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• The results of wood biochar effects on
avocado growth, fruit production and
economic benefit are presented.

• Biochar significantly improved growth
of avocado plants, fruit yield, and soil
carbon relative to the control over the
seasons.

• The net benefit per hectare would
amount to US$8,581, or US$105 per
metric tonne of biochar applied.
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The use of biochar in avocado orchard soils has not yet been investigated in rigorous scientific experiments. We
determine the effect of wood biochar on avocado growth, fruit production and economic benefit. Biocharwas ap-
plied at 0%, 5%, 10% and 20% volumeby volumebasis. Biochar significantly improved the growth of avocado seed-
lings and increased fruit yield in the first three years after planting. There was an overall increase in soil carbon,
fruit yield, tree diameter and height in all biochar treatments relative to the control over the seasons. Trees
planted with biochar had 18–26% greater growth rates (in terms of height and stem diameter) than the control.
Tree diameter was significantly greater with biochar (145.4 ± 3.3 mm) relative to the control treatment
(125.0 ± 2.7 mm). Tree height was also significantly greater with biochar (3.7 ± 0.1 m) relative to the control
treatment (3.4 ± 0.1 m). The fruit count from the biochar row was significantly greater (97%) in 2018. Heavy
bearing trees typically have a lower yield in the subsequent year but despite this, the 2019 fruit counts were
higher in aggregate for the biochar amended trees (20%) relative to the control. A cost-benefit analysis indicated
olaiman).
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that if yield surplus of fruit trees continued for three years, and assuming avocado prices remain at similar levels,
then the discounted net benefit over a hectarewould amount to US$8581, or US$105 permetric tonne of biochar
applied.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Biochar is the carbon rich residue produced from the thermal de-
composition of biomass in an oxygen starved environment (Joseph
et al., 2015). Over 16,000 papers have been published on the properties
of biochar and its impact on soil properties and plant growth (Li et al.,
2018). Meta-analysis has indicated that biochars can improve crop
yields (Jeffery et al., 2011), sequester carbon (Wang et al., 2016), im-
prove soil physical and chemical properties (Hussain et al., 2017; van
Zwieten et al., 2010), reduce soil greenhouse gas emissions (Cayuela
et al., 2014; Jeffery et al., 2016), increase plants resistance to disease
(Hussain et al., 2017) and increase the financial returns to farmers
(Shackley et al., 2015). Most of the research so far has focused on the
use of biochar for broad-acre and vegetable crops with only a smaller
number of studies examining the long term effects of biochar use in
growing tree crops such as avocados. Miltner and Coomes (2015)
noted that avocados were grown in the Amazon where charcoal pro-
duction was undertaken. Crowley (2012) considered that biochars
may increase soil fertility, avocado crop yields, water and nutrient use
efficiency, and help to induce systemic resistance to root pathogens.
No other studies on the use of biochar for avocado production have
been found.

The current study follows a previous on-farm investigation where
biochar was given to beef cattle as a feed supplement (Joseph et al.,
2015), In this study, dung beetles (Bubas bison) were used to incorpo-
rate the biochar-infused manure to depths exceeding 600 mm (Joseph
et al., 2015). The initial purpose of this study was to trial a cost-
efficient mechanism for carbon sequestration and to apply the results
of earlier research that demonstrated animal health benefits resulting
from feeding biochar to dairy cattle (Gerlach et al., 2014). This study re-
sulted in an increase in pasture productivity, a reduction in costs, an in-
crease in farmer income and a significant increase in soil carbon and
nitrogen content to a depth of 40 cm (Joseph et al., 2015). This novel ap-
proach has attracted considerable attention and has now adopted by
numerous local farmers who are purchasing supplies of biochar from
Simcoa Operations Pty Ltd.'s Kemerton-based silicon smelter, north of
Bunbury, Western Australia.

Based on the success of the trial, Doug Pow was interested in inves-
tigating other ways that biochar could be incorporated into his mixed
farming system. One of the most profitable crops to produce in
Australia are avocados. Traditionally these trees are grown in volcanic
andosols in Central America. The application of biochar in this instance
was to attempt to move the physical parameters of the local soil to be
more similar to their native volcanic andosol. In Australia, the average
yield (2010) was 9 t/ha with elite producers yielding 20 t/ha (DAF,
2010). Avocado feeder roots lack root hairs and in a native forest
understorey situation of high surface litter, they occur in the litter
above the mineral soil surface (Pegg et al., 2002). For avocados to
reach optimum growth, they require limited NaCl in the soil, no
waterlogging, proper aeration, little soil compaction and high organic
carbon. The fungal root disease Phytophthora cinnamomi is very prob-
lematic in soil regimes of low oxygen and waterlogging (Pegg et al.,
2002). Phytophthora cinnamomi is prevalent in the region – it was antic-
ipated biochar would improve water infiltration and increase aeration.

