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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 determined. Here, we
assess the biomass yield responses of Eucalyptus loxophleba ssp. lissophloia and E.
polybractea 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™! year™. For E.
polybractea, both row number and within-row spacing affected yield, which ranged from 2.7
to 18.8 Mg ha'! year!. 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 additional rows, due to increased competition and significant 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.
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Introduction
Over the last three decades research has been undertaken to develop woody perennial crops to

complement annual crops and pastures in the Western Australian (WA) wheatbelt.
Economically viable perennial crops could help mitigate dryland salinity (Olsen ef al., 2004;
Bartle et al., 2007; Bartle & Abadi, 2010). Lefroy and Stirzaker (1999) examined tree crop
planting options for salinity management and concluded that integrated plantings would be
preferred to segregated or rotated tree crop systems. In this case integrated plantings would
take the form of wide-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 perennials 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 to 5 years. Historic markets for cineole focussed on non-
prescription medical uses but recent work has shown promise for industrial scale use (Barton
& Tjandra, 1989; Davis, 2002; Soh & Stachowiak, 2002; Leita ef 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 systems to combat climate change (Harrison &
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., 2016).

Integration of mallee into the wheatbelt farms has potential direct commercial returns. Other
on-farm and regional benefits may also be substantial: hydrological control reducing salinity
and waterlogging (Rundle & 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 & Scott,
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2002a, 2002b; Baker ef al., 2018) and biodiversity benefits (Smith, 2009). However, mallee
have extensive root systems and while their deep root penetration is beneficial (Nulsen ef 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 & Savill, 1991; Dagar et al., 2016). This within-
row tree spacing effect has also been demonstrated in plantation forestry prior to canopy
closure (Niemisto, 1995; DeBell & Harrington, 2002; Pinkard & Neilsen, 2003; West & 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 treatments. 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 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 ef 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
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in the Western Australian wheat belt. These species will be hereafter referred to as Epoi and Eiox
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 converted 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 ef 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
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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 m?, 12 trees x 2
m? (1 m? each side of the belt) and the 6-row belt at 1 m within-row spacing also has a plot
area of 24 m? (2 trees along the belt x 2 m between row x 5 internal rows plus 2 external tree x
2 rows x 1 m? 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 x 50 m) whereas the 6-row belt at the same spacing has a plot area of 0.01 ha (2
m x 50 m) (Table 1).
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Figure 1 A schematic of the trial design and planting configuration: 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.
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Table 1 Plot areas and stocking density (trees ha™!) 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. 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.

Plot-level scenario Paddock-level scenario
Row Treatment and plot area (ha)

Within row Plot area

spacing (m) (ha) Trees 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

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:
EDRC = | drc? [1]

Where drc equals the diameter of each stem and 7 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:
ik = i + 0; + s + 0; X S + 0(1) + ek (2]

Where vy is the trait of interest (dry biomass ha™!, number of stems or survival),
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1; is the replicate effect, o; is the row treatment, s; is the spacing treatment, o; X sxis the
interaction between the row and the spacing treatments, and e 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 transformed to reduce heteroscedasticity and heterogeneity of variance. Prior
to measurement, a fire had burnt one replicate of the 6-row treatment at the Ej site.
Additionally, at the Eiox 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 Eiox site while at
the E,q site it was 89% (range: 78-96%) (Fig. 2a). Significant differences in survival were
observed at the Eiox 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 treatments at the Ep 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! year! at the Ejox site (p <0.0001) and 2.7 — 18.8 Mg ha'! year™! at the E,q 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 E, 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 Ejox site except for the 1-row treatment. Across
both sites and most row-treatments, the 3 and 4 m within-row spacing treatments consistently
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™! year™! at the Ejox
site and from 0.43 — 1.86 Mg ha™! year at the E,q site with most biomass being generated at
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the wide belts (4- or 6-rows) with short within-row spacing (Fig. 2¢). These wider belts
produced significantly more biomass (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
the 1-row belt at both sites. The within-row spacing treatments were highly significant at the
Epor 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 Ej 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 Epo site (p < 0.01) while at the Eio site, the 4-row treatment yielded nearly 2 Mg ha™! year!
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.
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270  of freedom in parentheses (ndf, ddf), for the fixed effects (row treatment, within-row spacing
271  treatment and their interaction) for the Eucalyptus loxophleba subsp. lissophloia and E.
272 polybractea spacing experiments near Narrogin, Western Australia. Significant test results are
273 denoted as: * = P <0.05; **= P <0.001; *** = P <0.0001).
274
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Figure 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
(Eox) and E. polybractea (Epor) at two sites near Narrogin, Western Australia. Error bars
represent + one standard error (n =3 —4).

