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Abstract

Seaweed extracts are proven to increase productivity in many agricultural crops, but there is limited research on their use
in avocado production. Therefore, we evaluated the effectiveness of a seaweed extract from Durvillaea potatorum and
Ascophyllum nodosum on avocado yield, revenue and post-harvest fruit quality in a series of field experiments in Australia,
and on seedling root growth in a pot experiment. The field experiments were conducted on commercial farms across three
different locations in northern Queensland over four years and utilised avocado trees with different ages, cultivars (Hass and
Shepard) and inoculum pressures from Phytophthora cinnamomi. Results showed that the application of the seaweed extract
by fertigation significantly improved avocado yield (kg fruit per tree) by 38%, fruit firmness by 4% (skin) and 22% (flesh)
and fruit skin colour by 1° (hue), and an upgraded visual ripeness score. The increases in yield were associated with greater
number of fruits per tree (up to 42%) indicating the liquid seaweed extract improved fruit set and retention per tree. Regular
soil application of the seaweed extract to young trees (cv. Hass) in pots increased the root fresh weight by 22%. Overall, the
regular application of the seaweed extract to avocado trees was found to be practical and economically viable for improving
fruit production and post-harvest quality in Australian orchards.
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Introduction are associated with decreased risk of cardiovascular disease
and weight control, among others (Dreher and Davenport
2013; Duarte et al. 2016; Peou et al. 2016). As the world-

wide demand for avocado fruits increases, so does the need

Avocado (Persea americana Mill.) is an economically impor-
tant tree crop grown in tropical and subtropical regions of

many parts of the world, including Australia. Avocados have
an important function in the diet due to their organoleptic
and nutritional components, including a high content of
unsaturated fatty acids and dietary fibre. These components

< Tony Arioli
tonyarioli @hotmail.com
Seasol R&D Department, Bayswater, VIC, Australia

School of Life & Environmental Sciences, Deakin University,
Geelong, VIC, Australia

3 VSICA Research, Toolangi, VIC, Australia

Statistical Consulting Centre, School of Mathematics
and Statistics, The University of Melbourne, Victoria,
Australia

5 TInnisfail, Farmsnorth Research, Innisfail, QId 4860, Australia

School of Life Sciences, La Trobe University, Bundoora,
VIC, Australia

Published online: 15 March 2023

to increase productivity of existing and new plantations using
sustainability and regenerative principles.

The productivity of avocado trees is affected by many
biotic and abiotic factors. Crop yield is limited by irregular
(alternate) bearing of the fruit across production years and by
genetics because there are few elite cultivars and rootstocks
(Wallace and Wallace 1993). Crop yield is also affected by
fruit set and abscission, which are dependent on many physi-
ological processes and environmental factors including tem-
perature and humidity (Sedgley 1977). The improvement of
fruit set rates is especially relevant for increasing avocado
yield. This is because fruit set is inherently low (<0.1%) in
avocado despite the abundant production of flowers by the
tree (Pedreschi et al. 2019). Crop yield is also affected by
pests and diseases such as Phytophthora root rot (caused by
Phytophthora cinnamomi), climate variability (e.g., drought
and heatwaves), and soil conditions (e.g., salinity) (Pegg
et al. 1982; Guest and Grant 1991; Bonomelli et al. 2018).
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Phytophthora root rot is amongst the most important factors
that limit yields in most countries, including Australia. The
pathogen infects the feeder roots causing disease that leads to
loss of production due to reduced nutrient and water uptake
and, without treatment, trees eventually die (Guest and Grant
1991; Reeksting et al. 2016).

It is well established that seaweed extracts can increase
the yield and quality of many horticultural crops due to
their biostimulant effects, including improvements in plant
nutrient-use efficiency and tolerance of abiotic and biotic
stresses (Khan et al. 2009; Mattner et al. 2013, 2018; Arioli
et al. 2015; Brown and Saa 2015; Shukla et al. 2019; Hussain
etal. 2021; Li et al. 2022). However, few studies on avocado
have investigated whether seaweed extracts can increase
yield (Morales-Payan and Candelas 2014; El-Shamma et al.
2017). In addition to yield issues, consumers are demand-
ing avocado fruit produced under safe and environmentally
sustainable production practices, and with good post-harvest
quality. They demand fruit that is free of external and internal
defects, high in organoleptic and nutritional attributes, and
has an acceptable shelf-life (time to ripe).

