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Abstract

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
2006-2015. 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! yr'!. Higher
yielding sites were generally characterised by pH between 3.8 and 8, EC. below 15.0 dS m'!
and high soil fertility. Lower yielding sites were generally near saline valley floors. After 7-
years, biomass 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 interactions 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


mailto:beren.spencer-@postgrad.curtin.edu.au

33

34

35

36

37

38

39

40

42

43

45

46

47

48

49

50

51

52

53

54

55

56

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 production
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.

Keywords: bioenergy crops, belt-plantings, carbon sequestration, mallee eucalypts, multiple

harvest cycles, oil mallee, short-rotation coppice, tree mortality.

1. Introduction
The issues of sustainability in agriculture and climate change are driving development of
options to improve the performance of agricultural 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 &

Abadi, 2009; Barton, 2000; URS, 2008).
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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 20t
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 &
Hurle, 1973). The native woody perennial vegetation is adapted to exploit any subsoil water
infiltration (Robinson et al., 2006; Verboom & Pate, 2006) and this allowed a large storage of
cyclic salt to accumulate (Hingston & Gailitis, 1976). The conversion to annual plant
agriculture permits some deep soil water penetration, 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 contribute 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 ef al., 2002; Sudmeyer & Scott,

2002); reduction of waterlogging (Ellis ef al., 2006; Rundle & Rundle, 2002; Silberstein et
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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 regeneration after

harvest (Noble, 1982; Noble, 2001; Noble & Diggle, 2014; Wildy & Pate, 2002).

Confidence in the potential of including mallee as a farm crop developed initially from native
woodland stands of E. polybractea harvested 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 & 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 & 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 & 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
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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, 1989b; Noble & Diggle,
2014); the effect was more pronounced when harvests were undertaken in autumn compared
to spring. In a later study, Milthorpe ef al. (1998) subjected a 1-year old plantations of

E. polybractea and E. kochii in Condobolin NSW (mean rainfall 460 mm/year, evaporation
1800 mm) to annual harvest for 5-years. Yield improved on the second harvest, but thereafter
declined from 6 to 2 Mg ha!. Similarly, 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.
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The growth of individual trees and tree stands through time have been well described e.g.
Richards (1959). In the general growth function, 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
research 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.
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This paper also presents the allometric relationships used to calculate total dry biomass and
dry components (wood, bark, twig and leaf) of the three mallee species: E. loxophleba subsp.

lissophloia, E. polybractea 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 determine the competition imposed on adjacent annual crop and pasture over
the harvest cycle (Mendham et al., 2012; Peck et al., 2012; Sudmeyer ef al., 2012a). The
work reported here is principally concerned with mallee biomass production. Site 5 from the
previous reports 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.

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 Eiox, Epol and Exoc respectively.
Typically Epol has been planted in higher rainfall zones of the southern wheatbelt, Exoc has
been planted in the northern wheatbelt where it naturally occurs and Eiox has been planted

throughout the wheatbelt (c.f. Fig 1 and Table 1).
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174  This study ran for 10-years (2006-2015) using 19 mallee belt plantings that had been

175  established several years earlier by farmers in the WA wheatbelt (Fig. 1). For site details see
176  Table 1. Sites were chosen to be representative of the range of species and environmental

177  conditions where belt plantings of mallee had been undertaken (for detailed landscape and
178  soil information see Table S1).

179

180  The wheatbelt has a Mediterranean climate with hot dry summers and mild wet winters. Over
181  the duration of this experiment, mean annual rainfall ranged from 628 mm on the south-coast
182  to 304 mm in the north-east, and evaporation increased from 1646 mm to 2575 mm (Table 1).
183  The crops and pastures of this region are predominantly non-irrigated, winter-growing

184  annuals.
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Table 1- Site characteristics and planting configuration for all field sites. Meteorological data obtained through SILO
(Jeffrey et al., 2001) datasets from 2005-2014. Site 4 was never established. Sites names have been kept consistent with

previous publications for traceability.

Mean Mean annual Mean Mean
annual pan maximum minimum Alley Plot
Year rainfall evaporative temperature temperature Number width length

Site Lat(°S) Long (°E) Species planted (mm) (mm) [GX®) [GX®) of rows (m) (m)
1 -32.87 117.25 Epol 1996 443 1781 23.4 10.0 2 70 20
2 -32.96 117.52 Eiox 1997 406 1775 233 9.9 2 20 20

-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 Eiox 2000 305 2493 26.5 12.2 2 40 20
8 -32.99 117.73 Epol 1998 396 1785 232 9.8 4 125-250 20
9 -33.48 117.00 Elox 1999 486 1646 232 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 229 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 Eiox 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 Eiox 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 in Feb 2002 prior to trial

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.
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Figure 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 1.5-2.5 m. Sites 15-20 had 25 m
plots with 12.5 m buffers.

