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ABSTRACT

Pumice is an abundant natural resource in New Zealand and its
application in horticulture could save significant costs. To
investigate the effect of pumice substrates on raspberry growth
and fruit quality, two dwarfing selections (sel.8 and sel.110) were
grown hydroponically in (1) coconut coir (control); (2) pumice; (3)
pumice/coir (50/50 v/v); (4) pumice/flax (50/50 v/v). Results
showed that the addition of pumice to coir significantly increased
bulk density, which provided better root anchor support for
plants, and also increased the water holding capacity (WHC). Pure
pumice had a higher bulk density and lower porosity compared
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to the other tested substrates, which enhanced fruit quality and analysis

yield, although the vegetative growth was slightly lower
compared to the control. Mixed pumice/flax substrate had the
lowest porosity and poorer WHC, resulting in inferior raspberry
growth vigour and productivity. Our results furthermore
suggested different substrates could affect the one-year-old cane
height, crop yield and fruit characteristics. Pumice was more
suitable for sel.8, while the pumice/coir mixture promoted a
higher yield for sel.110. In conclusion, pumice and pumice-based
mix substrates can be successfully used for hydroponic dwarfing
raspberry production without compromising yield and fruit quality.

Introduction

Raspberry (Rubus idaeus L.) has been cultivated for nearly 500 years. Currently, raspber-
ries used for processing are mostly cultivated in open fields, while protected hydroponic
cultivation often yield higher-quality fruits, which are commonly used for fresh con-
sumption (Stojanov et al. 2019; Balawejder et al. 2023). Compared to traditional planting
systems, soilless cultivation reduces the risks associated with the presence of telluric
pathogens and replanting, thus driving growers towards hydroponic solutions (Forge
et al. 2016). Raspberry soilless systems provide better control of the environment
above and below ground, offering greater guarantees of a high quality product
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(Bignami et al. 2023). The selection of appropriate substrate materials and ratios can have a
major impact on the growth and development of greenhouse plants and fruit quality as this
provides a stable growing environment that aids root growth and nutrient uptake (Djidonou
et al. 2016; Carlen et al. 2019). Coconut coir, a residue of the coconut industry, mainly
exported from India and Sri Lanka (Rosairo et al. 2004; Ekambaram and Raja 2014), is
widely used in the production of horticultural crops due to its tough structure, suitable prop-
erties, excellent hydrophilicity and high biosafety (Blok and Wever 2008; Carlile et al. 2019;
Nemati et al. 2021). However, coir gradually decomposes and physically breaks down after a
few years of use as a growing medium and subsequently requires responsible disposal or
reuse, such as by composting, incineration or as landfill (Lopez-Mondejar et al. 2010;
Thomas et al. 2013). To avoid the problem of organic substrate properties changing
during the growing process, growers add an inert, stable inorganic component (De Rijck
and Schrevens 1998). Pumice, a very porous, lightweight, high-silica, glassy rock produced
by explosive volcanic eruptions and found in volcanic areas around the world, has
become a good inorganic option for this. However, as the physical properties of pumice
vary between volcanic regions and even between different eruptions from the same
volcanic centre, the effects of different types of pumice on crop growth need to be
taken into consideration (Lenzi et al. 2001; Gizas and Savvas 2007).

In recent years, research into the effects of pumice-based substrates on muskmelons
(Cucumis melo L.) and tomatoes (Solanum lycopericum L.) has demonstrated that
pumice significantly enhanced most of the visual and flavour characteristics and total
soluble solids content of the fruits (Nishimura et al. 2005; Mitsanis et al. 2021), acceler-
ated flowering, and promoted tomato fruit ripening (Nishimura et al. 2005; Tzortzakis
and Economakis 2008). Many studies have also highlighted the advantages of pumice
as a substrate for soilless culture in the suppression of pathogens (Nishimura et al.
2005; Van der Gaag and Wever 2005). Furthermore, pumice has been found to
support the establishment and antifungal activity of biocontrol agents, making it condu-
cive to disease control (Khalili et al. 2009). These findings collectively indicate that
pumice holds significant promise as a substrate for enhancing plant growth and combat-
ing pathogens in soilless cultivation systems.

Despite the promising production potential of pumice substrate in soilless culture, its
application in raspberry hydroponics is still limited. The central North Island of New
Zealand holds abundant pumice resources produced by large caldera-forming eruptions
in the Taupo Volcanic Zone over the past 2 million years (Wilson et al. 1995, 2009;
Barker et al. 2021). Utilising pumice as an alternative to traditional organic substrates
such as coir in soilless culture can significantly reduce production costs arising from
purchased and transported materials as well as eliminate supply chain issues associated
with importing substrates from overseas. This application has the potential to reduce the
carbon footprint and make soilless cultivation more sustainable in New Zealand. Further
research is essential to determine the feasibility and benefits of incorporating pumice into
soilless cultivation practices for raspberries, thus promoting more efficient and cost-
effective horticultural production in the country.