In Australia there are no scientific publications report-
ing the effect of seaweed extracts on avocado productivity
and post-harvest fruit quality. The aim of this study was
to determine the effect of regular soil applications with a
seaweed extract on avocado yield, post-harvest fruit quality
and revenue in large-scale, field trials with Hass and Shepard
cultivars across three locations and four seasons in Queens-
land, Australia. The effect of the seaweed extract on root
growth was also investigated in a pot experiment with young
trees (cv. Hass).

Materials & methods
Field trials
Seaweed extract treatment

The treatment evaluated in this study (Seasol, Seasol Inter-
national, Australia) was an alkaline extract made from two

cold-water seaweeds (Ascophyllum nodosum and Durvil-
laea potatorum) known to activate key growth, health, and
molecular response pathways in plants, as identified by
Arabidopsis transcriptomics research (Islam et al. 2020,
2021). Information about the seaweed extract composition
has been previously published (Arioli et al. 2015). Except
where otherwise stated, the seaweed extract was applied at
10 L ha™! (diluted 1:400 concentration) and compared with
untreated controls that received equivalent amount of irriga-
tion water. The treatment application rate and concentration
were chosen based on efficacy studies conducted in Australia
(Mattner et al. 2013, 2018; Farnsworth and Arioli 2018;
Arioli et al. 2020). The treatments were applied at regular
(monthly) intervals from harvest to harvest (i.e., 12 treat-
ments/year) using fertigation systems and micro-sprinklers
beside each tree. The regular application strategy used in
the field trials aimed at pre-conditioning avocado trees, by
continuous activation of biostimulant effects, to stress events
that limit yields.

Locations and soil assessment

Field trials were conducted over five growing seasons
(2017-2021) at three commercial farms in northern Queens-
land, Australia (Table 1). Irrigation water, fertiliser and pes-
ticides were applied equally, based on the growers’ standard
practices at each site, to the two treatments.

Field site 1 (2017-18) was established in a 6-ha block of
12-year-old Shepard trees transplanted into a red-brown silty
clay loam in 2004 (Table 1). The trees were planted using
an 8 mx 6 m spacing (250 trees per hectare). The block
was divided into two sections, approximately 60 m wide and
500 m long, with each section representing a single plot of
each treatment.

Field site 2 (2018-21) was established in a 6-ha block of
3-year-old Shepard trees transplanted into a red-brown silty
clay loam in 2016 (Table 1). The block had a 5% slope with
ten rows of trees planted in a 10 m X 6 m spacing (300 trees
per hectare). The grower used a heavy cover of straw mulch
underneath the trees to increase organic matter and suppress
weed growth. Treatments were evaluated over three seasons

Table 1 Summary of locations, cultivars, seasons, treatment, and age of trees in field trials evaluating the use of a seaweed extract for production

of avocado
Trial Site Location Cultivar Soil Texture Concentration of Plant Density ~ Area (ha) Season Tree Replicates of
P. cinnamomi (trees ha™!) Age each Treatment
(pg DNA g soil™!) (years)
Site 1 Arriga, Qld Shepard silty clay loam 155 250 6 2016/17 12 1
Site 2 Arriga, Qld Shepard silty clay loam 53 300 6 2018/19 3 4
2019/20 4 4
2020/21 5 4
Site 3 Ravenshoe, Qld Hass clay loam 148 250 16 2018/19 6 1

@ Springer



Journal of Applied Phycology

(2018-19; 2019-20; 2020-21) and the experiment was set
up as a randomized complete block design with four blocks.
At this site, the seaweed extract was applied every 2-weeks
(5 L ha™!), which was equivalent to 10 L ha™! per month.

Field site 3 (2018-19) was established in a 16-ha block of
6-year-old Hass trees transplanted into a red clay loam soil
in 2012 (Table 1). The trees were planted using a9 mx 12 m
spacing (250 trees per hectare). The grower at this site used a
heavy cover of straw mulch underneath the trees to suppress
weed growth. The block was divided into two sections, each
representing a single plot of each treatment. At this trial, 7.5
L ha™! of the seaweed extract was applied every four weeks
in the first six months, and 10 L ha™! thereafter.

