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Abstract 15 
Mallee eucalypts have been extensively planted in the Western Australia wheatbelt for salinity 16 

mitigation and as a short-rotation coppice crop for the production of cineole and bioenergy 17 

feedstocks. Mallee has been planted in wide-spaced narrow belts (2-6 rows) within annual 18 

crops and pasture, but optimal planting configurations have not been determined. Here, we 19 

assess the biomass yield responses of Eucalyptus loxophleba ssp. lissophloia and E. 20 

polybractea to; four row treatments (1, 2, 4 and 6 row belts) and five within-row spacing 21 

treatments (1, 1.5, 2, 3 and 4 m). Thirteen years after planting, the row effects on plot-level 22 

biomass productivity of E. loxophleba ranged from 4.3 to 21.2 Mg ha-1 year-1. For E. 23 

polybractea, both row number and within-row spacing affected yield, which ranged from 2.7 24 

to 18.8 Mg ha-1 year-1. For both species, the highest growth rates were observed in the one-row 25 

belts with shorter (<3 m) within-row spacing. Within the belts, reductions of growth rate were 26 

observed with additional rows, due to increased competition and significant suppression of 27 

internal rows; and with wider within-row spacing, due to lower initial planting density. 28 

However, when including the area between belts, wider belts generated more biomass. For 29 

both species, average tree size decreased with additional rows and shorter within-row spacing. 30 

For both species, the number of stems per tree increased with wider within-row spacing, and 31 

also for E. polybractea, with fewer rows. The substantial variation in productivity, tree size 32 

and form found in these results will affect harvestability and ultimately the economic viability 33 

of future mallee plantings. 34 

  35 
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Introduction  36 
Over the last three decades research has been undertaken to develop woody perennial crops to 37 

complement annual crops and pastures in the Western Australian (WA) wheatbelt. 38 

Economically viable perennial crops could help mitigate dryland salinity (Olsen et al., 2004; 39 

Bartle et al., 2007; Bartle & Abadi, 2010). Lefroy and Stirzaker (1999) examined tree crop 40 

planting options for salinity management and concluded that integrated plantings would be 41 

preferred to segregated or rotated tree crop systems. In this case integrated plantings would 42 

take the form of wide-spaced narrow belts within the existing annual crop/pasture farming 43 

system.  44 

 45 

Mallee eucalypts (hereafter referred to as mallee) are small, multi-stemmed lignotuberous 46 

trees. Mallee were selected as the most prospective woody perennials for crop development 47 

due to their ability to coppice after regular, short-cycle harvest. Some 300 native mallee 48 

species occur across the inland, lower annual rainfall (200-500 mm) regions of the southern 49 

states of Australia (Nicolle, 2006). Mallee attracted commercial interest from the early years of 50 

European settlement in Australia as a source of eucalyptus oil (extracted from the leaf by steam 51 

distillation). Species with leaf oil consisting predominantly of 1,8-cineole (hereafter referred to 52 

as cineole) were particularly favoured (Davis, 2002). There are a few current operations in 53 

Australia extracting eucalyptus oil from mallee species, from both native and cultivated stands, 54 

on coppice harvest cycles of 1 to 5 years. Historic markets for cineole focussed on non-55 

prescription medical uses but recent work has shown promise for industrial scale use (Barton 56 

& Tjandra, 1989; Davis, 2002; Soh & Stachowiak, 2002; Leita et al., 2010). High total oil, 57 

cineole-rich mallee species have been selected to suit the full range of edaphic and climatic 58 

conditions in the WA wheatbelt. Two of these are the subject of this work, Eucalyptus 59 

polybractea R.T Baker, native to New South Wales and Victoria, and Eucalyptus loxophleba 60 

Benth. subsp. lissophloia LAS Johnson & KD Hill, from WA. Both of these species readily 61 

coppice after harvest (Eastham et al., 1993; Wildy et al., 2000a; Spencer et al., 2019). Recent 62 

interest in carbon sequestration by agroforestry systems to combat climate change (Harrison & 63 

Gassner, 2020) gave strong impetus to develop mallee for its carbon offset and bioenergy 64 

potential (Wu et al., 2008; Abadi et al., 2012; Yu et al., 2015). Biofuels became a major 65 

research area with a particular focus on conversion to fuels by pyrolysis (O'Connell et al., 66 