Flax (Phormium tenax), commonly known as New Zealand flax or harakeke in Maori,
is a species of perennial plant native to New Zealand that was also used as a substrate in
this experiment. Flaxes are often used as visually appealing decorative plants in landscap-
ing due to their distinctive long leaves. Additionally, the tough fibres of New Zealand flax
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can be used to produce rope, woven fabrics or traditional Maori clothing (Joness 2003;
Brown 2016). Recently, it has also shown great advantages in reinforcing the properties
of composites and multiple uses for flax cellulose (Di Giorgio et al. 2020; Sivasubrama-
nian et al. 2021).

This study was focused on investigating the physical properties of pumice (grade
1-7 mm) and pumice mixed substrates, and comparing the growth vigour and
productivity of raspberries grown in the different test substrates. By exploring the
production potential of pumice, the results provide recommendations for future sub-
strate development, and offer innovative, environmentally friendly, and cost-saving
methods for New Zealand’s horticultural systems.

Methods and materials
Experiment setup

Experiments were conducted in a tunnel greenhouse with side and end ventilation at
Massey University Plant Growth Unit, Palmerston North, New Zealand, from October
2022 to April 2023. We used primocane-fruiting raspberry canes of two dwarfing
raspberry selections labelled as Sel.8 and Sel.110, supplied by Whenua Fruit Limited
as experimental material, and the same hydroponic nutrient solution as Whenua
Fruits’ operations (Level 3 Custom Bathed Nutrition, System Specific, Pure Hydropo-
nics, Rotorua, NZ). The experimental greenhouse was covered with polyethylene
plastic film (VisQueen Lumisol Clear Polythene, 180 pm, bpi.visqueen, Rushden,
UK) and was tunnel-shaped with sidewall (base) vents that allow good airflow of
fresh air. The average maximum and minimum aerial greenhouse temperatures
during the test were 38°C and 11°C, respectively. Coconut coir (crush grade,
Daltons, Matamata, NZ), 85°C heat sterilised pumice (1-7 mm, Industrial Processors,
Ltd., Auckland, NZ), and dried flax fibre (wild source collected near Rotorua, NZ) cut
into 2-5 cm-long pieces were used to create four treatments: (1) coir (control), (2)
pure pumice (grade 1-7 mm), (3) pumice/flax (V/V 50/50), and (4) pumice/coir
(V/V 50/50). Plants were irrigated with a nutrient solution with an EC of
0.8 mS-cm™! and a pH of 5.8 during establishment. The laterals and existing substrates
were removed as much as possible during the transplanting. The plants were trans-
planted into 8L containers filled with substrate on 21st Nov. For the experiment,
nutrient supply will be dissolved. We used a solution with EC of 1.0 mS-cm™' and
pH of 5.8 was used for irrigation during the vegetative growth period and a solution
with EC of 2.2 mS-cm™" and pH of 5.6 for irrigation during the fruiting period. An
electronic pump was used to drip irrigate the nutrient solution at regular intervals.
Fertiliser was supplied for three minutes every three hours between 6AM and 6PM
(500ml-day”"-plant™"). The plants in different substrate treatments were randomised
and supplied with nutrients by a drain-to-waste drip irrigation system with the
excess nutrient solution drained off and not reused. Each substrate treatment
contained 17 plants of sel.8 (total of 68 plants) and 8 plants of sel.110 (total of
32 plants) with each plant as a single replicate. The plants were arranged in 4 bays
within the greenhouse (90 m?) where spacing between plants in each bay was
25 cm and the spacing between the bays was 40 cm with a 100 cm center.
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Measurements

Measurements of the physical properties of the substrate were taken with reference to
Gessert (1976) and the European Committee for Standardization (2002). Each parameter
had three replications (n = 3) per substrate treatment. The cane height (cm), cane diam-
eter (mm), and number of new canes of raspberry plants were measured from the first
week up until the 20th week after transplanting. The SPAD was measured with the
OPTI-SCIENCES CCM-200plus Chlorophyll Content Meter. The samples were similarly
aged, fully expanded leaves and were measured at the same time of the week. Leaves were
also collected and measured for fresh weight and dried at 60°C for 24 hours to measure
dry weight for leaf dry matter content (%). The measurements were repeated twice for
each container. Throughout the fruiting period (27th February 2023 to 17th April
2023), fruits were harvested three times a week. The number and weight of ripe fruits
was counted, including broken and overripe fruits, which were recorded as total
harvested fruit number and total yield. The weights of all fruits, except for broken,
incomplete fruits, was determined and the average fruit weight (g) was calculated.
The average number of fruits per raspberry plant was multiplied by the average
fruit weight to estimate bulk fruit weight (g). Estimated yield (kg-ha™") was calculated
based on the area occupied by each raspberry plant (40cm x 25 cm). Crop load was
calculated using fruit number and cane diameter, expressed as the number of fruits
per unit cane cross-sectional area (fruit/cm?).