In 2021, soil across each site was analysed for back-
ground levels of P. cinnamomi to quantify the relative risk
of Phytophthora root rot in avocado trees (Table 1). In this
procedure, fifty soil cores were sampled from 0—15 cm in
a W-pattern across the whole block of field sites 1 and
3. Soil was thoroughly mixed and a sub-sample of 450 g
submitted to a commercial laboratory (South Austral-
ian Research and Development Institute, Waite Campus,
Adelaide, South Australia), DNA extracted, and qPCR
performed for P. cinnamomi using the general procedures
described by Ophel-Keller et al. (2008). The efficiency
and consistency of SARDI’s method has been confirmed
in comparison with commercial extraction kits (Haling
et al. 2011). For site 2, soil samples from each plot (two
composite samples of 450 g from 0-15 cm) were col-
lected and analysed for concentrations of DNA of P. cin-
namomi as described previously.

Avocado yield

Harvest occurred between February and March at each site
when fruit had reached physiological maturity. The timing
of harvest (i.e., optimum fruit maturity) was determined
based on industry dry matter concentration standards.
Yield was assessed by picking, grading, and weighing all
avocado fruit per tree. At field sites 1 and 3, fruit were har-
vested from 4 — 6 randomly selected trees along four rows
in each treatment (i.e., 16 — 24 trees per treatment). At field
site 2, fruit were harvested from 16 randomly selected trees
in each of the four blocks of treatments (i.e., 64 trees per
treatment). Fruit were graded in the packing shed as pre-
mium (blemish free), marketable (with minor blemishes)
or unmarketable (moderate to severe blemishes or deforma-
tions or undersize).

Following flowering at field site 2 (2020/21), the number
of fruit on each tree were counted at eight regular intervals
from August to February. Assessments at each time interval
were made on 2-5 trees per plot, depending on the total
number of fruit present.

Partial budget analysis

A partial budget analysis (AUS$) on the use of the seaweed
extract on avocado production at site 2 in 2020/21 was deter-
mined using the method described by Szparaga et al. (2019).
Fruit from all replicates for each treatment were pooled and
pack-out yields determined by the farmer. Calculations were
based on: (i) the increase in revenue from fruit from the use
of the seaweed extract, and (ii) the costs to purchase and
apply the product in Australia. The relevant wholesale avo-
cado prices for the Shepard cultivar, region and year were
sourced from the farmer and the avocado wholesale prices
were averaged across the grades and sizes for the revenue
calculations. The costs for the seaweed extract were based
on frequency and rate of application. The only differential
cost between treatments was for the seaweed extract concen-
trate (AU$40 per 10 L). Application of the seaweed extract
occurred at the same time as normal fertigation practices, so
did not incur additional costs in water, infrastructure, opera-
tion, depreciation, or labour.

Postharvest experiments

Avocado fruit (cv. Shepard) used in post-harvest experi-
ments were collected from trees at Sites 1 and 2 over four
seasons from 20162021 (Table 1). The fruit were imme-
diately cooled, stored at 7 °C for up to 24 h, and then trans-
ported at 7 °C in single-layer cartons to the laboratory.
Post-harvest experiments commenced immediately after
fruit arrived, 4 to 6 days after commercial harvest. The fruit
were not treated with post-harvest fungicides or ethylene gas
to initiate ripening.

Experimental design of post-harvest experiments

The experiment was designed to determine the effect of the
seaweed extract applied to trees in the field on fruit quality
parameters (see below) during avocado storage and ripening.
The design consisted of two cold storage treatments (none,
or storage for 21 days at 7 °C and 90% RH), and two ripen-
ing scenarios (5 and 4 days at 18 °C and 70% RH, respec-
tively). Fruit from the control and seaweed extract treatments
from the field were randomly assigned to four experimental
units per storage by ripening combination (i.e., four repli-
cates per treatment combination). Individual experimental
units consisted of five avocado fruit which were stored in
plastic-lined, single-layer cartons.

Measurement of fruit quality parameters
Fruit firmness was measured on both cheeks of each fruit

at its widest point with a hand-held digital tester (Durofel
DFT 100, Agrosta, France) using the Shore A hardness 0
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to 100 scale, where 0 =extra soft, 20 = soft, 40 = medium
soft, 70 = medium hard and > 90 =hard (White et al. 2003).
Measurements were taken with the skin intact and on the
flesh of the fruit with the skin removed. Areas of the fruit
with suspected bruises (soft spots) were avoided during the
measurements. The firmness tester was calibrated to zero
and 100 hardness units prior to measurements.