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 E, the 1- and 1.5-m within-row spacing
treatments had similar productivity. For instance, at the Eio 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 generally two to four-fold greater at the 4 m
spacing compared to the 1 m spacing. This difference was less pronounced at the E,; 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 E, 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, E,.1 had more stems per mallee compared to the Eix 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 Ej site,

this ranged from 1.4 stems at the 1 m within-row spacing to 1.8 stem at the 4 m within-row
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spacing; the corresponding figures for the same treatments at the E, site were 2.2 and 3.4
stems. The number of stems also varied significantly between the row treatments but only at
the Epor 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
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Figure 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 (Eix) and E. polybractea (Eyo) sites near
Narrogin, Western Australia. Error bars represent + one standard error (n =3 — 4).
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Discussion

Understanding the impact of planting configuration and tree belt design on productivity of tree
crops may facilitate their optimal integration into farming systems. 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

productivity, tree size and form (stem number), and tree mortality. These are discussed below.

Biomass production

Productivity of the plot-level scenario of Eix and Ep in this study ranged from 2.7 to 21.2 Mg
ha! yr'!. 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
productivity of the 1-row Eix (>20 Mg ha'! year 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 treatments and productivity penalties were observed with additional

rows and also with wider spacing.

The yield responses from the paddock-level scenario, 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 mallee 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 plantation 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 application of this concept to narrow belts indicates that competition will lead
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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 ef 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.

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 ef 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 & Smith, 1984; Righi et al., 2016; Pommerening &
Sanchez 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 dominance unlikely in even aged

plantings (Lane-Poole, 1936; Schonau & 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
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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
considerably in small areas across a site resulting in varied growth rates (Thomson, 1986;
Phillips & Marion, 2004). Recently, we showed soil organic carbon and nitrogen (NOs 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 & Smith, 1987; Loveland & Webb, 2003). The nitrogen
correlation was, however, limited to frequently harvested treatments 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 ef al., 2012). Such suppression of adjacent crops
from agroforestry plantings have been widely observed in other countries (Rao ef 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 establishment 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 increased, this would reduce the
penalty of the additional row and minimise the productivity difference between the 2- and 1-

row belts.
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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 Ejox treatment where the average mallee
biomass for the 4 m within-row spacing is more than 4-fold 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

divergence 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 have multiple stems. Poplar, willow, sugar cane or forage
harvesters are not suitable for harvesting mallee with large stem diameters (Giles & Harris,
2003; Abadi et al., 2012), but traditional forestry harvesters have been used (Spinelli ef al.,
2014) and a prototype single-row chipper-harvester to improve harvesting efficiency has been
developed and tested (Bartle, 2009; Goss ef al., 2014). Traditional forest harvesting equipment
is more efficient with larger, taller trees. The chipper-harvester, being a continuously moving,
integrated cutting-and-chipping operation, is mostly influenced 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 & Gerrand, 1999; Gerrand & 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 efficiency for a chipper harvester

because the biomass will be concentrated into fewer rows. In contrast, narrow belts would
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likely increase costs using traditional forestry equipment because additional travel distance

would be required to process less biomass.

The strategy of maximising biomass while minimising 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 & 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 production 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 per tree than any other configuration, particularly for E;... 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.
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