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INTRODUCTION
The New Zealand Ministry for Primary Industries 
(MPI) requires that the fresh corms of imported 
root crops, such as taro (Colocasia esculenta 
(L.) Schott), be free of exotic pests (MPI 2018). 
Organisms that are frequently carried on corms 
include mites, nematodes, ants, snails, and larvae 
of soil-dwelling beetles (Page-Weir et al. 2013). 
Existing border-treatment protocols for root 
crops require fumigation with methyl bromide 

(MB) on arrival when pests are detected (MPI 
2018), with various durations for different pests. 
The MB treatments used are 48 g/m3 at 12°C for 
24 h if snails are found, 48 g/m3 MB at 10–15°C 
for 4 h if nematodes are found, and 48 g/m3 MB 
at 10–15°C for 2 h if other pests, e.g. mites, are 
found. Although not all pests found on the root 
crops are ‘unwanted organisms’, importers often 
choose to have their consignment fumigated and 
released immediately rather than wait for the 
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were inserted in a shallow split on the surface 
of the taro to measure the surface temperature. 
Masking tape was used to secure the probe to the 
taro. To measure internal temperatures, Squirrel 
probes were inserted on an angle into the taro so 
that the tip of the probe was 5-or 10-mm deep 
into the flesh. This was done by drilling a 2-mm 
hole into the taro slightly smaller in diameter of 
the 3-mm probe and inserting the probe.

The HWT system consisted of fibreglass tubs 
(filled to a volume of 95 L) as outlined in Woolf 
and Lay-Yee (1997). Temperature was measured 
at the “return” position in the bath.

Corms were slightly buoyant, and thus a metal 
mesh grid and part-filled bucket was required to 
hold the corms under water during treatment. 
Treatments were conducted at 48 for 30 min 
followed by 50°C for 30 min. 

Most tolerant life stage of mites and 
nematodes to HWT
Preparation of mites 
Rhizoglyphus sp. mite eggs were collected from 
rotten parts of taro using a fine-tipped artists’ 
paint brush and placed into 4-mL specimen vials 
(50 mm × 12 mm; Samco™) containing 3 mL 
water. Once each vial contained >100 eggs, they 
were sealed with a push-in poly stopper cap, that 
had Parafilm® (Bemis, North America) wrapped 
around the thread and a second layer of Parafilm 
around the outside of the cap once it was pushed 
into the vial. Vials containing eggs were placed 
at ambient laboratory temperature (22°C) until 
HWT 1–3 h later. 

Nymph and adult Rhizoglyphus sp. were also 
collected from rotten parts of taro using a fine-
tipped artists’ paint brush and placed onto a 
fresh section of taro (approximately 3 cm × 4 cm) 
within separate plastic 120-mL vials (107 mm × 
42 mm) with screw top lids and gauze (0.085 mm 
aperture) at either end. Each vial contained c. 100 
individuals of either nymphs or adults. The vial 
was then sealed with Parafilm in the same way 
as the vials containing eggs. Nymphs and adults 
were treated within 30 h of being set up in vials. 
Four replicates of mite eggs, nymphs and adults 
were set up for each treatment.

Preparation of nematodes 
Root knot nematodes were sourced from infected 
tomato plants growing at the Nu’u Research 
station in Samoa. Infected roots were washed 
to remove soil, then chopped to approximately 
20 mm in length with scissors. Distilled water 
was added to the roots which were then 
crushed using a plastic roller. The solution was 
thoroughly washed using tap water through 
500-µm and  20-µm nested sieves. The 500-µm 
sieve was used to remove the root material and 
the 20-µm sieve was used to collect the eggs. The 
remaining solution was then poured through a 
20-µm sieve to collect the nematodes and eggs. 
The nematodes collected on the 20-µm sieve 
were washed onto a tray covered and left at room 
temperature overnight.

The solution was poured into a beaker 
containing distilled water and used as a stock 
nematode (eggs and juvenile stage 2 [J2s]) 
suspension). Actively moving juveniles were 
picked from the suspension using pipettes (Brand® 
Micro-Classic Controller and glass pipettes) 
under a microscope at 20–40 × magnification 
and placed into 4-mL specimen vials (50 mm 
× 12 mm; Samco) in groups of 20. Each sealed 
vial was filled with 2 mL of distilled water. The 
remaining solution, after the active J2s had been 
removed, was used as the egg solution; there were 
very low numbers of embryonated eggs (eggs in 
which the nematode juvenile can be seen). For 
the egg treatments, 2 mL of egg solution was 
added to each vial. This 2-mL solution contained 
approximately 290 eggs of which approximately 
20 were embryonated. Three and four replicates 
of the J2s and egg treatments, respectively, 
were set up for each treatment time. Vials were 
maintained at room temperature until HWT, 
which occurred on the same day.