Skin color of the surface of the avocado was meas-
ured at four equidistant points along the widest diameter
of each fruit with a hand-held tristimulus reflectance col-
orimeter (model CM-2600d, Minolta Corp., USA). Color
was recorded using the CIE L*a*b* uniform color space
(CIE Laboratories), where L* indicates lightness, a* indi-
cates chromaticity on a green (-) to red (+) axis, and b*
chromaticity on a blue (-) to yellow (+) axis (Hofman and
Jobin-Décor 1999). Numerical values of a* and b* for each
fruit were averaged and then the hue angle calculated using
H° =arctan (b*/a*).

A five-point rating scale was used to describe visual
ripeness of each fruit where 1 =unripe (emerald green and
shiny); 2 =onset ripe (forest green and < 20% dark); 3 =ripe
(black on green and 20 to 30% dark); 4 =eating ripe (green
on black and 60 to 70% dark), and 5 =over-ripe (mostly
black and >70% dark) (White et al. 2003).

Prior to cold storage and/ or ripening, five fruit were ran-
domly selected from each replicate within a treatment and
the cheek of each side of a fruit was sliced off, skin peeled
off, and the flesh of each cheek trimmed down to approxi-
mately 15-30 g weight. Flesh pieces were then placed in
individual paper bags, weighed, and dried to constant
weight at 65 °C. Dried avocado cheeks were then weighed
again and the dry matter concentration calculated as a per-
centage of the fresh sample weight (i.e., (dry weight/fresh
weight) X 100 =% Dry matter).

Pot experiment

A pot experiment conducted at Bayswater, Victoria, in 2017/18
investigated the effect of the seaweed extract on root growth of
12-month-old avocado trees (grafted Hass on Hass), using the
method described by Zodapi (2001). The avocado trees were
potted in 400-mm diameter plastic pots containing premium
potting mix with fertilizer (Debco®, Australia). Treatments
included the seaweed extract (as described above) and water
as the untreated control. Five litres of the seaweed extract
(1:400 dilution) were applied to treated pots every two weeks
(12 applications in total), which watered the potting mix to
field capacity. Five litres of water were applied to the control
pots. All plants were grown in an open area covered with net-
ting, fertilized every six weeks (125 g fertilizer granules per
plant (Powerfeed®, Seasol International, Australia)), and irri-
gated to field capacity for the duration of the trial (6 months
from spring to summer). The experiment was repeated and

@ Springer

conducted as a randomized complete block design, with four
blocks. The first experiment consisted of 12 and 13 pots for
the water control and seaweed extract treatment respectively,
and the second of 3 pots (each).

The effect of the treatments on root growth was deter-
mined by measuring the fresh weights of roots as described
by Huang et al. (2017) and before their root growth was
restricted by the size of the pot. Root growth was monitored
using a clear plastic window (A4-size, transparent plastic
sheet) placed on one side of one pot per treatment. When
the first roots reached 80% of the pot depth in the two pots
with windows, the roots of three avocado trees per treatment
(without the plastic windows) were dug up. The roots were
then carefully soaked in a tub containing tap water overnight
and rinsed gently the next morning to remove all potting
mix soil from roots. Roots were thoroughly blotted dry on
adsorbent paper and fresh weights determined by weighting.

Statistical analysis

The yield data were analysed using linear mixed models
which were appropriate for incorporating the structure of
the data arising from the layout of the field trials. Four levels
of variation were included in the analysis: between sites,
between blocks within sites, between plots within blocks,
and (for some plots) between measurements within plots.
The variation between plots was then used to compare the
two treatments (seaweed extract versus untreated control).
If the variation between sites or blocks within sites was esti-
mated to be minimal, then the effect of that factor was not
incorporated in the analysis, and fewer levels of variation
were used in the statistical model. Fruit number data were
also analysed by linear mixed models, with rows nested
within plots and samples nested within rows in the analysis.
If a plot of residuals versus fitted values showed increasing
variation with the mean, then the yield and fruit number data
were log, transformed before analysis, with a small incre-
ment added if zeros were present in the data. In these cases,
statistical inference was performed on the transformed data,
but the treatment means were back-transformed to the origi-
nal scale for easy comparison.