Buffer 10 m Treatment plot20 m Buffer 10m

Measurment trees

< > Rip lines approx.

2 m apart

Distance betweentrees
1.5-2.5m

Unmeasured trees

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 treatment. 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 seasons. 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 exceeded approximately 10 — 15 dry
kg/tree to keep harvest cost of below AU$30 Mg-! (Spinelli ef 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.

10
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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 EC. (dS m™!),
pH (CaCly) and nutrients (NH3, NO;s-, 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 the bulk density of the soil horizon. pH and EC. were
expressed as the maximum and minimum recorded from each core. Further methodology for
soil data collection are detailed in Sudmeyer ef 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 measurements were taken. Where buttressing or
lignotubers affected the measurement, 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 = /Z?z drc} [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

11
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that was dominated by small mallee with bushy forms and multiple stems. For such uncut and
coppiced mallee, Crown Volume Index (CVI) was deemed a more accurate biomass
assessment method. CVI estimates the volume of the coppice in m? as:

CViI=Hx Wix W; [2]
Where H is the height and W; and W; 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 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 (precision +/- 0.1 kg). Uncut and coppiced mallee were
selected using a stratified 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 19-23 uncut and 21-145 coppice were
destructively sampled from each site (see S2 and S3 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

12
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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 ez al. (2002), except at Site 13,
where only four trees were sampled. Total weight of wood with bark (>20 mm diameter over
bark), and twig with leaf (< 20 mm diameter over bark) were recorded. These were further
partitioned into four biomass components (wood, bark, leaf and twig). Sub-samples of each
of the four components were weighed in the field. The subsamples were transported 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 observation of delayed coppice regeneration.

2.8 Allometry
Mallee allometry has been published in Paul et al. (2016) and Paul ef 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

13
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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:

In(AGFBinaiv) = In(a) + b *In(x) + ¢ [3]
where AGFBindivis above ground fresh biomass of the individual mallee, a and b are
parameter estimates, x is EDRC in cm or CV1 in m3 from Eq. 1 and 2, respectively and ¢ is the
error term. To estimate dry components further allometric equations were developed using:

In(AGDBC)) = In(c;) + d; * In(q) + e [4]
where AGDBC is above ground dry biomass for component; (i.e., leaf, twig, bark or wood) of
the individual mallee, ¢; and d; are parameter estimates for component;, g is AGFB and e; is
the error term for component; biomass model. In all cases, estimates a/c; and b/d; were
calculated 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 modelling (GLM) was used to test whether species improved the

performance of the models.

For all allometric equations, the residuals were checked for heteroscedasticity. Data from 10
uncut and 24 coppiced mallee were removed 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 & 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.

14
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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 =Y (i [5]

1=
where AGDB is above ground dry biomass, C; 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 calculated as half the internal distance between rows
within a belt extended 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'! yr!).

A preliminary analysis showed biomass yield symmetry between rows within a belt Figs S1-
20. 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 diameters between the outer two rows
each side of a mallee belt in paired comparison t-tests (P>0.05) (Fig. 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).

15
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2.10 Statistical analysis
2.10.1 Treatment effect evaluation
Treatment effects were evaluated using general linear models:
Vijkim = Si T 11(8i) + w; Ta(wy) + fu(w) + si.aw)) + arfu(w) + sifn(w) + sianfu(u) + eijrm [6]

Vijkm = Si + 1i(Si) + 0j + £u(0)) + si.60(W)) + €jkm [6a]

Where y is AGDB, s; is the site;, 1x(s;) is the replicate; nested within site;, u; is the cut/uncut;
harvest treatment, a; is the season; of harvest, f, is the frequency,, of harvest and e is the
residual error. All main effects and interactions were nested within u;. 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: 1) 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 a; 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: 1) a three-

year analysis that including the three failed sites excluding the effect of frequency of harvest
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because none of the sites were harvested and i1) 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 & Ali, 2015). Every site, including 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
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both uncut and coppiced mallee. For uncut mallee equations, there were significant
differences in both slope and intercept between species, primarily due to Eiox 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 — 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 conversely had a larger percentage of wood and bark.

