured 
adjacent to the belts over 6 years (Sudmeyer et al., 2012). These 
data sets provide a unique opportunity to assess the economic 
viability of mallee using experimental data obtained from op-
erational short rotation coppice systems with real-world man-
agement by farmers (Hauk et al., 2014). The aim of this study 
is to determine break-even prices of mallee biomass compared 
to conventional agriculture using levelized cost (LC) analysis. 
LC has been widely used to compare types of energy produc-
tion (Edenhofer et al., 2012) and also been utilized in calculat-
ing the production cost of bioenergy and biofuel crops (Abadi 
et al., 2016; El Kasmioui & Ceulemans, 2013). LC is useful 
where the costs of production are known, but there is no active 
trading in local markets for the product (Peirson et al., 2002). 
Four scenarios are explored: (a) income generated from agri-
culture alone, (b) income from harvested above-ground mallee 
biomass, (c) income from harvested above-ground biomass 
plus carbon sequestered in below-ground biomass, and (d) in-
come from carbon sequestered in unharvested above- and be-
low-ground biomass. Scenarios b, c and d included the costs 
associated with reduced agricultural production alongside the 
mallee belts. Sensitivity of the financial returns was assessed 
by adjusting key variables for a range of assumptions includ-
ing discount rates, below-ground biomass estimates and carbon 
price.

2 |  MATERIALS AND METHODS

2.1 | Study sites and species

This study includes 11 of 19 mallee trial sites originally es-
tablished to determine mallee and agricultural yield from 
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alley farming systems (Spencer et  al.,  2019; Sudmeyer 
et  al.,  2012). Sites were established in 2006 with 5- to 
12-year-old mallee belts on privately owned farms in the 
wheatbelt of WA (Figure  1; Table  1). For continuity, site 
names remain the same as in Spencer et al. (2019). Sites 6, 
7 and 14 were excluded due to low survival and production 
following the first harvest (Spencer et al., 2019). Sites 2, 9 
and 10 were excluded because the alley widths were too nar-
row (<40 m) to estimate open paddock yield. Sites 11 and 
17 were excluded due to incomplete agricultural data sets 
(Sudmeyer et  al.,  2012). The belts were either 2, 3, 4 or 6 
rows wide and the alley widths were between 48 and 250 m 
(Table 1). Further detail about the sites is published in two 
reports (Mendham et al., 2012; Peck et al., 2012).

The WA wheatbelt has a Mediterranean climate with 
dry hot summers and mild, cool and rainy winters. Mean 
annual rainfall ranged from 539 mm for the southerly sites 
to 321 mm for the northern sites (Table 1). The crops and 
pastures in the wheatbelt of WA are non-irrigated winter- 
growing annuals. The pastures are typically grazed with 
self-replacing merino sheep producing wool and meat. Crops 
and pastures are grown in annual rotations which can gen-
erally be characterized as cereal–pasture–pasture; cereal–
pasture–cereal; cereal–legume–cereal; cereal–cereal–canola 
(Harries et al., 2015).

The three mallee species most widely planted by farmers 
in WA are represented in this study; Eucalyptus loxophleba 
subsp. lissophloia L.A.S. Johnson & K.D. Hill, Eucalyptus 
polybractea R. Baker and Eucalyptus kochii subsp. plenissima 

C.A. Gardener. These species will hereafter be referred to as 
Elox, Epol and Ekoc respectively.

2.2 | Experimental design

The experimental design at each site was a 2 × 2 factorial, 
plus unharvested plots, with three replicates. The factors, 
each with two levels, were frequency of harvest (short vs. 
long harvest cycles) and season of harvest (spring vs. au-
tumn). Sites 1, 3, 5, 8, 12 and 15 had treatment plots that 
were 20 m long (along the mallee belt) with a 10 m buffer 
separating the plots, the remaining sites had 25 m long plots 
with a 12.5 m buffer. Prior to the establishment of this trial, 
no mallee had been harvested.

Initially, the frequency of mallee harvest treatments was 3 
or 4 years, but at the less productive sites (12, 15 and 20), the 
second harvest was delayed to avoid the risk of high mallee 
mortality. At these sites, harvest frequency was extended to 
6 years (Table 1).

Crop and pasture were grown in the alley adjacent to 
each mallee belt in rotations determined by the individual 
farmer at each site. Each year from 2006 to 2011, the yield 
of the crop or pasture was determined by harvesting plots 
parallel to and 2, 4, 6, 8, 12, 16, 20, 24 and 30  m from 
the mallee belt for each treatment replicate (Sudmeyer 
et al., 2012). For pasture paddocks, yield was assessed each 
year in September and is indicative of relative growth as 
a function of distance from mallee belts, not total annual 
pasture yield.

Above-ground mallee biomass yield data were derived 
and adjusted from Spencer et al. (2019) and summarized in 
Tables  S4 and S5. First, fresh biomass data were used for 
the purpose of economic analysis, to be consistent with the 
on-farm gate price for unprocessed fresh woody biomass. 
Second, the 2 m wide crop exclusion zone (Figure 2) on both 
sides of the belt was added to account for the displaced crop-
ping/pasture area. Thirdly, the biomass data are expressed as 
actual fresh harvest yield (Mg/ha) for each treatment rather 
than annualized increments (Mg ha−1 year−1).

Above-ground dry biomass was calculated for the unhar-
vested treatments for carbon sequestration estimations as de-
tailed in Spencer et al. (2019). Total biomass was calculated 
as the biomass produced over the 6 year length of the study.

2.3 | Mallee carbon estimation

After harvest, mallee shed their fine roots but maintain the 
lignotuber and structural woody root architecture (Wildy & 
Pate, 2002). Below-ground biomass was estimated for each 
coppice treatment using the general mallee eucalypt allo-
metric model from Paul et al. (2014). This model estimates 

F I G U R E  1  Location of mallee trial sites within the Western 
Australia wheatbelt; also shown are selected rainfall isohyets (grey 
line). The site numbers correspond to those in table 1 of Spencer 
et al. (2019)
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below-ground biomass based on the height of the coppice; 
however, the accuracy of the model in estimating mallee 
below-ground biomass under frequent harvest management 
has not been exhaustively evaluated. Thus, to assess impact 
of possible under- or overestimation of mallee root biomass 
on LC estimates, a sensitivity analysis was carried out using 
three below-ground biomass estimates; the minimum, maxi-
mum and average over the 6 years of trial.

For the unharvested mallee plots, the carbon sequestered 
in the above- and below-ground biomass over the 6  years 
of trial period was estimated by assuming dry biomass to 
be 50% carbon. Below-ground biomass was calculated as a 
proportion of the above-ground biomass using the data from 
Brooksbank and Goodwin (in press).

2.4 | Crop and pasture yield

The methodology for measurement of crop and pasture yield 
adjacent to the belt is described in Sudmeyer et al. (2012) and 
summarized in the Supplementary Materials.

Open paddock yield was determined as the average crop/
pasture yield ≥20 m from mallee belt for all treatments given 
the greatest lateral extent of mallee competition was 18.7 m 
from the belt (Sudmeyer et al., 2012). To standardize yield 
across all sites and treatments, the yield in the competi-
tion zone (Figure  2; <20  m from the belts) was expressed 
as the percentage of the open paddock yield (relative yield; 
Sudmeyer et al., 2012).

The open paddock crop yields and relative yields used in 
this study were mostly derived from Sudmeyer et al. (2012) 
and are detailed in Table S1. However, at site 8 in 2008 and 
site 13 in 2010, crop data were not available. For such cases, 
average regional yield data from that growing season were 
used (Planfarm-Bankwest,  2007, 2008, 2009, 2010, 2011, 
2012). When data were not collected for a particular treat-
ment, the data were patched using the average yield propor-
tion of the treatment relative to open paddock yield across all 
other measured years.

2.5 | Economic analysis

The economic analysis was done over 6 years using reported 
estimates of returns and costs for mallee production (autumn 
and spring 2006–2012) and regional averages for crop and 
sheep enterprises (growing seasons 2006–2011). To standard-
ize sites with different paddock dimensions and belt design, 
it was assumed that all sites were 100 ha in area assuming nil 
loss of crop area due to fences, tracks or other obstructions. 

T A B L E  1  Site characteristics and planting designs for mallee trial sites including mallee species, year of planting, number of rows in each 
belt, the alley width between belts and the harvest frequency at each site. Mean annual rainfall (MAR) data from 1970 to 2011 were obtained 
through SILO data sets (Jeffrey et al., 2001)

Site number Species
Year  
planted

Number of  
rows

Alley  
width (m)

Harvest frequency  
(years)

MAR  
(mm)

1 Epol 1996 2 70 3 and 4 432

3 Elox 2000 3 50 3 and 4 353

8 Epol 1998 4 180 3 and 4 368

13 Elox 1997 2 48 3 and 4 326

18 Epol 2001 6 95 3 and 4 539

19 Epol 2001 6 130 3 and 4 539

16 Ekoc 1994 2 95 3 321

5 Elox 1998 4 250 4 327

12 Elox 2000 6 55 6 370

20 Elox 2001 6 180 6 457

15 Ekoc 1998 2 95 6 321

F I G U R E  2  Schematic cross section of a two-row mallee belt 
with 2 m exclusion zones and an alley between the belts comprising of 
competition zones and open paddock
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Alley and belt widths from each site were maintained and all 
belts were assumed to be straight and parallel.

At each site, the 100 ha paddock was divided into three 
components: (a) the mallee belt plus 2 m uncropped (exclu-
sion zone) on either side of the belt; (b) the competition zone, 
being the area of mallee crop/pasture interaction 2–20  m 
from both sides of each belt; and (c) the area of open paddock 
outside the competition zone (Figure  2). The area of each 
component at each site is detailed in Table 2. Total mallee 
biomass was calculated by multiplying the yield per hectare 
for each treatment by the belt area at each site. The total crop/
pasture yield was calculated by multiplying the total area 
of crop/pasture in both the competition zone and the open 
paddock (ha) by the respective yield (Mg/ha) and adding the 
quantities.

2.6 | Production costs and prices for mallee 
biomass or carbon sequestration

The costs of production for mallee belts were estimated for 
establishment, maintenance and harvest. Establishment cost 
used in this study was AUD1,334 ha−1 (Cooper et al., 2006) 
which was amortized over a period of 30 years per year using 
equivalent annual annuity:

where C is equivalent annuity cash flow, r is the discount rate 
per period and is assumed to be 13%, NPV is the net present 

value of the establishment costs and n is the project life in years. 
NPV is used to account for the time value of funds invested in 
the paddock, including mallee and crops, over several seasons 
(Peirson et  al.,  2002). Maintenance cost was assumed to be 
AUD15 ha−1 year−1 or AUD55 ha−1 following harvest (Cooper 
et al., 2006). Harvest cost was assumed to be AUD22 per chipped 
fresh harvested Mg which is the low end of the range as measured 
by Spinelli et al. (2014) using conventional forestry equipment and 
in the range estimated by Abadi et al. (2012). Storage and trans-
port costs are assumed to be zero as biomass is assumed to be sold 
as fresh chips at the farm gate (El Kasmioui & Ceulemans, 2013). 
No harvest cost was applied to unharvested treatments which 
were assumed to be used for carbon sequestration.

2.7 | Production costs and prices for 
grain and sheep production

The operational costs associated with crop and sheep produc-
tion were estimated using regional data for each experimen-
tal year (Planfarm-Bankwest, 2007, 2008, 2009, 2010, 2011, 
2012). These costs are summarized in Table S2.

Crop prices for the WA regional export terminal (Kwinana) 
were obtained for 1 January (or as close as possible) for each 
year following the growing season (ABARE, 2015; Grain & 
Graze3, 2020). Sheep income was calculated as the sum of 
the wool and sheep returns per hectare for each region using 
industry benchmarks (Planfarm-Bankwest,  2007, 2008, 
2009, 2010, 2011, 2012). Crop and sheep prices are detailed 
in Table S3.

The economic analysis used the actual crop yields 
(open paddock and competition zone) achieved at each 
site. Pasture yield was measured annually by Sudmeyer 
et  al.  (2012) and regional returns from sheep enterprises 
were used and discounted by relative pasture yield in the 
competition zone.

2.8 | Economic model

Four scenarios were modelled: (a) base-case—exclusively 
agricultural with no mallee in the system, (b) agroforestry 
utilizing above-ground mallee biomass, (c) agroforestry 
utilizing above-ground mallee biomass plus below-ground 
biomass sequestered, (d) sequestration using unharvested 
mallee above- and below-ground biomass. The economic 
analysis presents estimates of the financial viability of each 
scenario by comparing the base-case model with agrofor-
estry at each site and harvest treatment applied to a 100 ha 
area. LC analysis was used to determine the price of mal-
lee biomass and sequestered carbon required for mallee 
agroforestry to break-even with agriculture. LC standard-
izes the unit price needed over time to break-even with 

(1)C=
r×NPV

1−(1+r)
n

,

T A B L E  2  Breakdown of the 100 ha paddock into three 
components (in hectares) across all sites. Three components are area 
of mallee belt (including 2 m exclusion zone on either side of mallee 
belt), area where crop/pasture was subject to competition and the area 
of open paddock where crop/pasture was not subject to competition

Site number
Area mallee 
belt (ha)

Area 
competition 
zone (ha)

Area of open 
paddock (ha)

1 8.4 50.4 41.2

3 15.2 68.4 16.4

5 4.0 14.4 81.6

8 5.0 18.0 77.0

12 21.0 54.0 25.0

13 12.0 72.0 16.0

20 7.0 18.0 75.0

15 6.0 36.0 58.0

16 6.0 36.0 58.0

18 14.0 36.0 50.0

19 9.8 25.2 65.0
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variable capital and operating expenses over several sea-
sons (Peirson et al., 2002). LC, being a modified version of 
the net present value calculation, accounts for time value of 
money using a discount rate.

The model calculates gross margins (GM) in each year 
for both agroforestry and agricultural paddocks. The GM of 
the agricultural system and the crop/pasture component of 
the agroforestry system were calculated as crop and pasture 
income less production costs. Mallee production costs were 
calculated for each year. The annual break-even income re-
quired from mallee production was calculated by subtracting 
the mallee production cost and GM of the crop/pasture in the 
agroforestry system from the GM of the agriculture system.

To compare the agroforestry with the agricultural system 
over the 6 years of study, an LC analysis was performed by 
calculating the net present value of the annual break-even in-
come and comparing this to the discounted mallee biomass 
production, using the following equation:

where LC is the levelized cost, t is time (in years), At is the 
break-even income of the agroforestry in year t, and Yt is mallee 
biomass yield in year t.

A discount rate of 10% was utilized in the calculation of the 
LC for all scenarios. Sensitivity analysis was performed on the 
scenarios b and d at low (7%) and high (13%) discount rates.

Sensitivity analysis was also conducted on CO2e price. 
There was no price on carbon in Australia in 2006 when this 
experiment commenced so the minimum price used per Mg 
CO2e was AUD15 based on the current Australian average 
price (Clean Energy Regulator,  2020), but AUD30  Mg−1 
was also evaluated to reflect higher carbon prices elsewhere 
(Ramstein et al., 2019).

3 |  RESULTS

The economic analysis presented here shows that the cost of 
mallee production integrated into an annual farming system 
in the wheatbelt of WA is driven by seven parameters: (a) site 
and its productivity, (b) frequency of mallee harvest, (c) sea-
son of mallee harvest, (d) the crop/pasture rotation used by the 
farmer, (e) discount rate, (f) CO2e price, and (g) the method 
of estimation of below-ground biomass in a coppice system.

3.1 | Scenario a—Agricultural paddock 
(base case)

Over the 6  years of this study, the crop/pasture rotations 
of farmers and the site productivity/seasons, GM from 

the 100  ha agricultural paddock ranged from a loss of 
AUD12,922 to a profit of AUD390,226 with an average of 
AUD114,598 (Table 3). The returns from cropping were con-
sistently greater than from sheep enterprises due to the very 
low prices for wool and sheep meat over the study period 
(compare Tables S2 and S3). For instance, at sites 3 and 12, 
losses were incurred for the 5 years in pasture, yet were prof-
itable for the year in crop (data not shown). Over this study, 
all other sites were profitable due to returns from 2 or more 
years of cropping.

3.2 | Scenario b—Agroforestry utilizing 
above-ground mallee biomass

Over 6 years, the break-even income required to offset mal-
lee costs ranged from under AUD25,000 at site 5 to nearly 
AUD90,000 at site 19 (excluding site 16 with a truncated 
data set) (Table 3) with total fresh biomass production rang-
ing from over 1,500 Mg at sites 1 and 18 to 150 Mg at site 15 
(Table 3). There was a large range in productivity across all 
sites ranging from over 30 Mg ha−1 year−1 at site 1 to below 
5 Mg ha−1 year−1 at site 15 (Table 3). The LC of mallee bio-
mass production among the 11 sites also varied widely (>6-
fold) ranging from AUD40 Mg−1 at site 1 to AUD261 Mg−1 
at site 20 (Table 3). There were also considerable differences 
in LC of mallee biomass within sites across treatments; how-
ever, six of the 11 sites had under 20% difference between 
treatments.

Table  4 groups and compares sites by harvest treat-
ments: those with a full set of harvest treatments (spring 
and autumn harvests at 3 and 4  years); those with either 
3 or 4  years of harvest across different seasons; and low 
productivity sites with only one harvest in year 6. The LC 
were generally higher for spring harvests, an effect that was 
most pronounced at the low productivity sites (6 years of 
harvests) with a difference of AUD55 Mg−1. Regardless of 
season of harvest, on average, the LCs of the low produc-
tivity sites were double the LCs of the intermediate and 
high productivity sites. There were also higher LC for the 
longer harvest frequencies, especially between the 3 years 
(at AUD68–76 Mg−1) and the 6 years of harvest frequen-
cies (at AUD139–194 Mg−1).

The cost of mallee in the agroforestry system was split 
between the direct costs of mallee establishment and main-
tenance, and harvesting and the indirect opportunity costs 
from foregone agricultural production on land occupied by 
the belts and the loss of yield due to mallee crop competition. 
Averaged across all sites and harvest treatments, competition 
costs accounted for approximately 38% of total costs, fol-
lowed by harvest costs (32%), opportunity cost (16%) and es-
tablishment and maintenance costs (14%; Table 5 or Table S5 
for individual harvest treatment data).
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These costs, however, are not consistent between sites. 
Proportion of harvest costs was greatest at sites with high mal-
lee production (sites 1, 3, 12 and 18). The opportunity cost was 
highest at site 19 which had a very high base-case scenario GM, 

while it was negative where a focus on sheep production in-
curred a net loss (sites 3 and 12; Tables S1 and S4). The remain-
ing sites (5, 8, 13, 15, 16 and 20) incurred higher competition 
costs and were predominately cropped over the study period.

T A B L E  3  Gross margin (AUD) of the solely agricultural paddock and the break-even mallee income (AUD) required to offset the costs 
incurred by mallee from the agroforestry paddock compared to agricultural paddock over the 6 years of trial. The cost of mallee includes 
establishment, maintenance, harvesting, opportunity and competition costs. The production of fresh mallee biomass produced and mallee 
productivity over the trial for all treatments and the levelized cost for above-ground fresh biomass (AUD Mg−1) using a 10% discount rate. 
Treatments varied between sites with either 3 and 4 years of harvest or 6 years of harvest regime. Site 16 had only one 3 years of harvest cycle

Site
Gross 
Margin ($)

Season of 
harvest

Frequency of 
harvest (years)

Costs of 
mallee ($)

Productivity 
(Mg ha−1 year−1)

Mallee biomass 
(Mg)

Levelized cost 
($ Mg−1)

1 94,288 Autumn 3 67,653 33.1 1,670 42.7

Spring 3 73,097 30.6 1,540 52.2

Autumn 4 61,187 32.3 1,629 40.1

Spring 4 58,700 22.2 1,118 58.8

3 −12,922 Autumn 3 37,203 9.8 891 50.1

Spring 3 38,656 9.6 874 54.2

Autumn 4 35,248 8.1 743 57.9

Spring 4 41,843 10.4 944 53.3

8 156,839 Autumn 3 34,239 14.5 436 82.4

Spring 3 38,075 14.1 423 97.3

Autumn 4 34,501 15.1 454 81.4

Spring 4 40,571 15.8 475 93.1

13 27,752 Autumn 3 53,783 8.8 632 88.4

Spring 3 56,644 7.6 550 110.3

Autumn 4 50,708 7.0 507 106.1

Spring 4 60,503 7.5 541 116.3

18 65,867 Autumn 3 74,939 18.7 1,573 48.5

Spring 3 77,074 19.3 1,625 48.6

Autumn 4 81,789 20.4 1,717 49.0

Spring 4 83,290 22.4 1,884 45.6

19 390,226 Autumn 3 86,257 14.8 869 109.4

Spring 3 82,043 16.3 957 94.1

Autumn 4 85,522 15.4 904 107.9

Spring 4 89,605 16.8 985 103.0

16 17,877 Autumn 3 16,231 17.2 309 54.1

Spring 3 12,107 11.2 202 62.9

5 131,045 Autumn 4 29,761 16.2 388 82.7

Spring 4 23,850 9.5 227 117.9

12 −12,922 Autumn 6 40,371 6.2 775 70.7

Spring 6 45,348 7.4 936 64.7

15 146,155 Autumn 6 40,439 8.6 308 156.3

Spring 6 32,246 4.2 150 256.9

20 256,371 Autumn 6 51,757 7.8 329 190.1

Spring 6 45,671 5.1 216 261.0

Average 114,598 52,380 14.2 817 91.4

SD 117,291 21,445 7.5 510 54.3

CV (%) 100 40.9 52.7 62.4 59.4
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Sensitivity analysis was performed using low (7%), me-
dium (10%) and high (13%) discount rates. This revealed 
only small differences (1%–4%) in LC among treatments at 
each site (Table S4). Across sites, the average difference in 
LC between high discount rate and low discount rate ranged 
from 1% at site 18 to 20% at site 12 and averaged 9.5% across 
all sites.