2007; Garcia-Perez et al., 2008; Wu et al., 2009; McGrath et al., 2016).  67 

 68 

Integration of mallee into the wheatbelt farms has potential direct commercial returns. Other 69 

on-farm and regional benefits may also be substantial: hydrological control reducing salinity 70 

and waterlogging (Rundle & Rundle, 2002; Silberstein et al., 2002; Ellis et al., 2006; Robinson 71 

et al., 2006); stock shelter and wind erosion control (Bird et al., 1992; Sudmeyer & Scott, 72 
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2002a, 2002b; Baker et al., 2018) and biodiversity benefits (Smith, 2009). However, mallee 73 

have extensive root systems and while their deep root penetration is beneficial (Nulsen et al., 74 

1986; Robinson et al., 2006), their lateral roots spread well beyond the planted belts, creating a 75 

wide competition zone with the adjacent annual crops and pastures (Sudmeyer et al., 2012). 76 

Economic analyses have been undertaken to help define the full range of costs and benefits 77 

(Cooper et al., 2006; Abadi et al., 2012). 78 

 79 

The number of rows in a belt, plant spacing within the rows, and harvest frequency will all 80 

affect biomass yield and composition. In agroforestry plantings, shorter within-row spacing 81 

leads to smaller trees but greater yield (Karim & Savill, 1991; Dagar et al., 2016). This within-82 

row tree spacing effect has also been demonstrated in plantation forestry prior to canopy 83 

closure (Niemistö, 1995; DeBell & Harrington, 2002; Pinkard & Neilsen, 2003; West & Smith, 84 

2019). The most common planting configuration for mallee has been 4-row belts, 40-100 m 85 

apart, with 2 m between rows and 1.5 m within-row spacing (URS, 2008; Bartle, 2009). The 86 

area between belts is commonly called the alley. A study across eight sites in WA with more 87 

than 2-rows, found yield reduction in internal rows of 60% for unharvested belts; and for 88 

harvested belts inner row suppression of up to 80% (Huxtable et al., 2012). Evidence that 1- or 89 

2-row belts may better utilise the land occupied indicates the need to better define the yield 90 

characteristics of these narrow belts (Prasad et al., 2010; Paula et al., 2013).  91 

 92 

This study presents the results of two mallee spacing experiments consisting of four different 93 

numbers of rows, and five within-row spacing treatments. The aim is to determine: 94 

1) the planting configuration that maximises mallee productivity by testing total biomass 95 

response to planting configurations; and  96 

2) the effect of planting configuration on survival and tree form.  97 

Methodology 98 

Study site and Species  99 
 100 
The experiments were established at two sites north of the town of Narrogin (32.93°S, 101 

117.18°E, altitude 290-310 m) in the Western Australian wheatbelt. The wheatbelt has mild 102 

wet winters and hot dry summers. Annual average rainfall (1986-2015) for Narrogin was 447 103 

mm, annual evaporation 1566 mm, average daily maximum temperature was 22.7 ᵒC and 104 

average daily minimum temperature was 9.8 ᵒC (Jeffrey et al., 2001). 105 

 106 

The experimental sites were selected considering suitability of soil types to the two selected 107 

mallee species: E. polybractea and E. loxophleba subsp. lissophloia, which are widely planted 108 
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in the Western Australian wheat belt. These species will be hereafter referred to as Epol and Elox 109 

respectively. Each site consisted of only one of the two species. Both sites have similar 110 

landscape position and soil type, i.e. shallow valley floor landform in the Eastern Darling 111 

Range Zone and depositional profiles having duplex soils with deep grey sandy surface soil 112 

horizon to 1 m over sandy clay (Moore, 2001). Both sites were cleared of native vegetation 113 

several decades ago and converted to an agriculture based on well-fertilised annual 114 

crop/pasture rotations. 115 

 116 

Both experiments were established in winter 2000. Prior to planting, weed control was carried 117 

out using glyphosate and simazine. Seedlings were planted into soil that had been ripped to a 118 

depth of 50 cm and rip-lines were 2 m apart.  119 

 120 

Experimental design 121 
 122 
Both experiments  had a split plot design with four replicates and random allocation of main 123 

plots within each replicate, and sub-plots within the main plots (Fig. 1). The belt row 124 

configuration was the main plot treatment with four levels: 1, 2, 4 or 6 row belts. The distance 125 

between rows was maintained at 2 m as this is the minimum spacing required for a single row 126 

harvester to access internal rows. The main plots were divided into five within-row spacing 127 

treatments of 1, 1.5, 2, 3 or 4 m. At each main plot boundary there was a six-tree buffer while 128 

there was a three-tree buffer between the sub-plots. The larger buffer was used between the 129 

main plots as it represented a change in both tree-spacing and number of row treatments. Each 130 

sub-plot consisted of 12 trees distributed between the number of rows prescribed. 131 