For post-harvest data, linear mixed models were fitted
which incorporated the complex random effects structure
arising from the combination of field trials and post-har-
vest experiments. If variation at a particular level of the
structure was estimated to be minimal or the algorithm did
not converge, the random effects were simplified to obtain
fewer levels of variation. The fixed effects included the
main effects of treatment, year and storage assessment, and
the interaction between treatment and storage assessment
(the treatment by year interaction was not significant for
any outcome). Plots of residuals vs fitted values were con-
structed to assess homogeneity of variance, and were found
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to adequately support this assumption. All statistical analy-
ses were conducted using GenStat (VSN International, UK).

Results
Field trials
Overall results

The potential for root rot risk was confirmed by the detec-
tion of background levels of P. cinnamomi at the trial sites
(Table 1). In commercial-scale field trials, the seaweed
extract consistently increased the yield of avocado grown
under contrasting conditions and environments. On aver-
age, the seaweed extract treatment significantly (P=0.038)
increased avocado yield by 38%, compared with untreated
trees, across the sites and years (i.e., the year X treatment
interaction was not significant) (Table 2).

Results from site 2 (2020/21)

In 2020-21, trees treated with seaweed extract produced
a significantly (P =0.015) greater number of fruit (42%

more overall) than those in the untreated control (Table 3).
Differences in fruit numbers between trees in the seaweed
extract and the control treatments were not significantly
different at any individual monthly assessment (except in
February). The treatment by time of assessment interac-
tion was not significant, indicating that the effect of the
seaweed extract was consistent across assessments dates.
Treatment with the seaweed extract did not significantly
affect the concentration of P. cinnamomi in soil after
harvest. Average concentrations of P. cinnamomi in the
untreated control and in the seaweed extract treatment
were 53 pg DNA g soil™! (Table 1). The use of the seaweed
extract increased pack-out yield of avocado by 26%. This
resulted in an increase in revenue from fruit in the seaweed
extract treatment of 24% and an increased partial profit by
AU$8,632 ha™! (Table 4).

Postharvest experiments

The skin and flesh of avocado fruit from the seaweed extract
treatment was significantly (P=0.014 and P =0.008)
firmer by 4% and 22%, respectively, than fruit from the
untreated control (Table 5). There was evidence that fruit
collected from seaweed extract-treated trees had signifi-
cantly (P=0.050) higher hue angle values for color, by 1°,

Table 2 Mean avocado

. X Treatment Field site, cultivar and year—Fruit weight per tree (kg)
yield (kg of fruit per tree) of
Shepard and Hass trees at three Site 1 Site 2 Site 2 Site 2 Site 3 All sites All sites
field sites from 2017-2021 2017-18 2018-19 2019-20  2020-21 2018-19 (log, transformed) (back-transformed)

’ Sh d Sh d Sh d Sh d  Has

and overall mean and 95% cpar cpar epar cpar s
confidence interval (CI) for Untreated Control 869 10.1 122 29.1 522 365 384
the increase. All statistical Seaweed Extract 130.7 128 170 37.1 584 397 529
inference was performed on the Diff 58 > s %0 62 145
transformed data (log,), but the 1' erence ' ' ’ ’ ’ ’
treatment means were back- % increase 38.0
transformed to the original scale 95% Cl for % increase (1.9.87.8)
for ease of comparison P-value 0.038

Table 3 Mean number of avocado fruit per tree during eight assess-
ments conducted in 2020 — 2021 (Site 2), and overall mean and 95%
confidence intervals (CI) for the increase. All statistical inference was

performed on transformed data (log,), but the treatment means were
back-transformed to the original scale for ease of comparison

Treatment Assessment date (number fruit per tree)

11 Aug 2 Sep 30 Sep 22 Oct 20 Nov 21 Dec 12 Jan 3 Feb All
Untreated Control 6.9 18.2 47.5 51.6 89.7 78.6 96.7 115.6 47.5
Seaweed extract 12.1 24.0 72.1 77.6 111.2 105.7 142.0 145.2 67.3
% increase 75 32 52 50 24 35 47 26 42
Lower CI -26 -14 24 -10 -2 =21 -10 0 9
Upper CI 310 102 204 151 57 129 139 57 83
P-value 0.165 0.164 0.193 0.108 0.067 0.249 0.101 0.047 0.015
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Table 4 Results of a partial-budget analysis for Shepard avocados treated with a seaweed extract in the 2020-21 season (Site 2)