Across all sites and harvest treatments, there was a neg-
ative exponential relationship between total mallee biomass 
production and LC of mallee biomass with a coefficient of 
determination of 0.50 (Figure 3). This shows that the LC of 
biomass production is substantially greater at sites with lower 
productivity due to the diminishing marginal costs of produc-
tion. There is a floor of LC of AUD58.6.

3.3 | Scenario c—Agroforestry with above-
ground production and below-ground carbon 
sequestration

When above-ground mallee biomass production plus carbon 
sequestration in below-ground biomass is considered, the LC 
of mallee biomass production is reduced (Table 6 or Table S6 
for individual harvest treatment data). Compared to scenario 
b, a carbon price of AUD15 Mg−1 CO2e at the average below- 
ground biomass estimate reduces the LC of biomass produc-
tion by between 3% and 27% and averaged 12% across all 
sites and harvest treatments (Table S6). If the CO2e price is 

T A B L E  4  The averaged levelized cost of mallee biomass across 
sites for each harvest treatment. Sites are separated into groups with 
the full set of four treatments (frequency and season of harvest), those 
with either 3 or 4 years of harvests, and the low productivity sites with 
only 6 year harvest cycles. A discount rate of 10% was applied in the 
net present value calculation

Sites
Frequency of 
harvest (years)

Season of 
harvest

Levelized cost 
(AUD Mg−1)

1, 3, 8, 
13, 18 
and 19

3 Autumn 70.2

3 Spring 76.1

4 Autumn 73.8

4 Spring 78.3

5 and 16 3 or 4 Autumn 68.4

Spring 90.4

12, 15 
and 20

6 Autumn 139.0

Spring 194.2

Site

Direct costs (%) Indirect costs (%)

Establishment and 
maintenance cost

Harvest 
costs

Opportunity 
cost

Competition 
cost

1 5 51 12 32

3 25 50 −5 30

8 10 27 21 42

13 9 22 6 63

18 16 47 12 25

19 10 24 45 21

16 9 40 8 43

5 11 25 20 44

12 42 44 −6 20

15 7 14 24 55

20 12 12 37 39

Average 14 32 16 38

SD 11 14 16 14

CV (%) 75 44 100 36

T A B L E  5  The proportion of levelized 
cost, averaged across all harvest treatments, 
that is attributable to direct and indirect 
costs incurred when introducing mallee 
into the farming system. The direct cost 
of mallee includes establishment and 
maintenance and harvest. The indirect costs 
consist of the opportunity cost, being the 
land no longer available for crop, and the 
competition cost, being income lost from 
lower crop yields in the competition zone

F I G U R E  3  The levelized cost (LC) of fresh above-ground mallee 
biomass production across all 11 mallee sites and treatments including 
the unharvested treatments. Line of best fit is a power function, 
LC = 58.6 + 326*exp − 0.005 Mg with a coefficient of determination 
of 0.50
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increased to AUD30 Mg−1, this decreases the LC by between 
6% and 54% with an average of 23%.

The difference in LC between the minimum and the max-
imum root biomass estimates averaged 8% or 17%  Mg−1 
CO2e price of AUD15 or AUD30 respectively (Table  S6). 
This ranged between 3% and 23% across all sites and  
treatments.

3.4 | Scenario d—Agroforestry with 
unharvested mallee sequestering carbon in 
AGB and BGB

The total above-ground mallee biomass produced over the 
6 years of the trial ranged from 1,704 Mg at site 18 to 243 Mg 
at site 20 and averaged 709  Mg across all sites (Table  7), 

T A B L E  6  The range of levelized costs (AUD Mg−1) at each site across harvest treatments at a discount rate of 10%. Levelized cost from 
Scenario b is presented for comparison. Sensitivities were performed at AUD15 and AUD30 Mg−1 CO2e. Sensitivities were also performed on the 
below-ground carbon biomass estimates with three categories: minimum below-ground biomass (Min BGB), average (Avg BGB) and maximum 
(Max BGB) over the 6 years of experimental data

Site

$0 CO2e $15 Mg−1 CO2e $30 Mg−1 CO2e

Scenario b
Min BGB  
($ Mg−1)

Avg BGB  
($ Mg−1)

Max BGB  
($ Mg−1)

Min BGB  
($ Mg−1)

Avg BGB  
($ Mg−1)

Max BGB  
($ Mg−1)

1 40–59 38–58 37–55 36–54 36–56 34–52 31–49

3 50–58 44–52 42–48 40–45 38–45 35–39 31–33

8 81–97 77–92 74–91 72–89 72–88 67–84 63–81

13 88–116 85–111 83–109 81–107 81–106 77–101 74–97

18 46–49 41–44 39–43 38–41 37–40 33–37 30–33

19 94–109 89–104 88–102 86–100 84–98 82–94 79–91

16 54–63 48–55 45–51 43–47 41–47 36–39 31–32

5 83–118 81–116 79–112 76–109 79–114 75–105 70–99

12 65–71 56–57 48–50 43–44 43–46 29–32 16–21

15 156–257 153–253 151–250 149–245 150–250 146–243 141–234

20 190–261 166–233 154–211 146–195 141–206 117–162 102–128

T A B L E  7  Productivity of unharvested mallee belts and the levelized cost for above-ground fresh biomass. Total Mg CO2e generated and 
CO2e productivity of above- and below-ground biomass of over 6 years at each site and the levelized cost with a 10% discount rate. Bold figures 
indicate sites that would be profitable with the current price of CO2e (AUD15 Mg−1). Site 16 only included 3 years of data

Site

Scenario b Scenario d

Productivity 
(Mg ha−1 year−1)

Total cost of 
mallee ($)

Mallee 
biomass 
(Mg)

Levelized cost 
(AUD Mg−1)

Total CO2e 
(Mg)

CO2e productivity 
(Mg ha−1 yr−1)

Levelized 
cost (AUD 
Mg−1 CO2e)

1 27.1 34,345 1,368 33.0 2,526 50.1 11.1

3 6.6 21,604 601 58.4 1,138 12.5 19.2

8 10.1 32,707 302 138 506 16.9 51.1

13 11.5 57,008 827 86.6 1,666 23.1 26.7

18 20.3 45,256 1,704 30.9 2,804 33.4 11.7

19 19.0 75,349 1,117 87.0 1,825 31.0 33.1

16 10.8 12,486 389 33.5 889 49.4 12.1

5 18.9 29,759 453 82.4 922 38.4 25.2

12 3.7 26,313 470 89.3 877 7.0 29.7

15 8.9 58,451 322 227.0 889 24.7 63.8

20 5.8 46,138 243 237.0 911 21.7 39.3

Average 13.0 39,947 709 100.0 1,359 28.0 29.4

SD 7.3 18,486 487 72.5 749 14.1 16.9

CV (%) 56.4 46 69 72.3 55 50.2 57.0
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approximately 110 Mg less than the average harvested treat-
ments from scenario b. For the unharvested belts, the undis-
counted break-even mallee income ranged from AUD21,604 
at site 3 (excluding site 16 with truncated data) to AUD75,349 
at site 19, with an average of AUD39,947 across all sites 
(Table 3). This was about AUD12,000 less than the harvested 
treatments from scenario b mainly driven by the absence of 
harvest costs.

The LC of the unharvested belts under scenario b meth-
odology ranged from AUD33  Mg−1 at site 1 to nearly 
AUD240 at site 20 (Table  7). Compared to the harvested 
belts, the LC of the unharvested mallee were cheaper at 
6 of the 11 sites (cf. Tables  3 and 7). If mallee is grown 
solely to generate above- and below-ground carbon cred-
its, then the LC ranged between AUD11 and AUD64 and 
averaged AUD29  Mg−1 CO2e, a reduction across all sites 
ranging from 62% at both sites 18 and 19 and up to 83% at 
site 20. Lower LC were realized at sites with higher CO2e 
productivity.

Across all sites, greater differences were observed between 
discount rates for the unharvested mallee agroforestry com-
pared to the harvested mallee agroforestry (generally > 15%; 
Table  S4). The proportion of costs of unharvested mallee 
belts was considerably different to the harvested mallee 
with higher average costs (66%), attributable to competition 
(Table S5).

4 |  DISCUSSION

Understanding the economic consequences of integrating 
mallee belts into annual crop/pasture farming systems is es-
sential for mallee agroforestry development. The data pre-
sented here show large site and regional differences in the LC 
of mallee biomass production or carbon credit production, 
but less variation arising from the management choices of 
season or frequency of harvest.

Mallee agroforestry systems can generate direct income by 
selling biomass, CO2e or both. Under the Australian Carbon 
Farming Initiative, sequestration projects can generate car-
bon credits over 25 years of period, although the net abate-
ment of CO2e is reduced by 20% if the planting is removed 
before 100 years (Department of the Environment, 2015) and 
this applies to above- or below-ground biomass components. 
Over the trial, the above- and below-ground carbon seques-
tration by unharvested mallee would be profitable given cur-
rent Australian CO2e prices at three of the 11 trial sites. At 
AUD30  Mg−1 CO2e, mallee agroforestry would have been 
profitable at seven sites.

In WA, crop and sheep enterprises generally generate 
annual positive cash flows while a coppice harvest regime 
for mallee generates periodic positive cash flows after har-
vest. This may well affect the willingness of landholders 

to grow the mallee or provide land to third parties to plant 
and harvest the mallee under a lease agreement. Given the 
2006–2011 agricultural GM, four of the 11 study sites had 
a LC of mallee biomass production in the range AUD40–
60  Mg−1. These sites were generally characterized by 
high biomass production or moderate biomass production 
with low agricultural GM. This price range may be eco-
nomically attractive to farmers to sell into biomass pro-
cessing markets to take advantage of the on-farm benefits 
of mallee crops. The remaining seven sites had levelized 
biomass costs ranging from AUD70 Mg−1, with two sites 
exceeding AUD200 Mg−1, and were less commercially at-
tractive. There was a reduction in LC when below-ground 
biomass was used to generate carbon credits especially at 
AUD30 Mg−1 CO2e, which although nearly double the cur-
rent Australian price, is comparable to the price in some 
large carbon credit markets around the world (Ramstein 
et al., 2019).

Some caution needs to be exercised with these numbers 
as the opportunity cost and consequent LC of mallee biomass 
production was heavily influenced by crop/pasture rotation 
decisions of the landholders, with lower opportunity and 
competition costs associated with sheep grazing due to low 
wool and sheep prices over the study period (cf. Tables S2 
and S3). This resulted in some sites with low biomass pro-
duction with a low LC because the sites were in pasture for 
5 of the trial 6 years. Conversely, two sites were moderately 
productive but had high LC due to high proportion of years 
where growers chose to grow grain crops. In the intervening 
years, there has been a substantial increase in returns for wool 
and sheep meat producers.

The sites with the lower LC were consistent with previous 
work on mallee economics. Abadi et al. (2012) estimated a 
range of AUD44–55 Mg−1 for biomass at the farm gate, or 
AUD53–70  Mg−1 including off-farm transport and supply 
chain costs. McGrath et  al.  (2016) showed that, excluding 
harvesting and delivery costs, mallee agroforestry would be 
marginally economic from AUD24 Mg−1, but AUD34 Mg−1 
was required for large-scale adoption.

There are on-farm and natural resource management 
benefits of mallee integration including: dewatering the soil 
profile below and adjacent to belts (Robinson et  al.,  2006; 
Sudmeyer & Goodreid,  2007; Wildy et  al.,  2004) with po-
tential to enhance salinity mitigation (Clarke et  al.,  2002; 
George,  1990); erosion control and provision of shade and 
shelter for stock which is especially useful during lambing 
(Abadi et al., 2012; Baker et al., 2018) and provision of shel-
ter for crops (Baker et al., 2018; Bennell & Verbyla, 2008; 
Sudmeyer et  al.,  2002). Abadi et  al.  (2012) estimated the 
value of these benefits was between AUD2 and AUD13 per 
fresh Mg of mallee biomass produced, excluding payment 
for carbon sequestration. About 75% of the upper estimate 
was associated with mitigation of waterlogging which is 
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only frequent on particular soil types and in higher rainfall 
growing season (May–October in WA) and is becoming less 
common as average rainfall in the south-west of WA is dimin-
ishing (Asseng & Pannell, 2013). In estimating the required 
price per Mg of CO2e to make agroforestry viable for carbon 
farming, Flugge and Abadi (2006) modelled the value of sa-
linity mitigation at AUD5 Mg−1 CO2e.

The quantity of biomass produced per unit area has a large 
effect on the LC. The biomass productivity achieved at each 
site is a combination of several quantifiable factors, including 
season and frequency of harvest (Spencer et al., 2019) and 
planting configuration (number of rows, between row spac-
ing and alley widths; Spencer et al., 2020). There are some 
less quantifiable factors, including reconfiguration of pad-
dock shape, size and infrastructure to better integrate mallee 
belts. For instance, gains in mallee productivity could be real-
ized by including small (40–50 cm) water retention bunds to 
capture any surface water flow. Experimental data show that 
after 3 years, belts with bunds produced 35% more biomass 
(Bennett et  al.,  2015). Spencer et  al.  (2019) found edaphic 
factors (EC, pH and nutrition) were strong predictors of pro-
ductivity across the sites in this study. This decadal research 
project reveals declining mallee productivity with proximity 
to shallow saline water tables, and alkaline and nutrient-poor 
soils profiles. To reduce opportunity costs, mallee species 
have often been allocated suboptimal landscape positions, 
generally into saline valley floors. This economic analysis 
shows that, assuming a market for biomass, this paradigm 
should be questioned, with mallee capable of delivering 
greater financial reward to the landholder when planted in 
productive sites. Prospective mallee species have a range of 
site preferences indicating that matching species to site will 
be important in maximizing production and economic viabil-
ity (Eastham et al., 1993; Wildy et al., 2000).

Mallee species productivity can be influenced by the sea-
son of harvest, with Spencer et al. (2019) showing Ekoc more 
productive following autumn harvest, Elox following spring 
harvest and no significant seasonal response for Epol. This 
study showed that spring harvest resulted in higher LC of 
production (AUD83.4  Mg−1) compared to autumn harvest 
(AUD99.4  Mg−1). It supports Sudmeyer et  al.  (2012) who 
found that adjacent crop competition by mallee was reduced 
when harvest was undertaken before the growing season (i.e. 
in autumn) for both initial and second harvest. The mallee 
belts used in this study were between 5 and 12 years old be-
fore the initial harvest and therefore had well-advanced root 
systems with considerable lateral reach and depth (Robinson 
et  al.,  2006; Sudmeyer & Goodreid,  2007). Depletion of 
stored soil water by mallee prior to spring harvest would 
have increased competition between mallee and the adjacent 
annual crop, as well as exposing the mallee belt to harsher 
coppice regeneration conditions going into the dry summer, 
thereby increasing the spring LC. However, any large-scale 

mallee industry is likely to only be viable if it can deliver a 
continuous supply of biomass (Enecon,  2001) and growers 
may be limited in their choice of harvest season. To reduce 
competition costs, with increasing mallee size, the grower 
could increase the width of the exclusion zone; only crop-
ping where returns are greater than input costs (Sudmeyer 
et al., 2012).

This study also demonstrates that longer harvest intervals 
increase LC. There was only a slight increase in LC when 
comparing the 3 years of harvests to the 4 years of harvests, 
but there was a much greater difference when comparing the 
3 or 4  years of harvests to the 6  years of harvests. This is 
consistent with the finding that competition is positively cor-
related with tree height (Sudmeyer et al., 2002, 2012). The 
longer harvest frequencies will result in delayed returns from 
mallee production and a lower net present value.

Harvest costs account for almost a third of the total cost 
(32%) of mallee biomass production. These estimates were 
based on mallee harvesting using conventional forestry 
equipment. This study assumed a fixed harvesting cost, which 
would underestimate the cost of harvest at the sites with less 
standing biomass because harvest costs have been found to be 
dependent on the standing biomass per km of belt (Spinelli 
et  al., 2014). A prototype single-row chipper–harvester has 
been developed to reduce harvest cost using technology ca-
pable of processing the high wood density and multiple stems 
of mallee (Abadi et al., 2012; Goss et al., 2014). Harvesting 
single rows would be more cost-effective for single or double 
row belts.

Reducing belt width (i.e. number of rows) can reduce LC 
by increasing mallee productivity and reducing opportunity 
costs. Wider belts (more rows) take up more paddock area 
and internal rows are suppressed by the larger trees in the ex-
ternal rows which have greater access to additional resources 
from the alley (Huxtable et  al.,  2012; Prasad et  al.,  2010; 
Spencer et al., 2020). Consequently, the internal rows have 
reduced the productivity per hectare of the belt. Fewer rows, 
or wide between-row spacing, may allow for shorter harvest 
frequency intervals and generate earlier positive cash flows 
for investors with larger discount rate. Increased harvesting 
frequencies will also improve cash flow. Fewer rows will also 
reduce establishment and maintenance costs, and if using a 
single-row chipper–harvester, could further reduce harvest 
costs.

Results from this study rely on the accuracy of BGB es-
timates from allometric equations. The ‘best’ current model 
for estimating below-ground biomass of mallee is not spe-
cies specific and uses mallee height which alone explains 
less than 50% of actual biomass (Paul et  al.,  2014). Large 
species differences have been found in unharvested root/shot 
ratios of the mallee species used in this study (Brooksbank & 
Goodwin, in press) which are likely to persist post-harvest. 
Furthermore, the allometric models are likely to underestimate 
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below-ground biomass because the models do not take into 
consideration the likely increase of biomass with subsequent 
harvests. A below-ground mallee root biomass conceptual 
model was proposed by Bartle and Abadi (2010) who sug-
gest that below-ground biomass accumulates over time. This 
arises from the loss of fine root biomass with harvest (Wildy 
& Pate,  2002) and the considerable depth to which mallee 
roots can penetrate (Nulsen et  al.,  1986), and over regular 
harvests, additional woody root biomass sequestered between 
harvests would likely persist. Currently, no mallee allome-
try exists over multiple harvest cycles and further research is 
required to provide greater confidence in the below-ground 
biomass estimates.

Future research is required for multi-criteria mapping of 
the WA wheatbelt to locate land which could most benefit 
from mallee integration. For instance, such criteria include 
targeting areas that are most in need of salinity mitigation, 
with high suitability for mallee productivity, and where 
farmers could benefit from having shelter for sheep breed-
ing. Such assessments have been undertaken for the agricul-
tural sector in WA (DAFWA, 2013; Schoknecht, 2015) and 
could be adapted for mallee. For instance, in comparison to 
agricultural crops, mallee can tolerate and respond better to 
acidic soils (Spencer et al., 2019; Symonds et al., 2001). This 
assessment would also help investors who, for example, are 
looking for carbon offset projects, to have more confidence 
with where to grow mallee and the level of compensation re-
quired for landholders.

There are distinct advantages for both the coppice and 
unharvested system. Mallee are capable of stable biomass 
production with regular harvests (Davis,  2002; Spencer 
et al., 2019) but without harvest, the growth rates will slow 
reducing the rate of carbon sequestration while increasing 
competition to agriculture. Cash flows from the coppice sys-
tem will occur with harvests, likely every 3–4 years, but in 
large operations, harvesting could be structured to provide 
annual income, although this will add annual costs for mo-
bilizing harvesting equipment. Under current legislation, 
payments from sequestration occur at agreed reporting pe-
riods between 6  months and 5  years (Department of the 
Environment,  2014). The markets for biomass and carbon 
credits will ultimately determine whether the mallee will be 
harvested or left without harvest for 25 or 100  years, with 
our modelling suggests could be profitable based on carbon 
price.

5 |  CONCLUSION

Mallee, integrated into a farming system, imposes additional 
costs on farmers, especially through competition and harvest 
costs, and, to a lesser extent, opportunity and establishment 
costs. For widespread adoption, farmers will require markets 

for biomass or carbon credits that equal or exceed the profit-
ability of traditional agriculture.

Our estimates show that mallee can cost farmers from 
AUD40 to over AUD250 Mg−1 of fresh biomass to produce. 
Lower LC are realized at sites with high mallee growth rates. 
The second most important determinant of LC was the rela-
tive returns from agricultural activities.

