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Abstract

Mallee eucalypts are being developed as a short rotation coppice crop for integra-
tion into agricultural systems in the south-west of Western Australia. These have
potential for biomass production for bioenergy, eucalyptus oil and generating car-
bon credits and to help control the extensive occurrence of dryland salinity. Some
12,000 ha of mallee planting has been undertaken since 1994, mostly in the form
of wide-spaced, narrow belts within the annual agricultural system. Production and
market data were used to estimate levelized costs (LC) of mallee biomass production
under different harvest regimes across 11 sites from 2006 to 2012. We found LC
ranged from AUD40 to AUD257 fresh Mg_l. LC was most strongly determined by
mallee production, followed by the crop/pasture rotation decisions of the landholder.
Mallee harvest regime had minor impact on LC. Crop and pasture yield loss due to
competition from the mallee belts accounted for 38% of costs, harvesting biomass
was 32%, opportunity cost of the land occupied by the mallee belts was 16% while
establishment and maintenance costs accounted for 14% of the costs. When income
from carbon sequestered in mallee root biomass was included, the LC dropped by
an average of 11% at the current Australian price of AUD15 Mg~ CO, equivalent
(CO,e). The income from carbon sequestered in root biomass alone is unlikely to
make mallee agroforestry economically viable. Hence, income from harvested bio-
mass in the form of feedstocks for industry or carbon credits is necessary to make
mallee agroforestry commercially attractive. LC for unharvested mallee belts ranged
from AUD33 to AUD237 Mg_l. Where above- and below-ground biomass is con-
verted to CO,e at AUD15 Mg_], the LC drops to AUD11-AUD64, with three of 11
sites likely to be profitable. These three sites were characterized by high biomass

production with low agricultural gross margins.
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INTRODUCTION

Integration of mallee eucalypts—which are lignotuberous
Eucalyptus spp. with multi-stemmed growth form—into
the dryland farming systems in the wheatbelt of Western
Australia (WA) could help address several land degradation
issues, in particular the on-farm impacts of dryland salin-
ity and its adverse downstream consequences for water re-
sources, conservation and infrastructure (Bartle et al., 2007;
Clarke et al., 2002; George, 1990). Since the early 1990s,
widespread test planting of mallee was undertaken with
some 1,000 farmers establishing mallee belts on more than
12,700 ha of land (Bartle & Abadi, 2010; URS, 2008).
However, the use of revegetation for salinity mitigation is
contentious (George et al., 1999) and benefits will take de-
cades to be realized and require extensive planting as part of
an integrated farming system. Hence, mallee cropping must
also generate an economic return to make it viable.

Selected mallee species have long been used for small-scale
production of eucalyptus oil (Davis, 2002). Its major constitu-
ent, 1,8-cineole, has potential for large-scale markets in biofu-
els and industrial products (Barton & Tjandra, 1989; Mewalal
et al., 2017; Soh & Stachowiak, 2002). Mallee biomass also
has potential as bioenergy and biofuel feedstock (Barron &
Zil, 2006; Garcia-Perez et al., 2008; McGrath et al., 2016; Wu
etal.,2010; Yu et al., 2009) and biochar (Abdullah & Wu, 2009;
Ding et al., 2016). More recently, the Australian Government
Carbon Credits (Carbon Farming Initiative) Act 2011 pro-
vides opportunities for mallee plantings to generate revenue. In
the United States, alley cropping has been estimated to have
the potential to mitigate 82 Tg of CO,e per year (Fargione
et al., 2018). In Australia, there are vast untapped agricultural
areas with potential to mitigate CO,e using perennial crops, of
which mallee is a strong candidate (Hobbs et al., 2009).

To date, efforts have focussed on assessing the utility of
mallee agroforestry and optimization of design and production
(Mendham et al., 2012; Peck et al., 2012). Lefroy and Stirzaker
(1999) proposed that widely dispersed belts of woody perenni-
als were likely to be the most effective planting configuration
for groundwater management. Mallee agroforestry plantings
typically consist of belts of mallee with two to six rows sepa-
rated by 40-100 m wide alleys of conventional crops and pas-
ture (URS, 2008). Narrow belts (fewer rows of mallee) provide
greater biomass productivity per unit of land occupied by the
belt compared to wider belts or block plantings (Noorduijn
et al., 2009; Paul et al., 2013; Spencer et al., 2020). However,
narrower belts increase the area of interaction between mallee
and the adjacent crop/pasture for a given area planted to mallee.
Productivity of crops and pasture within 20 metres of the mal-
lee belts is suppressed due to competition for water (Robinson
et al., 2006; Sudmeyer et al., 2012; Sudmeyer & Hall, 2015).
For this reason, Sudmeyer and Hall (2015) proposed segrega-
tion of mallee from agriculture to reduce the competition loss.

Due to the prevalence of wide-spaced belt planting
(URS, 2008), and to facilitate further adoption, the direct
and/or indirect economic benefits of mallee production need
to be quantified. Past economic studies have had limited
long-term experimental data and have used simulation mod-
elling of mallee belt growth and the interaction of belts with
crops/pastures to estimate the likely costs and benefits of in-
tegrating mallee into the farming systems (Abadi et al., 2012;
Bartle & Abadi, 2010). Using this modelling approach, Bartle
and Abadi (2010) found that mallee agroforestry (harvested
at year 5 and then every 3 years), when compared to agri-
culture, became profitable after 12 years at a selling price of
AUDA45 per fresh Mg. Subsequently, Abadi et al. (2012) mod-
elled the economics of a mallee biomass production system
and suggested that the cost of production was in the range of
AUD53-AUD70 per Mg of fresh biomass with co-benefits
valued at between AUD2 and AUD15 Mg_].