Treatment Yield (fruit trays Total Yield Total Revenue Increased Revenue  Increased Cost Increased Partial
tree™ ) (trays ha™") (AU$ ha™h) (AU$ ha™!) (AUS$ ha™h Profit (AU$ ha™")

Untreated Control 53 1590 37,905 - - 0

Seaweed Extract 6.7 2010 47,017 9,112 480 8,632

than those from the untreated control following ripening
immediately after harvest, and directly out of cold storage.
(Table 5). This indicates that fruit from trees treated with
the seaweed extract treatment had less skin darkening (i.e.,
greener skin during ripening) than those from the control,
which is a favorable trait. Fruit from seaweed extract-treated
trees had significantly (P < 0.047) favorable (reduced) ripe-
ness scores compared with the untreated control. (Table 5).
Figure 1 shows the interactions between storage and ripen-
ing treatments on avocado fruit. Results indicated that all
avocado fruit met commercial requirements for dry matter
concentration. Average dry matter concentration of fruit was
26.6% for both treatments.

Pot experiment

In the pot experiment, the seaweed treatment significantly
increased the fresh weight (P =0.022) of avocado roots by
21.8%, compared with the untreated control (Table 6).

Discussion

This series of field experiments is currently the most com-
prehensive evaluation of the effect of a seaweed biostimulant
on commercial production of avocado in Australia. Results
showed that the integrated use of a seaweed extract made
from Ascophyllum nodosum and Durvillaea potatorum with
other conventional production practices increased avocado
fruit yield by 38% and postharvest quality (i.e., firmness,
color and shelf-life) in an economically beneficial and sus-
tainable manner. Results were consistent across two culti-
vars of avocado, contrasting tree ages, four years of produc-
tion, and different locations within northern Queensland,

Australia. The effect could be generated within a single sea-
son as well as over time, and in soils with different levels of
inoculum pressure from P. cinnamomi. Yield increases by
the seaweed extract were associated with greater fruit set in
the field and increased root growth in a complementary pot
experiment.

The findings of this study are similar to those in the lim-
ited number of papers in the scientific literature that have
evaluated the effect of seaweed extracts on avocado yield.
Morales-Payan and Candelas (2014) found that six foliar
applications of a seaweed extract from A. nodosum at a rate
of 4 L ha™! increased the number of avocado fruit (cv. But-
ler) retained per tree when used in combination with a stand-
ard fertilizer program. Similarly, El-Shamma et al. (2017)
showed that soil applications of a seaweed extract from Sar-
gassum sp., Laminaria sp., and A. nodosum (Alga 600™)
in combination with a microbial biostimulant increased the
fruit yield of avocado (cv. Fuerte) by an average of 30%
compared with the microbial biostimulant alone. More
broadly, the avocado productivity improvements we found
are consistent with other crop studies (broccoli, strawberry,
tomato, wine grape, sugarcane) using the same seaweed
extract (Mattner et al. 2013, 2018; Arioli et al. 2015, 2021a,
b; Hussain et al. 2021).

One of the main limitations to avocado productivity
worldwide is the considerable rate of abscission of flowers
and small fruit during the first two months after the
commencement of anthesis. As a result, the natural fruit
set is usually low (< 0.15%) compared with the flowers
initially produced by the tree (Sedgley 1977; Garner
and Lovatt 2008; Pedreschi et al. 2019). In the current
experiments, the seaweed extract treatment increased the
number of fruit per tree by 21-75% during key stages of
development from late winter to spring when fruit drop

Table 5 Effect of fertigation with a seaweed extract parameters of post -harvest quality of avocado fruit (cv. Shepard). Results are averaged
across two locations (Site 1 and 2) and four years (2017,2018, 2019 and 2021). CI=Confidence Interval

Post-harvest Parameter Untreated Seaweed Extract Difference 95% CI for difference P-value
Control

Skin Firmness (Shore A Score) 84.8 88.5 3.7 (1.0,6.4) 0.014

Flesh Firmness (Shore A Score) 39.2 47.9 8.8 (2.1, 15.5) 0.008

Skin Color (Hue Angle) 119.3 120.4 1.1 0.0,2.2) 0.050

Fruit Ripeness (1-5 Score) 2.62 2.30 -0.33 (-0.62, 0.03) 0.047
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Fig. 1 Effect of fertigation with a seaweed extract (grey columns) on
skin firmness (A), flesh firmness (B), skin colour (C), and fruit ripe-
ness (D) of avocado (cv. Shepard) after postharvest storage and rip-