The LC could be reduced by 11% on average, if be-
low-ground biomass was sold at the present CO2e price in 
Australia. More accurate allometric models are required to 
estimate below-ground biomass, especially over multiple 
harvests. If Australia's CO2e price were aligned with other 
developed nations at AUD30 Mg−1, the LC would be halved. 
Given the current carbon prices, the price generated by car-
bon from unharvested mallee at high productivity sites is al-
ready comparable with agricultural returns.
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Chapter 7

Conclusion
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This thesis investigated many aspects of mallee agronomy and breeding with the view to inform

industry of the potential for mallee to be an economically viable crop in the Western Australian (WA)

wheatbelt. After nearly 30 years of research into mallee, both interest and funding from the

government sector ceased in the middle of last decade. Recently however, there has been renewed

enthusiasm for climate change mitigation arising from the Paris Agreement and with many

industrialised countries declaring zero-net-emissions targets by 2050. The agricultural sector has been

highlighted by the Australian government as having a large capacity for carbon sequestration and

biofuel production (Climate Change Authority, 2019) based on the conversion of cellulosic matter to

hydrocarbons, a demonstrated replacement for conventional fuels (Azad et al., 2015).

This thesis addresses key knowledge gaps in four broad areas that may otherwise discourage or delay

industry engagement:

(i) advances in mallee breeding, primarily focused on biomass gains (chapters 4 and 5), 1,8-cineole

production (chapter 4) and the genetic parameters of flowering phenology (chapter 4);

(ii) accurate and standardised mallee yield estimates (chapter 2);

(iii) silvicultural and agronomic factors to maximise mallee productivity including response to harvest

management (chapter 2 and 6), site characteristics (chapter 2), and planting configuration (chapter 3);

and

(iv) economic consequences for landholders from mallee agroforestry (chapter 6).

Mallee breeding – biomass, 1,8-cineole and reproductive phenology

Many mallee species have been screened and several have been selected for suitability as a tree crop

over large areas of the Western Australian wheatbelt (Olsen et al., 2004; Hobbs et al., 2009). The

selected species also have potential to be suitable crops in other dryland agricultural regions of

Australia although this awaits rigorous evaluation. Based on two traits, foliar 1,8-cineole

concentrations and superior growth rates, mallee research has been narrowed to three taxa: E.

loxophleba (subsp. lissophloia and gratiae); E. polybractea; and E. kochii (subsp. plenissima and

borealis) (Bartle, 2009). These taxa, have shown potential to dewater soil profiles (Wildy et al., 2004;

Robinson et al., 2006) and can be used as a tool to help mitigate dryland salinity and other landscape-

scale sustainability issues. However, estimates of the proportion of catchment required to be

revegetated to control salinity are up to 70-80% (George et al., 1999). Thus, for an industry to

emerge, mallee will need to be profitable to the landholder as a bioenergy or carbon crop.

The commercialisation of mallee for biomass is primarily going to be driven by the productivity of

mallee plantings. This can be achieved in two ways: firstly, selecting suitable sites and regions for

mallee cropping and secondly, having improved genetic stock that is capable of high productivity.
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This thesis aims to address important aspects for mallee breeding by estimating the genetic parameters

of key mallee traits: i.e. sapling and coppice biomass, and foliar 1,8-cineole concentration. Chapter 4

assesses the key reproductive traits and the genetic correlations with biomass and 1,8-cineole

concentration at an E. loxophleba seed orchard; and Chapter 5 estimates the productivity of sapling

and coppice biomass at three E. polybractea progeny trials.

Synchronicity of flowering is important in seed orchards as it facilitates transfer of genes to the next

generation. Historically the flowering of semi-arid eucalypt species has not attracted much research

interest. A E. loxophleba seed orchard containing nine provenances from both subsp. lissophloia and

gratiae, was subject to two annual assessments. Flowering peaked in spring but a high proportion of

trees from the eastern provenances with the two lowest rainfall regions flowered twice in an

assessment year (28 to 34% respectively). Water availability is the likely cause of the additional

reproductive event, given rainfall has been observed to induce anthesis in species from arid

environments (Davies, 1976; Friedel et al., 1993). Out-of-phase flowering will reduce outcrossing

potential. Since the provenances displaying out-of-phase flowering also tended to be poor biomass

producers, it would be desirable to remove them from the breeding population. About 20% of the

southern gratiae subspecies flowered twice in one assessment year and this, coupled with the risk of

genetic pollution from farmland plantings in the vicinity of native E. lissophloia (Sampson & Byrne,

2008), suggests that this subspecies should be split into a separate breeding populations to service the

southern WA wheatbelt. The remaining four E. loxophleba subsp. lissophloia provenances from the

central wheatbelt should be represented in future breeding populations to service the central and

northern WA wheatbelt.

In the E. loxophleba seed orchard, heritability of biomass productivity was initially weak (0.10 ±

0.03) prior to thinning but increased to 0.29 ± 0.08 post thinning. This may have arisen from bias

introduced as a result of the thinning, and the post-thinning estimate and should be treated with

caution. However, the pre-thinned estimate revealed that the timing of flowering, based on the genetic

correlations, can influence gains in biomass: i.e. earlier commencement and termination of flowering

is correlated with larger biomass and higher 1,8-cineole concentration. Biomass and foliar 1,8-cineole

concentrations were weakly positively correlated and thus selection for one trait should result in

corresponding gains in the second trait via index selection. These findings differ to those from three

progeny trials for both E. loxophleba subsp. lissophloia and E. loxophleba subsp. gratiae where weak

negative genetic correlations were found between biomass and foliar 1,8-cineole concentration

(Mazanec et al., 2017; Mazanec et al., 2020). This has important implications for a mallee industry

where extraction of 1,8-cineole can provide a useful additional revenue stream.

The heritability and genetic parameters of biomass were estimated at three E. polybractea progeny

trials located at multiple locations in WA, New South Wales (NSW) and Victoria. After harvest, very
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high survival rates were observed at all three sites of (>98%) which is higher than other harvested

trials of this species (Milthorpe et al., 1994; Milthorpe et al., 1998; Wildy et al., 2000). Surviving

mallee exhibited a range of responses to harvest; some families were either elite or poor performers

across sites and biomass assessments, whereas others performed better as either saplings or coppice.

Across the three states, the strength of heritabilities varied across the sapling and coppice assessments.

However, high genetic correlation between the sites revealed that, although there were large site

differences, the trials could be treated as one breeding population. This indicates that seed from each

of these progeny trials is appropriate for use across a wide range of environments, including the semi-

arid zones in WA, NSW, Victoria and probably South Australia (SA).  This will reduce cost of mallee

seed production with no requirement to maintain different breeding populations for different regions.

Selection simulations to convert progeny trials to seed orchards revealed that gains could be made

when selecting for biomass yield for either sapling (17% to 24%) or coppice (8% – 15%). However,

negative or lower gains (-7% to 13%) were obtained when sapling selections were applied to coppice

biomass estimates. This demonstrates that to optimise biomass yield of E. polybractea, selections for

coppice production should be based on coppice biomass data. This has implications for the E.

polybractea breeding program previously established by the Department of Conservation of Land

Management of Western Australia where all biomass breeding decisions were made using sapling

biomass data. These results indicate that any future breeding program incorporating seed from wild

parent trees will need take into consideration the time required for establishment, harvest at 5 to 6

years of age followed by 3 to 4 years of coppice growth before initial selection and thinning, and an

additional 3 to 4 years for seed production to be realised. As an interim measure, prior to

establishment of new breeding populations, the three progeny trials in this study could immediately be

converted into seed orchards with the execution of a thinning program.

For other species of plantation eucalypts, there has been a range of genetic correlations between

sapling and coppice biomass, for instance, E. globulus has a shown weak correlation (Whittock et al.,

2003) whereas strong correlations were found for E. dunnii (Li et al., 2012), E. grandis, E.

urograndis, E. saligna and E. urophylla (Amâncio et al., 2020). The weak correlation for E. globulus

has been attributed to the variation of lignotuber size and development between sub-races (Whittock

et al., 2003). The other mallee species under investigation in this thesis, E. loxophleba and E. kochii,

are both known to coppice strongly after harvest (Eastham et al., 1993; Wildy et al., 2000) and it is

anticipated that selections at coppice age will improve biomass productivity for these species.

Mallee yield

Mallee yield varies across species, climatic zones and site conditions. Thirty years of trial planting

have shown that the two E. loxophleba subspecies grow well across most of the wheatbelt but exhibit

slow growth rates around the southern coast. Eucalyptus polybractea suffers progressively more
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serious drought stress and mortality with the decreasing rainfall and increasing evaporation in

transition to the north half of the WA wheatbelt at around 31o south latitude. The northern wheatbelt

is the preferred region for the two E. kochii subspecies. However, research has shown large variation

in growth rates both between and within regions and across sites, making accurate estimates of mallee

biomass yield difficult to predict. To compound this, early assessment of biomass productivity did not

use standardised methodologies.

The imprecise estimates of mallee biomass have the potential to hamper industry development. To

address this, Chapter 2 of this thesis reports on the biomass yield potential of the three main mallee

taxa subject to four harvest regimes with uncut controls and uniform methodologies at 19 sites over

10-years. Eucalyptus polybractea was the fastest growing species across the trial sites, with biomass

production ranging from 7 to 33 dry Mg-1 ha-1 year-1, which is in agreement with findings from the

review carried out by Huxtable et al. (2012). Most of these sites were in the higher rainfall areas with

deep soil profiles.

There was substantial variation between the E. loxophleba sites with three of twelve sites deemed to

have failed due to high mortality and low growth rates following the initial harvest. At the failed sites,

the harvested biomass yield ranged from 0.1 to 6.1 dry Mg-1 ha-1 year-1. However, in the unharvested

treatments at the same sites, growth rates of up to 18 dry Mg-1 ha-1 year-1 were achieved. The failed

sites were all characterised by shallow soil profiles which at two sites were confined by a saline

groundwater and at the third, a silcrete hardpan. This demonstrates that, although moderately tolerant

to both saline ground water and drought, E. loxophleba has hard limits to its tolerance of saline soils

of ECe below 15 dS m-1 when subjected to even a single harvest. However, unharvested E. loxophleba

has been known to use saline groundwater up to 16.1 dS m-1 (Brooksbank, 2011) and up to 30 dS m-1

(Pepper & Craig, 1986). If landholders decide to plant E. loxophleba in these saline areas, substantial

biomass may be produced, but if left for a considerable time (>15 years), the large size of trees could

reduce harvestability with an increased risk of high post-harvest mortality. Saline perennial grazing

systems might prove a better option at such locations (Bennett et al., 2009; Revell et al., 2013).

At the remaining nine E. loxophleba sites, observed yield ranged from 4 to 12 dry Mg-1 ha-1 year-1.

The sites that exhibited the lowest growth rates were north of Esperance (-33.52ᵒ, 122.15ᵒ). Those

results support other observations that E. loxophleba performs poorly on sites along the WA southern

coast (Wildy et al., 2000). Due to the salt-tolerance of E. loxophleba, landholders have historically

used this species around saline valley floors, including at most of the sites within this study,

suggesting that the growth production potential of this species may not be reflected in this chapter.

This was demonstrated at a site near Buntine (-30.97ᵒ, 116.48ᵒ) which traversed three separate

landscape positions. When examining the data from each individual treatment and replicate,

productivity ranged from 1 to 20 dry Mg-1 ha-1 year-1 over a distances of 540 m. The higher biomass
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estimate of 20 dry Mg-1 ha-1 year-1 might be a better reflection of the production potential of E.

loxophleba. The substantial variation at this site suggests the need for careful site selection to locate

future plantings for a commercially viable mallee planting.

Eucalyptus kochii demonstrated high variability of growth rates, which ranged from 4 to 16 dry Mg-1

ha-1 year-1 similar to that found elsewhere (Huxtable et al., 2012). These sites were all in the northern

wheatbelt and ranged from saline valley floor to upland sites. An upland site displayed the highest

growth rates where hydrological drilling located perched freshwater aquifers (Bennett et al., 2005). At

these sites, the mallee were subjected to three 3-year harvest cycles and productivity dropped

following each harvest cycle from 18 to 15 to 11 dry Mg-1 ha-1 year-1 potentially due to diminishing

availability of the fresh sub-soil water. Productivity was lowest at the site with silcrete hardpans and

saline ground water which revealed slow growth rates ranging from 3 to 5 dry Mg-1 ha-1 year-1.

This work reveals the large variation of site potential across the landscape and supports earlier work

that E. polybractea has high growth rates (Wildy et al., 2000; Brooksbank, 2011). However, the E.

polybractea sites were generally less saline and located in higher rainfall areas than the majority of

the E. loxophleba or E. kochii sites (Peck et al., 2012). Eucalyptus loxophleba is capable of fast

growth rates but at many sites, growth rates have been compromised due to shallow saline

groundwater, which when combined with harvest, can result in high mortality. This study consisted of

many sub-optimal E. loxophleba sites and increase in production is likely to occur if planted in more

favourable conditions. Eucalyptus kochii, when planted in areas with constrained soil profiles has

slow growth rates but can be productive in upland slopes, especially with access to fresh groundwater.

This species is well suited to the lower rainfall areas within the wheatbelt. All three species are

capable of harvest cycles of 3-7 years, with eight of the nine sites subject to three 3-year harvest

showing no progressive decline in biomass production. This demonstrates that on favourable sites,

stable production is likely over at least three harvest cycles with little risk of failure.

The three mallee species studied in this thesis have been found to be well suited to various landscape

positions and rainfall zones for large-scale revegetation across the WA wheatbelt. However, these

species could also be used across much of southern Australia for biomass production or carbon

sequestration. Eucalyptus polybractea, naturally occurs in northern Victoria and southern central

NSW and has been used for cineole production in the eastern states for over 100 years (Davis, 2002).

Trials of E. kochii have successfully occurred in NSW (Milthorpe et al., 1998). Recently, progeny

trials of E. loxophleba subsp. gratiae and lissophloia have been successfully established in

Condobolin (NSW) and Monarto (SA) and are suitable candidates for adoption across southern

Australia (Mazanec et al., 2017; Mazanec et al., 2020).
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Site characteristics

The WA wheatbelt has dry hot summers with declining winter rainfall (Frederiksen & Grainger,

2015). For tree crops in this semi-arid area, sunlight is in abundance, precipitation is irregular but

there are opportunities for site selection to capture run-off (Bennett et al., 2015), deeper sub-soil water

flows and storage (Wildy et al., 2004; Robinson et al., 2006; Brooksbank et al., 2011). Nutrients are

widely limiting in the ancient soils of the WA wheatbelt, but usually corrected by annual crop

agriculture (Schoknecht, 2015).

Across the 19 trial sites from Chapter 2, the primary factor determining productivity was the unique

set of conditions of each site. More than half (56%) of the variation in productivity of unharvested

treatments across sites was related to three soil properties; ECe, pH, and percent organic carbon. More

productive sites were characterised by non-alkaline soil (pH <8), low soil salinity (ECe <15 dS m-1)

and high organic soil carbon. For coppice biomass, 72% of the variation was explained by the three

variables above, with the addition of soil nitrogen (NH4
+ plus NO3

-) and maximum daily temperature.

These results support earlier findings: the mallee species selected for commercialisation are hardy, but

can be sensitive to unfavourable conditions (Wildy et al., 2000; Brooksbank, 2011; Brooksbank et al.,

2011). This work identified soil pH, ECe and fertility as being important determinants of mallee

productivity. Thus, in future mallee plantings, consideration of these factors and locating plantings at

sites with soil pH <8, ECe < 15, high percentage of organic carbon and total nitrogen, and saline

water table at > 4 m will increase productivity.

For long-term mallee harvest systems, nutrient management will likely be necessary to prevent

declining yields. Mallee production did not decline at eight of the nine experimental sites that

underwent 3-year harvests treatments from Chapter 2, but soil nitrogen (NO3− plus NH4+) was

significant in predicting productivity from the harvest treatments while being non-significant in the

unharvested treatments. The productivity impacts may be due to soil nitrogen concentration

decreasing as a result of harvest. At a 5-year old E. polybractea trial yielding 25 Mg ha-1,Grove et al.

(2007) found that the harvested biomass contained approximately 189 kg ha-1 of nitrogen and 12kg

ha- of phosphorus. These nutrients are removed from the system following harvest and if not returned

through application of ash, biochar (after biomass processing) or fertiliser, productivity may decline.

The addition of fertilisers, especially nitrogen, have been found to contribute 59 to 72% of the total

energy input, and 70 to 81% of greenhouse gas emissions from a mallee life cycle analysis (Yu et al.,

2015). Using ash or biochar will reduce the input and emissions, but any inputs must be considered

when regarding the carbon neutrality of any mallee biomass system.

Harvest effects

There was a species-dependent response to season of harvest with E. loxophleba responding better to

spring harvests whereas E. kochii was more productive following autumn harvests. This is likely due
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to the faster re-shooting from E. loxophleba which is able to increase the leaf area and utilise the

available soil moisture. Eucalyptus kochii takes longer to achieve the same amount of leaf area and

autumn harvests allow more growth before the peak growing period in spring and early summer.

Further, E. kochii responds to drought by reducing leaf area, where in contrast, E. polybractea will

increase root growth (Brooksbank, 2011). Eucalyptus polybractea was unaffected by season of

harvest.

Mallee are sensitive to short harvest intervals (6 months to 2 years) especially after autumn and

summer cuts (Wildy et al., 2000; Wildy & Pate, 2002; Noble & Diggle, 2014). However, in this

chapter, frequency of harvest had less impact than season of harvest which was probably due to the

longer harvest intervals imposed at the less productive sites. For E. loxophleba, there was a season

and frequency of harvest interaction with higher productivity from autumn harvest under short harvest

interval whereas the spring harvest benefited from long harvest intervals. Eucalyptus kochii were

slower to coppice following harvest with more biomass produced in the uncut treatments compared to

the harvested treatments. The opposite trend was observed for the E. polybractea sites with faster

growth rates for the harvest treatments. There was no consistent response at the E. loxophleba sites,

with five of the eight sites producing higher productivity under harvest.

The seasonal variation in harvest response indicates the need for careful timing of harvest. Eucalyptus

polybractea is quite tolerant of both spring and autumn harvest, whereas E. loxophleba has better

yields when subject to spring harvest and E. kochii to autumn. Autumn harvests will reduce the

competition with adjacent crops and pastures (Sudmeyer et al., 2012) which suggests that E.

polybractea and E. kochii can be harvested to concurrently optimise yield and reduce competition

with agriculture.

Biomass harvest of 3.5 year-old coppice from three E. polybractea progeny trials were assessed and

significant family effects were observed. This demonstrated a family response to harvest indicating

that not all families are well adapted to coppice production. Future planting of E. polybractea should

utilise seed sourced from a breeding program that has selected for biomass on coppice biomass at

harvest age.

Planting configuration

Mallee belts have been planted in a wide range of row number and within row spacing but have

mainly been 2-4 row belts with 2 m between rows and 1.5 m within-row spacing (URS, 2008). Wider

belts (>2 rows) have resulted in suppressed growth rates (Huxtable et al., 2012) yet an assessment of

the effect of spacing has not been conducted. Here we sought to determine the planting configuration

(number of rows and within-row spacing) that optimise productivities. A E. polybractea and a E.

loxophleba spacing experiment comprising 20 different planting configurations yielded productivity

ranging from 2.7 to 21.2 dry Mg-1 ha-1 year-1. Productivity was highest in narrow belts with a biomass
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yield penalty arising from the addition of inner rows. In the wider belts, the internal rows underwent

growth suppression which has been observed at mallee plantings elsewhere (Bartle et al., 2012;

Huxtable et al., 2012). Growth of the external rows is enhanced by the additional resources (water and

nutrients) available from the annual crop or pasture outside the belt. There were also gains in

productivity from shorter within-row spacing. This has been found in other eucalypt spacing

experiments where higher productivity is found at plantings with greater density before canopy

closure (Pinkard & Neilsen, 2003; West & Smith, 2019).

At both sites, there were significant effects of both row number and within-row spacing on tree size.

Larger trees were found in narrower belts and with wider within-row spacing, due to the reduced

competition from the lower planting density. Large variation in tree size between spacing treatments

will have an effect on harvestability.

Mallee economics

Over the period 1994 to 2014 some 1,000 WA landholders planted mallee on their properties in

anticipation of landcare benefits and to attract commercial processing interests (URS, 2008; Bartle &

Abadi, 2010). No large-scale processor interest has yet emerged but potential for commercial

operations remains (Abadi et al., 2012; McGrath et al., 2016). Barriers to commercialisation include

the unknown price of biomass and reliable estimates of the production potential of mallee. To address

this, experimental mallee and agricultural production were economically modelled at 11 sites over 6-

years using various harvest regimes. Costs of mallee were separated into direct and indirect costs.

Cash outlays for establishment and maintenance accounted for 14% of the total cost to farmers and

harvest accounted for 32%. Indirect non-cash costs, imposed a further 38% on total costs due to

competition imposed on adjacent agricultural annual crop or pasture and 16% from the opportunity

costs associated with land use. Levelised costs were determined for each site and harvest treatment. A

wide range of levelised costs were estimated (AUD40 to AUD257) in the base-case harvest scenario.

A lower levelised cost was realised if below-ground biomass generated carbon credits on the

Australian market. If left unharvested, three of the sites were profitable with income generated from

the current Australian rules for carbon offsets.