In 2014, Doug Pow, assisted byWarren Catchments Council, began a
National Landcare Programme funded trial. The trial consisted of plant-
ing 36 trees with treatments of 5%, 10% and 20% on a volume by volume
basis (v/v) biochar incorporated into the top 50 cm soil depth (four rep-
licates each, repeated in three soil types). This was matched with an
adjacent control row of 36 trees. Initial soil analysis after planting was
carried out in 2014 and counting on fruit commenced in 2017. This
study was undertaken to determine if the yield of the fruit was higher
in three years with the addition of biochar, whether this difference
was a function of application rate and the possible reasons for these dif-
ferences. A secondary objective was to determine whether biochar
would affect the soil physical structure, nutrient cycling and soil micro-
bial activity.

2. Materials and methods

2.1. Trial site

The trial was carried out at Marron Brook Farm (34 Degrees, 18 Mi-
nutes, 58 Seconds South; 116 Degrees, 8 Minutes, 33 Seconds East) on a
20 ha paddock that had previously been used for grazing. The paddock
slopes downwards and faces North. The soil at the top of the hill is a
gravel loam soil on clay. The soil in the middle has gravel /loam, and a
deeper bed of clay, while the soil at the bottomof the hill has a high con-
tent of gravel and much less clay. The basic soil properties before the
planting of the trees are given in Table 1. Soil is acidic, EC and available
N and P are relatively low, carbon content is relatively high. Detailed
analysis of the soils is given in Table S1. Two rows of 36 trees were
planted, with each tree planted 4.5 m apart and each row was 9 m
apart. The first row was the control, and the second row had biochar
produced by Simcoa Operations Pty Ltd. The detailed properties of this
biochar have been reported earlier (Joseph et al., 2015). The treatments
are laid out in Table 2. Therewere three applications of biochar (5%, 10%,
20%; volume by volume basis) and three replications; however, there
was no randomisation within the replicate blocks, which may restricts
the level of statistical analysis possible. The following procedure was
used to incorporate the biochar. The initial trench was 4 m wide with
300mmof topsoil rolled off to one side. At the endof the row, the grader
turned around and removed another 300 mm of subsoil to the other
side of the trench. The grader then drove back along in the bottom of
the excavated trench ripping with eight rippers to a further 500 mm
in depth. Biochar was applied at 5%, 10% and 20% volume by volume
basis (calculated on a depth of 500 mm). The biochar was applied in
two halves. The first half was applied at a depth of 500 mm and a
250 mm layer of subsoil placed on the biochar and incorporated with
a rotary hoe. This process was repeated with the second half of the bio-
char applied and the topsoil replaced on top, followed by rotary hoeing.

The control rowwas prepared by deep ripping the original topsoil. A
planting mound was formed by using the grader to move topsoil from
two metres either side of the ripped section back over the planting
row which was then rotary hoed. Fig. 1 illustrates the visual trial site
and procedure used. Before the new rows of avocado trees were
planted, soil samples were taken at a depth of 0–30 cm and 30–60 cm.
Table 2 is a summary of the bulk properties in the biochar-amended
soil and the control row soil before planting. Fig. 2 showed plant diam-
eter and height measured over three years.

All trees for both rows were planted with the same under tree
fertiliser mix consisting of 20 g ZnSO4, 25 g MgSO4 20 g MnSO4, 20 g
CuSO4 and 560 g superphosphate. The trees were planted by early De-
cember 2014. Trees were mulched with a mixture of one part chicken
litter, one part decades-old mouldy hardwood sawdust and two parts
of oversize hardwood chips. Both the biochar and control rows were
on the samemainline for irrigation, so get exactly the samewater allow-
ance. Each tree had anunder tree sprinkler at a rate of 35 L per hour. This



Table 2
Layout of the 2 rows with percentage of biochar (BC). Four trees in each treatment block.

20% BC 10% BC 5% BC 20% BC 10% BC 5% BC 20% BC 10% BC 5% BC

Control Control Control Control Control Control Control Control Control

Table 1
Average soil properties before conversion of pasture to orchard.

Properties Depth (cm) 0–30 cm 30–60 cm

Colour Brown Brown
Gravel % 5 5
Texture 2.0 2.0
Ammonium-N mg kg−1 13 21
Nitrate-N mg kg−1 24 15
Colwell-P mg kg−1 140 49
Colwell-K mg kg−1 165 65
S mg kg−1 13.3 10.8
Organic C % 4.33 4.17
EC dS/m 0.089 0.063
pH level (CaCl2) units 5.2 4.9
pH level (H2O) units 6.0 5.9
DTPA Cu mg kg−1 1.35 1.34
DTPA Fe mg kg−1 120.23 83.37
DTPA Mn mg kg−1 5.58 3.64
DTPA Zn mg kg−1 2.16 0.51
Exc. Al meq 100 g−1 0.149 0.343
Exc. Ca meq 100 g−1 11.12 5.10
Exc. Mg meq 100 g−1 1.55 0.63
Exc. K meq 100 g−1 0.42 0.17
Exc. Na meq 100 g−1 0.12 0.10
B Hot CaCl2 mg kg−1 0.76 0.38
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is very low by local standards where some orchards use application
rates up to 160 L per hour. The sprinklers throw to a 2 m radius, so
have a wetted area of about 12m2. All trees were fertilized with 125 g
urea, 120 g K2SO4 and 3 kg of phosphogypsum surface applied over
the summer growing season.