Hot water treatment
Treatments were conducted in a custom-built 
water bath system, comprising four stainless 
steel water baths each 25 L in volume. A Grant 
temperature controller unit (±0.01°C, 1.5 kW 
heater; model GRAVF, UK) with a stirrer blade 
was used to heat the water to 47°C. Mites and 

organisms in question to be identified by MPI. 
Of the 13.3 million kilograms of taro (965 

shipments) that arrived in New Zealand from 
Fiji, Tonga, Samoa, Niue and the Cook Islands 
between July 2015 and June 2016, approximately 
81% by weight (or 76% by shipment) was 
fumigated (K. Glassey, MPI data).

Methyl bromide is an ozone-depleting, toxic 
substance and is being phased out (UNEP 2014). 
In 2011, controls on the use of MB became more 
restricted in New Zealand because of safety 
concerns (NZERMA 2011). Furthermore, New 
Zealand has passed legislation that will require 
operators to have systems for the complete capture 
and/or destruction of MB after fumigation, which 
must be in place by 2020 (Gear 2011). Eventually 
MB is likely to become both difficult to obtain 
and too costly to use as a fumigant. Additionally, 
MB causes damage to many commodities, such as 
taro, particularity if they are fumigated for 24 h, 
as is required for treating snails. Like many other 
countries, New Zealand is seeking alternative 
treatment methods that will eliminate or reduce 
the potential for unwanted organisms to be found 
on imported produce, while maintaining the 
quality of the produce.

High pressure washing (HPW) is being used 
to remove pests and surface contaminants from 
a range of commodities (Woolf et al. 2015). 
Inspection of taro at the border, targets soil on 
the taro surface which is where nematodes are 
more likely to be found. HPW has the potential 
to remove surface pests and soil and reduce 
fumigation rates of taro. Griffin et al. (2014) used 
HPW in New Caledonia to remove surface pests 
from lime exports to New Zealand and reduced 
fumigation rates from 100% to 1.2%.

Previous research indicated that hot water 
treatment (HWT) has the potential to disinfest 
taro corms targeting mites and nematodes (Buli 
et al. 2015, Jamieson et al. 2016, Page-Weir et 
al. 2013). Lethal times for adult mould mite, 
Tyrophagus putrescentiae, and adult taro mite, 
Rhizoglyphus minutus, ranged between 3–6 
minutes at temperatures between 47.5 and 49°C 
(Jamieson et al. 2016, Page-Weir et al. 2013). It 
takes tme for the surface of taro to reach lethal 

temperatures (e.g. 47°C), therefore the heating 
up time would need to be incorporated in to the 
treatment time. Additionally if pests were found 
beneath the surface of taro further heating time 
would be required. 

This paper summarises results of trials to 
determine: (1) what pests are found on taro and 
where they occur (surface or below surface); (2) 
what the heating profiles of taro are; (3) the most 
tolerant life stages of taro mite and root knot 
nematode to HWT; and (4) the efficacy of HPW, 
HWT and a combination treatment against pests 
on taro.

MATERIALS AND METHODS
Identi�cation of invertebrates collected o� 
taro corms
In 2016, ~100 taro were purchased from growers 
in Samoa that contained soft patches (rotting 
indentations) likely to harbour mites. Soft 
patch sections of taro were inspected under a 
microscope (10–20 × magnification). Specimens 
of mites were collected into 95% ethanol and 
identified by Zhi-Qiang Zhang (Manaaki 
Whenua, Auckland, New Zealand).

In 2017, low-quality taro infested with pests 
were purchased from growers in Samoa for HPW 
and HWT trials. Whole taro were inspected 
under a 10 × hand lens with LED lights and the 
number of arthropods estimated. Specimens of 
invertebrate species of interest that could not 
be easily identified, were collected into ethanol. 
These specimens were taken back to New 
Zealand and identified in the laboratory. Mites 
were identified by Zhi-Qiang Zhang (Manaaki 
Whenua, Auckland, New Zealand), ants were 
identified by Darren Ward (Manaaki Whenua), 
scale insects by Milen Marinov (MPI, Auckland 
New Zealand) and the remainder of specimens 
were identified by SDJ Brown (Plant & Food 
Research, Auckland, New Zealand). 

Temperature pro�les of taro in hot water
Taro corms of small (~ 700 g) and large (~ 1250 g) 
size were purchased from a local vegetable 
outlet in Auckland. Thermistor probes (Grant, 
Squirrel 1200 data logger, 45 × 3 mm probes) 
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were inserted in a shallow split on the surface 
of the taro to measure the surface temperature. 
Masking tape was used to secure the probe to the 
taro. To measure internal temperatures, Squirrel 
probes were inserted on an angle into the taro so 
that the tip of the probe was 5-or 10-mm deep 
into the flesh. This was done by drilling a 2-mm 
hole into the taro slightly smaller in diameter of 
the 3-mm probe and inserting the probe.

The HWT system consisted of fibreglass tubs 
(filled to a volume of 95 L) as outlined in Woolf 
and Lay-Yee (1997). Temperature was measured 
at the “return” position in the bath.

Corms were slightly buoyant, and thus a metal 
mesh grid and part-filled bucket was required to 
hold the corms under water during treatment. 
Treatments were conducted at 48 for 30 min 
followed by 50°C for 30 min. 