This research found that the main driver for reduced cost of mallee biomass is the productivity of the

mallee planting, i.e. productive sites had lower levelised costs. The two decades of extensive mallee

planting by WA farmers was strongly motivated by the opportunity for a low-cost treatment for the

salinity problem, and planting was often biased to lower rainfall regions and on land adjacent to areas

of shallow saline groundwater discharge. This compromises profitability. The case for up-slope belt

formation plantings: where mallee yields will be greater, and economic viability enhanced, while still

intercepting rainfall recharge and diminishing groundwater flow to discharge areas, should be

favoured. High productivity upslope mallee sites will exhibit greater water use having a greater
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impact on hydrological imbalances. Furthermore, there are other economically attractive perennial

plant options such as saltbush well suited to the saline discharge areas (Bennett et al., 2009; Bennett et

al., 2014).

Conclusion

The mallee species the subject of this thesis, grown in alley farming configuration, show potential as a

short-rotation coppice crop with multiple benefits for the WA wheatbelt. In particular they may be

developed into a profitable crop that could also help manage chronic problems with salinity and

conservation. As set out in the thesis objectives in Chapter 1, gains in breeding for biomass can be

achieved by implementing reproductive phenological assessments and also, selecting for elite biomass

producers at coppice harvest age (gains of up to 15%). Gains may be realised concurrently in both

1,8-cineole and biomass yields with breeding programs. This should increase mallee productivity and

commercial viability in future plantings.

Mallee biomass yields exhibit high variability across sites and to optimise production will require

landscape scale design and site selection to maximise water use, and local scale management of soil

attributes including ECe, pH and nutrition (which can generate up to a 10-fold difference in

productivity). Landscape scale design indicates planting in narrow belts (1 or 2 rows) and with short

within-row spacing (1 to 1.5m) (up to 6-fold difference in productivity). The increases in productivity

due to site factors and planting configuration will increase the economic viability of mallee plantings.

Mallee plantings used to generate carbon credits at productive sites are likely to be economically

viable at current Australian carbon prices.

Future research

Chapter 4 outlines a methodology for assessing the outcrossing potential between families and

provenances at an E. loxophleba seed orchard. Assessment of reproductive phenology has not been

published for the other two taxa of most commercial interest, E. polybractea and E. kochii. This

research would reveal any genetic correlations between key flowering traits with biomass productivity

and foliar 1,8-cineole yield. This would inform breeding decisions for any future mallee breeding

program.

To quantify the effect of out-of-phase flowering, it would be of interest to establish new trials using

seedlots from early, peak and late flowering individuals. This would be especially pertinent for the E.

loxophleba seed orchards where trees that flower twice in a year could be identified. Although 16% of

the trees flowered twice, this represents less than 4% of the total reproductive output from the

orchard. The first flowering event from the trees that flowered twice was not aligned with the

orchard’s peak flowering and present a high probability of producing inbred or self-fertilised seed.

Comparing the growth rates from offspring of trees that flowered out-of-phase to those flowering at
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the peak of flowering would further inform breeding decisions on how aggressively to select against

trees that flower out-of-phase or twice per year.

Chapter 6 demonstrated that larger gains of coppice biomass were obtained when breeding selections

were applied to coppice. However, there was not a consistent site response after harvest.  There was a

reduction of additive variance at Condobolin, a rise at Drummartin, yet Newdegate was stable. A

further harvest rotation and biomass assessment of coppice at harvest age at the three progeny trials

may clarify this variation. The site response to harvest appears most likely to be caused by the genetic

control of lignotubers or an interaction between coppice performance and the conditions at the three

specific sites. Further, the heritability of coppice should be estimated for both E. loxophleba subsp.

gratiae and lissophloia. There are three progeny trials established for each of these and which were

harvested at the same time at the E. polybractea progeny trials. This work was planned to be included

in this thesis, but due to COVID-19 travel restrictions, assessment of the coppice was not possible.

The results from these experiments would provide more conclusive evidence regarding the genetic

control and growth rates of coppiced mallee eucalypts.

For the mallee biomass estimates in Chapter 2, nitrogen was a predictor of mallee growth rates under

harvest regimes. Research has found high nitrogen removal with the export of biomass at harvest. It is

likely that nutrient replacement to mallee after harvest will be required to sustain economically viable

growth rates. The amount of nutrient required is yet to be defined, but particular examination of the

impact of the extensive lateral extension of the mallee root systems in belts configuration will be

required. A significant increase in growth rates may be important for mallee commercialisation and

increasing income to growers. Further, if nitrogen was constraining productivity at low productive

sites, without other constraining soil factors, additions of nitrogen might increase the area that mallee

could be economically viable.  This may reduce the competition for land use between tree crops and

conventional annual agriculture.

Chapter 3 demonstrated that there was a significant productivity response to mallee planting

configurations with the internal rows from wider belts undergoing significant growth suppression due

to competition from the external rows. This work was completed using saplings and the response to

harvest is unknown. Harvesting may exacerbate or alleviate suppression of internal rows. These

spacing trials should be harvested and biomass should be reassessed at coppice harvest age.

The mallee economic chapter used below-ground biomass estimates to quantify the carbon that was

sequestered. Currently, legislation in Australia under the farm forestry methodology states that under

a coppice system, below ground biomass cannot exceed the estimation at first harvest. Currently there

is no research estimating below ground biomass of coppicing eucalypts over multiple harvest cycles.

Two aspects need to be clarified: 1) allometric modelling of below-ground biomass over multiple

harvests cycles; and 2) the quantity of total soil organic carbon of both coppice and unharvested
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system, e.g. how long is the additional carbon stored in the soil from senesced mallee roots after

harvest. This research could be used to update the below-ground carbon estimations from the farm

forestry methodology and guide government legislation relating to carbon credits.

Lastly, for a prospective mallee industry, multi-criteria mapping needs to be undertaken to determine

the geographical extent of high mallee productivity, especially for extensive belt configurations.

There is substantial knowledge of where mallee taxa are suited climatically, but lateral surface and

subsurface water flows, and edaphic factors will be also be strong determinants of productivity. Such

regional scale investigation should also identify locations at high risk of salinisation and suitable

infrastructure for large scale mallee biomass processing industry.
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Table S1- Spatial definition of experiment site hillslope sections: from local catchment divide to stream line or valley floor 
(m). Landscape elevation data was obtained using Google Maps (Google Earth, 2018). Landform classifications have been 
adapted from Commander (2001). 

Site Geological province and 
landform Site and soil description 

Elevation (m above sea level) 

Valley 
floor 

Experiment 
site 

Δ exp 

site and 
valley 
floor 

Site 
1 

Yilgarn craton, zone of 
rejuvenated drainage, mid-slope. 

Mid-slope between laterite upland to non-saline annual 
stream, sandy clay gravel soils 347 359 - 364 12 - 17 

Site 
2 

Yilgarn craton, zone of ancient 
drainage, lower-slope. 

Lower slope to broad flat with pale loamy sand over clay. 
No surface expression of salt. 301 308 7 

Site 
3 

Yilgarn craton, zone of ancient 
drainage, mid-slope. 

Mid slope, pale loamy sand over clay, no surface 
expression of salt. 319 324 5 

Site 
5 

Yilgarn craton, zone of ancient 
drainage, sandplain 

Foot of sandy soil slope above a salt seepage area that 
forms the head of tributary saline valley.  320 321 - 327 1 - 7 

Site 
6 

Yilgarn craton, zone of ancient 
drainage, valley floor 

Broad valley floor, red loam soils south of Lake Moore, 
hollows on site show incipient salt expression 312 314 - 316 2 - 4 

Site 
7 

Yilgarn craton, zone of ancient 
drainage, valley floor 

Narrow valley floor with shallow saline groundwater 
discharge 318 318 0 

Site 
8 

Yilgarn craton, zone of ancient 
drainage, lower-slope. 

Lower slope to broad flat with pale loamy sand over clay. 
No stream line or surface expression of salt. 305 325 20 

Site 
9 

Yilgarn craton, zone of 
rejuvenated drainage, valley 
floor. 

Adjacent to valley floor, little fall from exp site to saline 
discharge, sandy loam over clay soil. 238 240 - 243 2 - 5 

Site 
10 

Yilgarn craton, zone of ancient 
drainage, valley floor. 

Broad valley floor with shallow saline groundwater, pale 
sandy clay soils  298 300 2 

Site 
11 

Yilgarn craton, zone of ancient 
drainage, elevated valley 

Sandplain grading to red loam soil, no surface expression 
of salt 298 333 35 

Site 
12 

Yilgarn craton, zone of ancient 
drainage, valley floor. 

Adjacent to narrow saline valley with 1:5000 gradient, 
pale sandy clay soils.  264 267 3 

Site 
13 

Yilgarn craton, zone of ancient 
drainage, valley floor. 

Broad flat valley floor 1:2000 gradient,  incipient surface 
salt expression adjacent to site red loam clay soils  270 279 9 

Site 
14 

Yilgarn craton, zone of ancient 
drainage, valley floor. 

Adjacent to valley floor, 3m fall from plot to discharge 
zone, sandy surface soil with hard pan 288 291 3 

Site 
15 

Yilgarn craton, zone of ancient 
drainage, valley floor 

Downslope from Site 16 on broad valley floor red loam 
soils west of Lake Moore 311 317 - 320 6 - 9 

Site 
16 

Yilgarn craton, zone of ancient 
drainage, sandplain 

Low on a long sandy soil slope adjacent to saline 
sandplain seep abutting red loam slopes 311 328 - 334 17 - 23 

Site 
17 

Yilgarn craton, zone of ancient 
drainage, narrow valley floor 

Valley floor at head of drainage line, plot at foot of 
hillslope, no surface salt expression, red loam soils 315 324 9 

Site 
18 

Esperance sandplain, undulating 
Tertiary sediments overlying 
igneous basement, open to 
external drainage.   

Elevated deep grey/yellow sandy duplex soil 132 139 7 

Site 
19 Elevated deep grey/yellow sandy duplex soil 128 140 12 

Site 
20 

Esperance sandplain, Tertiary 
sediments overlying igneous 
basement, no external drainage.   

Elevated deep grey/yellow sandy duplex soil 140 161 21 
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Table S2 - Site soils physico-chemical characteristics for the 19 mallee Eucalypt sites in the Western Australian Wheatbelt. 
This data was originally collected by R. Sudmeyer for Peck et al. (2012) and later used in Sudmeyer et al. (2012). 

Site Rep Spp Max_pH Min_pH Max_EC P_Colw Organic_C NH4_NO3 K_Colw Sulphur m_clay SoilDth 

1 1 Epoly 6.3 5.0 6.83 36.8 2686.4 44.9 1286.8 1261.2 0.6 11.5 

 
2 Epoly 6.4 4.9 9.37 28.2 1993.4 35.3 627.5 641.1 0.4 7.5 

 
3 Epoly 5.8 5.1 1.21 22.1 1667.8 27.0 310.5 440.5 0.5 5.5 

2 1 Elox 9.1 5.4 4.50 17.8 884.5 26.1 477.6 95.4 0.3 3.5 

 
2 Elox 8.2 8.2 2.31 18.3 888.9 26.0 474.8 93.7 0.35 3.5 

 
3 Elox 7.9 4.9 2.92 18.8 893.3 25.8 471.9 92.0 0.4 3.5 

3 1 Elox 7.6 5.1 10.79 18.7 1454.4 21.6 1073.4 342.8 0.1 7.5 

 
2 Elox 7.7 5.5 8.76 21.1 1600.2 24.1 1212.0 483.7 0.06 8 

 
3 Elox 7.4 5.9 27.60 19.4 1498.1 22.4 1115.0 385.1 0.1 8 

5 1 Elox 6.7 4.8 0.72 15.2 644.2 22.8 159.6 106.3 1.75 2.45 

 
2 Elox 6.3 5.0 5.27 17.8 771.3 28.3 335.8 120.4 1.9 3.5 

 
3 Elox 6.6 4.6 15.12 15.6 659.8 24.2 158.1 116.8 1.95 2.4 

6 1 Elox 7.0 3.8 13.12 26.8 1100.5 17.6 3372.8 410.3 0.2 3.2 

 
2 Elox 6.2 3.8 14.26 25.9 1019.3 16.3 3101.0 316.6 0.2 2.9 

 
3 Elox 6.1 3.7 15.17 26.2 1046.4 16.7 3191.6 347.8 0.2 3 

7 1 Elox 6.5 4.0 19.20 8.5 381.0 6.4 211.6 79.5 0.12 2.1 

 
2 Elox 6.6 3.9 19.96 11.2 592.0 9.0 488.6 266.9 0.12 2.35 

 
3 Elox 6.4 3.9 21.10 13.8 807.7 12.3 733.4 454.7 0.12 2.35 

8 1 Epoly 7.9 7.3 3.51 35.9 1771.0 43.9 1359.9 981.7 0.2 5 

 
2 Epoly 7.4 5.6 18.93 33.4 1644.2 42.9 1203.9 833.4 0.2 11.5 

 
3 Epoly 8.5 6.3 11.58 35.9 1771.0 39.5 1359.9 981.7 0.2 11.5 

9 1 Elox 7.7 4.5 10.15 11.6 581.1 17.8 324.9 154.4 0.3 2.6 

 
2 Elox 7.3 4.5 10.85 10.8 837.8 15.4 204.0 108.1 0.5 2.75 

 
3 Elox 8.0 4.5 10.18 8.7 295.4 13.5 274.8 56.4 0.35 5.2 

10 1 Elox 7.6 4.1 6.01 18.5 1017.6 18.2 563.2 590.1 0.3 3.5 

 
2 Elox 7.3 4.5 8.34 15.3 841.7 15.9 544.2 545.3 0.1 3.2 

 
3 Elox 7.3 4.3 8.12 17.0 933.8 16.7 528.5 538.0 0.25 3.2 

11 1 Ekoch 6.8 4.2 36.60 18.7 1095.9 21.6 1014.6 260.9 0.15 3.8 

 
2 Ekoch 8.2 4.3 2.99 18.4 1077.1 21.1 991.8 249.0 0.3 3.7 

 
3 Ekoch 7.9 4.0 36.60 19.0 1114.7 22.1 1037.4 272.7 0.5 3.9 

12 1 Elox 7.9 4.0 18.90 12.8 865.1 20.4 663.4 436.7 0.1 3 

 
2 Elox 8.2 4.0 17.17 12.3 685.7 9.6 488.8 165.3 0.1 1.95 

 
3 Elox 8.1 4.0 15.90 13.5 641.1 12.9 482.5 259.3 0.1 2.55 
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Site Rep Spp Max_pH Min_pH Max_EC P_Colw Organic_C NH4_NO3 K_Colw Sulphur m_clay SoilDth 

13 1 Elox 8.1 3.8 8.36 28.1 1721.3 56.3 3847.6 1007.0 0.25 5.5 

 
2 Elox 8.2 3.7 8.41 26.5 1614.0 53.8 3815.4 947.8 0.2 5 

 
3 Elox 8.0 3.6 12.87 26.8 1665.2 54.5 3789.7 948.1 0.25 5 

14 1 Elox 7.4 5.4 2.03 10.9 498.6 9.0 678.9 55.2 0.1 2.6 

 
2 Elox 7.1 5.2 3.53 18.5 620.2 11.6 982.9 66.7 0.15 3.7 

 
3 Elox 6.5 5.0 3.04 15.1 534.6 10.2 934.2 61.4 0.1 3.4 

15 1 Ekoch 8.1 5.0 13.03 18.5 794.3 91.9 4272.4 758.3 0.1 3.1 

 
2 Ekoch 7.4 4.5 13.89 18.8 815.5 93.5 4354.5 789.5 0.1 3.2 

 
3 Ekoch 7.9 4.2 12.84 19.6 885.3 96.5 4544.6 870.2 0.1 3.5 

16 1 Ekoch 5.8 4.3 0.31 11.7 698.9 26.3 273.0 240.5 10 4.7 

 
2 Ekoch 6.3 4.4 1.03 12.4 736.5 27.7 324.7 243.6 10 5 

 
3 Ekoch 6.1 4.1 0.28 11.3 673.8 25.4 238.6 238.4 10 4.5 

17 1 Elox 6.1 4.1 8.51 9.7 718.2 9.7 593.7 120.6 0.1 3.2 

 
2 Elox 6.2 3.9 17.81 17.3 1119.0 19.0 959.2 279.9 0.18 3.3 

 
3 Elox 7.0 3.9 18.27 18.0 1092.8 18.9 819.0 218.9 0.25 3.3 

18 1 Epoly 6.6 4.4 2.25 22.2 859.8 29.7 1008.8 502.1 0.3 8 

 
2 Epoly 6.6 3.9 3.26 27.6 1225.3 24.5 1769.1 632.0 0.4 7.2 

 
3 Epoly 6.2 4.3 1.92 17.1 736.8 36.0 996.8 253.7 0.45 7.7 

19 1 Epoly 8.2 4.4 8.15 17.0 1237.7 24.0 697.1 65.7 0.1 3.8 

 
2 Epoly 6.4 4.6 1.60 16.9 994.8 19.5 653.1 291.1 0.3 4 

 
3 Epoly 7.6 4.5 7.60 16.7 819.6 26.3 592.7 347.4 0.2 5 

20 1 Elox 8.4 3.8 10.58 28.2 1561.3 34.9 2843.8 846.0 0.1 10 

 
2 Elox 8.3 4.3 10.08 22.5 1288.7 25.1 2891.5 882.3 0.35 5.8 

 
3 Elox 9.0 4.0 10.43 26.5 1239.6 30.0 2376.7 1907.7 0.08 6.1 
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Table S3 – The measured physico-chemical and landscape characterises used in multiple stepwise regressions.  

Site characteristics  Units 

Mean Annual Precipitation (mm) 

mean annual pan evaporation  (mm) 

Minimum Temperature ᵒC 

Maximum Temperature ᵒC 

Maximum pH CaCl2 

Minimum pH CaCl2 

Maximum ECe ds/m 

Cowell Phosphorus mg/kg 

NO3- plus NH4 mg/kg 

Cowell Potassium mg/kg 

Sulphur mg/kg 

Organic Carbon % weight 

Depth to clay layer m 

Soil Depth to hardpan or watertable m 

Relief to valley floor -elevation difference to nearest area of local saline discharge  m 
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Table S4 - Parameterisation of allometric model for site-specific prediction of above ground fresh biomass (AGFB) of tree 
(not coppiced) mallees from ‘equivalent diameter near root collar’ (EDRC). Sample number (n), coefficient of determination 

(R2), Mean Squared Error (MSE), and values in parentheses are standard errors of parameter estimates.  

 

Site Spp n Lower domain (kg) Upper domain (kg) Intercept Slope R2 MSE 

1 Epol 45 11.4 771.5 -1.400 (0.335) 2.273 (0.114) 0.902 0.045 

2 Elox 55 1.7 98.8 -1.433 (0.275) 2.189 (0.115) 0.873 0.030 

3 Elox 50 0.8 111.5 -1.094 (0.249) 2.154 (0.114) 0.881 0.037 

6 Elox 52 2.6 90.0 -2.368 (0.252) 2.737 (0.116) 0.918 0.048 

7 Elox 20 2.4 53.5 -1.259 (0.252) 2.190 (0.122) 0.947 0.009 

8 Epol 27 24.7 110.2 -1.204 (0.499) 2.149 (0.202) 0.820 0.040 

9 Elox 36 8.2 164.5 -1.671 (0.274) 2.332 (0.114) 0.924 0.040 

10 Elox 90 2.0 157.5 -1.679 (0.129) 2.327 (0.059) 0.946 0.031 

11* Ekoc 45 1.8 96.2 1.044 (0.087) 0.924 (0.039) 0.928 0.038 

12 Elox 101 1.0 113.1 -2.364 (0.162) 2.612 (0.083) 0.909 0.066 

13 Elox 80 4.4 213.5 -1.973 (0.311) 2.541 (0.131) 0.828 0.093 

14 Elox 47 1.1 60.6 -2.492 (0.189) 2.740 (0.097) 0.947 0.043 

15 Ekoc 50 6.4 143.5 -1.658 (0.321) 2.181 (0.121) 0.872 0.052 

16 Ekoc 122 0.8 331.5 -2.697 (0.153) 2.639 (0.06) 0.942 0.055 

17 Elox 70 0.8 176.0 -2.106 (0.103) 2.446 (0.045) 0.977 0.032 

18&19 Epol 39 4.5 184.5 -1.967 (0.257) 2.415 (0.103) 0.937 0.058 

20 Elox 75 0.5 96.7 -1.815 (0.165) 2.315 (0.088) 0.904 0.079 

         
* Equation used CVI not EDRC   
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Table S5 - Parameterisation of allometric model for site-specific prediction of above ground fresh biomass (AGFB) of 
coppiced mallees from ‘equivalent diameter near root collar’ (EDRC). Sample number (n), coefficient of determination (R2), 

Mean Squared Error (MSE), and values in parentheses are standard errors of parameter estimates.  