 132 

Two analyses were performed: firstly, to compare the productivity of each treatment on the 133 

area the mallee plots physically occupy; and secondly, to compare the productivity of each 134 

treatment including the alley area to determine mallee productivity of the entire paddock. 135 

These two approaches were used as both have limitations, the first analysis does not account 136 

for the area of influence the mallee belt has on the immediately adjacent agricultural land 137 

(called the competition zone) and the second approach does not account for the additional area 138 

foregone to agriculture that the wider belts occupy. 139 

 140 

In the first analysis, to standardise the plot area of each treatment, the outer edge of the plot 141 

was calculated as half the internal distance between rows, as used by Paul et al. (2013a). 142 

Hence, the 2 m inter-row space had 1 m added to each side to derive plot area. The 1-row 143 

treatment was also allocated a 1 m edge to derive area. Consequently, the 1-row treatment is 144 

twice the length and half the width of the 2-row treatment; analogously the 1-row treatment 145 
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was six times the length and one sixth the width of the 6-row treatment. This method allocates 146 

equivalent plot areas to different row treatments with the same spacing treatment. For instance, 147 

for a 1 m within-row spacing, the 1-row belt of 12 trees has a plot area of 24 m2, 12 trees x 2 148 

m2 (1 m2 each side of the belt) and the 6-row belt at 1 m within-row spacing also has a plot 149 

area of 24 m2 (2 trees along the belt x 2 m between row x 5 internal rows plus 2 external tree x 150 

2 rows x 1 m2 for the external edge). However, plot area is modified by the within-row spacing 151 

treatments (Table 1). 152 

  153 

In the second analysis, the alley area was included to calculate mallee productivity over the 154 

entire paddock. Alley widths at both experiments were approximately 50 m apart. The plot 155 

area, for instance, for a 1 m within-row spacing, the 1-row belt of 12 trees has a plot area of  156 

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 (2 157 

m x 50 m) (Table 1). 158 

 159 
a) 160 

161 
b)  162 

 163 
Figure 1 A schematic of the trial design and planting configuration: a) fully randomised 164 
allocation of main plot treatments (number of rows) within each replicate, and b) further 165 
randomised arrangement of the subplot (within-row spacing) treatments within the whole plot 166 
factor using replicate 1 as an example.   167 
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Table 1 Plot areas and stocking density (trees ha-1) of within-row spacing treatments (m) for 169 
the plot-level scenario and the plot areas for each row-treatment and within-row spacing for the 170 
paddock-level scenario. The numbers refer to each replicate at the two experimental sites. Note 171 
that for the plot-level scenario, at a given within-row spacing, the plot area is the same for all 172 
four different row spacing treatments; see text in the Methods section for details.  173 
 174 

Within row 
spacing (m) 

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

Plot area 
(ha) Trees ha-1 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 

 175 

Estimating dry mass of trees 176 
 177 
Diameters of each stem were measured in the winter of 2013 with a diameter tape at 178 

approximately 10 cm above ground level. All stems over 10 mm were measured. Fibrous bark, 179 

buttressing and swelling associated with low branching was avoided by slightly raising or 180 

lowering the measurement height. For multiple stemmed trees, the Equivalent Diameter 181 

(EDRC) method of Chojnacky and Milton (2008) was used to provide a single diameter: 182 

   𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = �� drci2
n
𝑖𝑖=1       [1] 183 

Where drc equals the diameter of each stem and n equals the number of stems of each tree. 184 

 185 

Mallee allometric equations developed by Spencer et al. (2019) were used to estimate dry 186 

biomass in a two-step process; first converting EDRC to above ground fresh biomass, then 187 

partitioning fresh biomass into oven dry wood, bark, twig and leaf. These data were then 188 

summed to estimate the dry biomass of the tree which was used to calculate standing dry 189 

biomass for each treatment and plot- and paddock-level scenarios. Other mallee eucalypt 190 

allometric equations were assessed; these include Paul et al. (2013b) which did not cover 191 

suitable size range for stem diameter, while the continental-scale multi-stemmed equation 192 

published Paul et al. (2016) underestimated biomass when compared to the species-specific 193 

equations generated by Spencer et al. (2019). 194 

Statistical model 195 
 196 

Treatment effects were evaluated by sites using mixed linear models using REML to estimate 197 