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 m?
(Eq. 3). Sample number (n), coefficient of determination (R?), Mean Squared Error (MSE), and values in parentheses are
standard errors of parameter estimates.

Species  Treatment n AGFB range (kg) Intercept (b) Slope (a) R? MSE
Exoc Uncut tree 178 0.8-331.5 -2.315(0.138)  2.471 (0.053) 0.926 0.058
Ejox Uncut tree 724 0.5-702.0 -2.120 (0.054)  2.535(0.025) 0.936 0.068
Epol Uncut tree 112 45-771.5 -2.008 (0.154)  2.463 (0.058) 0.943 0.052
Exoc Coppice 156 1.0-107.3 0.786 (0.084) 0.956 (0.027) 0.892 0.033
Ejox 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
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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: Exocn = 25, upper domain = 327.7 kg, Eioxnn = 89, upper domain = 702 kg, and Epol, n = 34 and upper

domain = 683.8.

Component Species Intercept (d;) Slope (ci) MSE R?

Wood Epoi&Ekoc  -2.640 (0.092) 1.271 (0.016) 0.039 0.978
Eox -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 Epoi&Ekoc  -1.190 (0.098) 0.858 (0.018) 0.047 0.947
Elox -1.296 (0.045)

Leaf Epoi&Eioe  -0.909 (0.118) 0.695(0.021) 0.064 0.897
Eiox -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: Exocn=17, upper domain = 77.8 kg; Eoxn= 75, upper domain = 49.8 kg; and Epoi, n= 59 and upper

domain =194 kg.

Component  Species Intercept (di) Slope (ci) MSE R?

Wood Epa&Ex  -3.424(0.213) 1.408(0.052) 0.119 0.878
Eoc -3.753 (0.097)

Bark Exoe&Elx  -4.520 (0.109) 1.303 (0.046) 0.094 0.877
Epal -4.798 (0.177)

Twig Eyo&E,  -0.801(0.091) 0.822(0.021) 0.023 0.939
Elox -0.955 (0.030)

Leaf Ewe & Ejox  -1.298 (0.136)  0.896 (0.032) 0.051 0.87
Epal -1.422 (0.121)

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 observed at

sites with relatively low soil constraints (Fig. 3a and 3b).

By the end of the study, Exoc had overall mortality rate of 6.2%. The season of harvest had
more effect on survival than frequency of harvest, with spring treatment mortality 0f9.1%
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
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(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).

In contrast to the Exoc sites, by the end of the study, Eiox 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.
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Epol had low mortality rate throughout the trial period; neither site nor harvest treatments

impacted on its survival.
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Figure 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 Exoc or Epol

sites.

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 Eix and Epo1 at

1.9% and 1.6% respectively whereas Exoc mortality rate peaked 2-years after the initial
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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.

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 Eox 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
Eoc Control 1.1A8 6.0%8
Long 0.5% 7.18¢ 4.0r8 7.148
Short 0.0~ 9.3¢ 2.8% 10.98
Eox Control 5.4A 1.8 4.9A
Long 12.7%8  34.68C 3.408 1.5 6.9 2.6"
Short 30.88  62.3€ 4.78 1.7A 8.2" 3.24
Epol Control 0.7\ 2.5n
Long 1.4Ns 21N 2.7 3.1m
Short 0.7Ms 2.8Ns 1.1ms 2.8ns
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Figure 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 Eiox sites were
excluded from analysis.
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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.

3.2.1 Eyoc 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 treatment 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 interactions present.

3.2.2 Ejox sites
Similar to the Exkoc result, site was the most important factor influencing 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; however,
there was a reversal of the performance of the treatments compared to the Exoc sites in thatthe
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 treatments 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

24



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

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).

3.2.3 Epor sites
The Epa 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 outperformed 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 frequency 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.
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Table 6 — Annualised increments of total dry biomass yield (Mg ha! yr'!) of Exec 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
11¢ Autumn Short 4.8 (6)F¢ 4.8 (9)F 4.5(7) 5.6(2)
Spring Short 3.0 (6)8 3.0 (6)
Autumn Long 4.2 (6)¢ 3.7 (9)F 3.4(8) 6.0 (1)
Spring Long 3.5(6) 3.5(6)
Control Control 5.3 (6)EFG 4.9 (9)PE
158 Autumn Short 9.4 (6)DEF 10.2 (9)8¢ 103(5)  10.0(4)
Spring Short 4.6 (6)S 52(5) L9 (1)
Autumn Long 9.4 (6)DEF 8.9 (9)P 9.4 (6) 8.1(3)
Spring Long 4.8 (6)¢ 4.8 (6)
Control Control 10.1 (6)CPE 9.1(9)¢
164 Autumn Short 17.0 (6)B 14.9 9" 18.6 (3) 154 (3) 10.6 (3)
Spring Short 13.1 (6)BCP 123 (3) 13.8 (3)
Autumn Long 15.7 (6)AB 14.1 (948 16.8 (4) 12.0 (5)
Spring Long 14.3 (6)BC 14.4 (4) 14.1(2)
Control Control 19.5 (6)* 15.9 9"