This paper considers the economic viability of mallee in an
agroforestry system using a decadal experiment providing yield
data from mallee belts with six harvesting treatments across 19
sites (Spencer et al., 2019) and crop and pasture yields measured
adjacent to the belts over 6 years (Sudmeyer et al., 2012). These
data sets provide a unique opportunity to assess the economic
viability of mallee using experimental data obtained from op-
erational short rotation coppice systems with real-world man-
agement by farmers (Hauk et al., 2014). The aim of this study
is to determine break-even prices of mallee biomass compared
to conventional agriculture using levelized cost (LC) analysis.
LC has been widely used to compare types of energy produc-
tion (Edenhofer et al., 2012) and also been utilized in calculat-
ing the production cost of bioenergy and biofuel crops (Abadi
et al., 2016; El Kasmioui & Ceulemans, 2013). LC is useful
where the costs of production are known, but there is no active
trading in local markets for the product (Peirson et al., 2002).
Four scenarios are explored: (a) income generated from agri-
culture alone, (b) income from harvested above-ground mallee
biomass, (c) income from harvested above-ground biomass
plus carbon sequestered in below-ground biomass, and (d) in-
come from carbon sequestered in unharvested above- and be-
low-ground biomass. Scenarios b, ¢ and d included the costs
associated with reduced agricultural production alongside the
mallee belts. Sensitivity of the financial returns was assessed
by adjusting key variables for a range of assumptions includ-
ing discount rates, below-ground biomass estimates and carbon
price.

2 | MATERIALS AND METHODS

2.1 | Study sites and species

This study includes 11 of 19 mallee trial sites originally es-
tablished to determine mallee and agricultural yield from
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alley farming systems (Spencer et al., 2019; Sudmeyer
et al., 2012). Sites were established in 2006 with 5- to
12-year-old mallee belts on privately owned farms in the
wheatbelt of WA (Figure 1; Table 1). For continuity, site
names remain the same as in Spencer et al. (2019). Sites 6,
7 and 14 were excluded due to low survival and production
following the first harvest (Spencer et al., 2019). Sites 2, 9
and 10 were excluded because the alley widths were too nar-
row (<40 m) to estimate open paddock yield. Sites 11 and
17 were excluded due to incomplete agricultural data sets
(Sudmeyer et al., 2012). The belts were either 2, 3, 4 or 6
rows wide and the alley widths were between 48 and 250 m
(Table 1). Further detail about the sites is published in two
reports (Mendham et al., 2012; Peck et al., 2012).

The WA wheatbelt has a Mediterranean climate with
dry hot summers and mild, cool and rainy winters. Mean
annual rainfall ranged from 539 mm for the southerly sites
to 321 mm for the northern sites (Table 1). The crops and
pastures in the wheatbelt of WA are non-irrigated winter-
growing annuals. The pastures are typically grazed with
self-replacing merino sheep producing wool and meat. Crops
and pastures are grown in annual rotations which can gen-
erally be characterized as cereal—pasture—pasture; cereal—
pasture—cereal; cereal-legume—cereal; cereal—cereal-canola
(Harries et al., 2015).

The three mallee species most widely planted by farmers
in WA are represented in this study; Eucalyptus loxophleba
subsp. lissophloia L.A.S. Johnson & K.D. Hill, Eucalyptus
polybractea R. Baker and Eucalyptus kochii subsp. plenissima

115° 120°
T

FIGURE 1
Australia wheatbelt; also shown are selected rainfall isohyets (grey

Location of mallee trial sites within the Western

line). The site numbers correspond to those in table 1 of Spencer
etal. (2019)
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C.A. Gardener. These species will hereafter be referred to as
Ejoxs Epor and Ey . respectively.

2.2 | Experimental design

The experimental design at each site was a 2 X 2 factorial,
plus unharvested plots, with three replicates. The factors,
each with two levels, were frequency of harvest (short vs.
long harvest cycles) and season of harvest (spring vs. au-
tumn). Sites 1, 3, 5, 8, 12 and 15 had treatment plots that
were 20 m long (along the mallee belt) with a 10 m buffer
separating the plots, the remaining sites had 25 m long plots
with a 12.5 m buffer. Prior to the establishment of this trial,
no mallee had been harvested.

Initially, the frequency of mallee harvest treatments was 3
or 4 years, but at the less productive sites (12, 15 and 20), the
second harvest was delayed to avoid the risk of high mallee
mortality. At these sites, harvest frequency was extended to
6 years (Table 1).

Crop and pasture were grown in the alley adjacent to
each mallee belt in rotations determined by the individual
farmer at each site. Each year from 2006 to 2011, the yield
of the crop or pasture was determined by harvesting plots
parallel to and 2, 4, 6, 8, 12, 16, 20, 24 and 30 m from
the mallee belt for each treatment replicate (Sudmeyer
etal., 2012). For pasture paddocks, yield was assessed each
year in September and is indicative of relative growth as
a function of distance from mallee belts, not total annual
pasture yield.

Above-ground mallee biomass yield data were derived
and adjusted from Spencer et al. (2019) and summarized in
Tables S4 and S5. First, fresh biomass data were used for
the purpose of economic analysis, to be consistent with the
on-farm gate price for unprocessed fresh woody biomass.
Second, the 2 m wide crop exclusion zone (Figure 2) on both
sides of the belt was added to account for the displaced crop-
ping/pasture area. Thirdly, the biomass data are expressed as
actual fresh harvest yield (Mg/ha) for each treatment rather
than annualized increments (Mg ha™" year™ ).

Above-ground dry biomass was calculated for the unhar-
vested treatments for carbon sequestration estimations as de-
tailed in Spencer et al. (2019). Total biomass was calculated
as the biomass produced over the 6 year length of the study.