variance components in SAS 9.4 (SAS, 2017) with the following formula: 198 

yijk = ri + oj + sk + oj x sk + oj(ri) + eijk     [2] 199 

Where y is the trait of interest (dry biomass ha-1, number of stems or survival),  200 
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ri is the replicate effect, oj is the row treatment, sk is the spacing treatment, oj x sk is the 201 

interaction between the row and the spacing treatments, and eijk is the residual error. Replicate 202 

and replicate nested with the main plot (row treatment) were specified as random effects. The 203 

proportion of trees that survived were analysed following arcsine transformation. Tree biomass 204 

was natural-log transformed to reduce heteroscedasticity and heterogeneity of variance. Prior 205 

to measurement, a fire had burnt one replicate of the 6-row treatment at the Epol site. 206 

Additionally, at the Elox site, two subplots (4 and 3 m spacing) of one replicate of the 1-row 207 

treatment had high mortality and the remaining trees had been damaged by termites modifying 208 

the growth form of the trees. The burnt and termite affected plot data were treated as missing 209 

observations in analysis.  210 

Results 211 

Planting configuration on mallee survival  212 
 213 

Tree survival, averaged across treatments, was 86% (range: 69-94%) at the Elox site while at 214 

the Epol site it was 89% (range: 78-96%) (Fig. 2a). Significant differences in survival were 215 

observed at the Elox site (p < 0.05) for the row treatments (Table 2), where there was 78% 216 

survival for the 1-row belts compared to above 86% for the other row treatments. No 217 

differences in survival were observed between treatments at the Epol site. 218 

Planting configuration affects productivity of mallee in agroforestry systems 219 
 220 

For the plot-level scenario, across both experiments, the 1-row treatment produced 221 

significantly more biomass per unit area than the other row-treatments (Fig. 2b). Table 2 222 

summarises the significance of the main- and sub-plot results at both sites. The number of row 223 

treatment had a highly significant effect on biomass production which ranged from 4.3 – 21.2 224 

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 225 

<0.001). There was a yield reduction with additional rows, with the highest yielding 1-row 226 

treatment producing more than twice the biomass of any of the 4 and 6-row treatments. The 227 

within-row spacing treatment was also highly significant at the Epol site (p <0.0001) where the 228 

1 m within-row spacing yield exceeded the other within-row spacing treatments. Although not 229 

significant, a similar trend was observed at the Elox site except for the 1-row treatment. Across 230 

both sites and most row-treatments, the 3 and 4 m within-row spacing treatments consistently 231 

produced the least biomass. The interaction between row treatment and within-row spacing 232 

was not significant (Table 2). 233 

 234 

For the paddock-level scenario, productivity ranged from 0.65 – 1.56 Mg ha-1 year-1 at the Elox 235 

site and from 0.43 – 1.86 Mg ha-1 year-1 at the Epol site with most biomass being generated at 236 
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the wide belts (4- or 6-rows) with short within-row spacing (Fig. 2c). These wider belts 237 

produced significantly more biomass (p <0.01) than the 1- or 2-row treatments, with the 6-row 238 

belt, averaged across within-row spacing treatments, producing almost double the biomass of 239 

the 1-row belt at both sites. The within-row spacing treatments were highly significant at the 240 

Epol site (p <0.0001) where, averaged across row-treatments, the 1 m within-row spacing belt 241 

yielded nearly twice the biomass compared to the 3 and 4 m within-row treatments. Analogous 242 

to the plot-level analysis, a similar trend occurred at the Elox site, but was not significant. The 243 

interaction between row treatment and within-row spacing was also not significant. 244 

The biomass production of the 4- and 6-row treatments were further analysed and there was a 245 

difference (p < 0.0001) in biomass production between the external and internal rows (Fig. 3). 246 

At both sites there were interactions (p < 0.005) between external and internal row biomass 247 

and the within-row spacing treatments, driven by the higher yields of the external rows at 248 

shorter within-row spacing. The short within-row spacing outperformed the wider spacing at 249 

the Epol site (p < 0.01) while at the Elox site, the 4-row treatment yielded nearly 2 Mg ha-1 year-1 250 

more than the 6-row treatment (p < 0.05). At most within-row spacing treatments, there was at 251 

least a doubling, but up to a five-fold difference in biomass production of the external rows 252 

compared to the internal rows. This was much more pronounced for the higher density within-253 

row spacing treatments. 254 

  255 
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 256 

 257 

 258 

Figure 2 Effect of number of rows (1, 2, 4 and 6) and within-row spacing treatments on: (a) 259 
mallee survival; (b) plot-level productivity (Plot prod Mg ha-1 year-1) which includes only the 260 
area occupied by mallee; and (c) paddock-level productivity (Paddock prod Mg ha-1 year-1) 261 
which includes the alley area between mallee belts. All graphics refer to the Eucalyptus 262 
loxophleba subsp. lissophloia (Elox) and E. polybractea (Epol) sites near Narrogin, Western 263 
Australia. Error bars represent ± one standard error (n = 3 – 4). 264 