2.2. Sampling methods and analysis

Initial soil sampling was carried out before planting by CSBP Ltd.
Perth (Table 1). As avocados are mainly surface root feeders, the top
30 cm of soil is the most important zone for nutrient uptake. As such,
soil samples were taken in the 0–10 cm, and 10–30 cm soil layers for
each treatment and three replicate core samples were taken, eighteen
months after the addition of biochar in 2016. The samples were frozen
and shipped to the NSW Department of Primary Industries for analysis
of soil and the University of NSW for analysis of the biochar and the
water-soluble component of the soil. Core samples between trees
were also taken in some of the treatments and moisture content, bulk
density and % gravel (SQ, 2019). A fluorescein diacetate test (FDA)
Control                                                  

Fig. 1. Top of the hill with control row on le
was used to indicate the activity of soil micro-organisms in field trials
by detecting the presence of a broad range of enzymes released from liv-
ing and deadmicrobes into soil (Joseph et al., 2013). Analysis of the soil
was carried out as per the techniques outlined by van Zwieten et al.
(2010) and Joseph et al. (2015).

The concentration and chemical composition of the water-soluble
organic C and N from two control soil samples (at 10 cm and 30 cm
depths) and six biochar-treated soils (applied at different rates into
soil, sampled at depths of 10 cmand 30 cm)weremeasured using liquid
chromatography with organic carbon detection (LC-OCD) as per the
technique outlined (Taherymoosavi et al., 2016). The replicate samples
were combined for each treatment, and 1 g of each bulked sample was
finely ground and added to 10 mL distilled water. The solutions were
stirred at 50 °C for 24 h and subsequently filtered to separate the solid
and liquid phases. The pH value of the solution was adjusted to 7 before
measuring the DOC content. Results were analysed using customised
software (ChromCALC, DOC-LABOR, Karlsruhe, Germany). Further soil
tests and leaf tissue analysis were carried out in 2017 by Environmental
Analysis Laboratory, Southern Cross University in Lismore Australia.
2.3. Analysis of the fresh and aged biochars

The biochar was produced from Jarrah hardwood by Simcoa Opera-
tions Pty Ltd. in a vertical retort kiln with a maximum temperature of
600–700 °C and a residence time of approximately 12 h. Details of the
fresh biochar have been published in a number of peer reviewed papers
and their properties have been summarised by Joseph et al. (2015).
Dempster et al. (2012) measured pH (1:5 H2O) = 8.41, EC = 388 mS
cm−1, Cation exchange capacity=9.5mmol kg−1. The proportion of ar-
omatic C content was measured as 69.1%, extractable C = 1653 mg C
kg−1 and total pore area of approximately 8m2 g−1. Themajorminerals
detected by XRD included silica, calcite and quartz. Important metals
and non-metals (excluding Si) identified included: Al = 0.4%, Fe =
0.25%, Ca = 0.3%, Na = 0.12%, S = 0.3%, K = 0.03%, Mg = 0.06%, P =
0.065%, and Zn = 0.065%.

Biochars were extracted from the soil as per the procedure
outlined by Joseph et al. (2015). The soil was placed on a 100 μm
sieve and washed with demineralised water. Biochar was extracted
from the sieve with tweezers and washed five additional times
with demineralised water and then dried in an oven at 30 °C. These
biochar particles were examined using spectroscopic and micro-
scopic techniques (Joseph et al., 2013). Images and elemental analy-
sis were carried out by placing the biochar on an aluminium stub and
coating with Cr and then placing the stub in a Zeiss Sigma scanning
electron microscope (SEM) and Bruker X-ray dispersive spectrome-
ter (EDS). Detailed nanometer analysis was carried out using a JOEL
ARM scanning transmission electron microscope with EDS and elec-
tron energy loss with spectroscopy detector (EELS). For the STEM
analysis, the biochar was ground in a mortar and pestle in ethanol
                               Biochar 

ft and biochar treatments on the right.



Fig. 2. Tree height and tree diameter by biochar application rate collected after 48 months with one standard error. Biochar amended trees exhibited greater tree height and diameter
(p ≤ 0.05) relative to control.
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and then placed on a conductive grid. Detailed techniques are given
in Archanjo et al. (2017).

2.4. Fruit count and statistical analysis over 3 years

Measurement of fruit yield was carried out in 2017, 2018 and 2019.
Comparison of biochar and non-biochar treated (control) avocado tree
traits and soil composition data were performed using SigmaPlot. The
Shapiro-Wilk test was used to determine normality. Where data were
normally distributed, one-way ANOVA and Tukey's Honest Significance
Test were used to determine significant differences to at least p ≤ 0.05.
Where data were not normally distributed, the Kruskal Wallis H test
was used, followed by Dunn's test to determine significant differences
between treatments to at least p ≤ 0.05. Grubb's Test was used to iden-
tify outliers, and the output used to inform the interpretation of the
data. In February all of the fruit that had set was counted, and analysis
of variance on the data was carried out using R software.