Raspberry fruit dimensions and size (fruit diameter, fruit height, fruit shape index,
fresh weight per fruit), were calculated by measuring 50 fruits per treatment from
different fruiting periods. For fruit quality parameters, 25 fruits from each treatment
of the different selections were individually measured. The dry matter was measured
by placing the fruits in 60°C oven and dried for 24 hours. The ratio of the dry
weight of the fruit to the fresh weight is the dry matter content of the fruits (%).
The total soluble solids (TSS) were measured on ground raspberry juice using a
digital hand-held pocket refractometer (Model IC-PAL-1, ATAGO CO., Ltd,
Tokyo, Japan). Fruit colour was measured using a spectrophotometer (Model cm-
700d, Konica Minolta, Inc., Tokyo, Japan). The illumination angle of the instrument
was 0°, viewing angle 45° and a standard white calibrated reflector was used. Data
were recorded as L* (lightness), C* (chroma), and h° (hue angle). Firmness measure-
ments were taken with reference to Haffner et al. (2002) using a TA-XT Texture
Analyser (Texture Technologies, Massachusetts, USA). Each raspberry sample was
placed vertically on the bench and the firmness of the fruit was measured using a
circular probe. The test mode was selected as compression, the test speed was set
to 12 mm-sec”' and the compression distance was set to 10 mm. Fruits were
juiced and the titratable acid (TA) was measured by electronic titrator (Hanna
HI-932-C2-02 Automatic Potentiometric Titration System, Hanna Instruments,
Rhode Island, USA). Five fruits were mixed and ground to get a drop of pure
juice, and the electronic titrator automatically displayed titration end point. Buffer
solutions of pH 4 and pH 7 were used for calibration. After measuring the titratable
acid content, the remaining juice was used to measure the Brix using a refractometer
and the Brix/acid ratio of individual raspberries was obtained from the ratio of the
two to estimate the raspberry flavour.
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Statistical analysis

Data were tested for normality, and then subjected to nonparametric test. The Tukey’s
multiple comparison was applied for the analysis (p <0.05). A generalised linear
mixed-effects model (GLIMMIX procedure) was applied to fit the plant height or stem
diameter over weeks followed by a Poisson distribution and log function after the
model. A generalised linear mixed-effects model was also used to analyse the effects of
selection, treatment and their interaction on fruit quality parameters. The significance
of the difference in the slopes of the plant growth curves in the lower and upper limits
of the 95% confidence intervals (CLs) was analysed. Principal component analysis and
comprehensive evaluation were completed using the method of Tian et al. (2015). The
data was first standardised and a matrix of correlation coefficients was constructed.
The eigenvalues and eigenvectors were then calculated, and the composite score was
computed (Tian et al. 2015). Statistical analyses were performed using the IBM SPSS
Statistics (SPSS Inc., Chicago, USA).

Results
Substrate properties

The physical properties of substrates have been shown to affect crop growth, water util-
isation and disease incidence (Gabriel et al. 2009). Bulk density (g-cm_3), porosity (%)
and water holding capacity (WHC %) are three measurable variables that can be used
to evaluate moisture and oxygen supply, and are often applied to assess the quality of
the substrate. Bulk density facilitates the development and expansion of the plant root
system. Mixing pumice with other organic substrates reduced its bulk density to some
extent (Table 1). The volume of pore space in the medium is a key physical property
that influences water and nutrient uptake and gas exchange in the root system (Sahin
et al. 2002). Percentage and distribution of the pore determine the ability of substrate
to contain moisture and oxygen, thus the porosity affects the nutrient uptake and gas
exchange of the root system (Nerlich et al. 2022). In the experiments, coconut coir
had the highest porosity of 66.1%, promoting better air exchange in the root zone.
However, the addition of pumice to coir reduced the porosity to 58%. Pure pumice
and mixed flax/pumice were less porous, suggesting a lower ability to supply air to the
plant root system, and being more restrictive to root expansion. Water holding capacity
(WHC) is the amount of moisture that can be held in the substrate and reflects the
capacity to retain water (Nerlich et al. 2022). It is interesting to note that the two
mixed substrates had the highest and lowest WHC (Table 1). The mixed coir/pumice
had the highest WHC value which was 22.6%, while that of mixed flax/pumice was
only 11%. The WHC of pure pumice was 15.5%. Thus, it can be inferred that coir has

Table 1. Physical properties of four substrate types (Showed as Mean + SEM, n =4).