 265 

 266 
Table 2 Linear mixed model analyses of arcsine-transformed survival, dry mallee productivity 267 
(Mg ha-1 yr-1) of both plot and paddock scenarios, natural log transformed average dry tree 268 
biomass and the number of stems per mallee. F-values and numerator and denominator degrees 269 
of freedom in parentheses (ndf, ddf), for the fixed effects (row treatment, within-row spacing 270 
treatment and their interaction) for the Eucalyptus loxophleba subsp. lissophloia and E. 271 
polybractea spacing experiments near Narrogin, Western Australia. Significant test results are 272 
denoted as: * = P < 0.05; **= P < 0.001; *** = P < 0.0001). 273 
 274 

 Eucalyptus loxophleba site Eucalyptus polybractea site 

Effect Survival Productivity 
(plot) 

Productivity 
(paddock) 

ln (tree 
biomass) 

Number of 
stems Survival Productivity 

(plot) 
Productivity 
(paddock) 

ln (tree 
biomass) 

Number of 
stems 

Fixed effects F (ndf, 
ddf)  F (ndf, ddf)  F (ndf, ddf)  F (ndf, 

ddf)  F (ndf, ddf)  F (ndf, 
ddf)  F (ndf, ddf)  F (ndf, ddf)  F (ndf, 

ddf)  F (ndf, ddf)  

Row 4.1 
(3,9)* 

30.1 (3,9) 
*** 10.3 (3,9)* 57.4 

(3,9)*** 3.7 (3,9) 0.8 (3,8) 20.1 
(3,8)*** 8.3 (3,8)* 30.6 

(3,8)*** 
12.3 

(3,8)** 

Spacing  0.7 
(4,46) 1.9 (4,46) 2.2 (4,46) 61.3 

(4,46)*** 
6.2 

(4,46)*** 2.0 (4,43) 14.5 
(4,43)*** 

15.5 
(4,46)*** 

28.5 
(4,43)*** 

5.8 
(4,43)*** 

Row x Spacing  0.7 
(12,46) 0.6 (12,46) 0.5 (12,46) 0.5 (12,46) 0.8 (12,46) 1.2 

(12,43) 1.5 (12,43) 2.0 (12,43) 1.5 
(12,43) 0.7 (12,43) 
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 275 
Figure 3 Yield responses of the internal and external rows of the combined 4- and 6-row 276 
treatments and within-row spacing treatments of Eucalyptus loxophleba subsp. lissophloia 277 
(Elox) and E. polybractea (Epol) at two sites near Narrogin, Western Australia. Error bars 278 
represent ± one standard error (n = 3 – 4). 279 

Planting configuration affects individual tree size and number of stems 280 
 281 
Average tree biomass varied significantly for both row number treatment and within-row 282 

spacing treatment (Table 2). Generally, for all row-number treatments and species, tree size 283 

increased with increasing within-row spacing such that the largest trees were observed in the 4 284 

m within-row spacing (Fig 4a). However, for Epol the 1- and 1.5-m within-row spacing 285 

treatments had similar productivity. For instance, at the Elox site, the 1-row treatment had the 286 

smallest mallee at the 1 m within-row spacing and averaged 61 kg per tree, while at the 4 m 287 

within-row spacing, average tree size increased to 264 kg. The magnitude of difference 288 

between the within-row spacing treatments was generally two to four-fold greater at the 4 m 289 

spacing compared to the 1 m spacing. This difference was less pronounced at the Epol site 290 

especially for the 6-row treatment. Trees on average were also largest in the 1-row treatment 291 

and smallest in the 6-row treatment although there was no statistical difference between the 4- 292 

and 6-row treatments at the Epol site. The average tree biomass of the 1-row belt was three 293 

times the biomass of the 6-row treatment at both sites.  294 

 295 

On average, Epol had more stems per mallee compared to the Elox site (2.8 vs 1.6 stems). The 296 

number of stems was significantly affected by within-row spacing at both sites (Table 2), with 297 

fewer stems per mallee at the denser within-row spacing treatments (Fig. 4b). At the Elox site, 298 

this ranged from 1.4 stems at the 1 m within-row spacing to 1.8 stem at the 4 m within-row 299 
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spacing; the corresponding figures for the same treatments at the Epol site were 2.2 and 3.4 300 

stems. The number of stems also varied significantly between the row treatments but only at 301 

the Epol site. The 1-row treatment averaged 3.5 stems per mallee, which decreased to 2.3 stems 302 

per mallee in the 6-row treatment. This trend, although not significant, was also apparent at the 303 