2.5. Soil analyses

Ten soils (0–30 cm surface layer) were collected from control and
biochar treated rows. The basic characteristics and nutrient
Fig. 3. a) Average fruit yield count per tree as a function of year of picking and b) average fruit y
were significantly greater (p≤ 0.01) in contrasting control with biochar.
concentrations of these soils were analysed using standard methods as
presented in Table S2.
2.6. Tissue analysis

All analysis is based on dry weight. Tissue samples dried at 70 °C for
24 h prior to fine grinding. Samples were microwave digested with ni-
tric acid and read on the ICP-MS. Carbon, nitrogen and sulphur were
measured using a LECO CNS2000 Analyser. Crude protein was calcu-
lated as %N × 6.25. Nitrate, ammonium and chloride were measured
on a water extract. Moisture was determined based on sample dried
at 105 °C.
2.7. Economic analysis

The cost-benefit analysis was used to assess the extent to which pri-
vate economic net benefit or cost was delivered to the farmer from bio-
char application (Boardman et al., 2017). Revenue attributable to the
biochar product was the aggregate change in fruit yield relative to the
control scenario. All data on fruit yields were sourced directly from
the fruit count for years 1 and 2. Third-year fruit yields were assumed
ield count per tree for different application rates. Differences in average overall fruit count
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as being equivalent to returns in year two. Biochar data was aggregated
across application rates.

The costs of marketing, fruit distribution and other downstream
commissions were deducted from revenues. Expenses included in the
analysis were biochar purchase, biochar transport and biochar applica-
tion (pers. comm, Pow, D, 24th July 2019). A sensitivity test was per-
formed, evaluating the influence of biochar pricing and discount rates.
Model parameters are outlined in Table S3.
b

3. Results

Theweather in 2016was unusual in that thewinter and springwere
the wettest and coldest since 1981; 2015/17/18/19 had lower than av-
erage rainfall. All summers fromplanting in December 2014 to February
2019 were cooler, and winters have been warmer than average. Low
fruit numbers in 2017 were mainly due to the cold conditions in the
spring of 2016, drastically reducing adequate pollination.
Fig. 4. Comparison of mean macro- (a) and micro- (b) nutrient concentrations in the
leaves of avocado grown with and without biochar application (control). Values given
are means ± standard deviation of 18(biochar) and 6(control) replicates after
18 months. Elements for which statistically significant differences between treatment
and control were found are highlighted (*).

Table 3
3.1. Comparison of tree height, width and yield over the first three years of
fruiting

As evidenced by the examples shown in Fig. 1, there were apparent
morphological differences between biochar treated and non-treated av-
ocado trees at 18 months after planting. The variation in avocado tree
girth, average diameter and height with biochar application rate and
underlying soil type was measured at 48 months (Fig. 2). Statistical
analysis of the effect of biochar application rate was not possible due
to the lack of randomisation in the trial design; however, it was possible
to compare all biochar treatments against all controls parameters. After
18 months, on average, avocado trees treated with biochar were 26%
taller andhad an average diameter of 27% larger than thosewithout bio-
char (p ≤ 0.001). After 36 months tree diameter was significantly
(p ≤ 0.05) greater with biochar (145.4± 3.3mm) relative to the control
treatment (125.0 ± 2.7 mm). Tree height was also significantly
(p ≤ 0.05) greater with biochar (3.7 ± 0.1 m) relative to the control
treatment (3.4 ± 0.1 m).

Fig. 3 details the fruit count over the 3 years. The fruit count from the
biochar row was significantly greater (97%, p ≤ 0.01) in 2018. Control
row trees, at five years (2019), are performing at or better than the in-
dustry standard. Aggregate fruit production of biochar amended trees
has a higher fruit yield than the control row (p ≤ 0.01). The highest
quantity of fruit was measured at the top of the hill where there were
less gravel and higher loamy clay content. The distribution of fruit as a
function of soil type for the biochar treatments is given in Fig. S3.
There is a significant variation, although the trend is for less fruit at
the bottom of the hill.
Average soil properties in the control and biochar row before planting trees.

Parameter Unit Biochar treated Control

Total C % 10.3 6.9
Total N % 0.3 0.5
Total K % 91.2 80.6
Total P % 1.2 2.9
Organic C % 18.0 12.1
pH level (H2O) units 6.3 5.8
EC dS/m 0.1 0.1
Bray P mg kg−1 44.0 70.2
Nitrate N (KCl) mg kg−1 21.0 41.3
Ammonium N mg kg−1 2.6 3.7
Sulphur mg kg−1 51.0 31.6
Ca mg kg−1 636.4 816.4
Mg mg kg−1 70.5 95.4
Ca CEC cmol+/kg 6.3 11.1
Mg CEC cmol+/kg 1.0 1.7
K CEC cmol+/kg 0.4 0.4
Na CEC cmol+/kg 380.8 356.9
Al CEC cmol+/kg 0.1 0.1
3.2. Tissue analysis taken in 2017

The results of the chemical analysis of avocado leaves are given in
Table 4 and Fig. 4. Of the properties analysed, therewere fewdifferences
between biochar treated and control samples. The N:S ratio of control
leaves was significantly higher than the biochar treated samples
(p ≤ 0.01). The macronutrient Ca was present in significantly higher
concentrations in control samples (p ≤ 0.05)whileMgwas considerably
higher in biochar treatments (p ≤ 0.05).