2.3 | Mallee carbon estimation

After harvest, mallee shed their fine roots but maintain the
lignotuber and structural woody root architecture (Wildy &
Pate, 2002). Below-ground biomass was estimated for each
coppice treatment using the general mallee eucalypt allo-
metric model from Paul et al. (2014). This model estimates
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TABLE 1
belt, the alley width between belts and the harvest frequency at each site. Mean annual rainfall (MAR) data from 1970 to 2011 were obtained
through SILO data sets (Jeffrey et al., 2001)

Year Number of

Site number Species planted OWS

: Epol 1996 9

’ Enox 2000 3

) Epol 1998 4

- Eiox 1997 2

o Epol 2001 p

v Epol 2001 6

1 Eroc 1994 :

2 Eiox 1998 4

. Enox 2000 6

20 Enox 2001 p

= Broc 1998 )
1\%2:11: ) Alley: 50-250 m hgllfe

o
” By
3

5 |
a®

5 %%
£

2m{2m;* 18 m > «~ 18m —>:2m 2m
I 1 I 1
No1 Competition;  Open Competition | No
! I
Crop 1 zone \  paddock zone | Crop
zone zone

FIGURE 2 Schematic cross section of a two-row mallee belt
with 2 m exclusion zones and an alley between the belts comprising of
competition zones and open paddock

below-ground biomass based on the height of the coppice;
however, the accuracy of the model in estimating mallee
below-ground biomass under frequent harvest management
has not been exhaustively evaluated. Thus, to assess impact
of possible under- or overestimation of mallee root biomass
on LC estimates, a sensitivity analysis was carried out using
three below-ground biomass estimates; the minimum, maxi-
mum and average over the 6 years of trial.

For the unharvested mallee plots, the carbon sequestered
in the above- and below-ground biomass over the 6 years
of trial period was estimated by assuming dry biomass to
be 50% carbon. Below-ground biomass was calculated as a
proportion of the above-ground biomass using the data from
Brooksbank and Goodwin (in press).

Site characteristics and planting designs for mallee trial sites including mallee species, year of planting, number of rows in each

Alley Harvest frequency MAR
width (m) (years) (mm)
70 3 and 4 432
50 3 and 4 353

180 3 and 4 368
48 3 and 4 326
95 3 and 4 539
130 3 and 4 539
95 3 321
250 4 327
55 6 370
180 6 457
95 6 321
2.4 | Crop and pasture yield

The methodology for measurement of crop and pasture yield
adjacent to the belt is described in Sudmeyer et al. (2012) and
summarized in the Supplementary Materials.

Open paddock yield was determined as the average crop/
pasture yield >20 m from mallee belt for all treatments given
the greatest lateral extent of mallee competition was 18.7 m
from the belt (Sudmeyer et al., 2012). To standardize yield
across all sites and treatments, the yield in the competi-
tion zone (Figure 2; <20 m from the belts) was expressed
as the percentage of the open paddock yield (relative yield;
Sudmeyer et al., 2012).

The open paddock crop yields and relative yields used in
this study were mostly derived from Sudmeyer et al. (2012)
and are detailed in Table S1. However, at site 8 in 2008 and
site 13 in 2010, crop data were not available. For such cases,
average regional yield data from that growing season were
used (Planfarm-Bankwest, 2007, 2008, 2009, 2010, 2011,
2012). When data were not collected for a particular treat-
ment, the data were patched using the average yield propor-
tion of the treatment relative to open paddock yield across all
other measured years.

2.5 | Economic analysis

The economic analysis was done over 6 years using reported
estimates of returns and costs for mallee production (autumn
and spring 2006-2012) and regional averages for crop and
sheep enterprises (growing seasons 2006-2011). To standard-
ize sites with different paddock dimensions and belt design,
it was assumed that all sites were 100 ha in area assuming nil
loss of crop area due to fences, tracks or other obstructions.
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Alley and belt widths from each site were maintained and all
belts were assumed to be straight and parallel.

At each site, the 100 ha paddock was divided into three
components: (a) the mallee belt plus 2 m uncropped (exclu-
sion zone) on either side of the belt; (b) the competition zone,
being the area of mallee crop/pasture interaction 2-20 m
from both sides of each belt; and (c) the area of open paddock
outside the competition zone (Figure 2). The area of each
component at each site is detailed in Table 2. Total mallee
biomass was calculated by multiplying the yield per hectare
for each treatment by the belt area at each site. The total crop/
pasture yield was calculated by multiplying the total area
of crop/pasture in both the competition zone and the open
paddock (ha) by the respective yield (Mg/ha) and adding the
quantities.

2.6 | Production costs and prices for mallee
biomass or carbon sequestration

The costs of production for mallee belts were estimated for
establishment, maintenance and harvest. Establishment cost
used in this study was AUD1,334 ha™ (Cooper et al., 2006)
which was amortized over a period of 30 years per year using
equivalent annual annuity:

rx NPV
=—, (D
1-(1+7r)
where C is equivalent annuity cash flow, r is the discount rate
per period and is assumed to be 13%, NPV is the net present

TABLE 2 Breakdown of the 100 ha paddock into three
components (in hectares) across all sites. Three components are area
of mallee belt (including 2 m exclusion zone on either side of mallee
belt), area where crop/pasture was subject to competition and the area
of open paddock where crop/pasture was not subject to competition

Area

Area mallee competition Area of open

Site number belt (ha) zone (ha) paddock (ha)
1 8.4 50.4 41.2
3 15.2 68.4 16.4
5 4.0 144 81.6
8 5.0 18.0 77.0
12 21.0 54.0 25.0
13 12.0 72.0 16.0
20 7.0 18.0 75.0
15 6.0 36.0 58.0
16 6.0 36.0 58.0
18 14.0 36.0 50.0
19 9.8 25.2 65.0
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value of the establishment costs and 7 is the project life in years.
NPV is used to account for the time value of funds invested in
the paddock, including mallee and crops, over several seasons
(Peirson et al., 2002). Maintenance cost was assumed to be
AUDI5 ha™ year_1 or AUD55 ha™! following harvest (Cooper
et al., 2006). Harvest cost was assumed to be AUD22 per chipped
fresh harvested Mg which is the low end of the range as measured
by Spinelli et al. (2014) using conventional forestry equipment and
in the range estimated by Abadi et al. (2012). Storage and trans-
port costs are assumed to be zero as biomass is assumed to be sold
as fresh chips at the farm gate (El Kasmioui & Ceulemans, 2013).
No harvest cost was applied to unharvested treatments which
were assumed to be used for carbon sequestration.

2.7 | Production costs and prices for
grain and sheep production

The operational costs associated with crop and sheep produc-
tion were estimated using regional data for each experimen-
tal year (Planfarm-Bankwest, 2007, 2008, 2009, 2010, 2011,
2012). These costs are summarized in Table S2.