Table 6 Mean fresh root weights (g) of 1-yr-old avocado plants (cv.
Hass) treated with the seaweed extract in pots

Treatment Fresh root weight (g)
Water Control 102.5

Seaweed Extract 124.8

Increase due to Seaweed treatment % 21.8

95% CI for increase (3.5,41.1)

P-value 0.022

occurs. This result suggests that one of the physiological
mechanisms by which the seaweed extract increased
avocado yield was by reducing flower and fruit abscission.
This result is consistent with previous studies in avocado

125
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Mean Fruit Ripeness Score
w

11

No storage + 21 days 21 days
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days marketing for 4
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AL

No storage

Postharvest scenario

ening, compared with the untreated control (white columns). Results
are averaged across two locations (Site 1 and 2) and four years (2017,
2018, 2019 and 2021)

with seaweed extracts (Morales-Payan and Candelas 2014;
El-Shamma et al. 2017). Some of the factors involved in
the abscission of flowers and fruit during development
include extreme temperatures (Sedgley 1977), the
productive alternation (Garner and Lovatt 2008),
and nutritional deficiencies (Lahav and Zamet 1999).
Therefore, the increased fruit set by trees treated with the
seaweed extract in the current experiments may relate to
increased tolerance of these specific abiotic factors.

The primary roots of avocado are superficial and lack
absorbent hairs, so their shallow white feeder roots are used
to capture nutrients from the soil (Pegg et al. 1982). A pot
experiment in the current study showed application of the
seaweed extract increased fresh weight of avocado roots by
21.8%. Our results are consistent with other publications
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where seaweed extracts have improved lateral formation
(Artzamon and Staden 1994), increased initiation (Alam
et al. 2013), extended elongation (Rayorath et al. 2008; Ari-
oli et al. 2015; Islam et al. 2020) and increased biomass
(El-Miniawy et al. 2014; Mattner et al. 2018) of roots of
other crops. The shallow root system of avocado makes the
crop particularly susceptible to abiotic and biotic stresses.
The finding that the seaweed extract increased root growth is
particularly relevant to avocado because it is one mechanism
that may confer increased tolerance for stress and improved
yields.

Results from the current experiments demonstrated that
repeated applications with the seaweed extract improved the
post-harvest quality of avocados in terms of enhancing the
useful life (shelf-life). Firmness (skin and flesh) and color
(hue and visual ripening score) are both post-harvest indi-
cators of avocado fruit shelf-life in the market. Use of the
seaweed extract consistently increased post-harvest firm-
ness and color of avocado fruit (cv Shepard) across differ-
ent seasons, locations, and storage and ripening conditions
commonly used in the Australian supply chain and market.
Several factors can influence the post-harvest firmness of
avocado, including the concentration of calcium in the fruit
(Witney et al. 1990; Rivera et al. 2017), which is in turn
influenced by water uptake (Witney et al. 1990). Further-
more, temperature of the season, water availability, and
the nitrogen content of the fruit are important variables
that influence the change in skin color during the storage
of ‘Hass’ avocado (Cox et al. 2004; Rivera et al. 2017).
Therefore, it is possible that the use of the seaweed extract
improved nutrient or water uptake by trees in the current
experiments to effect improvements in fruit quality. This
hypothesis is supported by results of previous studies where
application of seaweed extracts has increased calcium (e.g.,
Crouch et al. 1990), nitrogen (e.g., Rathore et al. 2009; Jan-
nin et al. 2013) and water (e.g., Shukla et al. 2018) uptake/
content in plants. In contrast to parameters of effective fruit
life, the use of the seaweed extract in the current experiments
showed little evidence of influencing dry matter percentage
of avocado fruit.

Our results strongly support the biostimulant effect of
the seaweed extract to increase avocado yield, profitabil-
ity and fruit shelf-life. However, the exact mode of action
by which the seaweed extract achieved the benefits needs
further investigation. It is unlikely that the improvements
in avocado yields and changes in post-harvest fruit qual-
ity were due to a fertilizer effect of the seaweed extract
because its nutrient composition is low (Wite et al. 2015)
and the current trials were conducted using a synthetic fer-
tilizer program for crop nutrition. Research has also deter-
mined that the nutrient content alone in the seaweed extract
used in this study had no effect stimulating plant growth
(Yusuf et al. 2012).