Biochar treated samples contained significantly more Cu (p ≤ 0.05)
but less Mn (p ≤ 0.05). The data obtained for Mn in the control treat-
ments appeared to have an outlier, which was confirmed using Grubb's
test, however evenwhen thiswas removed from the analysis, the differ-
ence between biochar treatments and the control remained statistically
significant; therefore the value was not excluded from the study (Ben-
Ya'acov and Michelson, 1995).
3.3. Soil chemical properties 2016

The results of soil testing in 2016 can be found in Table 3. The results
showed that the biochar plots had higher total and organic carbon, pH
and sulphur but lower available phosphorus, nitrogen, calcium and
magnesium.
3.4. Soil chemical properties 2017

Table S2 indicates that there is a complex relationship between soil
type, biochar application rate. A comparison between 10% treatments



Table 4
Other avocado tissue measurements were taken. Values are means ± standard deviation of 18 (biochar) or 6 (control) replicates.

Treatment C
(g kg−1)

Cl
%

Al
(mg kg−1)

N:S ratio N:P ratio N:K ratio C:N ratio Crude protein
%

Biochar 50.5 ± 0.3 0.540 ± 0.084 29.7 ± 6.6 10.8 ± 0.6 15.2 ± 1.1 2.80 ± 0.37 19.0 ± 1.2 16.7 ± 1.1
Control 50.4 ± 0.3 0.580 ± 0.063 32.4 ± 7.8 11.7 ± 0.4 16.2 ± 0.3 2.75 ± 0.2 18.3 ± 0.5 17.3 ± 0.5

Table 5
FDA analysis of the different treatments in 2017. FDA Values expressed as μg sodium fluo-
rescein/g dry soil/min.

Sample ID FDA stdev

0% 10 cm−1 5.29 0.22
0% 30 cm−1 5.08 0.28
5% 10 cm−1 5.31 0.41
5% 30 cm−1 5.31 0.42
10% 10 cm−1 4.59 0.16
10% 30 cm−1 3.30 0.19
20% 10 cm−1 4.97 0.39
20% 30 cm−1 4.56 0.25
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and control (ignoring the 5% and 20% in soil type 1) indicate a uniform
trend of reduced moisture content. This is contrary to expectations re-
garding moisture retention, except where it was hypothesised biochar
would increase drainage potential in heavier soils. There is a need to
run multiple tests to confirm these findings. Tests to determine the
rate of moisture loss between biochar amended and control sample
need to be carried out. The average percentage of gravel and bulk den-
sity for the 10% biochar sample was higher than the other two biochar
treatments and similar to the control.

It appears that biochar application consistently raised pH in all treat-
ments/soil types/depths compared to the control, especially in the first
10 cm of soil in the biochar treatments than the control. This could indi-
cate either a higher uptake of P and N in the trees and/or a higher per-
centage of the N and P is tightly held in the biochar as was noted by
Kammann et al. (2015) for high-temperature biochar. Given that the
leaf tissue analysis revealed that there were no significant differences
in macro and micronutrients and that there was a significantly higher
biomass weight in the biochar treatments then it is probable that
there has been a higher uptake of nutrients in the biochar treatments
resulting in a reduction in the soil. It should be noted that XPS of the bio-
char particles (see in the following section) also indicates tight binding
of the N in the carbon lattice thus indicating that the biochar has
immobilised some of the N. The analyses also reveal some possible dif-
ferences in the soil between biochar treatments. The highest Bray P con-
tent was more significant, and the Morgan Ca and KCl extracted S
Table 6
Summary of the results of LC-OCD for control soil (CS) and biochar soil (BC). All measurement

mg L−1 Control soil
10 cm

5%
BC
10 cm

10% BC
10 cm

2
B
1

DOC 20.94 19.75 30.1 1
HOC n.q. n.q. n.q n
CDOC 20.94 19.75 30.0 1
Biopolymers 3.1 2.8 3.2 2
DON 0.28 0.3 0.3 0
N/C 0.09 0.11 0.10 0
Humics 12.65 12.16 18.9 9
DON 1.7 1.4 2.02 1
N/C 0.14 0.12 0.11 0
Building blocks 2.87 2.37 3.9 2
LMW neutrals 2.3 2.9 4.02 2
LMW acids n.q. n.q. n.q. n
Aromaticity 5.47 5.77 5.4 5
Mol. weight 740 686 722 7
content were lower in the 10% compared with the 5% and 20% biochar
treatment.

The proportion of organicmatter in the 0–30 cm sampleswas higher
in biochar treatments for soils 1 and 2, but not soil 3. Ammonium ex-
tractable Ca and Mg concentrations as well as the effective cation ex-
change capacity (ECEC) of the soils were lower in all biochar
treatments compared to control. There was no difference in the micro-
bial activity (as measured using FDA) between control, 5%, 10% at
10 cm depth and 20% treatment (Table 5). The only significant differ-
ence was measured for the 10% BC treatment at a depth of 30%, which
cannot be explained without detailed microbial community analysis.
This would indicate that the 5% and 20% biochar treatments are not in-
creasing the rate of decomposition of organic matter. It would also sug-
gest that there are differences in microbial communities and dynamics
between the 10% treatment and the others. This may partly explain
the differences in fruit yields.