Crop prices for the WA regional export terminal (Kwinana)
were obtained for 1 January (or as close as possible) for each
year following the growing season (ABARE, 2015; Grain &
Graze3, 2020). Sheep income was calculated as the sum of
the wool and sheep returns per hectare for each region using
industry benchmarks (Planfarm-Bankwest, 2007, 2008,
2009, 2010, 2011, 2012). Crop and sheep prices are detailed
in Table S3.

The economic analysis used the actual crop yields
(open paddock and competition zone) achieved at each
site. Pasture yield was measured annually by Sudmeyer
et al. (2012) and regional returns from sheep enterprises
were used and discounted by relative pasture yield in the
competition zone.

2.8 | Economic model

Four scenarios were modelled: (a) base-case—exclusively
agricultural with no mallee in the system, (b) agroforestry
utilizing above-ground mallee biomass, (c) agroforestry
utilizing above-ground mallee biomass plus below-ground
biomass sequestered, (d) sequestration using unharvested
mallee above- and below-ground biomass. The economic
analysis presents estimates of the financial viability of each
scenario by comparing the base-case model with agrofor-
estry at each site and harvest treatment applied to a 100 ha
area. LC analysis was used to determine the price of mal-
lee biomass and sequestered carbon required for mallee
agroforestry to break-even with agriculture. LC standard-
izes the unit price needed over time to break-even with
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variable capital and operating expenses over several sea-
sons (Peirson et al., 2002). LC, being a modified version of
the net present value calculation, accounts for time value of
money using a discount rate.

The model calculates gross margins (GM) in each year
for both agroforestry and agricultural paddocks. The GM of
the agricultural system and the crop/pasture component of
the agroforestry system were calculated as crop and pasture
income less production costs. Mallee production costs were
calculated for each year. The annual break-even income re-
quired from mallee production was calculated by subtracting
the mallee production cost and GM of the crop/pasture in the
agroforestry system from the GM of the agriculture system.

To compare the agroforestry with the agricultural system
over the 6 years of study, an LC analysis was performed by
calculating the net present value of the annual break-even in-
come and comparing this to the discounted mallee biomass
production, using the following equation:

C= M, )
Z:’ZO 1+n7".Y,

where LC is the levelized cost,  is time (in years), A, is the
break-even income of the agroforestry in year #, and Y, is mallee
biomass yield in year ¢.

A discount rate of 10% was utilized in the calculation of the
LC for all scenarios. Sensitivity analysis was performed on the
scenarios b and d at low (7%) and high (13%) discount rates.

Sensitivity analysis was also conducted on CO,e price.
There was no price on carbon in Australia in 2006 when this
experiment commenced so the minimum price used per Mg
CO,e was AUDI15 based on the current Australian average
price (Clean Energy Regulator, 2020), but AUD30 Mg_1
was also evaluated to reflect higher carbon prices elsewhere
(Ramstein et al., 2019).

3 | RESULTS

The economic analysis presented here shows that the cost of
mallee production integrated into an annual farming system
in the wheatbelt of WA is driven by seven parameters: (a) site
and its productivity, (b) frequency of mallee harvest, (c) sea-
son of mallee harvest, (d) the crop/pasture rotation used by the
farmer, (e) discount rate, (f) CO,e price, and (g) the method
of estimation of below-ground biomass in a coppice system.

3.1 | Scenario a—Agricultural paddock
(base case)

Over the 6 years of this study, the crop/pasture rotations
of farmers and the site productivity/seasons, GM from

the 100 ha agricultural paddock ranged from a loss of
AUDI12,922 to a profit of AUD390,226 with an average of
AUD114,598 (Table 3). The returns from cropping were con-
sistently greater than from sheep enterprises due to the very
low prices for wool and sheep meat over the study period
(compare Tables S2 and S3). For instance, at sites 3 and 12,
losses were incurred for the 5 years in pasture, yet were prof-
itable for the year in crop (data not shown). Over this study,
all other sites were profitable due to returns from 2 or more
years of cropping.

3.2 | Scenario b—Agroforestry utilizing
above-ground mallee biomass

Over 6 years, the break-even income required to offset mal-
lee costs ranged from under AUD25,000 at site 5 to nearly
AUD90,000 at site 19 (excluding site 16 with a truncated
data set) (Table 3) with total fresh biomass production rang-
ing from over 1,500 Mg at sites 1 and 18 to 150 Mg at site 15
(Table 3). There was a large range in productivity across all
sites ranging from over 30 Mg ha™' year™" at site 1 to below
5 Mg ha™' year™" at site 15 (Table 3). The LC of mallee bio-
mass production among the 11 sites also varied widely (>6-
fold) ranging from AUD40 Mg™" at site 1 to AUD261 Mg™"
at site 20 (Table 3). There were also considerable differences
in LC of mallee biomass within sites across treatments; how-
ever, six of the 11 sites had under 20% difference between
treatments.

Table 4 groups and compares sites by harvest treat-
ments: those with a full set of harvest treatments (spring
and autumn harvests at 3 and 4 years); those with either
3 or 4 years of harvest across different seasons; and low
productivity sites with only one harvest in year 6. The LC
were generally higher for spring harvests, an effect that was
most pronounced at the low productivity sites (6 years of
harvests) with a difference of AUD55 Mg~ Regardless of
season of harvest, on average, the LCs of the low produc-
tivity sites were double the LCs of the intermediate and
high productivity sites. There were also higher LC for the
longer harvest frequencies, especially between the 3 years
(at AUD68-76 Mg_l) and the 6 years of harvest frequen-
cies (at AUD139-194 Mg™h).