Elox site. 304 

 305 

 306 

Figure 4 Effect of number of rows (1, 2, 4 and 6) and within-row spacing treatments on: (a) 307 
mallee size (kg dry biomass per tree); and (b) the number of stems per tree. Each graphic refers 308 
to the Eucalyptus loxophleba subsp. lissophloia (Elox) and E. polybractea (Epol) sites near 309 
Narrogin, Western Australia. Error bars represent ± one standard error (n = 3 – 4). 310 

 311 
 312 

  313 

 314 
  315 
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Discussion 316 
 317 

Understanding the impact of planting configuration and tree belt design on productivity of tree 318 

crops may facilitate their optimal integration into farming systems. To help develop this 319 

knowledge we examined effects of planting configuration on productivity of two commonly 320 

planted mallee species within the Western Australian wheat belt. Our results revealed that the 321 

design of a mallee belt exerts significant impacts on several key attributes including 322 

productivity, tree size and form (stem number), and tree mortality. These are discussed below. 323 

Biomass production 324 
 325 

Productivity of the plot-level scenario of Elox and Epol in this study ranged from 2.7 to 21.2 Mg 326 

ha-1 yr-1. These results are mostly within the range observed for unharvested mallee 327 

productivity study from 19 sites in the Western Australian wheatbelt (Spencer et al., 2019). 328 

This study considers the impact of spacing configuration on productivity and found the 329 

productivity of the 1-row Elox (>20 Mg ha-1 year-1 over 13 years) is the highest yield we have 330 

observed for this species. Biomass production per plot area, was affected by both the row 331 

treatment and within-row spacing. In this study, the 1-row treatment had significantly faster 332 

growth rates than the other treatments and productivity penalties were observed with additional 333 

rows and also with wider spacing.  334 

 335 

The yield responses from the paddock-level scenario, in which wider belts produced more 336 

biomass than the narrower belts, were contrary to the plot level results. This was, however, 337 

expected: a 6-row belt from external stump to stump physically occupies 10 m, whereas a 2-338 

row belt occupies only 2 m, which is a considerable difference with 50 m alley widths. This 339 

land is completely foregone to agriculture. The narrower-belts also have faster growth rates per 340 

tree. Competition imposed from unharvested mature mallee on the immediately adjacent 341 

agriculture has been found to extend a further 14 m from mature mallee belts (Sudmeyer et al., 342 

2012), however, it is unknown if belt width will impact competition extent. 343 

 344 

A common finding between the plot- and paddock-level scenarios was that shorter within-row 345 

spacing treatments were generally more productive. In plantation forestry, Binkley (2004) 346 

hypothesised that prior to canopy closure suppression of growth through tree dominance is low 347 

and resource supply is high for all trees. At this stage the increase in biomass production is a 348 

function of stocking rate. As competition between trees begins, growth rate slows, with earlier 349 

onset of competition in higher density plantings, where less competitive individuals are 350 

suppressed. The application of this concept to narrow belts indicates that competition will lead 351 
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to conspicuous asymmetry in size between trees, described as phase two of the Binkley (2004) 352 

model. This was indeed observed in these two spacing experiments where clear asymmetry 353 

was observed in 4- and 6-row treatment, especially comparing the external with internal rows.  354 

 355 

The lower productivity observed from the internal rows of the 4- and 6-row treatments was 356 

caused by the suppression of growth rates from the external rows. This production penalty has 357 

been observed elsewhere for mallee and other species (Ritson, 2006; Prasad et al., 2010; 358 

Huxtable et al., 2012; Paula et al., 2013) and is driven by the trees in the external rows having 359 

greater access to the additional resources especially light, nutrients and water.  360 

 361 

The most likely reason for the slower growth rates of many planting configurations is the lack 362 

of available water. In the Western Australian wheatbelt, the annual potential evaporation (PET) 363 

can be up to five-fold the annual rainfall (at Narrogin annual PET is three and a half times the 364 

annual rainfall) and water has been shown to be a major limiting resource for mallee belts. 365 