3.5. Water-soluble organic matter in soil in 2017

Table 6 shows that the 10% biochar application rate sampled at a
depth of 10 cm contained the highest dissolved organic carbon
(DOC = 30.1 mg L−1) and dissolved organic nitrogen (DON), followed
by the same treatment at the 30 cm sampling depth (23.5 mg L−1).
DOC levels were substantially lower than the control in the highest bio-
char application rate of 20% (16.6 mg L−1 and 17.3 mg L−1 for the sam-
pling depths of 10 cm and 30 cm, respectively) and the 5% application
rate sampled at a depth of 30 cm. There was no hydrophobic organic
carbon (HOC) detected in either the control soils nor in biochar treat-
ments at a sampling depth of 10 cm.

The majority of DOC content identified in all eight samples were
humic-like substances, whereas no LMW acids were detected. The pro-
portion and concentration of humic substances for the 10% BC applica-
tion are much higher than both the control and the other biochar
treatments. This correlates well with the FDA results indicating that
theremay have higher microbial activity breaking down organic matter
in the 10%BC treatment.

The LC-OCD was also able to measure the organic nitrogen (DON)
bound to the HS and biopolymers fractions in all samples, which is con-
sidered as total dissolved organic nitrogen (TDON) (Table 7). As can be
s in mg L−1.

0%
C
0 cm

Control soil
30 cm

5%
BC
30 cm

10%
BC
30 cm

20% BC
30 cm

6.6 22.7 14.06 23.5 17.3
.q. n.q. 0.36 0.1 0.5
6.6 22.7 13.7 23.4 16.7
.67 3.6 2.1 2.96 2.36
.3 0.3 0.2 0.2 0.3
.12 0.09 0.11 0.08 0.12
.4 13.1 8.0 14.5 9.86
.2 1.7 1.0 1.5 1.1
.13 0.13 0.12 0.10 0.12
.45 2.4 1.9 3.05 2.7
.07 3.5 1.7 2.4 1.7
.q. n.q. n.q. n.q. n.q.
.3 5.48 4.84 5.6 5.16
02 665 630 733 717



Table 7
Analysis of inorganic and organic nitrogen in the soil in 2017.

Sample
mg L−1

Control soil
10 cm

5%BC
10 cm

10%BC
10 cm

20%BC
10 cm

Control soil
30 cm

5%BC
30 cm

10%BC
30 cm

20%BC
30 cm

TDN 4.04 5.46 9.1 6.6 3.3 7.7 9.8 11.53
TDON 1.98 1.7 2.3 1.5 2.0 1.2 1.7 1.4
TIN 2.06 3.76 6.8 5.1 1.3 6.5 8.1 10.1
DOC:DON 10.6 11.6 12.97 11.06 11.3 11.7 13.8 12.3
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seen in Table 6, DOC content, attached to biopolymers, was lower than
DON attached to humics. The results show that the biochar-amended
soil (20% - 30 cm) contained the highest proportion of TDN
(11.5 mg L−1). This was followed by the biochar applied at the rate of
10% at a depth of 10–30 cm (9.1 mg L−1). Conversely, controlled soils
had the lowest concentration of TDN (3.3 mg L−1and 4.04 mg L−1 at
the depths of 30 cm and 10 cm, respectively). This may indicate that
the added fertiliser is being retained in the soil, whereas there is higher
leaching in control.

The majority of TDN was inorganic nitrogen (except for controlled
soil at a depth of 30 cm). Six of the biochar treatments showed much
higher inorganic nitrogen compared to the two controlled soils
(Table 7). The 10% biochar treatment had the highest inorganic nitrogen
concentration in the root zone, and this could be due to the higher flow
rate of chemical fertiliser. The highest TIN concentration was in the 20%
treatment at a depth of 10-30 cm.

3.6. Analysis of the aged biochar by SEM and TEM

An image of the fresh biochar is given in fig. SI1 and is taken from
Joseph et al. (2015). It can be seen that there is a very regular structure
that has formed from the carbonisation of the xylem and phloem. The
biochars taken from the soilwere very heterogeneous, and itwas appar-
ent that there has been some interaction between soil, applied fertiliser
and the biochar. Fig. 5a shows a region on a piece of biochar, taken from
Fig. 5. a), c), d) - Structures observed in biochar ext
the top 10 cm of the soil) where there is a concentration of inorganic
compounds and minerals, that have detectable levels (Fig. 5b) of P, Ca,
Si, Ti, K, Al, Fe and S. Fig. 5c indicates that soil organic andmineralmatter
has reacted on the surface of the biochar to formmicro-agglomerates as
has been noted by Archanjo et al. (2017). Fig. 5d shows that the round
structures comprising mainly SiO2 (EDS data not shown) have formed
on the surface of biochar. Fig. S2 shows the changes in morphology on
the surface and the distribution of different nutrients that have been de-
posited. It is apparent that the regular surface structure of the fresh bio-
char has changed (Fig. S2).