The cost of mallee in the agroforestry system was split
between the direct costs of mallee establishment and main-
tenance, and harvesting and the indirect opportunity costs
from foregone agricultural production on land occupied by
the belts and the loss of yield due to mallee crop competition.
Averaged across all sites and harvest treatments, competition
costs accounted for approximately 38% of total costs, fol-
lowed by harvest costs (32%), opportunity cost (16%) and es-
tablishment and maintenance costs (14%; Table 5 or Table S5
for individual harvest treatment data).
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TABLE 3 Gross margin (AUD) of the solely agricultural paddock and the break-even mallee income (AUD) required to offset the costs
incurred by mallee from the agroforestry paddock compared to agricultural paddock over the 6 years of trial. The cost of mallee includes
establishment, maintenance, harvesting, opportunity and competition costs. The production of fresh mallee biomass produced and mallee
productivity over the trial for all treatments and the levelized cost for above-ground fresh biomass (AUD Mg™") using a 10% discount rate.
Treatments varied between sites with either 3 and 4 years of harvest or 6 years of harvest regime. Site 16 had only one 3 years of harvest cycle

Gross Season of Frequency of Costs of Productivity Mallee biomass Levelized cost
Site Margin ($) harvest harvest (years) mallee ($) Mg ha! year_l) Mg) $ Mg_l)
1 94,288 Autumn 3 67,653 33.1 1,670 42.7
Spring 3 73,097 30.6 1,540 52.2
Autumn 4 61,187 323 1,629 40.1
Spring 4 58,700 222 1,118 58.8
3 —12,922 Autumn 3 37,203 9.8 891 50.1
Spring 3 38,656 9.6 874 54.2
Autumn 4 35,248 8.1 743 57.9
Spring 4 41,843 10.4 944 53.3
8 156,839 Autumn 3 34,239 14.5 436 82.4
Spring 3 38,075 14.1 423 97.3
Autumn 4 34,501 15.1 454 81.4
Spring 4 40,571 15.8 475 93.1
13 27,752 Autumn 3 53,783 8.8 632 88.4
Spring 3 56,644 7.6 550 110.3
Autumn 4 50,708 7.0 507 106.1
Spring 4 60,503 75 541 116.3
18 65,867 Autumn 3 74,939 18.7 1,573 48.5
Spring 3 77,074 19.3 1,625 48.6
Autumn 4 81,789 20.4 1,717 49.0
Spring 4 83,290 224 1,884 45.6
19 390,226 Autumn 3 86,257 14.8 869 109.4
Spring 3 82,043 16.3 957 94.1
Autumn 4 85,522 15.4 904 107.9
Spring 4 89,605 16.8 985 103.0
16 17,877 Autumn 3 16,231 17.2 309 54.1
Spring 3 12,107 11.2 202 62.9
5 131,045 Autumn 4 29,761 16.2 388 82.7
Spring 4 23,850 9.5 227 117.9
12 —12,922 Autumn 6 40,371 6.2 775 70.7
Spring 6 45,348 7.4 936 64.7
15 146,155 Autumn 6 40,439 8.6 308 156.3
Spring 6 32,246 4.2 150 256.9
20 256,371 Autumn 6 51,757 7.8 329 190.1
Spring 6 45,671 5.1 216 261.0
Average 114,598 52,380 14.2 817 91.4
SD 117,291 21,445 7.5 510 54.3
CV (%) 100 40.9 52.7 62.4 59.4
These costs, however, are not consistent between sites. while it was negative where a focus on sheep production in-
Proportion of harvest costs was greatest at sites with high mal- curred a net loss (sites 3 and 12; Tables S1 and S4). The remain-

lee production (sites 1, 3, 12 and 18). The opportunity cost was ing sites (5, 8, 13, 15, 16 and 20) incurred higher competition
highest at site 19 which had a very high base-case scenario GM, costs and were predominately cropped over the study period.
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Sensitivity analysis was performed using low (7%), me-
dium (10%) and high (13%) discount rates. This revealed
only small differences (1%—4%) in LC among treatments at
each site (Table S4). Across sites, the average difference in
LC between high discount rate and low discount rate ranged
from 1% at site 18 to 20% at site 12 and averaged 9.5% across
all sites.

Across all sites and harvest treatments, there was a neg-
ative exponential relationship between total mallee biomass
production and LC of mallee biomass with a coefficient of
determination of 0.50 (Figure 3). This shows that the LC of
biomass production is substantially greater at sites with lower
productivity due to the diminishing marginal costs of produc-
tion. There is a floor of LC of AUDS8.6.

3.3 | Scenario c—Agroforestry with above-
ground production and below-ground carbon
sequestration

When above-ground mallee biomass production plus carbon
sequestration in below-ground biomass is considered, the LC
of mallee biomass production is reduced (Table 6 or Table S6
for individual harvest treatment data). Compared to scenario
b, a carbon price of AUD15 Mg_1 CO,e at the average below-
ground biomass estimate reduces the LC of biomass produc-
tion by between 3% and 27% and averaged 12% across all
sites and harvest treatments (Table S6). If the CO,e price is

300
TABLE 4 The averaged levelized cost of mallee biomass across \f 250 -
sites for each harvest treatment. Sites are separated into groups with g’
the full set of four treatments (frequency and season of harvest), those g 200 -
with either 3 or 4 years of harvests, and the low productivity sites with <
only 6 year harvest cycles. A discount rate of 10% was applied in the “g’ 150 =
net present value calculation g
. & 100 A
Frequency of Season of Levelized cost 5
. —1 S
Sites harvest (years) harvest (AUD Mg ) 3 50+ ..‘.. o
1,3,8, 3 Autumn 70.2 ® o
13,18 3 Spring 76.1 0 T T T T
and 19 0 400 800 1,200 1,600 2,000
4 Autumn 73.8
Mallee biomass (Mg)
4 Spring 78.3
5and 16 3or4 Autumn 68.4 FIGURE 3 The levelized cost (LC) of fresh above-ground mallee
Spring 90.4 biomass production across all 11 mallee sites and treatments including
12,15 6 Autumn 139.0 the unharvested treatments. Line of b.est fit is a .p(.)wer functlon,. .
420 LC = 58.6 + 326*exp — 0.005 Mg with a coefficient of determination
an Spring 194.2 of 0.50
. . TABLE 5 The proportion of levelized
Direct costs (%) Indirect costs (%)
cost, averaged across all harvest treatments,
Establishment and Harvest Opportunity Competition that is attributable to direct and indirect
Site maintenance cost costs cost cost costs incurred when introducing mallee
1 5 5] 12 3 into the farming system. The direct cost
3 of mallee includes establishment and
S 2 2 = Sl maintenance and harvest. The indirect costs
8 10 27 21 42 consist of the opportunity cost, being the
13 9 22 6 63 land no longer available for crop, and the
18 16 47 12 25 competition cost, being income lost from
19 10 24 45 a1 lower crop yields in the competition zone
16 9 40 8 43
5 11 25 20 44
12 42 44 -6 20
15 7 14 24 55
20 12 12 37 39
Average 14 32 16 38
SD 11 14 16 14
CV (%) 75 44 100 36
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TABLE 6 The range of levelized costs (AUD Mg ") at each site across harvest treatments at a discount rate of 10%. Levelized cost from
Scenario b is presented for comparison. Sensitivities were performed at AUD15 and AUD30 Mg™' CO,e. Sensitivities were also performed on the
below-ground carbon biomass estimates with three categories: minimum below-ground biomass (Min BGB), average (Avg BGB) and maximum
(Max BGB) over the 6 years of experimental data