Table 7 — Annualised increments of total dry biomass yield (Mg ha'! yr'!) of Eix 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
2¢ Autumn Short 9.7 (6)BCDEF 8.6 (9)BC¢ 9.7 (6) 6.2(3)
Spring Short 8.1 (6)CPEFG 8.1(6) 6.7 (2)
Autumn Long 7.7 (6)F6 7.5 (9)cP 7.1(7) 8.6 (2)
Spring Long 7.1 (6)FGH 6.2 (7) 4.7 (1)
Control Control 5.6 (6)HUKL 53 09)F
3¢ Autumn Short 7.6 (6)FC 7.7 (8)CP 7.7 (3) 7.5(3) 8.0(2)
Spring Short 7.5 (6)FG 6.5(3) 8.503)
Autumn Long 6.4 (6)6HY 7.1 (8)CPE 6.7 (4) 7.4 (4)
Spring Long 8.1 (6)PEFG 8.6 (4) 7.1(2)
Control Control 4.9 (6)'KML 5.5(8)F
94 Autumn Short 10.3 (6)BCP 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)BCPE 10.3 (9)AB 914 11.2(5)
Spring Long 14.6 (6)* 11.2(4) 214 (2)
Control Control 8.8 (6)CDPEF 7.6 (9)CP
104 Autumn Short 6.4 (6)GHU 6.5 (9)PEF 5.7(5) 7.4 (4)
Spring Short 7.8 (6)FFG 6.2 (5) 159 (1)
Autumn Long 8 (6)PEFG 7.4 (9)CP 8.0 (6) 6.1(3)
Spring Long 10.7 (6)BC 10.7 (6)
Control Control 12.1 (6)AB 11.0 (9"
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Site Season Frequency 7-year 10-year Cycle 1 Cycle 2 Cycle 3

12E Autumn Short 4.2 (6)KIM 3.9 (9)¢ 4.2 (6) 3203)
Spring Short 5.1 (6)VKL 5.1(6) 3.0(2)
Autumn Long 4.2 (6)KIM 3.7(9)¢ 3.7(7) 3.7(2)
Spring Long 4.3 (6)KIM 3.1(7) 1.7 (1)
Control Control 2.4 (6)N 2.2 (9)H

138 Autumn Short 7.7 (6)FG 7.8 (9)CP 8.4(3) 7.0(3) 8.0(3)
Spring Short 6.7 (6)GH! 6.5(3) 6.9 (3)
Autumn Long 6.2 (6)GHU 7.2 (9)CPE 6.9 (4) 7.4 (5)
Spring Long 6.6 (6)GH! 7.1(5) 4.3 (1)
Control Control 10.2 (6)BCPE 10.7 (9)AB

178 Autumn Short 7.1 (6)1HK 7.1 (9)FF 7.6 (3) 6.7 (3) 7.2 (3)
Spring Short 5.7 (6)KM 523) 6.1 (3)
Autumn Long 6.8 (6)’KIM 7.1 (9)F 7.0 (4) 7.1(5)
Spring Long 8.5 (6)GH! 89(4) 7.7(2)
Control Control 10.1 (6)EFG 9.1 (9)CPE

20P Autumn Short 4.6 (5)KM 6.7 (8)F 6.7 (6) 6.9(2)
Spring Short 4.2 (5)M 53(5)
Autumn Long 3.9 (5M 4.7 (8)¢ 4.7 (8)
Spring Long 5.2 (5)UKL 6.5(5)
Control Control 3.7(5M 3.9 (8)¢

5 Autumn Short 12.6 (4) 12.4 (4)
Spring Short 5314) 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 49 (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 03(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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Table 8 — Annualised increments of total dry biomass yield (Mg ha'! yr'!) 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)~ 302 (9~ 22.7(3) 383(3) 29.7 (3)
Spring Short 28.2 (6)* 14.7 (3) 41.7 (3)