Substrate Bulk density (g-cm_3) Porosity (%) Water Holding Capacity (%)
Coconut Coir (Control) 0.446 +0.024 66.05% + 0.99% 18.31% + 0.4%
Pumice 0.993 £ 0.04 45.03% £ 0.79% 15.49% + 0.31%

Flax + Pumice 0.87 £0.027 49.53% + 1.23% 10.95% + 0.49%

Coconut Coir + Pumice 0.764 £ 0.012 57.95% + 0.49% 22.55% + 0.44%
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an improving effect on the water holding capacity of pumice, whereas flax does not have
such a positive effect.

Plant vegetative growth

The one-year-old cane height of sel.8 and sel.110 were recorded weekly over a period of 20
weeks (Figure 1, Table 2), and the height of the canes increased relatively slowly during the
first four weeks after transplanting (21 November—12 December, 2022), as well as after
week 15 (27 February, 2023, fruiting stage). For sel.8, plants grown in these two substrates
grew significantly faster in height than those grown in pure pumice. In Figure 2 and
Table 3, the regression equations for the change in cane diameter in the four substrates
were shown for both raspberry selections. For sel.8, the slope of the cane diameter equation
was greater for the plants grown in mixed coir/pumice. The plants grown in pure pumice
showed the lowest value for the diameter growth equation slope.

The number of secondary laterals in each raspberry plant was counted every two
weeks and the number of new laterals per week was counted (laterals/week). The
results (Table 4) indicated that all raspberries grew 0.1-0.2 new laterals per week in
the containers, which implies that each raspberry would add an average of 1 lateral

sel.110-Pumice/Flax

—— sel.8-Coir
90 —=— sel.8-Pumice

—— sel.8-Pumice/Flax
o . .
5 75 —4— sel.8-Coir/Pumice
%D --0-- sel.110-Coir
'S --0-- sel.110-Pumice
T 60

..o_.

..A..

sel.110-Coir/Pumice

N
vy

OTIJJIIIIIIl
0 2 4 6 8 10 12 14 16 18 20

Week

Figure 1. Regression curves of growth rate over time based on the average cane height (mm) of sel.8
and sel.110 in four substrates.

Table 2. Estimated regression equation of plant growth per week (W) based on plant height (cm).
Selection Treatment Link Function Model equation n F

sel.8 Coir (Ctrl) Log H=eA(0.02935W + 3.9863) ® 340 593.84
Pumice Log H=eA(0.02314W + 3.9469) P 340 399.04
Pumice/Flax Log H = eA(0.02576W + 3.8568) *° 340 464.17
Coir/Pumice Log H=eA(0.02871W + 3.7166) ° 340 516.53
sel.110 Coir (Ctrl) Log H=eA(0.02543W + 3.9863) ® 160 241.38
Pumice Log H = eA(0.02369W + 4.1085) * 160 23257
Pumice/Flax Log H=eA(0.02548W + 3.8631) ® 160 214.47
Coir/Pumice Log H=eA(0.02116W + 4.032) ® 160 167.42

n: Number of observations used.
The slopes of regression lines were compared according the 95% CLs.
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Figure 2. Regression curves of growth rate over time based on the average cane diameter (cm) of sel.8
and sel.110 in four substrates.

per container in 5-10 weeks. For sel.8, plants grown in pure pumice had significantly
greater lateral formation when compared to plants grown in mixed pumice and flax. A
similar trend can be seen for sel.110. Plants in pure pumice and mixed coir/pumice
were similar in their performance, with approximately 0.181 new laterals growing per
week and significantly greater than mixed pumice/flax. There were no significant differ-
ences between the other treatments. Therefore, it can be assumed that flax inhibited the
occurrence of new laterals to a certain extent.

Table 3. Estimated regression equation of plant growth per week (W) based on cane diameter (mm).

Selection Treatment Link Function Model equation n F
sel.8 Coir (Control) Log D =eA(0.02022W + 1.4889) ® 644 52.61
Pumice Log D=eA(0.01771W + 1.613) ? 662 427
Pumice/Flax Log D =e/(0.01894W + 1.5811) ? 680 48.38
Coir/Pumice Log D =eA(0.02623W + 1.4211) @ 649 89.8
sel.110 Coir (Control) Log D =eA(0.02406W + 1.5687) ® 298 36.64
Pumice Log D =e/(0.02098W + 1.7622) ® 320 28.16
Pumice/Flax Log D =eN(0.02177W + 1.6298) ? 303 28.02
Coir/Pumice Log D =eA(0.0236W + 1.6724) @ 320 36.51
n: Number of observations used.
The slopes of regression lines were compared according the 95% CLs.
Table 4. Lateral formation of two raspberry selections in four substrates.
Selection Treatment Lateral formation (Laterals/Week)
sel.8 Coir (Control) 0.147 2
Pumice 0.168 @
Pumice/Flax 0.126 °
Coir/Pumice 0.153
sel.110 Coir (Control) 0.175 2
Pumice 0.181°
Pumice/Flax 0.119°
Coir/Pumice 0.181°