Fig. 6 is a compilation of the types of changes that have occurred on
the surface of the biochar in the deeper layer. The pore structure is sim-
ilar to that seen in the fresh biochar butwith an organo-mineral coating
covering these large macropores. There was no detection of P and K, al-
though there was a small concentration of N. SEM examination of bio-
char from the 5%/10%/20% application rates did not reveal any distinct
differences (data not shown).

Fig. 7 is a set of STEM images and EDS analysis of the surface of a
piece of aged biochar similar to that shown in Fig. 6c. Fig. 7a is a
STEM-HAADF (high-angle annular dark-field) image, 7b is a secondary
electron image (SE) and 7c bright field (BF) shows that there is a
range of sub 20 nanophase particles with the bright particles (Fig. 7b)
being minerals, and the darker regions are organic compounds. Fig. 7d
is a phase map of the particle where the red phase has a high carbon
content with a detectable content of Si, P, and Fe (Fig. 7e) and a small
racted from 1 to 10 cm; b) - EDS analysis of a).



Fig. 6. Secondary electron images of biochar taken from 10 to 30 cm depth and EDS analysis of area c.

8 S. Joseph et al. / Science of the Total Environment 724 (2020) 138153
quantity of N and the green phase at the edge of the biochar piece has a
high concentration of SiO2 and significant concentration of Fe/O and Fe/
S (Fig. 7f). Since fresh wood biochars have no detectable N and thus the
N would either come from dissolved N in the soil (the trees are contin-
ually sprayedwith chemical fertilisers or frommetabolites). Fig. S2 illus-
trates the structure and composition of the surfaces of the biochar that
was located between 10 and 30 cm below the ground. EDS analysis
(data not shown) indicates that the organo-mineral layer consists of
an agglomerate with a range of different nanoparticles with elements
comprising Fe, Si, Al, Ca, Pand Fe. EELS analysis indicated that the Fe/O
rich nanoparticles were magnetite (EELS1) and hematite (EELS2. This
high-resolution imagingdemonstrates that the biochars have interacted
with soil and fertiliser to form a layer rich in minerals with significant
concentrations of P and K and smaller amounts of N. These nutrients
could be released slowly to the trees instead of leaching away.

3.7. Analysis of surface functional groups

Fig. 8 is a stack plot of the FTIR spectrum for wavenumbers from
500 cm−1 to 2000 cm−1 for biochar taken from the 0-10 cm depth
and 10-30 cm depth The intensity of the peaks at wave numbers
1100 cm−1 and1160 cm−1 (representative of polysaccharides/carbohy-
drates) and 1060 cm−1 (representative of SiO2) for the 10% sample is
lower than the 5% and 20% for both depths. All of the biochar treatments
had peaked at 1580–1610 cm−1 indicating C_C bonds and at
1650 cm−1 to 1740 cm−1 indicating the formation of carboxylic acids,
amides, esters and ketones. The intensity for the 10% sample is lower
than for the other application rates. Very little difference between the
treatments was noted for higher wavenumbers. The higher wavelength
spectra (Fig. S4) indicate that clay and aliphatic compounds had depos-
ited on the surface of all of the biochars treatments at depths up to
30 cm. This data suggests different reactions between the biochars
and soils for the 10% treatment.

Details of XPS analysis of the fresh biochar have been published in
Joseph et al. (2015). XPS analysis of the aged biochar is given in
Table 8. These biochar applied at 5% taken from the soil have taken up
both ammonia and nitrates as well as other organic nitrogen com-
pounds. The surface of the biochar has a significant layer of organicmol-
ecules that have a much higher concentration of C_O and O=C-O
functional groups that can bind cations and release these when the



Fig. 7. Organomineral layer on the edge of a piece of biochar taken from a depth of 0–10 cm. a) High-angle annular dark field image b) Secondary Electron image c) Bright field image
d) Phase map of the particle e) EDS analysis of red phase in d) and f) EDS analysis of the 2 phases. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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trees need them. The biochar applied at 10% had a lower level of C/O
functional groups, and there was no detection of NH3+,/Oxidised N/
chemisorbed NH4.

3.8. Cost-benefit analysis

Biochar application in this scenario resulted in net present value
(NPV) of US$8581 ha−1 with an initial cost outlay of US$10,770 ha−1.
Each metric tonne created US$105 of net financial benefit. The scenario
had a payback period of four years, and this was also thefirst substantial
fruiting year. The average net profit per metric ton of biochar was US
$105 and the average net profit per tree was US$35. The cost of biochar
acquisition in this scenario was US$75Mg−1 constituting 57% of project
expenses. Biochar transport represented 11% of total costs and applica-
tion and grading represented 32% of project costs. This biochar price
was very low in the context of biochar feasibility studies and market
prices (Shackley et al., 2015) on account of it being a by-product of an
industrial process. The project broke even where the biochar price
was US$180 Mg−1 (actual was US$75 Mg−1), or when the internal
rate of return was 20.98% (actual discount rate was 7.6%), where the
haulage distancewas 1097 km(actual distancewas158 km) and the av-
ocado pricewas US$0.60 per piece of fruit (actual pricewas US$1.18 per
piece of fruit).