$0 CO,e $15 Mg~ CO,e $30 Mg~! COLe
Min BGB Avg BGB Max BGB Min BGB Avg BGB Max BGB

Site Scenariob  ($Mg™") (¢ Mg™") (¢ Mg™) ¢ Mg™) $Mg™ $Mg™

1 40-59 38-58 37-55 36-54 36-56 34-52 31-49

3 50-58 44-52 42-48 4045 38-45 35-39 31-33

8 81-97 77-92 74-91 72-89 72-88 67-84 63-81
13 88-116 85-111 83-109 81-107 81-106 77-101 74-97
18 46-49 41-44 39-43 38-41 37-40 33-37 30-33
19 94-109 89-104 88-102 86-100 84-98 82-94 79-91
16 54-63 48-55 45-51 43-47 41-47 36-39 31-32

5 83-118 81-116 79-112 76-109 79-114 75-105 70-99
12 65-71 56-57 48-50 43-44 43-46 29-32 16-21
15 156-257 153-253 151-250 149-245 150-250 146-243 141-234
20 190-261 166-233 154-211 146-195 141-206 117-162 102-128

TABLE 7 Productivity of unharvested mallee belts and the levelized cost for above-ground fresh biomass. Total Mg CO,e generated and
CO,e productivity of above- and below-ground biomass of over 6 years at each site and the levelized cost with a 10% discount rate. Bold figures
indicate sites that would be profitable with the current price of CO,e (AUD15 Mg™"). Site 16 only included 3 years of data

Scenario b Scenario d
Mallee Levelized
Productivity Total cost of biomass Levelized cost Total COe  CO,e productivity cost (AUD
Site (Mgha'year™)  mallee ($) (Mg) (AUDMg™)  (Mg) (Mgha'yr Mg~ COLe)
1 27.1 34,345 1,368 33.0 2,526 50.1 11.1
3 6.6 21,604 601 58.4 1,138 12.5 19.2
8 10.1 32,707 302 138 506 16.9 51.1
13 11.5 57,008 827 86.6 1,666 23.1 26.7
18 20.3 45,256 1,704 30.9 2,804 334 11.7
19 19.0 75,349 1,117 87.0 1,825 31.0 33.1
16 10.8 12,486 389 335 889 49.4 12.1
5 18.9 29,759 453 824 922 38.4 25.2
12 3.7 26,313 470 89.3 877 7.0 29.7
15 8.9 58,451 322 227.0 889 24.7 63.8
20 5.8 46,138 243 237.0 911 21.7 39.3
Average 13.0 39,947 709 100.0 1,359 28.0 29.4
SD 7.3 18,486 487 72.5 749 14.1 16.9
CV (%) 56.4 46 69 72.3 55 50.2 57.0

increased to AUD30 Mg, this decreases the LC by between 3.4 | Scenario d—Agroforestry with
6% and 54% with an average of 23%. unharvested mallee sequestering carbon in

The difference in LC between the minimum and the max- ~AGB and BGB
imum root biomass estimates averaged 8% or 17% Mg~
CO,e price of AUDI15 or AUD30 respectively (Table S6). The total above-ground mallee biomass produced over the
This ranged between 3% and 23% across all sites and 6 years of the trial ranged from 1,704 Mg at site 18 to 243 Mg
treatments. at site 20 and averaged 709 Mg across all sites (Table 7),
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approximately 110 Mg less than the average harvested treat-
ments from scenario b. For the unharvested belts, the undis-
counted break-even mallee income ranged from AUD21,604
at site 3 (excluding site 16 with truncated data) to AUD75,349
at site 19, with an average of AUD39,947 across all sites
(Table 3). This was about AUD12,000 less than the harvested
treatments from scenario b mainly driven by the absence of
harvest costs.

The LC of the unharvested belts under scenario b meth-
odology ranged from AUD33 Mg™' at site 1 to nearly
AUD240 at site 20 (Table 7). Compared to the harvested
belts, the LC of the unharvested mallee were cheaper at
6 of the 11 sites (cf. Tables 3 and 7). If mallee is grown
solely to generate above- and below-ground carbon cred-
its, then the LC ranged between AUDI11 and AUD64 and
averaged AUD29 Mg_1 CO,e, a reduction across all sites
ranging from 62% at both sites 18 and 19 and up to 83% at
site 20. Lower LC were realized at sites with higher CO,e
productivity.

Across all sites, greater differences were observed between
discount rates for the unharvested mallee agroforestry com-
pared to the harvested mallee agroforestry (generally > 15%;
Table S4). The proportion of costs of unharvested mallee
belts was considerably different to the harvested mallee
with higher average costs (66%), attributable to competition
(Table S5).

4 | DISCUSSION

Understanding the economic consequences of integrating
mallee belts into annual crop/pasture farming systems is es-
sential for mallee agroforestry development. The data pre-
sented here show large site and regional differences in the LC
of mallee biomass production or carbon credit production,
but less variation arising from the management choices of
season or frequency of harvest.