Tukey HSD multiple comparison method was applied for the analysis, and different letter were used to represent signifi-
cant differences (p < 0.05).
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Yield

Both selections performed well in pure pumice and control (coir) over the fruiting period
(Table 5). The sel.8 plants grown in pumice gave the highest amount of harvestable fruit,
bulk fruit weight, and estimated yield, and yielding nearly three times the number of
fruits grown in coir/pumice. In contrast, plants grown in mixed pumice/flax were inferior
to the control in all yield indicators. Sel.110 also produced the highest number of harvest-
able fruits in pumice, but due to smaller fruit weights, it did not yield more than the
control (coir) and mixed coir/pumice treatment. It was inferred that this was due to
the excessive crop load, which is in line with past findings that excessive crop load will
come at the expense of fruit size and yield (Deli¢ et al. 2021). In addition, plants of
both selections grown in mixed pumice/flax showed smaller fruit size and lower total
yield compared to the control.

Correlation analysis

Correlations between vegetative growth parameters and yield were used compared to
infer factors affecting yield as well as to explore cultivation management for improved
economic efficiency (Figure 3). Plant height and lateral formation were significantly
and positively correlated (p <0.05) with the number of fruits per plant, bulk fruit
weight and estimated yield. This is similar to the experimental results of Sensteby
et al. (2009), which proved that there is a correlation between plant height and pro-
duction, thus promoting growth in plant height can increase yield. Our results also illus-
trate that plants with high lateral formation possess greater productivity.

In addition, as expected, higher crop load had a highly significant negative correlation
(p <0.01) with individual fruit fresh weight and a significant positive correlation (p <
0.05) with the number of fruits per plant. Therefore, proper regulation of raspberry
crop load is helpful in maximising yield. Currently, it is a common practice in some
European raspberry productions to retain a large number of laterals to increase raspberry
yield without considering the quality of retained flower buds, their position on the canes
or their biological potential (Zivoti¢ et al. 2019). Raspberries grown in a hedgerow system
and kept with 80, 100 and 120 well-developed and well-positioned mixed buds per metre

Table 5. Total number of harvested fruits, bulk fruit weight (g), plant crop load of cane cross section
and estimated yield (kg-ha") of two raspberry selections, sel.8 (n = 17) and sel.110 (n = 8). Data were
bulk collected during the fruiting period, from 27 February to 14 April.

Total Harvested Bulk fruit Crop Load** Estimated
Selection Treatment Fruit Number weight* (g) (Fruit-cm™?) Yield*** (kg-ha’1)
sel.8 Coir (Ctrl) 268 86.47 6.9 7771.5
Pumice 325 119.7 7.2 9527.1
Pumice/Flax 184 65.47 417 5763.9
Coir/Pumice 119 43.24 571 3517.92
sel.110 Coir (Ctrl) 313 137.81 8.19 14233.3
Pumice 324 127.03 9.48 12387.9
Pumice/Flax 125 7.4 8.30 5460.9
Coir/Pumice 291 176.4 7.97 14969.7

*Bulk yield: average fruit weight x total fruit number / plant number.
**Crop load: fruit number per plant / cane cross-sectional area.
***Estimated yield: (1 ha x yield per plant) / area of single plant.
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Figure 3. Pearson’s correlation analysis of vegetative growth and productivity parameters in raspberry
plants. * and ** represent significant correlations at the p < 0.05 and p < 0.01 levels, respectively (two-
tailed). n.s. denotes not significant.

of hedge have been studied, and the findings point to high and stable yields recorded at a
moderate load of 100 buds per metre (Zivoti¢ et al. 2019). Current research on berry crop
load is mainly focused on grapes (Helwi et al. 2021; Previtali et al. 2021), and information
on raspberries is still limited. As we used dwarfing selections were used in this exper-
iment, so appropriate loads need to be further investigated.