Site Spp n Lower domain (kg) Upper domain (kg) Intercept Slope R2 MSE 

1 Epol 142 2.1 316.0 0.285 (0.133) 1.029 (0.035) 0.859 0.075 

2 Elox 45 3.6 74.5 0.173 (0.173) 0.984 (0.048) 0.903 0.023 

3 Elox 142 0.4 53.0 0.016 (0.093) 1.033 (0.033) 0.878 0.058 

6 Elox 60 0.9 43.5 -0.589 (0.136) 1.215 (0.05) 0.912 0.055 

8 Epol 120 3.0 104.0 0.226 (0.105) 1.068 (0.036) 0.882 0.045 

9 Elox 113 0.3 69.0 -0.145 (0.129) 1.085 (0.043) 0.849 0.044 

10 Elox 81 0.1 35.9 0.075 (0.163) 1.015 (0.059) 0.789 0.072 

12 Elox 50 1.7 63.5 -0.223 (0.159) 1.107 (0.054) 0.897 0.057 

13 Elox 78 5.4 63.5 -0.107 (0.133) 1.159 (0.047) 0.887 0.028 

15 Ekoc 60 8.2 95.3 0.651 (0.145) 0.995 (0.045) 0.893 0.029 

16 Ekoc 94 1.0 107.3 0.860 (0.108) 0.934 (0.035) 0.887 0.031 

17 Elox 97 1.5 53.0 -0.273 (0.119) 1.118 (0.04) 0.890 0.058 

18 Epol 124 1.0 197.0 -0.064 (0.102) 1.14 (0.033) 0.909 0.065 

19 Epol 118 0.1 75.5 0.231 (0.103) 1.061 (0.036) 0.882 0.052 
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Figures S1-S20: Pairwise T-tests for symmetry of outer rows in a mallee eucalypt belt 

The paper, A decadal multi-site study of the effects of frequency and season of harvest on biomass 

production from mallee eucalypts, assessed three species of mallee eucalypts, hereafter referred to as 

‘mallee’, planted in belts of varying numbers of rows.  Of the 19 sites considered by this study there 

were 10 sites with 2-row belts, one site with a 3-row belt, four sites with 4-row belts and four sites 

with 6-row belts.  At each site, the diameters of an edge row and the adjacent row were measured. 

Therefore, not all the stem diameters were measured at sites with more than two rows.   

This paper considers the total biomass of the mallee belt (measured and unmeasured trees) in which 

the unmeasured trees were estimated using principles of symmetry.  For instance, in a 3-row belt, the 

biomass of the measured edge row was doubled to compensate for the unmeasured edge row. The 

outer row was selected rather than the adjacent (internal) row to account for the biomass suppression 

that occurs in internal rows (Peck et al., 2012).  Likewise, for a 4-row belt, the biomass from the two 

measured rows (rows one and two) were doubled to account for the biomass of the unmeasured rows 

(rows three and four).   

The hypothesis tested below is that there will be no difference in biomass between the outer rows 

from each side of a mallee belt.  The data presented here is from 20 sites across the Western 

Australian wheatbelt which included mallee of different species, ages and number of rows.  Some of 

the sites were also presented in the decadal study. Some sites had been harvested while others were 

uncut. At each site, the stem diameter or volume were measured for a minimum of eight trees from 

each row and from at least three replicates.  To estimate biomass allometric equations were applied 

from this study.  The biomass of each of the groups compared in the t-tests using the sum of total 

green biomass.  Natural logarithmic transformation was applied to these data.  Where there was a 

three-row planting, row 1 was tested against row 3.  When there were four or more rows, the sum of 

row one and two were tested against the alternative outer two rows.   

At 18 of the 20 datasets compared, there was no significant difference between the biomass of the 

groups suggesting that symmetry exists within a mallee belt.  At one of the sites with a significant 

difference between rows 1 and 2 vs rows 3 and 4 (Fig. S9), there was drain installed above the tree 

belt approximately 1 metre deep with a bund installed. This may have contributed to the uneven 

biomass distribution due to unequal water allocation. 
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Figure S1 – Comparison of biomass from rows 1 and 3 in a 3-row belt at Site 3 in this publication.  This is an uncut 
Eucalyptus loxophleba ssp lissophloia site measured at approximately 17 years old. Below is the output from the pair-wise t-
test. The solid lines represent the natural log–transformed biomass of each rep at row 1 and 3.  The broken line represents the 
average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 -0.0116 0.2148 0.1240 -0.2557 0.1488 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0116 -0.5453 0.5220 0.2148 0.1118 1.3501 

 

DF t Value Pr > |t| 

2 -0.09 0.9337 
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Figure S2 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt near Gibson.  This is 
an uncut E. polybractea site measured at approximately 19 years old. Below is the output from the pair-wise t-test. The solid 
lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  The broken line represents the 
average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

12 0.1529 0.3105 0.0896 -0.2457 0.7305 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.1529 -0.0444 0.3501 0.3105 0.2199 0.5272 

 

DF t Value Pr > |t| 

11 1.71 0.1161 
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Figure S3 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt in a spacing trial 
located near Cuballing.  This is an uncut E. polybractea site measured at approximately 13 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

4 -0.1485 0.4129 0.2065 -0.5736 0.3711 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.1485 -0.8055 0.5086 0.4129 0.2339 1.5396 

 

DF t Value Pr > |t| 

3 -0.72 0.5240 
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Figure S4 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt located near Pingelly.  
This is an E. loxophleba spp lissophloia coppice site measured 4-years after harvest and the trees were established 
approximately 16 years prior to measurement. Below is the output from the pair-wise t-test. The solid lines are the natural 
log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  The broken line represents the average biomass. 

  

N Mean Std Dev Std Err Minimum Maximum 

3 0.0760 0.1427 0.0824 -0.0585 0.2256 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.0760 -0.2785 0.4304 0.1427 0.0743 0.8967 

 

DF t Value Pr > |t| 

2 0.92 0.4538 
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Figure S5 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt Spacing Trial located 
near Pingelly.  This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. 
Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 
compared to rows 3 and 4.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

4 -0.1125 0.4571 0.2286 -0.7831 0.1815 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.1125 -0.8399 0.6149 0.4571 0.2590 1.7044 

 

DF t Value Pr > |t| 

3 -0.49 0.6564 
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Figure S6 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt located near Pingelly.  
This is an E. loxophleba spp lissophloia site measured when the trees were approximately 16 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.2746 0.2029 0.1171 0.0439 0.4254 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.2746 -0.2294 0.7786 0.2029 0.1056 1.2752 

 

DF t Value Pr > |t| 

2 2.34 0.1438 
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Figure S7 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt located near Pingelly.  
This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

16 0.3455 0.2551 0.0638 -0.0581 0.8889 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.3455 0.2096 0.4814 0.2551 0.1885 0.3948 

 

DF t Value Pr > |t| 

15 5.42 <.0001 
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Figure S8 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt at Site 8 in this 
publication.  This is an E. polybractea coppice site measured 4 years after harvest and the trees were established about 19 
years prior to measurement. Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed 
biomass at row 1 and 2 compared to rows 3 and 4.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.2262 0.1772 0.1023 0.0487 0.4030 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.2262 -0.2139 0.6663 0.1772 0.0922 1.1134 

 

DF t Value Pr > |t| 

2 2.21 0.1575 
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Figure S9 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt at Site 8 in this 
publication.  This is an E. polybractea coppice site measured 7 years after harvest and the trees were established about 19 
years prior to measurement. Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed 
biomass at row 1 and 2 compared to rows 3 and 4.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.4548 0.0115 0.00663 0.4441 0.4669 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.4548 0.4262 0.4833 0.0115 0.00598 0.0722 

 

DF t Value Pr > |t| 

2 68.56 0.0002 
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Figure S10 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt at Site 8 in this 
publication.  This is an E. polybractea site measured when the trees were approximately 19 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.4548 0.0115 0.00663 0.4441 0.4669 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.4548 0.4262 0.4833 0.0115 0.00598 0.0722 

 

DF t Value Pr > |t| 

2 68.56 0.0002 
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Figure S11 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt located near 
Harrowsmith.  This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. 
Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 
compared to rows 3 and 4.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.1242 0.2568 0.1483 -0.1721 0.2843 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.1242 -0.5139 0.7622 0.2568 0.1337 1.6141 

 

DF t Value Pr > |t| 

2 0.84 0.4905 
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Figure S12 – Comparison of the combined biomass of rows 1 and 2 versus rows 3 and 4 in a 4-row belt in a Spacing Trial 
near Narrogin.  This is an E. polybractea site measured when the trees were approximately 12 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 3 and 4.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

4 -0.0317 0.1904 0.0952 -0.3170 0.0753 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0317 -0.3347 0.2712 0.1904 0.1079 0.7099 

 

DF t Value Pr > |t| 

3 -0.33 0.7607 
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Figure S13 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt in a Spacing Trial 
near Cuballing.  This is an E. polybractea site measured when the trees were approximately 13 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 5 and 6.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 -0.3370 0.3112 0.1797 -0.6251 -0.00697 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.3370 -1.1101 0.4360 0.3112 0.1620 1.9557 

 

DF t Value Pr > |t| 

2 -1.88 0.2015 
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Figure S14 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt in a Spacing Trial 
near Pingelly.  This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. 
Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 
compared to rows 5 and 6.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

4 0.3117 0.5568 0.2784 -0.3464 0.9179 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.3117 -0.5743 1.1976 0.5568 0.3154 2.0760 

 

DF t Value Pr > |t| 

3 1.12 0.3445 
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Figure S15 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt at Site 12 in this 
publication.  This is an E. loxophleba spp lissophloia coppice site measured 5 years after harvest and the trees were 
established 17 prior to measurement. Below is the output from the pair-wise t-test. The solid lines are the natural log–

transformed biomass at row 1 and 2 compared to rows 5 and 6.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 0.1231 0.0616 0.0356 0.0823 0.1940 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.1231 -0.0300 0.2762 0.0616 0.0321 0.3873 

 

DF t Value Pr > |t| 

2 3.46 0.0744 
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Figure S16 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt at Site 12 in this 
publication. This is an E. loxophleba spp lissophloia site measured when the trees were approximately 17 years old. Below is 
the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 
5 and 6.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 -0.0422 0.2141 0.1236 -0.1966 0.2021 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0422 -0.5740 0.4895 0.2141 0.1115 1.3453 

 

DF t Value Pr > |t| 

2 -0.34 0.7651 
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Figure S17 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt located at 
Harrowsmith.  This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. 
Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 
compared to rows 5 and 6.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

3 -0.0963 0.2575 0.1487 -0.3625 0.1516 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0963 -0.7361 0.5435 0.2575 0.1341 1.6186 

 

DF t Value Pr > |t| 

2 -0.65 0.5835 
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Figure S18 – Comparison of the combined biomass of rows 1 and 2 versus rows 5 and 6 in a 6-row belt in a Spacing Trial 
near Narrogin.  This is an E. polybractea site measured when the trees were approximately 12 years old. Below is the output 
from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 compared to rows 5 and 6.  
The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

4 -0.0472 0.1112 0.0556 -0.2001 0.0649 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0472 -0.2241 0.1298 0.1112 0.0630 0.4147 

 

DF t Value Pr > |t| 

3 -0.85 0.4586 
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Figure S19 – Comparison of the combined biomass of rows 1 and 2 versus rows 7 and 8 in an 8-row belt on the same 
property at Sites 18 and 19 in this publication.  This is an E. polybractea site measured when the trees were approximately 9 
years old. Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 
2 compared to rows 7 and 8.  The broken line represents the average biomass. 

 

N Mean Std Dev Std Err Minimum Maximum 

5 -0.0420 0.1300 0.0581 -0.2297 0.1122 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

-0.0420 -0.2034 0.1193 0.1300 0.0779 0.3734 

 

DF t Value Pr > |t| 

4 -0.72 0.5097 
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Figure S20 – Comparison of the combined biomass of rows 1 and 2 versus rows 9 and 10 in a 10-row belt located near 
Harrowsmith.  This is an E. loxophleba spp lissophloia site measured when the trees were approximately 13 years old. 
Below is the output from the pair-wise t-test. The solid lines are the natural log–transformed biomass at row 1 and 2 
compared to rows 9 and 10.  The broken line represents the average biomass. 

N Mean Std Dev Std Err Minimum Maximum 

3 0.0143 0.2550 0.1472 -0.2702 0.2224 

 

Mean 95% CL Mean Std Dev 95% CL Std Dev 

0.0143 -0.6191 0.6478 0.2550 0.1328 1.6026 

 

DF t Value Pr > |t| 

2 0.10 0.9315 
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Table S1 – The duration of a flowering phase in the 2014 assessment determined by the month flowering commenced. Separate assessments 
were made for trees that underwent two reproductive events. 
 

Month start flowering 
No. trees 
flowering 

Average flowering 
duration (weeks) 

February  2 21.5 
March 13 22.4 
April 151 22.3 
May 240 20.4 
June 189 17.8 
July 127 15.7 
August 120 12.7 
September 77 10.9 

 

 
Fig. S1 Variation in flowering time for individual trees from two families (8 and 26) over two years (2012 and 2014). Family 8 was the 
earliest flowering family and Family 26 was the latest. 
 

Apr May May Jun Jul Aug Sep Oct Nov Dec

Family 8 - 2012

Family 8 - 2014

Family 26 - 2012

Family 26 - 2014

Month
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Table S2 – Least square means of each family for start flowering week, end flowering week and duration of flowering with the standard 
error in brackets (SE). Untransformed proportion or individuals flowering (%) in 2012 and 2014, and the proportion of trees that flowered 
twice (dual flowering) from each family. DUM = Dumbleyung, LGR = Lake Grace, COO = Coolgardie, GOG = Goongarrie, NOR = 
Norseman, NAR = Narembeen, SNC = Southern Cross, TYG = Trayning, WES = Westonia. 
 

Provenance Family 
Start flowering 

week (SE) 
End flowering 

week (SE) 
Duration 

flowering (SE) % flowered 2012 % flowered 2014 % dual flowering 
DUM 1 24.3 (1.2) 46.4 (0.6) 23.2 (1.2) 84.2 78.9 36.8 
DUM 2 26.0 (1.3) 46.1 (0.6) 21.2 (1.3) 83.3 77.8 16.7 
DUM 3 26.0 (1.2) 48.0 (0.6) 23.3 (1.2) 75.0 85.0 45.0 
DUM 4 26.2 (1.5) 44.2 (0.7) 19.0 (1.5) 73.3 73.3 0.0 
DUM 5 28.9 (1.2) 45.5 (0.6) 17.5 (1.2) 85.0 85.0 5.0 
DUM 6 30.9 (1.2) 46.8 (0.5) 17.1 (1.2) 100.0 84.2 10.5 
DUM 7 31.8 (1.2) 45.1 (0.6) 14.5 (1.2) 71.4 76.2 4.8 
LGR 8 20.4 (1.6) 40.2 (0.7) 21.1 (1.6) 62.5 56.3 0.0 
LGR 9 26.3 (1.1) 45.9 (0.5) 20.6 (1.1) 95.0 100.0 0.0 
LGR 10 26.7 (1.3) 43.7 (0.6) 18.1 (1.3) 81.0 61.9 0.0 
LGR 11 27.3 (1.2) 46.5 (0.6) 20.3 (1.2) 84.2 78.9 31.6 
LGR 12 27.4 (1.2) 47.4 (0.5) 21.0 (1.2) 95.0 80.0 50.0 
LGR 13 28.2 (1.2) 46.4 (0.5) 19.3 (1.2) 95.0 80.0 40.0 
LGR 14 28.2 (1.2) 46.5 (0.6) 19.4 (1.2) 94.1 94.1 35.3 
LGR 15 29.3 (1.2) 45.5 (0.6) 17.0 (1.2) 85.0 70.0 20.0 
LGR 16 29.4 (1.3) 45.4 (0.6) 17.0 (1.3) 65.0 85.0 0.0 
LGR 17 29.6 (1.1) 47.5 (0.5) 18.9 (1.2) 85.7 85.7 28.6 
LGR 18 30.7 (1.2) 46.9 (0.6) 17.1 (1.2) 85.0 70.0 25.0 
LGR 19 31.0 (1.1) 48.3 (0.5) 18.3 (1.1) 90.9 90.9 54.5 
LGR 20 31.5 (1.2) 46.1 (0.6) 15.6 (1.2) 70.0 90.0 5.0 
LGR 21 32.9 (1.6) 45.4 (0.7) 13.5 (1.6) 64.7 47.1 0.0 
COO 22 20.0 (1.2) 44.8 (0.6) 26.1 (1.2) 83.3 94.4 22.2 
COO 23 20.8 (1.1) 49.4 (0.5) 29.7 (1.2) 94.7 94.7 57.9 
COO 24 24.6 (1.3) 46.1 (0.6) 22.5 (1.3) 81.3 93.8 0.0 
GOG 25 29.0 (1.2) 45.6 (0.6) 17.7 (1.2) 70.0 90.0 5.0 
GOG 26 37.7 (1.1) 51.2 (0.5) 14.5 (1.1) 100.0 100.0 5.3 
NOR 27 20.6 (1.1) 46.9 (0.5) 28.1 (1.1) 95.0 90.0 45.0 
NOR 28 25.1 (1.2) 47.3 (0.5) 23.2 (1.2) 90.0 85.0 5.0 
NOR 29 25.2 (1.2) 46.5 (0.6) 22.3 (1.2) 86.4 68.2 9.1 
NOR 30 25.8 (1.2) 50.0 (0.5) 25.7 (1.2) 100.0 94.4 50.0 
NOR 31 27.4 (1.2) 49.8 (0.6) 23.7 (1.2) 94.4 88.9 55.6 
NOR 32 28.2 (1.1) 49.3 (0.5) 22.3 (1.2) 100.0 100.0 33.3 
NOR 33 29.1 (1.1) 50.9 (0.5) 23.4 (1.1) 95.0 95.0 50.0 
NOR 34 30.2 (1.2) 50.1 (0.6) 20.9 (1.2) 84.2 84.2 42.1 
NOR 35 31.6 (1.1) 52.3 (0.5) 21.9 (1.1) 100.0 90.0 35.0 
NOR 36 33.7 (1.1) 50.9 (0.5) 18.6 (1.1) 95.0 95.0 25.0 
NOR 37 34.5 (1.1) 52.0 (0.5) 18.7 (1.1) 85.7 100.0 33.3 
NAR 38 27.7 (1.2) 45.7 (0.6) 18.9 (1.2) 95.0 75.0 0.0 
NAR 39 27.8 (1.1) 44.6 (0.5) 17.8 (1.1) 95.2 100.0 4.8 
NAR 40 29.7 (1.2) 46.4 (0.6) 17.8 (1.2) 94.4 77.8 0.0 
NAR 41 30.9 (1.2) 46.4 (0.6) 16.4 (1.2) 94.7 84.2 0.0 
SNC 42 21.5 (1.2) 44.7 (0.6) 24.1 (1.2) 77.8 100.0 5.6 
SNC 43 24.1 (1.1) 45.6 (0.5) 22.7 (1.2) 85.0 95.0 0.0 
SNC 44 27.2 (1.3) 44.2 (0.6) 17.9 (1.3) 68.4 73.7 5.3 
SNC 45 29.7 (1.2) 45.8 (0.6) 17.0 (1.2) 88.9 88.9 0.0 
SNC 46 33.7 (1.3) 51.3 (0.6) 18.9 (1.3) 100.0 100.0 13.3 
TYG 47 21.9 (1.2) 42.3 (0.5) 21.6 (1.2) 89.5 94.7 0.0 
TYG 48 24.9 (1.1) 45.5 (0.5) 21.6 (1.1) 100.0 100.0 5.0 
TYG 49 26.8 (1.2) 46.1 (0.5) 20.3 (1.2) 89.5 94.7 0.0 
TYG 50 28.3 (1.2) 45.4 (0.6) 18.1 (1.2) 100.0 100.0 0.0 
TYG 51 28.7 (1.3) 46.7 (0.6) 19.0 (1.3) 100.0 92.9 0.0 
TYG 52 28.8 (1.1) 47.3 (0.5) 19.5 (1.1) 81.0 100.0 4.8 
TYG 53 29.4 (1.1) 44.0 (0.5) 15.6 (1.2) 85.0 95.0 0.0 
TYG 54 29.5 (1.2) 48.3 (0.5) 19.8 (1.2) 76.2 95.2 4.8 
TYG 55 29.6 (1.2) 46.8 (0.6) 18.2 (1.2) 88.9 88.9 0.0 
TYG 56 29.7 (1.2) 48.1 (0.6) 19.3 (1.3) 68.4 94.7 0.0 
TYG 57 29.7 (1.1) 45.9 (0.5) 17.2 (1.1) 95.0 95.0 0.0 
WES 58 24.1 (1.4) 44.7 (0.7) 21.8 (1.4) 85.7 85.7 14.3 
WES 59 30.6 (1.2) 48.3 (0.6) 18.6 (1.2) 94.4 88.9 11.1 
WES 60 32.7 (1.2) 47.1 (0.5) 15.5 (1.2) 94.4 100.0 0.0 
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Table S1 The total number of E. polybractea saplings and coppice across the three progeny trials at Newdegate, Drummartin
and Condobolin and the proportion of the saplings that reshot (coppiced) after harvest.