Autumn Long 29.3 (6)* 328 9~ 28.5(4) 36.3 (5)

Spring Long 19.8 (6)AB 15.8 (4) 279 (2)

Control Control 25.5 (6)A 23.7 (9)A

8P Autumn  Short 10.7 (6)H 105 QP 10.6(3)  1093)  9.9(3)
Spring Short 10.4 (6)" 9.2(3) 11.5 (3)
Autumn Long 11.2 (6)FoH 10.7 (9)PEF  10.8 (4) 10.6 (5)
Spring Long 11.7 (6)ErcH 11.2(4) 12.7 (2)
Control Control 7.1 (6) 7.4 (9)0

188 Autumn Short 16.1 (6)CPEF 16.9 (9)B¢ 132 (3) 19.1 (3) 18.5(3)
Spring Short 16.7 (6)CPE 12.3 (3) 21.2(3) 17.0 (2)
Autumn Long 17.6 (6)P 18.7 (9)B 14.1 (4) 223 (5)
Spring Long 19.4 (6)B¢ 14.0 (4) 27.8 (4)
Control Control 16.5 (6)CDEF 15.6 (9)BCP

19¢ Autumn Short 12.7 (6)% 12.1 (9)F 11.7 (3) 13.8 (3) 109 3)
Spring Short 14.0 (6)ErcH 12.9 (3) 15.0 (3) 11.5(2)
Autumn Long 13.2 (6)¢H 11.5 (9)FF 102 (4) 12.5(5)
Spring Long 14.4 (6)PEFGH 9.6 (4) 17.1 (4)
Control Control 15.3 (6)PEFG 13.9 (9)CPE

By the conclusion of this experiment, nine sites had undergone three complete cycles of 3-

3.3 Yield comparison across multiple cycles

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.
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Figure 5 — Annualised dry biomass yield (Mg ha-1 year!) for all sites under three 3-year harvest cycle regimes. Solid black
bars represent 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.

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=28.16-3.37 MpH — 0.227 MEc + 0.007 OC, R?,4 =0.56 [7]
Where T is biomass of the uncut control treatment (Mg ha-! yr'!), MpH is maximum pH
(CaCly), MEc is maximum soil electrical conductivity (ECe dS m!') and OC is organic carbon
(g/m?3) of soil.
For coppice, the variability in biomass across sites and species was explained by a

combination of soil and climate constraints (Eq. 8):

29



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

C=162.6—4.66 MpH — 2.77 Timax — 0.269 MEc + 0.102 N +0.007 OC R?,4, =0.72 [8]
Where C is coppice biomass (Mg ha'! yr'!), MpH is maximum site pH (CaClz) , Tmax is
Maximum Temperature (°C), MEc is maximum soil electrical conductivity (dS m!), N is

NOj plus NH, (g/m?), and OC is organic carbon (g/m?) 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. Exoc responded better to autumn harvest, Eiox performed better with spring

harvest and E,o 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 imposed. 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 biomass 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 & Harper, 2009; Sudmeyer et al., 2004; Wildy et al., 2004a),
our findings emphasise the importance of localised, edaphic factors controlling water and

nutrient availability and uptake by mallee at any given site.
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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 ef al. (2001) found in a nursery trial that many eucalypt species prefer acidic
conditions, including E,o 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 & Ladiges, 1978; Ladiges
& Ashton, 1977; Parsons & 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™! but had a
dry profile, whereas Sites 6, 7, 10, 12, 15, and 17 all had high salinity with shallow saline
groundwater (Peck ef 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,
Eiox is considered to be moderately salt-tolerant and can survive at EC.30.0 dS m™! (Pepper &

Craig, 1986). Brooksbank (2011) found that E,o and Exec Will not use saline groundwater

exceeding 16.1 dS m! whereas Eiox actively sourced groundwater at 30.1 dS m-!.

Eiox was most commonly planted on lower slopes and valley floors, reflecting its natural
occurrence on such sites. However, under agricultural use such sites have been compromised

by the accumulation of saline groundwater and as for conventional annual crops, have
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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'! yr'!. These sites had soil salinities of
15.2 and 20.0 dS m! respectively, suggesting that Eiox 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 Ejxto be harvested on longer cycles. The four E,o 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 (NO*-and NH* *) and organic carbon had a positive effect on growth. It was thought
that nutrient supply might only slowly become limiting because all sites were within fertilised
annual cropping and sheep-grazed legume-based pastures. However, the level of nutrient
removal appears too great especially for N and P, and fertiliser application 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 treatments. 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 both 2012 and