Fruit quality

For sel.8, substrate changes did not significantly affect fruit size and individual fruit
weight (Table 6). But the fruit shape index (FSI) of the fruit grown in coir/pumice was
significantly lower than that of the control (coir) and pure pumice, suggesting that the
width of the raspberry is more prominent compared to its length, giving it a closer to
a transversely elliptical or flattened form (Figure 4). For the fruits of sel.110, significant
differences in the appearance were found between the four substrates. The fruits from the
plants grown in the control (coir) and mixed coir/pumice substrates had significant
larger fruit size and single fruit FW. The FSI of the fruits in control substrate was signifi-
cantly larger than that of the mixed pumice/flax grown plants, which indicates a slender
or more vertically elongated fruit shape (Figure 4). The simple and reciprocal effects of
the treatment and the selection demonstrated by the generalised linear model, high-
lighted highly significant differences (p <0.01) in all four morphological parameters
between the two selections, i.e. fruit dimensions and individual weight were significantly
larger in sel.8 than those in sel.110. There was also a significant interaction effect (p <
0.05) between selections and treatments.

For nutritional and sensory parameters of sel.8 fruits, planting in pumice resulted in a
significant increase in fruit TSS by 2% and DM content by 6% compared to the control. In
contrast, planting in mixed pumice/flax significantly reduced fruit TA by 0.9 g/mL and
hardness by 0.06 N/mm. Although reduced acidity increased fruit sweetness, previous



Table 6. The fruit dimension (mm), fruit shape index (FSI) and average weight of a single fruit FW (g) of two raspberry selections under four treatments. Shown as

mean + SEM.
Fruit Diameter Fruit Height Firmness
Selection Treatment (mm) (mm) FSI FW / Fruit (g) TSS (%) TA (g/mL) DM (%) (N/mm) L* Cc* h°
sel.8 Coir (Ctrl) 2251+£036°  23.08+036° 1.03+0.012° 4936+ 8.09% 247 £0.09° 12.16% 0.2576 + 29.54 + 17.08 + 16.07 +
0.1432 +0.23%" +0.06%° 0.014% 0.45° 0.69° 0.37%°
Pumice 23.79+0.3 2418+034* 1.025+002* 4977+ 10.25% 221+ 18.28% 0.2373 + 2838+ 151+ 1473 +
0.148° +0.33% 0.07°° +0.59% 0.012%° 0.23%° 0.66°° 0.56°
Pumice/Flax ~ 24.13+0.19° 23.99 +0.38° 0.994 + 5332+0.13° 8.24% 237 £0.09° 15.48% 0.2343 + 2771 139+ 1172+ 1.0°
0.014% +0.23%" +0.72%" 0.015% 0.48° 0.56°
Coir/Pumice  24.09+0.3° 23.03 + 0.46° 0.957 + 5.026 + 8.36% 1.96 + 17.03% 0.1972 2518 + 13.8+ 17.09+
0.018° 0.167% +0.26%" 0.07° +0.62%2° 0.008° 0.27¢ 0.47° 0.53?
sel.110 Coir (Ctrl) 20.38 +0.24° 2176 +£029°  1.07+0013° 3637+ 9.22% 1.96 + 15.43% 0.2759 + 2881+ 19.44 + 16.99 +
0.104% +0.19%2° 0.06° +0.74%2° 0.019° 0.41° 0.74° 0.46°
Pumice 19.09+035° 2017 +£0.51° 1.055 + 3.058 + 9.0% 224+ 17.17% 0.288+0.019%  29.66 + 2133+ 19.04 +
0.016% 0.151¢ +0.22%° 0.08% +0.41%° 0.47% 0.64° 0.49°
Pumice/Flax ~ 20.04+029%  20.17 +0.37° 1.008 + 3.497 + 8.59% 2.41+0.08 13.41% 0.2748+0.02°  29.17 % 2021+ 1673 +
0.014° 0.134°¢ +0.14%" +0.66%" 0.33° 0.54° 0.51°
Coir/Pumice  21.07 +0.38 22.16 £0.41° 1.058 + 4108 + 9.36% 220+ 18.40% 0.2503 + 30.96 + 19.82 + 19.09 +
0.016™ 0.148" +0.23%° 0.08% +0.61%° 0.012? 0.60° 0.66° 0.42°
Significance
p(Selection) 0.000** 0.000** <0.001** 0.000%* 0.037* 0.341M 0.724"° <0.001** <0.001** 0.000** <0.001**
p(Treatment) <0.001%* 0.412M 0.003** <0.001%** <0.001%* <0.001** <0.001%* 0.005** 0.013* 0.01* <0.001%**
p(Selection* <0.001%* <0.001%* 0.03* <0.001** <0.001%* <0.001%* <0.001%* 0.003** <0.001**  <0.001** 0.024*
Treatment)

Tukey HSD multiple comparison method was applied for the analysis, and different letters were used to represent significant differences (P < 0.05).
Generalised linear mixed-effects model was used to analyse the effects of selection, treatment and their interaction. **, * and ™* denote significant differences at the 0.01, 0.05 levels and non-significant
difference, respectively.
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Figure 4. Fruit size and shape of sel.8 and sel.110 grown in four substrates (Control = Coconut coir).
Photo was taken on 19 March 2023, with fruit selected for harvest maturity and representative traits
for each treatment.