Population Family No. saplings No. coppice % coppiced
Charcoal Tank Rd 25 54 54 1.00
Kerrs Lane 5 63 59 0.94

6 55 55 1.00
Talimba Rd East 44 60 59 0.98
Talimba Rd West 45 51 50 0.98
West Mid-West Hwy 28 64 64 1.00

29 59 59 1.00
30 60 59 0.98
31 63 62 0.98

West Wyalong Town 1 55 55 1.00
2 51 50 0.98
3 56 56 1.00
4 57 55 0.96
26 58 58 1.00
27 55 54 0.98
36 58 57 0.98
37 56 56 1.00
38 58 57 0.98
39 62 62 1.00
40 56 56 1.00
41 60 58 0.97
42 53 53 1.00
43 57 57 1.00
46 60 60 1.00
47 64 62 0.97
48 56 56 1.00
49 53 53 1.00
56 53 53 1.00
57 61 61 1.00
58 51 49 0.96
59 60 60 1.00
60 61 60 0.98
61 57 54 0.95
62 57 56 0.98
63 54 54 1.00
64 62 62 1.00
65 58 57 0.98
66 47 47 1.00

West Yalgogrin 32 56 54 0.96
33 54 54 1.00
34 57 57 1.00
35 61 61 1.00

Winters Lane 7 52 52 1.00
8 53 52 0.98
9 57 58 1.02
10 61 61 1.00
11 59 58 0.98
12 51 49 0.96
13 54 54 1.00
14 62 59 0.95
15 61 61 1.00
16 56 55 0.98
17 58 58 1.00
18 61 60 0.98
19 50 48 0.96
20 54 54 1.00
21 60 60 1.00
22 57 56 0.98
23 62 60 0.97
24 63 63 1.00
50 56 56 1.00
51 55 54 0.98
52 59 59 1.00
53 53 52 0.98
54 56 56 1.00
55 56 55 0.98
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Table S2 Best Linear Unbiased Estimates (± standard errors) for three biomass assessment at the Newdegate E. polybractea
progeny trial.

Provenance Family 3-year sapling 6-year sapling Coppice
Charcoal Tank Rd 25 1.6860 ± 0.0950 3.2679 ± 0.1644 1.8692 ± 0.0920
Kerrs Lane 5 1.4633 ± 0.0873 3.1734 ± 0.1436 1.8500 ± 0.0862

6 1.5764 ± 0.0983 3.2548 ± 0.1707 1.8294 ± 0.0948
Talimba Rd East 44 1.5859 ± 0.0886 3.3229 ± 0.1470 1.8047 ± 0.0863
Talimba Rd West 45 1.7119 ± 0.0886 3.5819 ± 0.1548 1.9617 ± 0.0888
West Mid-West Hwy 28 1.5238 ± 0.0873 2.9563 ± 0.1436 1.6691 ± 0.0851

29 1.4976 ± 0.0873 2.7640 ± 0.1470 1.6687 ± 0.0862
30 1.5341 ± 0.0886 3.3781 ± 0.1509 1.9074 ± 0.0876
31 1.8357 ± 0.0861 3.1139 ± 0.1404 1.7891 ± 0.0840

West Wyalong Town 1 1.5173 ± 0.0873 2.8809 ± 0.1470 1.7525 ± 0.0862
2 1.5561 ± 0.0898 2.9539 ± 0.1547 1.8041 ± 0.0887
3 1.4738 ± 0.0921 3.0980 ± 0.1553 1.7398 ± 0.0892
4 1.7367 ± 0.0901 3.2627 ± 0.1509 1.8936 ± 0.0889
26 1.4421 ± 0.0934 3.3931 ± 0.1649 1.8864 ± 0.0925
27 1.6070 ± 0.0933 3.3251 ± 0.1596 1.8966 ± 0.0920
36 1.6184 ± 0.0901 3.2703 ± 0.1550 1.9025 ± 0.0904
37 1.5909 ± 0.0886 3.0229 ± 0.1470 1.7114 ± 0.0862
38 1.7166 ± 0.0899 3.4003 ± 0.1507 1.9977 ± 0.0876
39 1.5948 ± 0.0861 3.3090 ± 0.1435 1.8528 ± 0.0851
40 1.5303 ± 0.0912 3.0810 ± 0.1470 1.8289 ± 0.0863
41 1.9072 ± 0.0915 3.6836 ± 0.1549 2.0094 ± 0.0889
42 1.6164 ± 0.0929 3.3587 ± 0.1593 1.8673 ± 0.0903
43 1.5924 ± 0.0922 3.3428 ± 0.1553 1.9548 ± 0.0893
46 1.8176 ± 0.0899 3.8434 ± 0.1549 2.0690 ± 0.0889
47 1.6226 ± 0.0873 3.2580 ± 0.1435 1.8077 ± 0.0851
48 1.4918 ± 0.0900 2.9198 ± 0.1597 1.7352 ± 0.0907
49 1.8240 ± 0.0929 3.4287 ± 0.1644 1.9592 ± 0.0919
56 1.8981 ± 0.0873 3.6750 ± 0.1435 1.9625 ± 0.0851
57 1.6459 ± 0.0863 3.2388 ± 0.1404 1.9000 ± 0.0841
58 1.4573 ± 0.0956 3.0301 ± 0.1649 1.8118 ± 0.0925
59 1.5650 ± 0.0888 2.9294 ± 0.1509 1.8719 ± 0.0876
60 1.7884 ± 0.0916 3.5006 ± 0.1550 1.9244 ± 0.0907
61 1.6837 ± 0.0861 3.4732 ± 0.1403 1.7966 ± 0.0841
62 1.5642 ± 0.0930 3.2691 ± 0.1594 1.7966 ± 0.0903
63 1.5493 ± 0.0887 3.0509 ± 0.1471 1.6992 ± 0.0863
64 1.6580 ± 0.0874 3.2221 ± 0.1436 1.8457 ± 0.0852
65 1.7106 ± 0.0918 3.3503 ± 0.1551 1.9088 ± 0.0905
66 1.4598 ± 0.0918 3.0184 ± 0.1551 1.6791 ± 0.0891

West Yalgogrin 32 1.5536 ± 0.0902 3.0276 ± 0.1509 1.7158 ± 0.0889
33 1.7399 ± 0.0912 3.6052 ± 0.1548 1.9004 ± 0.0887
34 1.7215 ± 0.0887 3.4155 ± 0.1471 1.9131 ± 0.0864
35 1.6495 ± 0.0873 3.1724 ± 0.1435 1.9609 ± 0.0851

Winters Lane 7 1.7521 ± 0.0899 3.3618 ± 0.1507 1.9217 ± 0.0874
8 1.6204 ± 0.0931 3.2780 ± 0.1645 1.8522 ± 0.0921
9 1.6419 ± 0.0921 3.2329 ± 0.1552 1.8651 ± 0.0877
10 1.7345 ± 0.0900 3.6195 ± 0.1508 1.9042 ± 0.0876
11 1.8069 ± 0.0933 3.5382 ± 0.1595 1.9769 ± 0.0905
12 1.7256 ± 0.0915 3.4520 ± 0.1550 1.9157 ± 0.0889
13 1.4390 ± 0.0885 3.0361 ± 0.1470 1.7021 ± 0.0862
14 1.6461 ± 0.0872 3.5379 ± 0.1469 1.8884 ± 0.0862
15 1.5610 ± 0.0932 2.8792 ± 0.1511 1.7900 ± 0.0879
16 1.7121 ± 0.0885 3.2626 ± 0.1470 1.8285 ± 0.0861
17 1.5071 ± 0.0874 2.9860 ± 0.1436 1.8339 ± 0.0851
18 1.4677 ± 0.0884 3.1774 ± 0.1507 1.7419 ± 0.0873
19 1.8276 ± 0.0970 3.7747 ± 0.1700 2.1256 ± 0.0940
20 1.5983 ± 0.0921 3.4461 ± 0.1553 1.8543 ± 0.0893
21 1.6150 ± 0.0872 3.1200 ± 0.1434 1.8201 ± 0.0850
22 1.6516 ± 0.0916 3.4471 ± 0.1550 1.9620 ± 0.0889
23 1.6538 ± 0.0902 3.2971 ± 0.1510 1.9009 ± 0.0876
24 1.7075 ± 0.0863 3.4196 ± 0.1404 1.8378 ± 0.0841
50 1.6126 ± 0.0887 3.2334 ± 0.1471 1.7976 ± 0.0864
51 1.7056 ± 0.0889 3.4068 ± 0.1472 1.8361 ± 0.0866
52 1.7333 ± 0.0873 3.4120 ± 0.1435 1.8914 ± 0.0851
53 1.5601 ± 0.0977 3.2828 ± 0.1705 1.8226 ± 0.0944
54 1.6371 ± 0.0873 3.1089 ± 0.1435 1.8927 ± 0.0850
55 1.7183 ± 0.0885 3.4792 ± 0.1470 1.8303 ± 0.0862
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Table S3 Best Linear Unbiased Estimates (± standard errors) for three biomass estimates at the Drummartin E. polybractea
progeny trial

Provenance Family 3-year sapling 6-year sapling Coppice
Charcoal Tank Rd 25 1.9339 ± 0.1005 3.2720 ± 0.1582 2.3132 ± 0.0850
Kerrs Lane 5 1.7258 ± 0.0983 2.8390 ± 0.1507 2.0592 ± 0.0849

6 1.8025 ± 0.0984 3.0850 ± 0.1508 2.1102 ± 0.0807
Talimba Rd East 44 1.8822 ± 0.0984 3.1089 ± 0.1543 2.1915 ± 0.0834
Talimba Rd West 45 1.7797 ± 0.1003 3.0419 ± 0.1623 2.2234 ± 0.0862
West Mid-West Hwy 28 1.8170 ± 0.0962 2.9256 ± 0.1474 2.1764 ± 0.0805

29 1.7521 ± 0.1029 2.8062 ± 0.1582 2.1958 ± 0.0848
30 1.9213 ± 0.1005 3.1064 ± 0.1582 2.2533 ± 0.0833
31 1.9060 ± 0.0983 3.1350 ± 0.1508 2.3565 ± 0.0818

West Wyalong Town 1 1.7318 ± 0.1030 2.8469 ± 0.1624 2.1763 ± 0.0866
2 1.5361 ± 0.1145 2.5225 ± 0.1773 2.1524 ± 0.0926
3 1.9449 ± 0.0963 3.2835 ± 0.1474 2.2965 ± 0.0807
4 1.9447 ± 0.0944 3.1758 ± 0.1474 2.2770 ± 0.0806
26 2.0437 ± 0.0962 3.2675 ± 0.1474 2.2598 ± 0.0792
27 1.8160 ± 0.0943 3.0195 ± 0.1507 2.2504 ± 0.0817
36 1.9701 ± 0.0983 3.0966 ± 0.1508 2.2457 ± 0.0819
37 1.8454 ± 0.1031 2.9442 ± 0.1624 2.1906 ± 0.0867
38 1.8597 ± 0.0925 3.1171 ± 0.1474 2.2626 ± 0.0803
39 1.7412 ± 0.0983 2.9590 ± 0.1507 2.1838 ± 0.0818
40 1.7464 ± 0.0984 3.0615 ± 0.1669 2.2868 ± 0.0885
41 1.9800 ± 0.0962 3.3609 ± 0.1507 2.5169 ± 0.0832
42 1.8389 ± 0.1051 3.2101 ± 0.1668 2.1714 ± 0.0880
43 1.9242 ± 0.0983 3.2548 ± 0.1581 2.3124 ± 0.0846
46 2.0562 ± 0.0964 3.1336 ± 0.1474 2.3076 ± 0.0807
47 1.8519 ± 0.1005 3.0017 ± 0.1507 2.2090 ± 0.0819
48 2.0426 ± 0.0964 3.3888 ± 0.1508 2.3985 ± 0.0819
49 1.9748 ± 0.0985 3.1974 ± 0.1508 2.3451 ± 0.0821
56 2.0603 ± 0.1280 3.4413 ± 0.1980 2.3014 ± 0.1023
57 1.9375 ± 0.1011 3.0666 ± 0.1545 2.3363 ± 0.0837
58 1.7514 ± 0.1005 3.0576 ± 0.1581 2.2190 ± 0.0847
59 1.7115 ± 0.1006 2.7729 ± 0.1544 2.1775 ± 0.0833
60 1.7870 ± 0.0962 2.8594 ± 0.1474 2.1641 ± 0.0804
61 1.9484 ± 0.1003 3.0821 ± 0.1581 2.1553 ± 0.0887
62 1.7310 ± 0.0983 2.8431 ± 0.1544 2.0549 ± 0.0834
63 1.7378 ± 0.1056 3.0040 ± 0.1719 2.2019 ± 0.0906
64 2.0206 ± 0.0944 3.2068 ± 0.1443 2.3360 ± 0.0792
65 1.9893 ± 0.1027 3.0259 ± 0.1581 2.2043 ± 0.0847
66 1.6321 ± 0.1027 2.9888 ± 0.1717 2.0073 ± 0.0900

West Yalgogrin 32 1.9592 ± 0.1028 3.1903 ± 0.1581 2.0670 ± 0.0848
33 2.3114 ± 0.1110 3.6439 ± 0.1718 2.2971 ± 0.0904
34 1.8718 ± 0.1054 3.1504 ± 0.1623 2.1694 ± 0.0868
35 1.8680 ± 0.0983 3.1435 ± 0.1543 2.2242 ± 0.0833

Winters Lane 7 1.9598 ± 0.1079 3.2954 ± 0.1668 2.4231 ± 0.0881
8 1.9323 ± 0.0984 3.1202 ± 0.1543 2.2054 ± 0.0834
9 1.9731 ± 0.0983 3.3150 ± 0.1582 2.3496 ± 0.0849
10 1.9411 ± 0.0962 3.1413 ± 0.1474 2.2192 ± 0.0804
11 1.9897 ± 0.0944 3.3237 ± 0.1507 2.3576 ± 0.0818
12 2.1065 ± 0.1080 3.3252 ± 0.1668 2.2479 ± 0.0908
13 1.8909 ± 0.1004 3.1765 ± 0.1543 2.2916 ± 0.0832
14 1.8763 ± 0.0944 3.1107 ± 0.1474 2.2628 ± 0.0817
15 1.8318 ± 0.0963 3.0841 ± 0.1474 2.3998 ± 0.0807
16 1.9914 ± 0.1054 3.1346 ± 0.1624 2.1888 ± 0.0865
17 1.8536 ± 0.0943 3.1030 ± 0.1507 2.2321 ± 0.0817
18 2.0561 ± 0.0963 3.4396 ± 0.1507 2.3077 ± 0.0818
19 2.0716 ± 0.1027 3.3006 ± 0.1581 2.3916 ± 0.0847
20 1.9598 ± 0.1027 3.3809 ± 0.1668 2.2863 ± 0.0881
21 1.8609 ± 0.0982 3.1063 ± 0.1543 2.1847 ± 0.0831
22 1.8654 ± 0.0963 3.1247 ± 0.1507 2.4055 ± 0.0833
23 1.9282 ± 0.0945 3.1445 ± 0.1443 2.2347 ± 0.0808
24 2.0370 ± 0.1004 3.4031 ± 0.1543 2.3616 ± 0.0831
50 1.7933 ± 0.1056 3.1635 ± 0.1719 2.2644 ± 0.0904
51 1.9678 ± 0.1055 3.0188 ± 0.1624 2.3390 ± 0.0867
52 1.9468 ± 0.1004 3.1138 ± 0.1543 2.2810 ± 0.0833
53 2.1663 ± 0.1004 3.5431 ± 0.1581 2.4250 ± 0.0848
54 1.7718 ± 0.1080 3.0931 ± 0.1668 2.3728 ± 0.0884
55 1.9014 ± 0.0982 3.2003 ± 0.1623 2.3164 ± 0.0880
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Table S4 Best Linear Unbiased Estimates (± standard errors) for three biomass estimates at the Condobolin E. polybractea
progeny trial

Provenance Family 3-year sapling 6-year sapling  Coppice
Charcoal Tank Rd 25 1.9591 ± 0.0864 3.0739 ± 0.1231 1.8346 ± 0.0645
Kerrs Lane 5 1.8820 ± 0.0849 3.0382 ± 0.1178 1.6973 ± 0.0635

6 1.8562 ± 0.0849 3.0653 ± 0.1261 1.7750 ± 0.0656
Talimba Rd East 44 2.1082 ± 0.0864 3.2972 ± 0.1203 1.8486 ± 0.0645
Talimba Rd West 45 2.1897 ± 0.0935 3.2921 ± 0.1366 1.9220 ± 0.0713
West Mid-West Hwy 28 2.1275 ± 0.0836 3.3408 ± 0.1178 1.8806 ± 0.0625

29 2.0336 ± 0.0864 2.9906 ± 0.1203 1.7472 ± 0.0635
30 1.8376 ± 0.0850 2.8768 ± 0.1178 1.7312 ± 0.0635
31 2.2693 ± 0.0864 3.3671 ± 0.1203 1.8997 ± 0.0645

West Wyalong Town 1 1.8883 ± 0.0914 2.7853 ± 0.1293 1.7774 ± 0.0669
2 2.0058 ± 0.0881 2.9527 ± 0.1261 1.7995 ± 0.0669
3 2.1975 ± 0.0917 3.2545 ± 0.1328 1.8794 ± 0.0683
4 1.9299 ± 0.0897 3.0949 ± 0.1328 1.8980 ± 0.0696
26 2.0182 ± 0.0864 3.0432 ± 0.1203 1.7336 ± 0.0635
27 2.2661 ± 0.0902 3.4233 ± 0.1294 1.9338 ± 0.0670
36 2.1645 ± 0.0881 3.1189 ± 0.1231 1.7628 ± 0.0646
37 2.0899 ± 0.0879 3.1787 ± 0.1261 1.7773 ± 0.0656
38 2.0575 ± 0.0914 3.1505 ± 0.1293 1.8052 ± 0.0682
39 1.9668 ± 0.0849 3.1518 ± 0.1203 1.8833 ± 0.0635
40 2.0403 ± 0.0879 3.1042 ± 0.1231 1.7339 ± 0.0645
41 2.3330 ± 0.0836 3.3713 ± 0.1178 1.9578 ± 0.0635
42 1.9537 ± 0.0881 3.1384 ± 0.1231 1.8012 ± 0.0646
43 2.2061 ± 0.0850 3.3282 ± 0.1203 1.9062 ± 0.0635
46 2.6214 ± 0.0864 3.8335 ± 0.1203 2.0495 ± 0.0635
47 2.1517 ± 0.0836 3.2463 ± 0.1153 1.8002 ± 0.0635
48 2.1430 ± 0.0895 3.1807 ± 0.1261 1.8997 ± 0.0656
49 2.1544 ± 0.0917 3.3085 ± 0.1328 1.8346 ± 0.0682
56 2.0784 ± 0.0849 3.2988 ± 0.1203 1.8191 ± 0.0635
57 2.1403 ± 0.0864 3.3907 ± 0.1231 1.8205 ± 0.0645
58 1.7361 ± 0.0917 2.7374 ± 0.1328 1.6536 ± 0.0713
59 1.9186 ± 0.0849 2.8248 ± 0.1178 1.6924 ± 0.0625
60 2.2691 ± 0.0849 3.3555 ± 0.1178 1.9031 ± 0.0625
61 2.1132 ± 0.0938 3.3594 ± 0.1328 1.6681 ± 0.0697
62 1.9905 ± 0.0864 3.1909 ± 0.1203 1.7595 ± 0.0645
63 1.9468 ± 0.0864 3.2410 ± 0.1261 1.7367 ± 0.0656
64 2.2797 ± 0.0881 3.4203 ± 0.1261 1.9180 ± 0.0657
65 2.3341 ± 0.0836 3.5006 ± 0.1178 1.8306 ± 0.0625
66 1.6893 ± 0.0955 2.9358 ± 0.1452 1.6389 ± 0.0729

West Yalgogrin 32 1.9764 ± 0.0864 3.2298 ± 0.1261 1.8088 ± 0.0668
33 2.0313 ± 0.0850 3.3195 ± 0.1203 1.8163 ± 0.0635
34 2.1727 ± 0.0879 3.3365 ± 0.1231 1.9060 ± 0.0645
35 2.0900 ± 0.0864 3.2428 ± 0.1203 1.7772 ± 0.0635

Winters Lane 7 2.1224 ± 0.0914 3.2684 ± 0.1328 1.9016 ± 0.0682
8 1.9454 ± 0.0912 3.0278 ± 0.1293 1.7062 ± 0.0682
9 1.9499 ± 0.0864 2.9385 ± 0.1203 1.7491 ± 0.0635
10 2.1078 ± 0.0864 3.3287 ± 0.1231 1.6759 ± 0.0635
11 2.3260 ± 0.0849 3.4501 ± 0.1203 1.9207 ± 0.0635
12 1.9902 ± 0.0935 3.0478 ± 0.1328 1.7760 ± 0.0696
13 2.0063 ± 0.0985 3.2113 ± 0.1408 1.7858 ± 0.0714
14 2.1587 ± 0.0849 3.1589 ± 0.1203 1.8148 ± 0.0656
15 2.2804 ± 0.0864 3.1860 ± 0.1203 1.9048 ± 0.0635
16 1.9587 ± 0.0881 2.9997 ± 0.1261 1.7974 ± 0.0670
17 2.0615 ± 0.0914 3.0007 ± 0.1328 1.8653 ± 0.0682
18 1.9759 ± 0.0850 3.1071 ± 0.1178 1.7204 ± 0.0635
19 2.0784 ± 0.0879 3.3563 ± 0.1328 1.8619 ± 0.0712
20 2.1546 ± 0.0864 3.3111 ± 0.1231 1.8441 ± 0.0645
21 2.1139 ± 0.0864 3.2006 ± 0.1231 1.7263 ± 0.0645
22 2.2015 ± 0.0866 3.3653 ± 0.1261 1.9164 ± 0.0657
23 1.9902 ± 0.0864 3.1050 ± 0.1203 1.8294 ± 0.0645
24 2.2992 ± 0.0850 3.5578 ± 0.1178 1.8964 ± 0.0625
50 1.9098 ± 0.0866 2.8342 ± 0.1204 1.6773 ± 0.0635
51 2.2416 ± 0.0915 3.3764 ± 0.1293 1.8879 ± 0.0682
52 2.0801 ± 0.0879 3.3740 ± 0.1261 1.9551 ± 0.0656
53 2.2433 ± 0.0879 3.3679 ± 0.1231 1.9481 ± 0.0656
54 1.8995 ± 0.0879 2.8248 ± 0.1261 1.8082 ± 0.0656
55 2.0018 ± 0.0879 3.3077 ± 0.1261 1.8760 ± 0.0656

Beren Spencer-Grayling Doctoral Thesis Page 170



6

Table S5 Mean Net Breeding Values (NBV) ± standard errors from the three biomass assessments; 2013 (3-year sapling),
2016 (6-year sapling) and 2020 (coppice) assessments for orchard thinning scenario at the Newdegate E. polybractea
progeny trial and the number of individuals selected from each family at each assessment.