Mallee agroforestry systems can generate direct income by
selling biomass, CO,e or both. Under the Australian Carbon
Farming Initiative, sequestration projects can generate car-
bon credits over 25 years of period, although the net abate-
ment of CO,e is reduced by 20% if the planting is removed
before 100 years (Department of the Environment, 2015) and
this applies to above- or below-ground biomass components.
Over the trial, the above- and below-ground carbon seques-
tration by unharvested mallee would be profitable given cur-
rent Australian CO,e prices at three of the 11 trial sites. At
AUD30 Mg_l CO,e, mallee agroforestry would have been
profitable at seven sites.

In WA, crop and sheep enterprises generally generate
annual positive cash flows while a coppice harvest regime
for mallee generates periodic positive cash flows after har-
vest. This may well affect the willingness of landholders

to grow the mallee or provide land to third parties to plant
and harvest the mallee under a lease agreement. Given the
20062011 agricultural GM, four of the 11 study sites had
a LC of mallee biomass production in the range AUD40-
60 Mg_l. These sites were generally characterized by
high biomass production or moderate biomass production
with low agricultural GM. This price range may be eco-
nomically attractive to farmers to sell into biomass pro-
cessing markets to take advantage of the on-farm benefits
of mallee crops. The remaining seven sites had levelized
biomass costs ranging from AUD70 Mg™', with two sites
exceeding AUD200 Mg_l, and were less commercially at-
tractive. There was a reduction in LC when below-ground
biomass was used to generate carbon credits especially at
AUD30 Mg_1 CO,e, which although nearly double the cur-
rent Australian price, is comparable to the price in some
large carbon credit markets around the world (Ramstein
et al., 2019).

Some caution needs to be exercised with these numbers
as the opportunity cost and consequent LC of mallee biomass
production was heavily influenced by crop/pasture rotation
decisions of the landholders, with lower opportunity and
competition costs associated with sheep grazing due to low
wool and sheep prices over the study period (cf. Tables S2
and S3). This resulted in some sites with low biomass pro-
duction with a low LC because the sites were in pasture for
5 of the trial 6 years. Conversely, two sites were moderately
productive but had high LC due to high proportion of years
where growers chose to grow grain crops. In the intervening
years, there has been a substantial increase in returns for wool
and sheep meat producers.

The sites with the lower LC were consistent with previous
work on mallee economics. Abadi et al. (2012) estimated a
range of AUD44-55 Mg~ for biomass at the farm gate, or
AUD53-70 Mg~ including off-farm transport and supply
chain costs. McGrath et al. (2016) showed that, excluding
harvesting and delivery costs, mallee agroforestry would be
marginally economic from AUD24 Mg_l, but AUD34 Mg_1
was required for large-scale adoption.

There are on-farm and natural resource management
benefits of mallee integration including: dewatering the soil
profile below and adjacent to belts (Robinson et al., 2006;
Sudmeyer & Goodreid, 2007; Wildy et al., 2004) with po-
tential to enhance salinity mitigation (Clarke et al., 2002;
George, 1990); erosion control and provision of shade and
shelter for stock which is especially useful during lambing
(Abadi et al., 2012; Baker et al., 2018) and provision of shel-
ter for crops (Baker et al., 2018; Bennell & Verbyla, 2008;
Sudmeyer et al., 2002). Abadi et al. (2012) estimated the
value of these benefits was between AUD2 and AUDI13 per
fresh Mg of mallee biomass produced, excluding payment
for carbon sequestration. About 75% of the upper estimate
was associated with mitigation of waterlogging which is
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only frequent on particular soil types and in higher rainfall
growing season (May—October in WA) and is becoming less
common as average rainfall in the south-west of WA is dimin-
ishing (Asseng & Pannell, 2013). In estimating the required
price per Mg of CO,e to make agroforestry viable for carbon
farming, Flugge and Abadi (2006) modelled the value of sa-
linity mitigation at AUD5 Mg™' CO,e.

The quantity of biomass produced per unit area has a large
effect on the LC. The biomass productivity achieved at each
site is a combination of several quantifiable factors, including
season and frequency of harvest (Spencer et al., 2019) and
planting configuration (number of rows, between row spac-
ing and alley widths; Spencer et al., 2020). There are some
less quantifiable factors, including reconfiguration of pad-
dock shape, size and infrastructure to better integrate mallee
belts. For instance, gains in mallee productivity could be real-
ized by including small (40-50 cm) water retention bunds to
capture any surface water flow. Experimental data show that
after 3 years, belts with bunds produced 35% more biomass
(Bennett et al., 2015). Spencer et al. (2019) found edaphic
factors (EC, pH and nutrition) were strong predictors of pro-
ductivity across the sites in this study. This decadal research
project reveals declining mallee productivity with proximity
to shallow saline water tables, and alkaline and nutrient-poor
soils profiles. To reduce opportunity costs, mallee species
have often been allocated suboptimal landscape positions,
generally into saline valley floors. This economic analysis
shows that, assuming a market for biomass, this paradigm
should be questioned, with mallee capable of delivering
greater financial reward to the landholder when planted in
productive sites. Prospective mallee species have a range of
site preferences indicating that matching species to site will
be important in maximizing production and economic viabil-
ity (Eastham et al., 1993; Wildy et al., 2000).

Mallee species productivity can be influenced by the sea-
son of harvest, with Spencer et al. (2019) showing E, . more
productive following autumn harvest, E,,, following spring
harvest and no significant seasonal response for E,. This
study showed that spring harvest resulted in higher LC of
production (AUDS83.4 Mg_l) compared to autumn harvest
(AUD99.4 Mg_l). It supports Sudmeyer et al. (2012) who
found that adjacent crop competition by mallee was reduced
when harvest was undertaken before the growing season (i.e.
in autumn) for both initial and second harvest. The mallee
belts used in this study were between 5 and 12 years old be-
fore the initial harvest and therefore had well-advanced root
systems with considerable lateral reach and depth (Robinson
et al., 2006; Sudmeyer & Goodreid, 2007). Depletion of
stored soil water by mallee prior to spring harvest would
have increased competition between mallee and the adjacent
annual crop, as well as exposing the mallee belt to harsher
coppice regeneration conditions going into the dry summer,
thereby increasing the spring LC. However, any large-scale
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mallee industry is likely to only be viable if it can deliver a
continuous supply of biomass (Enecon, 2001) and growers
may be limited in their choice of harvest season. To reduce
competition costs, with increasing mallee size, the grower
could increase the width of the exclusion zone; only crop-
ping where returns are greater than input costs (Sudmeyer
et al., 2012).