studies have shown that acidity inhibits the growth of some microorganisms and reduces
the risk of fruit spoilage, so higher acidity may enhance the antimicrobial properties of
fruit and prolong fruit freshness (Cushnie and Lamb 2011; Ousaaid et al. 2021).
Besides, fruit grown in both mixed substrates (pumice/flax, coir/pumice) had
significantly lower L* and C* values than the control, suggesting lower saturation and
vibrancy. Fruit in pumice/flax had significantly lower h° values than control (coir),
indicating that the addition of flax to the coir produced redder fruits.

As for the fruits of sel.110, fruit grown in pumice/flax had significantly lower TSS
and DM content than fruit grown in coir/pumice, but significantly higher TA content
than the control. Firmness of sel.110 fruit did not differ among the treatments.
Additionally, the fruits in control and pumice/flax had significantly lower L* and
h°, indicating lower brightness and redder colour. However, there were no significant
differences between treatments in C* values. Mitsanis et al. (2021) demonstrated that
pumice significantly enhanced most of the visual and flavour properties of tomato.
This is consistent with the results obtained in this experiment. In addition, fruits
with different appearances can be used in different markets. Graham et al. (2007)
had demonstrated, larger and brighter fruits are more suitable for fresh marketing.
Whereas processed fruits are more sought after for their intense colour and flavour.
Therefore sel.8 and sel.110 can be recommended for fresh market and processing,
respectively.

Different gene combinations and genetic characteristics of selections directly influence
the quality of the fruits (Agrawal 2005). By analysing the quality differences between the
two raspberry selections, it was found that the differences in TA and DM content did not
reach a significant level (p > 0.05). There was a significant difference in TSS content (p <
0.05), where it was greater in sel.110 compared to sel.8, and there was a highly significant
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difference in firmness and L*, C* and h° (p <0.01), where sel.110 had greater firmness,
glossiness and brightness comparted to sel.8 while sel.8 was redder in colour. In addition,
a highly significant interaction effect (p <0.01) was found for all quality parameters
across treatments and selections.

Principal component analysis

Principal Component Analysis (PCA) was performed on 11 quality indicators of raspber-
ries, and three principal components were selected based on the criterion that the cumu-
lative contribution was greater than 85%. Figure 5 shows the proportion of single
variance and cumulative contribution rate of each variance. The eigenvalue of three prin-
cipal components is 5.971, 2.473 and 1.239, and the cumulative contribution rate of the
first three components reached 88.024%, which represents the majority of biological
information for the 11 quality indicators tested. Each principal component is a linear
combination of the original data.

The first principal component reached 54.284%. Among the eigenvectors of the com-
ponent, the characters with higher eigenvectors are fruit diameter, height and single fruit
FW (Figure 6). The biological information this reveals suggests that there is a highly sig-
nificant positive correlation between these three fruit traits, indicating that the larger the
fruit size, the heavier the weight of the individual fruit and the higher the yield. These
parameters can be termed as yield factors. The contribution rate of the second principal
component is 22.48%, and the cumulative rate of the first and second components
reached 77.812%. Among them, DM, TSS content and Brix/Acid are the characters
with large eigenvector values, and there is a positive correlation between the three par-
ameters. They are the main source of nutrients in the fruit that directly determine the
quality of the raspberries, which can be categorised as nutritional factors. Similar obser-
vations were reported by Sehgal et al. (2021) in tomatoes, and the positive contribution
demonstrates the importance of these indicators in influencing berry quality. The contri-
bution rate of the third principal component is 11.403%. Characteristics with large
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Figure 5. Proportion of variance and the cumulative contribution rate of principal components.
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Figure 6. Three-dimensional component plots for 11 quality parameters of raspberries.

eigenvector values include colour parameters, TA content and firmness, which directly
affect the flavour and appearance of the fruit and can be termed as sensory factors.
The cumulative contribution rate of the first three components reached 88.024%.