Scenario financial feasibility is insensitive to discount rates, with
NPV remaining positivewith rates ranging between 3 and 12%. Sensitiv-
ity analysis suggests that the scenariofinancial feasibilitywas highly de-
pendent on a low biochar acquisition price. A fivefold increase in the
biochar price to a relatively low US$350 Mg−1 made the project not fi-
nancially feasible (NPV less than zero). The financial feasibility was
also somewhat sensitive to avocado prices, with a 50% fall in fruit prices
making the project not financially feasible. The project was moderately
sensitive to biochar haulage distance from the pyrolysis facility to the



Fig. 8. Stack plot of IR spectrum of absorbance versus wave number for all biochar
treatments taken from a depth of 0–10 cm and 10–30 cm.
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farm gate, though distances within 1097 km of the pyrolysis unit were
found to be financially feasible. Sensitivity testing is depicted in supple-
mentary table S4.

Assuming ongoing fruit surplus equal to that observed in 2019 for an
additional year increased the NPV from US$8581 ha−1 (US$105 Mg−1

biochar) to US$12,932 ha−1 (US$158 Mg−1 biochar). This highlights
the economic importance of measuring long term biochar yield effects
in field trials.

4. Discussion

From the visual and measured observations, it is apparent that the
trees planted with biochar have 18–26% greater growth rates (in
terms of height and stem diameter) than the control, there being no dif-
ference between the various application rates of biochar. However, the
fruit yield gives a different result. The 5% and 20% of treatments give sig-
nificantlymore fruit on average than the control and the 10% treatment.
Both FTIR and XPS indicate that there could be different interactions be-
tween the biochar, soil mineral and organic matter, added fertiliser in
the 10% than in the other two treatments which could partly account
Table 8
XPS analysis of aged biochar and fresh biochar.

Functional group 5%BC Aged from 10 cm 10

Name Peak BE Atomic % At

C1s A C-C/C-H 284.8 60.85 68
C1s B C-O/C-OC 286.37 13.15 10
C1s C C=O 287.8 6.57 4.2
C1s D O=C-O 289.35 5.09 4.0
C1s E Shake up peak 291.13 2.93 2.7
N1s A amine/NH3 400.67 0.99 0.8
N1s B NH3+, Oxidised N, chemisorbed NH4 403.5 0.19 n.d
N1s C peptides, N-NO, Nitrate 406.46 0.29 0.2
O1s 532.95 9.95 8.0
for the lower yield. There was a higher concentration of the DOC and
TDN, TIN in the 10% in the root zone. Studies have shown that an in-
crease of inorganic nitrogen to a system could increase the amount of
DON released (Williams et al., 1999; Neff et al., 2000) and it is possible
that there was too much N in the root zone of the 10% biochar treat-
ment. Further detailed analysis is required to fully understand why
10% treatment is different from the other treatments.

The Ca concentration in the leaf tissue was present in significantly
higher concentrations in control samples (p ≤ 0.05)whileMgwasmark-
edly higher in biochar treatments (p ≤ 0.05) and the N:S ratio of control
leaves was significantly higher than the biochar treated samples
(p ≤ 0.01). The fact that the control had higher Mn could partially ex-
plain the difference in yield as high quantities of Mn in leaves can lead
to defoliation (Ben-Ya'acov and Michelson, 1995).

There were no other significant differences in the macro and
micronutrients in the leaves betweenbiochar treatments.Measurement
of the soil properties indicate that the biochar treated soil before plant-
ing had a higher total C and organic C, S and K content but a lower total
and available P and N content and lower Ca and Mg content than the
control. This could be due to the disturbance of the soil when biochar
was added. Overall biochar has assisted in increasing nutrient uptake
to produce an increase in biomass. This may have resulted in some of
the nutrients, either being immobilised or depleted.

There were some differences in soil properties between 5%, 10% and
20% biochar treatment. The moisture content of the 10% treatment ap-
pears to be lower than either the control or the other biochar treat-
ments. At 18 months, the 0–10 cm soil horizon with 10% BC had the
highest available Bray P concentration and a higher concentration of
water-soluble organic carbon and nitrogen compared with other bio-
char treatments.

FDA analysis indicates that there is more decomposition of organic
matter and a difference in microbial communities in the 10% treatment.
Spectroscopic analysis of the biochars demonstrates that there could be
some differences in the interactions between the application rate of bio-
char and soil properties and microbial population dynamics.

5. Conclusion

This farmer designed trial has provided evidence that biochar can
significantly improve the growth of avocado seedlings and increase
the fruit yield in the first two years. The application of biochar did result
in a positive netfinancial benefit; however, thiswas dependent on a low
biochar price and was sensitive to biochar price increases. Further work
is required to determine the complex interaction between biochar ap-
plication rate, soil properties and microbial community structure and
fruit yield.
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