This study also demonstrates that longer harvest intervals
increase LC. There was only a slight increase in LC when
comparing the 3 years of harvests to the 4 years of harvests,
but there was a much greater difference when comparing the
3 or 4 years of harvests to the 6 years of harvests. This is
consistent with the finding that competition is positively cor-
related with tree height (Sudmeyer et al., 2002, 2012). The
longer harvest frequencies will result in delayed returns from
mallee production and a lower net present value.

Harvest costs account for almost a third of the total cost
(32%) of mallee biomass production. These estimates were
based on mallee harvesting using conventional forestry
equipment. This study assumed a fixed harvesting cost, which
would underestimate the cost of harvest at the sites with less
standing biomass because harvest costs have been found to be
dependent on the standing biomass per km of belt (Spinelli
et al., 2014). A prototype single-row chipper—harvester has
been developed to reduce harvest cost using technology ca-
pable of processing the high wood density and multiple stems
of mallee (Abadi et al., 2012; Goss et al., 2014). Harvesting
single rows would be more cost-effective for single or double
row belts.

Reducing belt width (i.e. number of rows) can reduce LC
by increasing mallee productivity and reducing opportunity
costs. Wider belts (more rows) take up more paddock area
and internal rows are suppressed by the larger trees in the ex-
ternal rows which have greater access to additional resources
from the alley (Huxtable et al., 2012; Prasad et al., 2010;
Spencer et al., 2020). Consequently, the internal rows have
reduced the productivity per hectare of the belt. Fewer rows,
or wide between-row spacing, may allow for shorter harvest
frequency intervals and generate earlier positive cash flows
for investors with larger discount rate. Increased harvesting
frequencies will also improve cash flow. Fewer rows will also
reduce establishment and maintenance costs, and if using a
single-row chipper—harvester, could further reduce harvest
costs.

Results from this study rely on the accuracy of BGB es-
timates from allometric equations. The ‘best’ current model
for estimating below-ground biomass of mallee is not spe-
cies specific and uses mallee height which alone explains
less than 50% of actual biomass (Paul et al., 2014). Large
species differences have been found in unharvested root/shot
ratios of the mallee species used in this study (Brooksbank &
Goodwin, in press) which are likely to persist post-harvest.
Furthermore, the allometric models are likely to underestimate
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below-ground biomass because the models do not take into
consideration the likely increase of biomass with subsequent
harvests. A below-ground mallee root biomass conceptual
model was proposed by Bartle and Abadi (2010) who sug-
gest that below-ground biomass accumulates over time. This
arises from the loss of fine root biomass with harvest (Wildy
& Pate, 2002) and the considerable depth to which mallee
roots can penetrate (Nulsen et al., 1986), and over regular
harvests, additional woody root biomass sequestered between
harvests would likely persist. Currently, no mallee allome-
try exists over multiple harvest cycles and further research is
required to provide greater confidence in the below-ground
biomass estimates.

Future research is required for multi-criteria mapping of
the WA wheatbelt to locate land which could most benefit
from mallee integration. For instance, such criteria include
targeting areas that are most in need of salinity mitigation,
with high suitability for mallee productivity, and where
farmers could benefit from having shelter for sheep breed-
ing. Such assessments have been undertaken for the agricul-
tural sector in WA (DAFWA, 2013; Schoknecht, 2015) and
could be adapted for mallee. For instance, in comparison to
agricultural crops, mallee can tolerate and respond better to
acidic soils (Spencer et al., 2019; Symonds et al., 2001). This
assessment would also help investors who, for example, are
looking for carbon offset projects, to have more confidence
with where to grow mallee and the level of compensation re-
quired for landholders.

There are distinct advantages for both the coppice and
unharvested system. Mallee are capable of stable biomass
production with regular harvests (Davis, 2002; Spencer
et al., 2019) but without harvest, the growth rates will slow
reducing the rate of carbon sequestration while increasing
competition to agriculture. Cash flows from the coppice sys-
tem will occur with harvests, likely every 3—4 years, but in
large operations, harvesting could be structured to provide
annual income, although this will add annual costs for mo-
bilizing harvesting equipment. Under current legislation,
payments from sequestration occur at agreed reporting pe-
riods between 6 months and 5 years (Department of the
Environment, 2014). The markets for biomass and carbon
credits will ultimately determine whether the mallee will be
harvested or left without harvest for 25 or 100 years, with
our modelling suggests could be profitable based on carbon
price.

5 | CONCLUSION

Mallee, integrated into a farming system, imposes additional
costs on farmers, especially through competition and harvest
costs, and, to a lesser extent, opportunity and establishment
costs. For widespread adoption, farmers will require markets

for biomass or carbon credits that equal or exceed the profit-
ability of traditional agriculture.

Our estimates show that mallee can cost farmers from
AUDA40 to over AUD250 Mg ™" of fresh biomass to produce.
Lower LC are realized at sites with high mallee growth rates.
The second most important determinant of LC was the rela-
tive returns from agricultural activities.

The LC could be reduced by 11% on average, if be-
low-ground biomass was sold at the present CO,e price in
Australia. More accurate allometric models are required to
estimate below-ground biomass, especially over multiple
harvests. If Australia's CO,e price were aligned with other
developed nations at AUD30 Mg_l, the LC would be halved.
Given the current carbon prices, the price generated by car-
bon from unharvested mallee at high productivity sites is al-
ready comparable with agricultural returns.
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