Population Family Mean NBV 2013 No. selected
2013

Mean NBV
2016

No. selected
2016

Mean NBV
2020

No. selected
2020

Charcoal Tank Rd 25 1.685 ± 0.132 4 3.267 ± 0.250 3 1.858 ± 0.109 4
Kerrs Lane 5 1.492 ± 0.122 3.186 ± 0.232 1 1.828 ± 0.097

6 1.540 ± 0.124 3.216 ± 0.237 3 1.849 ± 0.098 4
Talimba Rd East 44 1.590 ± 0.128 2 3.341 ± 0.242 4 1.818 ± 0.105
Talimba Rd West 45 1.725 ± 0.128 4 3.601 ± 0.246 4 1.966 ± 0.106 4
West Mid-West Hwy 28 1.571 ± 0.118 1 3.087 ± 0.226 1.765 ± 0.091

29 1.538 ± 0.118 2.887 ± 0.227 1.724 ± 0.091
30 1.538 ± 0.118 3.102 ± 0.227 1.766 ± 0.091
31 1.735 ± 0.118 4 3.172 ± 0.226 1 1.795 ± 0.091

West Yalgogrin 32 1.601 ± 0.118 2 3.166 ± 0.228 2 1.836 ± 0.091 2
33 1.720 ± 0.119 4 3.446 ± 0.228 4 1.880 ± 0.091 4
34 1.691 ± 0.118 4 3.360 ± 0.227 4 1.903 ± 0.091 4
35 1.642 ± 0.118 4 3.221 ± 0.227 3 1.878 ± 0.091 4

Winters Lane 7 1.693 ± 0.115 4 3.361 ± 0.224 4 1.896 ± 0.087 4
8 1.613 ± 0.115 3 3.244 ± 0.224 3 1.828 ± 0.087 1
9 1.631 ± 0.115 3 3.190 ± 0.223 2 1.842 ± 0.087 2
10 1.683 ± 0.115 4 3.492 ± 0.223 4 1.825 ± 0.087
11 1.757 ± 0.115 4 3.503 ± 0.223 4 1.917 ± 0.087 4
12 1.679 ± 0.116 4 3.322 ± 0.224 4 1.860 ± 0.087 4
13 1.551 ± 0.115 3.188 ± 0.224 2 1.816 ± 0.087
14 1.655 ± 0.115 4 3.404 ± 0.223 4 1.865 ± 0.087 4
15 1.643 ± 0.115 3 3.125 ± 0.223 1.872 ± 0.087 4
16 1.653 ± 0.115 4 3.230 ± 0.223 4 1.847 ± 0.087 4
17 1.577 ± 0.115 1 3.095 ± 0.223 1.864 ± 0.087 4
18 1.582 ± 0.115 2 3.239 ± 0.223 4 1.808 ± 0.087
19 1.731 ± 0.116 4 3.551 ± 0.225 4 1.924 ± 0.087 4
20 1.649 ± 0.115 4 3.420 ± 0.223 4 1.874 ± 0.087 4
21 1.632 ± 0.115 4 3.237 ± 0.222 3 1.827 ± 0.087 1
22 1.662 ± 0.115 4 3.434 ± 0.224 4 1.913 ± 0.087 4
23 1.634 ± 0.115 4 3.280 ± 0.223 3 1.874 ± 0.087 4
24 1.718 ± 0.115 4 3.484 ± 0.222 4 1.879 ± 0.087 4
50 1.592 ± 0.115 1 3.169 ± 0.223 2 1.806 ± 0.087
51 1.700 ± 0.115 4 3.413 ± 0.223 4 1.874 ± 0.087 4
52 1.685 ± 0.115 4 3.433 ± 0.223 4 1.908 ± 0.087 4
53 1.679 ± 0.116 4 3.372 ± 0.224 4 1.891 ± 0.087 4
54 1.598 ± 0.115 2 3.097 ± 0.223 1.865 ± 0.087 4
55 1.659 ± 0.115 4 3.441 ± 0.223 4 1.876 ± 0.087 4

West Wyalong Town 1 1.534 ± 0.115 2.946 ± 0.223 1.817 ± 0.087
2 1.544 ± 0.115 3.040 ± 0.223 1.841 ± 0.087
3 1.603 ± 0.115 2 3.207 ± 0.224 2 1.852 ± 0.087 3
4 1.649 ± 0.115 4 3.224 ± 0.223 3 1.885 ± 0.087 4
26 1.574 ± 0.115 2 3.254 ± 0.224 4 1.835 ± 0.087 3
27 1.641 ± 0.115 4 3.357 ± 0.224 4 1.896 ± 0.087 4
36 1.654 ± 0.115 4 3.234 ± 0.223 3 1.851 ± 0.087 4
37 1.614 ± 0.115 4 3.142 ± 0.223 1.810 ± 0.087
38 1.648 ± 0.115 4 3.289 ± 0.223 4 1.882 ± 0.087 4
39 1.571 ± 0.115 1 3.252 ± 0.222 3 1.872 ± 0.086 4
40 1.569 ± 0.115 1 3.147 ± 0.223 2 1.821 ± 0.087
41 1.788 ± 0.115 4 3.485 ± 0.223 4 1.929 ± 0.087 4
42 1.594 ± 0.115 2 3.272 ± 0.223 4 1.855 ± 0.087 4
43 1.651 ± 0.115 4 3.347 ± 0.223 4 1.906 ± 0.087 4
46 1.820 ± 0.115 4 3.726 ± 0.223 4 1.970 ± 0.087 4
47 1.640 ± 0.115 4 3.275 ± 0.222 4 1.843 ± 0.086 3
48 1.613 ± 0.115 3 3.098 ± 0.224 1.857 ± 0.087 4
49 1.735 ± 0.115 4 3.366 ± 0.224 4 1.881 ± 0.087 4
56 1.743 ± 0.115 4 3.471 ± 0.222 4 1.878 ± 0.086 4
57 1.647 ± 0.115 4 3.296 ± 0.222 4 1.863 ± 0.086 4
58 1.491 ± 0.115 3.013 ± 0.224 1.804 ± 0.087
59 1.548 ± 0.115 2.978 ± 0.222 1.818 ± 0.086
60 1.708 ± 0.115 4 3.404 ± 0.223 4 1.893 ± 0.087 4
61 1.663 ± 0.115 4 3.406 ± 0.222 4 1.806 ± 0.087
62 1.572 ± 0.115 2 3.270 ± 0.223 4 1.829 ± 0.087
63 1.558 ± 0.115 3.177 ± 0.223 2 1.798 ± 0.087
64 1.701 ± 0.115 4 3.327 ± 0.222 4 1.886 ± 0.087 4
65 1.715 ± 0.115 4 3.387 ± 0.223 4 1.865 ± 0.087 4
66 1.461 ± 0.115 3.061 ± 0.224 1.767 ± 0.087

Totals 1.636 ± 0.116 185 3.274 ± 0.225 183 1.854 ± 0.088 171
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Table S6 Mean Net Breeding Values (NBV) ± standard errors from the three biomass assessments; 2013 (3-year sapling),
2016 (6-year sapling) and 2020 (coppice) assessments for orchard thinning scenario at the Condobolin E. polybractea
progeny trial and the number of individuals selected from each family at each assessment.

Population Family Mean NBV 2013
No.

selected
2013

Mean NBV 2016
No.

selected
2016

Mean NBV
2020

No.
selected

2020
Charcoal Tank Rd 25 1.960 ± 0.170 1 3.074 ± 0.230 1 1.834 ± 0.103 6
Kerrs Lane 5 1.863 ± 0.167 3.039 ± 0.223 1.714 ± 0.101

6 1.883 ± 0.167 3.065 ± 0.225 1 1.760 ± 0.101 1
Talimba Rd East 44 2.115 ± 0.170 6 3.297 ± 0.229 6 1.848 ± 0.103 6
Talimba Rd West 45 2.184 ± 0.172 6 3.292 ± 0.235 6 1.921 ± 0.107 6
West Mid-West Hwy 28 2.093 ± 0.166 6 3.237 ± 0.220 6 1.843 ± 0.099 6

29 2.023 ± 0.166 4 2.991 ± 0.220 1.758 ± 0.100
30 1.908 ± 0.166 3.053 ± 0.220 1.782 ± 0.100
31 2.258 ± 0.166 6 3.291 ± 0.220 6 1.871 ± 0.100 6

West Yalgogrin 32 1.983 ± 0.166 4 3.192 ± 0.221 6 1.792 ± 0.100 4
33 2.087 ± 0.166 6 3.372 ± 0.221 6 1.826 ± 0.100 6
34 2.136 ± 0.167 6 3.336 ± 0.221 6 1.879 ± 0.100 6
35 2.056 ± 0.166 4 3.226 ± 0.220 6 1.809 ± 0.100 6

Winters Lane 7 2.129 ± 0.166 6 3.244 ± 0.219 6 1.878 ± 0.099 6
8 1.981 ± 0.166 3 3.090 ± 0.220 2 1.754 ± 0.100
9 1.998 ± 0.165 2 3.024 ± 0.218 1 1.779 ± 0.099 2
10 2.113 ± 0.165 5 3.337 ± 0.218 6 1.737 ± 0.099
11 2.282 ± 0.165 6 3.392 ± 0.218 6 1.902 ± 0.099 6
12 2.055 ± 0.166 5 3.140 ± 0.220 5 1.805 ± 0.100 4
13 1.988 ± 0.167 2 3.127 ± 0.220 2 1.775 ± 0.100 2
14 2.125 ± 0.165 6 3.224 ± 0.218 6 1.821 ± 0.099 6
15 2.195 ± 0.165 6 3.092 ± 0.218 1 1.864 ± 0.099 6
16 2.013 ± 0.166 4 3.071 ± 0.219 1 1.802 ± 0.099 4
17 2.033 ± 0.166 3 3.000 ± 0.219 1.841 ± 0.099 6
18 1.996 ± 0.165 2 3.117 ± 0.218 2 1.743 ± 0.099
19 2.124 ± 0.166 6 3.376 ± 0.220 6 1.884 ± 0.100 6
20 2.127 ± 0.165 6 3.293 ± 0.219 6 1.841 ± 0.099 6
21 2.092 ± 0.165 6 3.153 ± 0.218 6 1.760 ± 0.099
22 2.153 ± 0.165 6 3.321 ± 0.219 6 1.896 ± 0.099 6
23 2.016 ± 0.165 3 3.138 ± 0.218 6 1.834 ± 0.099 6
24 2.247 ± 0.165 6 3.428 ± 0.218 6 1.867 ± 0.098 6
50 1.946 ± 0.165 3 2.971 ± 0.218 1.724 ± 0.099
51 2.199 ± 0.166 6 3.314 ± 0.219 6 1.858 ± 0.099 5
52 2.101 ± 0.165 6 3.324 ± 0.219 6 1.910 ± 0.099 6
53 2.208 ± 0.166 6 3.293 ± 0.219 6 1.895 ± 0.099 6
54 1.940 ± 0.166 2 2.933 ± 0.219 1.819 ± 0.099 4
55 2.031 ± 0.165 5 3.303 ± 0.219 6 1.854 ± 0.099 6

West Wyalong Town 1 1.922 ± 0.166 1 2.879 ± 0.219 1.773 ± 0.099 2
2 1.980 ± 0.166 2 2.993 ± 0.219 1.800 ± 0.099 3
3 2.147 ± 0.166 6 3.198 ± 0.220 6 1.839 ± 0.099 6
4 2.010 ± 0.166 3 3.146 ± 0.219 5 1.869 ± 0.100 6
26 2.040 ± 0.165 3 3.136 ± 0.219 2 1.769 ± 0.099 2
27 2.200 ± 0.166 6 3.343 ± 0.219 6 1.891 ± 0.099 6
36 2.152 ± 0.165 6 3.159 ± 0.219 6 1.792 ± 0.099 3
37 2.084 ± 0.165 6 3.134 ± 0.219 3 1.769 ± 0.099 2
38 2.081 ± 0.166 5 3.202 ± 0.219 6 1.832 ± 0.099 6
39 1.979 ± 0.165 3 3.182 ± 0.218 5 1.856 ± 0.099 6
40 2.027 ± 0.165 5 3.108 ± 0.218 2 1.759 ± 0.099
41 2.321 ± 0.165 6 3.389 ± 0.218 6 1.926 ± 0.099 6
42 1.992 ± 0.166 2 3.186 ± 0.219 6 1.810 ± 0.099 5
43 2.175 ± 0.165 6 3.302 ± 0.218 6 1.890 ± 0.099 6
46 2.514 ± 0.165 6 3.701 ± 0.218 6 1.994 ± 0.099 6
47 2.135 ± 0.165 6 3.232 ± 0.217 6 1.802 ± 0.099 4
48 2.129 ± 0.166 6 3.114 ± 0.219 3 1.853 ± 0.099 6
49 2.190 ± 0.166 6 3.302 ± 0.220 6 1.842 ± 0.099 6
56 2.146 ± 0.165 6 3.355 ± 0.218 6 1.833 ± 0.099 5
57 2.131 ± 0.165 6 3.299 ± 0.218 6 1.824 ± 0.099 6
58 1.808 ± 0.166 2.898 ± 0.220 1.720 ± 0.100
59 1.938 ± 0.165 2.907 ± 0.218 1.738 ± 0.099
60 2.230 ± 0.165 6 3.342 ± 0.218 6 1.879 ± 0.099 6
61 2.115 ± 0.166 6 3.344 ± 0.219 6 1.725 ± 0.099
62 1.995 ± 0.165 3 3.206 ± 0.218 6 1.776 ± 0.099
63 1.967 ± 0.165 1 3.177 ± 0.219 6 1.744 ± 0.099
64 2.249 ± 0.165 6 3.326 ± 0.218 6 1.879 ± 0.099 6
65 2.291 ± 0.165 6 3.394 ± 0.218 6 1.829 ± 0.099 6
66 1.765 ± 0.166 3.002 ± 0.221 1.686 ± 0.100

Totals 2.083 ± 0.166 284 3.201 ± 0.220 276 1.821 ± 0.099 262
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Table S7 Mean Net Breeding Values (NBV) ± standard errors from the 2020 (coppice) assessment for orchard thinning
scenario at the Drummartin E. polybractea progeny trial and the number of individuals selected from each family at each
assessment.

Population Family Mean NBV 2013
No.

selected
2013

Mean NBV 2020
No.

selected
2020

Charcoal Tank Rd 25 1.930 ± 0.124 6 2.311 ± 0.104 6
Kerrs Lane 5 1.744 ± 0.103 2.079 ± 0.095

6 1.769 ± 0.103 2.096 ± 0.094
44 1.884 ± 0.123 2 2.182 ± 0.103

Talimba Rd West 45 1.788 ± 0.124 2.233 ± 0.105 1
West Mid-West Hwy 28 1.842 ± 0.093 2.219 ± 0.089

29 1.814 ± 0.093 2.233 ± 0.090
30 1.785 ± 0.093 2.248 ± 0.090 4
31 1.955 ± 0.093 6 2.284 ± 0.090 6

West Yalgogrin 32 1.941 ± 0.094 6 2.146 ± 0.090
33 2.011 ± 0.094 6 2.222 ± 0.091
34 2.019 ± 0.094 6 2.183 ± 0.091
35 1.980 ± 0.094 6 2.200 ± 0.090

Winters Lane 7 1.974 ± 0.082 6 2.342 ± 0.086 6
8 1.906 ± 0.083 6 2.273 ± 0.086 6
9 1.916 ± 0.082 6 2.319 ± 0.086 6
10 1.967 ± 0.082 6 2.274 ± 0.086 6
11 2.035 ± 0.082 6 2.324 ± 0.086 6
12 1.948 ± 0.083 6 2.289 ± 0.087 6
13 1.876 ± 0.083 1 2.298 ± 0.086 6
14 1.958 ± 0.082 6 2.292 ± 0.086 6
15 1.968 ± 0.082 6 2.339 ± 0.086 6
16 1.931 ± 0.082 6 2.267 ± 0.086 6
17 1.899 ± 0.082 6 2.279 ± 0.086 6
18 1.886 ± 0.082 2 2.308 ± 0.086 6
19 1.986 ± 0.083 6 2.335 ± 0.086 6
20 1.951 ± 0.082 6 2.301 ± 0.086 6
21 1.939 ± 0.082 6 2.262 ± 0.086 6
22 1.966 ± 0.082 6 2.339 ± 0.086 6
23 1.923 ± 0.082 6 2.282 ± 0.086 6
24 2.006 ± 0.082 6 2.326 ± 0.086 6
50 1.893 ± 0.082 5 2.296 ± 0.087 6
51 1.990 ± 0.082 6 2.317 ± 0.086 6
52 1.965 ± 0.082 6 2.299 ± 0.086 6
53 1.975 ± 0.083 6 2.350 ± 0.086 6
54 1.895 ± 0.082 5 2.326 ± 0.086 6
55 1.940 ± 0.082 6 2.309 ± 0.086 6

West Wyalong Town 1 1.791 ± 0.082 2.224 ± 0.086
2 1.811 ± 0.082 2.217 ± 0.087
3 1.861 ± 0.082 2.261 ± 0.086 6
4 1.858 ± 0.082 2.255 ± 0.086 6
26 1.821 ± 0.082 2.252 ± 0.085 5
27 1.897 ± 0.082 6 2.247 ± 0.086 2
36 1.887 ± 0.082 4 2.247 ± 0.086 3
37 1.859 ± 0.082 2.226 ± 0.086
38 1.876 ± 0.082 1 2.252 ± 0.086 5
39 1.821 ± 0.082 2.226 ± 0.086
40 1.829 ± 0.082 2.254 ± 0.086 6
41 1.989 ± 0.082 6 2.340 ± 0.086 6
42 1.831 ± 0.082 2.221 ± 0.086
43 1.892 ± 0.082 6 2.266 ± 0.086 6
46 2.038 ± 0.082 6 2.268 ± 0.086 6
47 1.882 ± 0.082 4 2.233 ± 0.086
48 1.858 ± 0.082 2.304 ± 0.086 6
49 1.935 ± 0.082 6 2.281 ± 0.086 6
56 1.933 ± 0.082 5 2.258 ± 0.087 4
57 1.881 ± 0.082 1 2.276 ± 0.086 5
58 1.747 ± 0.082 2.233 ± 0.086 1
59 1.802 ± 0.082 2.220 ± 0.086
60 1.938 ± 0.082 6 2.208 ± 0.086
61 1.887 ± 0.082 4 2.214 ± 0.086
62 1.825 ± 0.082 2.177 ± 0.086
63 1.811 ± 0.082 2.231 ± 0.087
64 1.927 ± 0.082 6 2.276 ± 0.085 6
65 1.946 ± 0.082 6 2.230 ± 0.086
66 1.727 ± 0.082 2.171 ± 0.086

Totals 1.899 ± 0.086 238 2.259 ± 0.088 240

Table S8 The selections of families for the clonal selection scenario from each of the three biomass assessment across the
three E. polybractea progeny trials.
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Newdegate Drummartin Condobolin

Population Family
3-year
sapling

6-year
sapling Coppice

3-year
sapling Coppice

3-year
sapling

6-year
sapling Coppice

Total
selected

Talimba Rd West 45 1 1 1 1 4
West Mid-West Hwy 31 1 1
West Yalgogrin 33 1 1 1 3

34 1 1 2
35 1 1

Winters Lane 7 1 1
9 1 1
10 1 1 2
11 1 1 1 1 1 1 1 1 8
15 1 1
19 1 1 1 1 1 1 1 7
20 1 1
22 1 1 1 1 1 5
24 1 1 1 1 4
51 1 1 2
52 1 1 2
53 1 1 1 3
54 1 1
55 1 1 2

West Wyalong Town 27 1 1
38 1 1
41 1 1 1 1 1 1 1 1 8
43 1 1 2
46 1 1 1 1 1 1 1 7
49 1 1 1 3
56 1 1
60 1 1
61 1 1
64 1 1
65 1 1 1 3
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Methods – additional information 

Above ground mallee biomass assessment  

Every mallee in the first two rows of each plot were measured annually from 2006 to 2012 in the 

allocated season of harvest. Unharvested treatments were measured in autumn. For the unharvested 

mallee, each stem was measured 10 cm above ground level with diameter tape or callipers in which 

two perpendicular measurements were recorded. These data were converted to Equivalent Diameter 

near Root Collar (EDRC), to provide a single aggregated diameter estimate (Chojnacky & Milton, 

2008). Crown Volume Index (CVI) method was used for coppice by measuring the height and two 

perpendicular crown widths in cm. CVI is the volume of the mallee in m3.  