Comprehensive evaluation

The simple comparison method cannot consider all the factors comprehensively. There-
fore, principal component analysis is used to transform multiple original quality indi-
cators into a smaller number of principal components that are not related to each
other, which retains most of the original information and simplifies the process of com-
prehensive quality evaluation. Based on the contribution rates of the three principal com-
ponents (Y;: yield factors, Y,: nutritional factors, Y3: sensory factors), a comprehensive
evaluation model Z of raspberry fruit quality was established:

Z = 0.54284Y, 4 0.2248Y, + 0.1126Y3

This mathematical model was used to evaluate the raspberry fruits of the two selections in
the four substrates, to obtain the comprehensive score Z for each treatment combination,
and then the Z value was used as a criterion to rank the excellence (Tian et al. 2015). As
shown in Table 7, for sel.8, plants grown in coir had an advantage in yield factors,
whereas plants grown in pumice performed better in nutritional and sensory factors.
In contrast, sel.110 grown in pumice had higher yields, whereas coir and coir/pumice
substrates increased the nutritional and sensory factors, respectively. Overall, the fruits
of the two selections showed the same response to the different substrates: pure
pumice grew the highest quality fruits, followed by the control, while mixed pumice/
flax yielded the poorest quality. In addition, sel.110 generally produced higher fruit
quality than sel.8. Our experiments showed that pumice improved the quality of fruit
compared to those produced by using traditional coconut coir as a substrate.
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Table 7. Comprehensive score and ranking according to 11 main quality indicators of the two
raspberry selections.

Principal Component Score

Selection Treatment y1 y2 y3 Comprehensive Score Rank
sel.8 Coir (Ctrl) —0.7174 —2.2283 0.0931 —0.8799 2
Pumice —1.5756 1.8031 1.5781 —0.2723 1
Pumice/Flax —3.3582 —1.5655 0.4449 —2.1248 4
Coir/Pumice —2.7602 1.5115 —1.9529 —1.3784 3
sel.110 Coir (Ctrl) 1.8899 0.9516 —0.7998 1.1498 2
Pumice 3.2483 0.1737 —0.0762 1.7938 1
Pumice/Flax 2.0914 —-1.5911 —0.4375 0.7284 4
Coir/Pumice 1.1817 0.9451 1.1504 0.9835 3
Discussion

Dwarfing raspberries can be grown indoors hydroponically for more efficient use of space
and with reduced labour and harvesting costs. In this experiment, dwarfing selections are
easier to manage and maintain in greenhouse due to its compact growth, allowing for
better regulation of plant growth and development. Compared to high-bush varieties,
they have the advantage of being thornless and requiring no staking or support structure,
making them ideal for hydroponic bags or containers. The hydroponic system also pro-
vides more precise control of water and nutrient supply. However, with the rising price of
shipped products, and disturbed supply chain globally, prompted growers to look for
low-cost local soilless cultivation substrates. To assess the horticultural production
potential of pumice, flax and coconut coir, their physical properties were measured.
Results showed that the addition of pumice to coir significantly increased bulk density,
which provided better support for raspberry plants and maximised WHC. Pure
pumice (grade 1-9 mm) had a higher bulk density and lower porosity, which contributed
to fruit yield, although it slightly inhibited vegetative growth. Mixed pumice/flax had a
low porosity and poor WHC, resulting in inferior raspberry growth vigour and pro-
ductivity. By blending different grades of pumice, the balance of aeration and water
retention can be controlled to meet the needs of various crops. Therefore, pumice
serves as an excellent hydroponic growing medium that can be easily adjusted based
on the type of crop or root system requirements. In addition, for perennials, the dura-
bility and stability of the substrate needs to be considered when cultivating. The use of
coir as a media may start to decompose after 3 years, thus affecting the growing environ-
ment of the crop root system and nutrient supply (Toboso-Chavero et al. 2021). New
Zealand boasts abundant natural resources, including pumice, scoria, and zeolite,
which theoretically can be used as substrates for many years without breaking down
(Bar-Tal et al. 2019), but requiring disinfection between applications for different
crops. This offers potential economic benefits, but further research on cost and longevity
is needed. Pumice has a longer lifespan as a substrate and will continue to be studied over
the next few years.

Our experiment also investigated the effects of selection and substrate on the fruit
quality of hydroponically grown raspberries. The results showed significant links
between selection and treatment for most of the traits in the used dwarf raspberries
sel.8 and sel.110. Specifically, the two selections showed significant changes grown in
different substrates. We observed that in sel.8, pure pumice as a substrate inhibited the
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increase in plant height, but increased yield and fruit nutrient content. However, in
sel.110, pure pumice did not significantly affect vegetative growth and enhanced fruit
nutrient value, but reduced fruit size. This emphasises the importance of considering
multiple factors in similar future studies to accurately understand the impact of a sub-
strate’s suitability for raspberry production. Different substrate types and management
strategies should be adapted to different raspberry selections to maximise their growth
and yield potential. However, despite the initial insights provided in this study, further
research is needed to gain a deeper understanding of the complex mechanisms of inter-
actions between selections, treatments, and environments for more precise agricultural
management and production practices.

To conclude, compared to coir, pumice as a substrate can positively affect the fruit
quality of both raspberry selections. Also, pumice-based mix substrates could be success-
fully used for hydroponic raspberry production without compromising yield and quality
of the fruit.
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