Rainfall has not been shown to be a predictor of mallee productivity (Spencer et al., 2019) 366 

probably because other water sources are available. For instance, Bennett et al. (2015) 367 

demonstrated by intercepting surface run-off by tree belts with small bunds, there was a 35% 368 

increase in biomass production. Mallee with access to fresh groundwater have shown up to ten 369 

times the biomass accumulation compared to those without access to groundwater (Wildy et 370 

al., 2004; Brooksbank et al., 2011). Access to these additional water sources are likely to 371 

benefit exterior trees with fewer rows and wider within-row spacing.   372 

 373 

Work on other species in higher rainfall and lower insolation environments indicate that 374 

shading can limit tree growth (Long & Smith, 1984; Righi et al., 2016; Pommerening & 375 

Sánchez Meador, 2018). Wildy and Pate (2002) found that shaded E. kochii coppice produced 376 

less biomass than unshaded coppice in the first year post-harvest. Shading could be a factor in 377 

mallee belts especially because the larger external trees may shade the smaller internal-row 378 

trees during winter when radiation is lower and water is more readily available. However, if 379 

shading was limiting growth, the internal trees from the denser within-row spacing treatments 380 

would be less productive than the internal trees of the wider within-row spacing. This was not 381 

observed at these two sites, where there was a reduction in productivity of external trees with 382 

wider spacing, but the internal trees remained similarly suppressed (Fig. 4). Indeed, eucalypts 383 

tend to be crown-shy thus making shading due to crown dominance unlikely in even aged 384 

plantings (Lane-Poole, 1936; Schönau & Coetzee, 1989).  385 

 386 

Competition for nutrients is another factor that could affect productivity under different 387 

planting configurations. Both spacing trials were located on fertilised annual cropping 388 



14 
 

paddocks and trees from external rows, narrower belts or wider spacing would have greater 389 

access to additional nutrients. Indeed, in plantation forestry, soil nutrition may vary 390 

considerably in small areas across a site resulting in varied growth rates (Thomson, 1986; 391 

Phillips & Marion, 2004). Recently, we showed soil organic carbon and nitrogen (NO3
-
 and 392 

NH4
+) were correlated with mallee biomass productivity in a multi-site long term study 393 

(Spencer et al., 2019). Organic carbon is probably a surrogate for nutrient supply and water 394 

availability in sandy soils (Doran & Smith, 1987; Loveland & Webb, 2003). The nitrogen 395 

correlation was, however, limited to frequently harvested treatments where biomass removal 396 

has been shown to deplete soil nitrogen stores (Grove et al., 2007; Yu et al., 2015). However, 397 

in this study, neither spacing trial had been harvested.  398 

 399 

For both mallee species, the plot-level growth rate per tree of the 1-row belt was markedly 400 

higher than for the 2-row belt even at double the within-row spacing. Similar but smaller 401 

responses have been observed elsewhere but on much younger trees (Prasad et al., 2010; Paula 402 

et al., 2013). The process involved in this highly divergent response is unclear, but it suggests 403 

that competition between rows is more pronounced than competition within rows. A likely 404 

explanation is that trees in multiple row belts are subject to the additional competition of the 405 

neighbouring row. Within a few years of planting, root systems will overlap, competition for 406 

resources within the belt area will strengthen and roots will grow into the adjacent agricultural 407 

land to acquire water and nutrients. This lateral root growth has been observed with crop 408 

suppression in the alley of unharvested mallee where there was a reduction in crop and pasture 409 

yield by 36% between 2 and 20 m from the mallee belts compared to open paddock yields in 410 

the Western Australian wheatbelt (Sudmeyer et al., 2012). Such suppression of adjacent crops 411 

from agroforestry plantings have been widely observed in other countries (Rao et al., 1991; 412 

Prasad et al., 2010; Dagar et al., 2016; Oliveira et al., 2016).  413 

 414 

Two metres between rows was generally viewed as the minimum distance for a harvester to 415 

access multiple row belts. This planting configuration was found to reduce mallee productivity 416 

compared to 1-row belts. Single-row belts may also reduce establishment costs and decrease 417 

the paddock area allocated to mallee while still achieving enhanced water use and some degree 418 

of salinity control. However, 2-row belts, compared to 1-row belts, may provide greater 419 

capacity to consume excess water and will be less porous, providing better stock shelter and 420 

wind erosion control. If the between-row spacing of 2 m was increased, this would reduce the 421 

penalty of the additional row and minimise the productivity difference between the 2- and 1-422 

row belts.  423 

 424 
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Tree size and form 425 
 426 