Mallee biomass estimate 

CVI or EDCR were converted to green biomass using methods and site specific allometric equations 

presented in the supplementary material in Spencer et al. (2019). At Site 20, a general species 

equation was used.  

Plot biomass was estimated by measuring two rows of mallee in a belt, an outer-row and the adjacent 

row. This approach accurately estimated the standing biomass of 2-row sites. Yield symmetry 

between rows within a belt is observed in belts of mallee for 3, 4 and 6 rows (Spencer et al., 2019). 

These principles were used to standardise biomass of sites with more than two rows. For example, the 

plot biomass of a 4-row belt was estimated by doubling the biomass of the measured two rows to 

account for the two unmeasured rows. 

Across all sites, the within belt inter-row spacing was approximately 2 m. There was also a ~2 m 

uncropped area adjacent to the belts. Plot-level biomass was calculated in green biomass per hectare 

per harvest (Mg ha-1) which included the uncropped distance on each side of the belt. 

Crop and pasture yield 

To calculate grain yield, strips 1.7- or 1.8-m wide were machine harvested. Canola crops were hand 

harvested in five 0.5 m2 quadrates and above ground green biomass was weighed in the field just prior 

to the crop harvest. At each site, subsamples were oven dried at 70 ᵒC and harvest index determined. 

This was used to estimate dry grain weight. 
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Above ground pasture biomass was assessed annually in September using a visual assessment 

outlined by Campbell and Arnold (1973). Each measurement strip consisted of either 20 (2006-09) or 

10 (2010-11) assessments. The above ground pasture biomass was averaged for each measurement 

strip at each treatment. 

Production Costs and Prices for grain and sheep production 

The operational costs associated with crop and sheep production were estimated using regional data 

for each experimental year (Planfarm-Bankwest, 2007, 2008, 2009, 2010, 2011, 2012). This included 

all relevant variable and fixed operating costs: labour wages, contracts, cartage, crop insurance, 

fertiliser, fuel and oil, chemicals for control of weeds, diseases and pests, repairs and maintenance, 

fencing, levies, transport, storage and handling. Additional costs for pasture/sheep production were 

fodder and agistment, livestock expenses, shearing, rams and sheep purchases. Farm management and 

costs including rates, utilities and administration expenses were excluded from the analysis.  

Table S1 Crop or pasture type yield at each site with names as defined in Spencer et al. (2019) and Sudmeyer et al. (2012) 
respectively. Open paddock yield is yield without competition from mallee belt for each growing season (2006/07 to 
2011/12), and the relative yield in the competition zone, expressed as percentage of open yield, adjacent to each harvest 
treatment, 2 – 20 m adjacent to the mallee belts. Harvest treatments are long and short frequencies (3 to 6 years) in autumn 
or spring. 

Site 
number 
(Spencer) 

Site 
number 
(Sudmeyer) Year Crop 

Open 
yield 

(Mg/ha) 

Autumn 
short (% 

yield) 

Autumn 
long (% 
yield) 

Spring 
short (% 

yield) 

Spring 
long (% 
yield) 

Unharvested 
(% yield) 

1 1 2006 Wheat 2.1 77  55  58 
  2007 Pasture 3 90  89  75 
  2008 Wheat 1.8 84  84  91 
  2009 Pasture 2.1 93 88 80 75 73 
  2010 Pasture 1.3 106 88 97 90 71 

    2011 Oats 3.9 81 95 77 89 85 
3 2 2006 Barley 3 85  81  79 

  2007 Pasture 7.5 90  97  82 
  2008 Pasture 6.4 87  93  84 
  2009 Pasture 3.3 92 88 89 93 92 
  2010 Pasture 0.9 103 79 99 70 95 

    2011 Pasture 1.6 91 96 93 90 81 
8 4 2006 Wheat 1 69  47  36 

  2007 Lupins 2.2 92  78  69 
  2008 Wheat 1.7 70 70 62 56 51 
  2009 Canola 0.7 65 52 58 48 49 
  2010 Wheat 0.4 59 65 46 30 39 

    2011 Wheat 3.4 66 71 67 68 61 
13 5 2006 Wheat 0.6 69  40  35 

  2007 Pasture 1.5 98  97  71 
  2008 Wheat 2.4 67  65  56 
  2009 Pasture 0.9 114 106 124 93 70 
  2010 Wheat Crop failed     

    2011 Wheat 2.1 68 70 65 58 55 
18 8 2006 Pasture 4.36 90  94  89 

  2007 Pasture 3.8 87  80  81 
  2008 Pasture 2.6 86  87  81 
  2009 Canola 1.5 68 55 64 68 61 
  2010 Wheat 3.3 80 78 79 77 74 

    2011 Pasture 1.6 86 88 93 84 67 
19 9 2006 Canola 1.8 92  96  80 

  2007 Wheat 4.8 88  92  90 
  2008 Pasture 3.8 88  95  78 
  2009 Wheat 4.2 88 79 85 77 76 
  2010 Canola 1.1 84 102 107 88 84 

    2011 Wheat 4 73 75 72 65 56 
Site 
number 
(Spencer) 

Site 
number 
(Sudmeyer) Year Crop 

Open 
yield 

(Mg/ha) 

Autumn 
short (% 

yield) 

Autumn 
long (% 
yield) 

Spring 
short (% 

yield) 

Spring 
long (% 
yield) 

Unharvested 
(% yield) 

5 10 2006 Wheat 1.7  48  29 44 
  2007 Wheat 1  50  75 26 
  2008 Wheat 1.9  114  128 83 
  2009 Wheat 1.6  76  82 57 
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  2010 Canola 0.7  30  35 20 
    2011 Wheat 3.1   76   79 48 
16 6 2006 Wheat 0.5 65  46  52 

  2007 Pasture 0.5 73  71  35 
    2008 Wheat 1.4 65   82   50 
12 12 2006 Pasture 1.6 93  67  78 

  2007 Pasture 5 77  78  73 
  2008 Oats 1 84  78  69 
  2009 Pasture 1.5 58  77  72 
  2010 Pasture 2.6 58  52  61 

    2011 Pasture 6.1 71   68   70 
15 14 2006 Pasture 0.6 60  54  79 

  2007 Wheat 1 76  79  31 
  2008 Wheat 3 82  88  51 
  2009 Wheat 1.6 82  102  64 
  2010 Wheat 0.9 49  53  29 

    2011 Canola 0.7 63   58   34 
20 15 2006 Wheat 2.6 86  82  77 

  2007 Barley 2.6 85  81  82 
  2008 Pasture 3.1 72  85  56 
  2009 Canola 1.6 73  76  70 
  2010 Wheat 3.7 65  78  69 

    2011 Barley 2.3 53   64   48 
 

Table S2 Crop and pasture costs per hectare (AUD/ha) for each growing season across all study sites. Regions (H5, M2, M4 
and L2) refer to PlanFarm Bankwest Benchmarks (Planfarm-Bankwest, 2007, 2008, 2009, 2010, 2011, 2012). Cost incurred 
include: wages, contracts, cartage, insurance, fertiliser, fuel/oil, weeds and pest control, plant repairs, building/fencing/water 
and commodity handling fees and levies. Additionally, for cropping, seed/grading is included, and for pasture, fodder & 
agistment 

Planfarm index 
Sites in each 

region 
2006 
($/ha) 

2007 
($/ha) 

2008 
($/ha) 

2009 
($/ha) 

2010 
($/ha) 

2011 
($/ha) 

H5 Crop costs 18, 19, 20 174 218 300 246 283 322 
H5 Pasture costs 226 265 353 332 324 373 
M2 Crop costs 5 179 208 293 320 274 335 
M2 Pasture costs 191 216 298 339 280 340 
M4 Crop costs 3, 8, 12, 13 155 168 236 220 183 212 
M4 Pasture costs 175 192 254 259 203 235 
L2 Crop costs 15, 16 102 96 186 186 140 190 
L2 Pasture costs 108 102 185 197 144 196 

 

Table S3 Grain prices (AUD) for each growing season (2006 – 2011) sourced from Grain and Graze 3 (G&G3) (Grain & 
Graze3, 2020) or ABARES (ABARE, 2015). Pasture prices (AUD), which included both wool and sheep sales, were 
obtained for each growing season in each region (H5, M2, M4 and L2) from PlanFarm Bankwest Benchmarks (Planfarm-
Bankwest, 2007, 2008, 2009, 2010, 2011, 2012). 

Year 2006 ($) 2007 ($) 2008 ($) 2009 ($) 2010 ($) 2011 ($) Source 

Canola ($/t) 480 659 546 427 638 528 G&G3 

Lupins ($/t) 286 339 275 223 330 184 G&G3 

Oats ($/t) 281 216 160 196 202 236 ABARES 

Wheat ($/t) 239 392 306 226 340 236 G&G3 

Barley ($/t) 264 352 222 193 281 229 G&G3 

Pasture H5 ($/ha) 139 157 157 159 152 191 PlanFarm 

Pasture M4 ($/ha) 78 72 66 70 85 86 PlanFarm 

Pasture M2 ($/ha) 37 36 32 49 43 44 PlanFarm 

Pasture L2 ($/ha) 19 20 16 24 26 25 PlanFarm 

 

Table S4 The levelised cost for above ground green biomass (AUD/Mg) using low discount rate of 7% (Low DR), medium 
discount rate of 10% (Med DR) and high discount rate or 13% (High DR). Treatments varied between sites with either a 3- 
and/or 4-year harvest or a 6-year harvest regime. Site 16 only has only one 3-year harvest cycle. 

Site 

Frequency 
of harvest 

(years) 

Season 
of 

harvest 

Levelised 
cost ($/Mg) 

Low DR 

Levelised 
cost ($/Mg) 

Med DR 

Levelised 
cost ($/Mg) 

High DR 
1 3 Autumn 42.0 42.7 43.5 

 3 Spring 50.7 52.2 53.9 
 4 Autumn 39.3 40.1 41.0 
 4 Spring 56.8 58.8 61.0 

  Unharvested   30.3 33.0 35.9 
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3 3 Autumn 47.5 50.1 52.9 
 3 Spring 51.0 54.2 57.6 
 4 Autumn 54.5 57.9 61.6 
 4 Spring 50.4 53.3 56.4 

  Unharvested   50.8 58.4 67.0 
8 3 Autumn 81.2 82.4 83.6 

 3 Spring 95.0 97.3 99.6 
 4 Autumn 79.6 81.4 83.2 
 4 Spring 90.7 93.1 95.7 

  Unharvested   128.2 138.0 148.5 
13 3 Autumn 87.3 88.4 89.4 

 3 Spring 108.0 110.3 112.6 
 4 Autumn 104.2 106.1 108.2 
 4 Spring 114.7 116.3 118.1 

  Unharvested   80.9 86.6 92.9 
18 3 Autumn 48.3 48.5 48.7 

 3 Spring 48.3 48.6 48.9 
 4 Autumn 48.6 49.0 49.5 
 4 Spring 45.2 45.6 46.0 

  Unharvested   29.6 30.9 32.3 
19 3 Autumn 106.3 109.4 112.6 

 3 Spring 91.5 94.1 96.7 
 4 Autumn 103.7 107.9 112.4 
 4 Spring 99.1 103.0 107.0 

  Unharvested   80.6 87.0 94.1 
16 3 Autumn 53.6 54.1 54.5 

 3 Spring 61.9 62.9 63.9 
  Unharvested   33.1 33.5 34.0 

5 4 Autumn 80.7 82.7 84.7 
 4 Spring 113.7 117.9 122.5 

  Unharvested   76.9 82.4 88.3 
12 6 Autumn 64.3 70.7 77.7 

 6 Spring 59.2 64.7 71.0 
  Unharvested   78.0 89.3 101.9 

15 6 Autumn 148.2 156.3 164.8 
 6 Spring 243.3 256.9 271.4 

  Unharvested   212.4 227.0 242.6 
20 6 Autumn 179.4 190.1 201.5 

 6 Spring 244.7 261.0 278.7 
  Unharvested   221.5 237.0 253.7 
Average    89.2  93.6  98.3  
SD   54.8  58.5  62.5  
CV (%)     61.4  62.5  63.6  
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Table S5 The break-even mallee income (AUD) required to offset the total costs incurred by mallee from the agroforestry 
paddock compared to agricultural paddock over the 6-year trial and the proportion of mallee costs attributable to direct and 
indirect costs from the agroforestry paddock for each site and treatment. The direct cost of mallee includes establishment, 
maintenance and harvest. The indirect costs consist of the opportunity cost, being the area foregone to agriculture, and the 
competition cost, being income lost from lower crop yields in the competition zone.  

Site 
Frequency of 

harvest (years) 
Season of 

harvest 
Total 
Costs 

Direct Costs (%) Indirect Costs (%) 
Establishment and 
maintenance cost 

Harvest 
costs 

Opportunity 
cost 

Competition 
cost 

1 3 Autumn 67,653  5 54 12 29 
 3 Spring 73,097  5 46 11 38 
 4 Autumn 61,187  6 59 13 23 
 4 Spring 58,700  6 42 13 39 

  Unharvested   34,345  9 0 23 68 
3 3 Autumn 37,203  26 53 -5 27 

 3 Spring 38,656  25 50 -5 30 
 4 Autumn 35,248  27 46 -6 32 
 4 Spring 41,843  23 50 -5 32 

  Unharvested   21,604  41 0 -9 68 
8 3 Autumn 34,239  11 28 23 38 

 3 Spring 38,075  10 24 21 45 
 4 Autumn 34,501  11 29 23 37 
 4 Spring 40,571  9 26 19 46 

  Unharvested   32,707  11 0 24 65 
13 3 Autumn 53,783  9 26 6 59 

 3 Spring 56,644  9 21 6 64 
 4 Autumn 50,708  10 22 7 61 
 4 Spring 60,503  8 20 6 66 

  Unharvested   57,008  8 0 6 86 
18 3 Autumn 74,939  17 46 12 25 

 3 Spring 77,074  16 46 12 25 
 4 Autumn 81,789  16 46 11 27 
 4 Spring 83,290  15 50 11 24 

  Unharvested   45,256  26 0 20 54 
19 3 Autumn 86,257  10 22 44 23 

 3 Spring 82,043  11 26 47 17 
 4 Autumn 85,522  10 23 45 22 
 4 Spring 89,605  10 24 43 23 

  Unharvested   75,349  11 0 51 38 
16 3 Autumn 16,231  8 42 7 44 

 3 Spring 12,107  10 37 9 44 
  Unharvested   12,486  9 0 9 82 
5 4 Autumn 29,761  10 29 18 43 

 4 Spring 23,850  13 21 22 44 
  Unharvested   29,759  9 0 18 73 
12 6 Autumn 40,371  45 42 -7 19 

 6 Spring 45,348  40 45 -6 20 
  Unharvested   26,313  66 0 -10 44 
15 6 Autumn 40,439  6 17 22 56 

 6 Spring 32,246  8 10 27 55 
  Unharvested   58,451  4 0 15 81 
20 6 Autumn 51,757  12 14 35 40 

 6 Spring 45,671  13 10 39 37 
  Unharvested   46,138  13 0 39 49 
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Table S6 The levelised cost of each harvest treatments at a discount rate of 10%. Sensitivities were performed for carbon 
dioxide equivalent price per Mg CO2e of AUD15 and AUD30. Sensitivities were also performed on the below-ground 
carbon biomass estimates with the three categories of minimum below-ground biomass (Min BGB), average below-ground 
biomass (Avg BGB) and maximum below-ground biomass (Max BGB) per Mg CO2e across the 6-years of experimental 
data. The methodology for estimating minimum, maximum and average below-ground biomass is detailed in methods 
section.  

Site 
Frequency 
of harvest 

Season of 
harvest 
(years) 

$0 CO2e $15 Mg CO2e $30 Mg CO2e 
Scenario b 

($/Mg) 
Min BGB 

($/Mg) 
Avg BGB 

($/Mg) 
Max BGB 

($/Mg) 
Min BGB 

($/Mg) 
Avg BGB 

($/Mg) 
Max BGB 

($/Mg) 
1 3 Autumn 43 41 40 39 39 37 36 
 3 Spring 52 51 49 48 50 46 43 
 4 Autumn 40 38 37 36 36 34 31 

  4 Spring 59 58 55 54 56 52 49 
3 3 Autumn 50 44 42 40 38 35 31 
 3 Spring 54 49 46 44 44 38 33 
 4 Autumn 58 52 48 45 45 39 32 

  4 Spring 53 49 46 43 44 39 33 
8 3 Autumn 82 77 75 74 72 69 65 
 3 Spring 97 92 91 89 88 84 81 
 4 Autumn 81 77 74 72 72 67 63 

  4 Spring 93 89 87 85 85 81 76 
13 3 Autumn 88 85 83 81 81 77 74 

 3 Spring 110 106 104 102 101 97 93 
 4 Autumn 106 102 99 96 98 91 86 

  4 Spring 116 111 109 107 106 101 97 
18 3 Autumn 49 44 42 40 39 35 31 

 3 Spring 49 44 43 41 40 37 33 
 4 Autumn 49 44 43 41 40 37 33 

  4 Spring 46 41 39 38 37 33 30 
19 3 Autumn 109 104 102 100 98 94 91 

 3 Spring 94 89 88 86 84 82 79 
 4 Autumn 108 101 100 98 95 91 88 

  4 Spring 103 97 95 94 91 87 85 
16 3 Autumn 54 48 45 43 41 36 31 

  3 Spring 63 55 51 47 47 39 32 
5 4 Autumn 83 81 79 76 79 75 70 
  4 Spring 118 116 112 109 114 105 99 

12 6 Autumn 71 57 50 44 43 29 16 
  6 Spring 65 56 48 43 46 32 21 

15 6 Autumn 156 153 151 149 150 146 141 
  6 Spring 257 253 250 245 250 243 234 

20 6 Autumn 190 166 154 146 141 117 102 
  6 Spring 261 233 211 195 206 162 128 
Average  91 85 82 79 79 73 67 
SD   54 51 49 48 49 46 44 
CV (%)   59 60 60 60 62 63 66 
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	Thesis objectives and knowledge gaps
	 Assessing mallee biomass production. Many studies have assessed mallee biomass yield using various methodologies which makes the yield potential for mallee difficult to estimate and this may be a barrier for industry. We address this by using site-specific allometric equations to estimates mallee biomass yield from 19 sites over a 10-year period. At each site, both harvested and unharvested mallee treatments are included. At more productive sites, this includes three 3-year harvest cycles. This study also correlates mallee yield response to site characteristics (edaphic and climatic) to assist in defining optimal sites (chapter 2; Forest Ecology and Management 2019).
	 Examining management of mallee harvesting. The effect of frequency and season of harvest on biomass production. Decadal datasets are used with four different harvest regimes (spring and autumn harvests subjected to both short and long harvest cycles). How the three mallee species respond to the different harvest regimes is examined (Chapter 2; Forest Ecology and Management 2019).
	 Assessing the effect of mallee planting configurations on productivity. Across two sites, this study estimates the biomass potential of 20 planting configuration treatments. There were four belt treatments with 1, 2, 4 and 6 row belts divided into five within row spacing treatments with 1, 1.5, 2, 3 and 4 m. Results are expressed on a plot level to compare planting treatments, including the alley to determine total biomass production at paddock level (Chapter 3, Agroforestry Systems 2020).
	 Investigating the synchronicity of flowering in a mallee seed orchard and genetic parameters of biomass and cineole. This study determines the reproductive phenology from an E. loxophleba seed orchard. Data is presented from two annual assessments from a seed orchard comprised of two subspecies and 60 families. The assessment determines the variation in flowering between and within families, and the heritability of flowering traits and traits of interest: biomass and foliar cineole. This will allow for breeding decisions to remove out-of-phase families from the breeding populations without reducing gains in biomass or cineole (Chapter 4, Scientific Reports 2020).
	 Assessing the heritability and genetic parameters of sapling and coppice production. This provides the first assessment of the heritability of mallee coppice success and biomass production. The genetic correlation between two sapling, and one coppice biomass assessments from three E. polybractea progeny trials in southern Australia is estimated. This determines optimal timing of selection to maximise mallee biomass production. (Chapter 5, Tree Genetics and Genomes 2021).
	 Examine the economic viability of mallee and determines the levelised cost using experimental data. Six-year mallee biomass and crop yield datasets are used to determine the break-even price per Mg of fresh mallee biomass. Total costs of mallee production are calculated and separated into establishment and maintenance costs, harvesting costs, opportunity cost (of the land the mallee occupies) and competition cost imposed from mallee on agriculture (Chapter 6, GCB Bioenergy 2021).
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