2013 increased biomass production in 2014 by 11% per annum (Spencer et al., unpublished
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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 consecutive 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 & Diggle, 2014) or
progressive declines in productivity (Milthorpe et al., 1998; Wildy & 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 increase 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 reserves 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 ef al., 2012). No
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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 displayed large variation between cycles peaking at
cycle two with 38.3 Mg ha! yr'! (dry weight) with lower yields at cycles one and three. Site
16 showed progressive declines in yield for the 3-year autumn harvest coppice treatment
from 18.6 to 10.6 Mg ha! yr'!. 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 weathered profiles over the igneous
basement. These junctions are often the site of discharge from perched sandplain aquifers,
that are readily depleted with localised tree planting (George, 1990). Investigations of this
site reported in Bennett ef 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 Exoc seemingly the least tolerant, especially
following spring harvests. At each Ex.c site, the uncut treatments yielded more biomassthan
the coppice treatments. In contrast, most Epo1 and Ejox sites yielded more biomass under
coppice regimes, however, this was not consistent between sites. The juxtaposition of an Epol
belt adjacent to Site 16, an Ex.c 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 Exoc showed progressive decline in harvest yield, Epol suffered

extensive drought death. This vulnerability of E,o to the hotter/drier climate of the northern
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wheatbelt (evaporation >2500 mm and rainfall <350 mm) has been widely observed in farmer
plantings. Eo1 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, Exoc 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 Exoc reduces leaf area (Brooksbank, 2011) .
These adaptations seem to favour Exoc 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 ef al., 2011). However, without additional ground
water, the zone of transition for Epq selection lies where the aridity index (ratio ofannual
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 continuous 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 & Pate,
2002) and lower survival rates are observed with autumn harvests (Milthorpe et al., 1994;

Noble, 1982; Noble & Diggle, 2014). Thus, it was hypothesised that the autumn harvest

would produce less biomass and higher mortality 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
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depleting stand vigour. However, this study found differential species responses to season of
harvest. Exoc sites yielded more biomass with autumn treatments and this could be attributed
to shorter rainfall period in the northern wheatbelt where all the Exoc sites were located. In
contrast, the Ejox sites produced more biomass with spring harvests. The failed Eiox 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
Eox site survived (Site 17). More research is needed to establish the northern range of Ejox for

production of biomass, especially on sub-optimal sites. There was no seasonal effect of

biomass production at the E,o 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; Exoc sites
exhibited higher spring losses whereas greater losses of Eiox occurred in autumn, consistent
with previous studies (Noble, 1982; Noble & Diggle, 2014). Native herbivorous spring
beetles (Liparetrus spp.) were observed at sites in the north-eastern wheatbelt, where all of
the Exoc sites were located, and herbivory of emergent coppice foliage may have contributed
to higher spring mortality. The four Epo sites exhibited low mortality whereas Milthorpe et al.
(1994) found elevated mortality from of E,o 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
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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 ef 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-! yr'! (Bennett et al., 2015;
Brooksbank, 2012; Carter & White, 2009; Grove et al., 2007; Pracilio et al., 2006; Sudmeyer
& 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 established plantings that were then between
five and 12-years of age and all mallee plantings were older than any of those referred to

above.
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This study confirms that E is capable of high biomass production in the high rainfall/low
evaporation south-western wheatbelt region. Eiox 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. Ex.csites were restricted to upper slope sandplain

soils in the northern wheatbelt, but can deliver reasonable yields (3-16 Mg ha'! yr'!), 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 Ejox on the transition zone
from saline valley floor to lower slopes and for Exoc 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 occurrence of silcrete hardpan.

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 & 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 & 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
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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 potentially 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 manipulate
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 assessment 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 & Abadi, 2009).

4.7 Conclusion
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This study reports that dry weight biomass yields ranged from 2.2 to 32.8 Mg ha'! yr'!'. 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 frequency of harvest. There was a
species response to season of harvest where Eiox performed better following spring harvests
whereas Exoc had higher mortality with lower yields. Epor was unaffected by season and
frequency of harvest imposed.

This study confirms that Ep is a high biomass producer provided it is planted in higher
rainfall and lower evaporation regions. Ejox is an adaptable species and can toleratemoderate
salinity, but planting too close to saline water tables reduces productivity and may result in
high mortality after harvest. Exoc sites were restricted to sandplain soils in thenorthern
wheatbelt, but can deliver reasonable yields (3-16 Mg ha-! yr!), 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, EC., 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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