@ Springer

Numerous studies have established the effects of different
seaweed extracts in modulation of plant gene expression and
the status of metabolites and reactive oxygen species (ROS)
signalling molecules (Jannin et al. 2013; Goni et al. 2016;
Frioni et al. 2019; Islam et al. 2020, 2021; Omidbakhshfard
et al. 2020; Staykov et al. 2021). Furthermore, transcriptom-
ics research supports the notion that seaweed extracts may
act as a plant priming stimulant that results in a faster and/or
stronger induction of plant defenses (Islam et al. 2020, 2021,
Rasul et al. 2021). Plant-priming occurs in a wide range of
plant species and is often associated with enhanced abiotic
and biotic stress tolerance (Martinez-Medina et al. 2016).

Arabidopsis transcriptomics, cellular biology and pheno-
typing research has shown the same seaweed extract-based
biostimulant used in this study had the ability to activate
key plant growth, health and other molecular response path-
ways (Islam et al. 2020, 2021). The studies showed that the
extent of colonization by P. cinnamomi in infected roots
of A. thaliana was suppressed by pre-treatment with the
seaweed extract. This response was associated with the up-
regulation of specific defense-associated pathways such as
systematic acquired resistance (SAR) (and others regulated
by salicylic acid, jasmonic acid and ethylene) and genes
associated with plant resistance (for example PR1, MLO,
and others). SAR is a systemic mechanism in plants and is
known to increase plant tolerance to different types of biotic
and abiotic stresses (Klessig et al. 2018; Wang et al. 2018).
In the current experiments, the use of the seaweed extract
did not reduce concentrations of P. cinnamomi in soil, but
did increase avocado yield across sites with varying inocu-
lum pressure from the pathogen. Therefore, it is possible
that the stimulation of SAR was an important factor that
contributed to the yield response in avocado at these sites.

The adoption of more sustainable farming practices can
be challenging for growers. Research has found growers
are unlikely to implement sustainable farm practices unless
they provide advantages such as economic, environmental,
business, safety or are required by government policy (Kal-
las et al. 2010; Cullen et al. 2013; Forbes et al. 2013). An
increasing number of publications are finding that the use of
seaweed extracts is economically viable when incorporated
into conventional farming (Pal et al. 2015; Singh et al. 2015;
Mattner et al. 2018; Arioli et al. 2021a, b).

The results from the current trials indicate that the eco-
nomics of using the seaweed extract in avocado produc-
tion can be favourable for producers in Australia. A par-
tial revenue analysis using data from the most recent field
trial (2020-21) found the use of seaweed extract increased
the avocado marketable yield (fruit trays) per tree by 21%
and this resulted in an estimated 24% increase in grower’s
returns or AU$ 9,111 ha™! at the trial site. Most avocado
growers have the infrastructure to apply the seaweed extract
through their irrigation system and as additives to their spray
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programs, and therefore there would be no additional costs
from the treatment. The intangible economic benefit of using
the extract not included in the analysis was the increased
shelf-life of fruit.

In addition to the economic benefits, seaweed extracts offer
other practical benefits. Seaweed extracts are complimentary
to crop-protection solutions, are inherently biodegradable and
safe to apply and their effectiveness is proving to be useful
to many crops, especially under conditions of stresses due to
seasonal volatility and climate anomalies (Shukla et al. 2019;
Li et al. 2022). Seaweed extracts have the practical attribute
of being applied by different methods such as soil irrigation,
foliar sprays, drenching and soaking. Consequently, seaweed
extracts are an important management option in the transition
to sustainable avocado production.

Conclusion

This study found that regular soil applications with a sea-
weed extract made from two seaweeds (Durvillaea potato-
rum and Ascophyllum nodosum) increased avocado produc-
tivity (avocado yield, fruit number, root growth), production
revenue and post-harvest fruit quality (firmness and colour).
These post-harvest characteristics are important for enhanc-
ing shelf-life and consumer acceptance of fruit. A deeper
understanding of the mechanisms by which seaweed extracts
promote enhanced root growth, tree productivity and post-
harvest fruit quality may offer new approaches for sustain-
able avocado production.
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