As the within-row spacing increases, the average tree size increases. Average tree size is also 427 

affected by mortality, that is, if mortality is high in a plot, the average tree size of survivors 428 

also increases. This was observed in the 1-row Elox treatment where the average mallee 429 

biomass for the 4 m within-row spacing is more than 4-fold as large as the 1 m within-row 430 

spacing. This difference was due to both the increased spacing and higher mortality at the 4 m 431 

within-row spacing. Mortality at larger within-row spacing will make available additional 432 

space and resources resulting in larger mallee than mortality at shorter spacing. In these 433 

experiments, there was a large range of whole-tree biomass across spacing treatments. The 434 

smallest trees were in the 4- and 6-row treatments at shorter within-row spacing. This 435 

divergence in mallee size will affect harvestability and proportions of the biomass components.  436 

 437 

Maximum tree size, tree form and production per kilometre of row and belt are factors in the 438 

harvest viability of a mallee belt system. Mallee is difficult to harvest, having high wood 439 

density (Ilic et al., 2000) and have multiple stems. Poplar, willow, sugar cane or forage 440 

harvesters are not suitable for harvesting mallee with large stem diameters (Giles & Harris, 441 

2003; Abadi et al., 2012), but traditional forestry harvesters have been used (Spinelli et al., 442 

2014) and a prototype single-row chipper-harvester to improve harvesting efficiency has been 443 

developed and tested (Bartle, 2009; Goss et al., 2014). Traditional forest harvesting equipment 444 

is more efficient with larger, taller trees. The chipper-harvester, being a continuously moving, 445 

integrated cutting-and-chipping operation, is mostly influenced by yield per kilometre of row, 446 

provided tree size range is below about 150 kg per tree. By varying the speed of the harvester, 447 

maximum efficiency can be maintained over a range of tree sizes, but overall harvest and 448 

transport (forwarding) efficiency is improved with high yields per kilometre of row (Abadi et 449 

al., 2012). Tree form is less significant for the chipper harvester than it is for traditional forest 450 

harvesting and chipping, but an upright form is easier to handle. 451 

 452 

In the current work, the number of stems per tree is used as a proxy for upright form, and the 453 

number of stems increased for both species and with wider spacing. This response is similar to 454 

that observed in eucalypt forestry trials where branch size is inversely proportional to stocking 455 

rates (Neilsen & Gerrand, 1999; Gerrand & Neilsen, 2000; Henskens et al., 2001). Mallee belt 456 

design can therefore aim to use shorter within-row spacing to increase yield, reduce tree size 457 

and stem number. Concentrating biomass into fewer rows will reduce the total amount of 458 

biomass produced but may result in increased harvest efficiency for a chipper harvester 459 

because the biomass will be concentrated into fewer rows. In contrast, narrow belts would 460 
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likely increase costs using traditional forestry equipment because additional travel distance 461 

would be required to process less biomass. 462 

 463 

The strategy of maximising biomass while minimising tree size with shorter within-row 464 

spacing will alter the component partitioning of biomass with increased stemwood in larger 465 

trees (Paul et al., 2017). Foliar cineole, has greater economic value than wood, twig and bark 466 

(Barton, 2000; Davis, 2002). Currently, for leaf oil production, whole trees are harvested in the 467 

paddock with the oil extracted via hydro-distillation or steam distillation (Wildy et al., 2000b; 468 

Babu & Singh, 2009). Both traditional forestry harvesting equipment and single-row chipper-469 

harvester process whole tree biomass on-site ready for transport. This material can then be 470 

delivered to a processing plant where the leaf material would be separated from the other 471 

fractions and cineole extracted (Enecon, 2001). The results from our study suggest there is 472 

scope to maximise leaf production by producing smaller mallee, without reducing mallee 473 

productivity. Where cineole production is a major objective, leaf biomass yield can be 474 

favoured by shorter within-row spacing. If a larger proportion of wood fraction is preferred 475 

then 1-row belts with larger within-row spacing can be used, but this may require conventional 476 

forestry harvesting equipment.  477 

Conclusion 478 
 479 

The two species in this experiment showed broadly similar production responses to both row-480 

number and within-row spacing treatments. Single row belts with shorter within-row spacing 481 

have faster growth rates per tree than any other configuration, particularly for Epol. However, 482 

wider belts generate more biomass but the internal rows display considerable suppression with 483 

reduced productivity and occupy more land. Closer within row spacing will favour leaf 484 

biomass production. If wood biomass is the target product, narrow belts with wider spacing 485 

should be considered.  486 
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