Most tolerant life stage of mites and 
nematodes to HWT
Preparation of mites 
Rhizoglyphus sp. mite eggs were collected from 
rotten parts of taro using a fine-tipped artists’ 
paint brush and placed into 4-mL specimen vials 
(50 mm × 12 mm; Samco™) containing 3 mL 
water. Once each vial contained >100 eggs, they 
were sealed with a push-in poly stopper cap, that 
had Parafilm® (Bemis, North America) wrapped 
around the thread and a second layer of Parafilm 
around the outside of the cap once it was pushed 
into the vial. Vials containing eggs were placed 
at ambient laboratory temperature (22°C) until 
HWT 1–3 h later. 

Nymph and adult Rhizoglyphus sp. were also 
collected from rotten parts of taro using a fine-
tipped artists’ paint brush and placed onto a 
fresh section of taro (approximately 3 cm × 4 cm) 
within separate plastic 120-mL vials (107 mm × 
42 mm) with screw top lids and gauze (0.085 mm 
aperture) at either end. Each vial contained c. 100 
individuals of either nymphs or adults. The vial 
was then sealed with Parafilm in the same way 
as the vials containing eggs. Nymphs and adults 
were treated within 30 h of being set up in vials. 
Four replicates of mite eggs, nymphs and adults 
were set up for each treatment.

Preparation of nematodes 
Root knot nematodes were sourced from infected 
tomato plants growing at the Nu’u Research 
station in Samoa. Infected roots were washed 
to remove soil, then chopped to approximately 
20 mm in length with scissors. Distilled water 
was added to the roots which were then 
crushed using a plastic roller. The solution was 
thoroughly washed using tap water through 
500-µm and  20-µm nested sieves. The 500-µm 
sieve was used to remove the root material and 
the 20-µm sieve was used to collect the eggs. The 
remaining solution was then poured through a 
20-µm sieve to collect the nematodes and eggs. 
The nematodes collected on the 20-µm sieve 
were washed onto a tray covered and left at room 
temperature overnight.

The solution was poured into a beaker 
containing distilled water and used as a stock 
nematode (eggs and juvenile stage 2 [J2s]) 
suspension). Actively moving juveniles were 
picked from the suspension using pipettes (Brand® 
Micro-Classic Controller and glass pipettes) 
under a microscope at 20–40 × magnification 
and placed into 4-mL specimen vials (50 mm 
× 12 mm; Samco) in groups of 20. Each sealed 
vial was filled with 2 mL of distilled water. The 
remaining solution, after the active J2s had been 
removed, was used as the egg solution; there were 
very low numbers of embryonated eggs (eggs in 
which the nematode juvenile can be seen). For 
the egg treatments, 2 mL of egg solution was 
added to each vial. This 2-mL solution contained 
approximately 290 eggs of which approximately 
20 were embryonated. Three and four replicates 
of the J2s and egg treatments, respectively, 
were set up for each treatment time. Vials were 
maintained at room temperature until HWT, 
which occurred on the same day.

Hot water treatment
Treatments were conducted in a custom-built 
water bath system, comprising four stainless 
steel water baths each 25 L in volume. A Grant 
temperature controller unit (±0.01°C, 1.5 kW 
heater; model GRAVF, UK) with a stirrer blade 
was used to heat the water to 47°C. Mites and 
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on imported produce, while maintaining the 
quality of the produce.
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et al. 2015, Jamieson et al. 2016, Page-Weir et 
al. 2013). Lethal times for adult mould mite, 
Tyrophagus putrescentiae, and adult taro mite, 
Rhizoglyphus minutus, ranged between 3–6 
minutes at temperatures between 47.5 and 49°C 
(Jamieson et al. 2016, Page-Weir et al. 2013). It 
takes tme for the surface of taro to reach lethal 
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tolerant life stages of taro mite and root knot 
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HWT and a combination treatment against pests 
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In 2016, ~100 taro were purchased from growers 
in Samoa that contained soft patches (rotting 
indentations) likely to harbour mites. Soft 
patch sections of taro were inspected under a 
microscope (10–20 × magnification). Specimens 
of mites were collected into 95% ethanol and 
identified by Zhi-Qiang Zhang (Manaaki 
Whenua, Auckland, New Zealand).

In 2017, low-quality taro infested with pests 
were purchased from growers in Samoa for HPW 
and HWT trials. Whole taro were inspected 
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invertebrate species of interest that could not 
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whole taro. Each piece of infested taro had 50+ 
of each life stage present before being placed on 
the whole corm. Four pieces of infested taro were 
pinned to each taro corm. These corms were then 
placed in a bucket overnight and covered with a 
polythene bag to maintain humidity so that the 
taro and mites did not dry out. Five taro corms 
were set up for each treatment.

For nematodes, 150 µL of egg solution was 
pipetted into 1.5-mL Eppendorf tubes. Each 
tube contained approximately 50 eggs, 7–8 of 
which were embryonated. The Eppendorf tubes 
containing the egg solution were pushed into 
taro corms, to a depth of approximately 5 mm 
and held in place with tape, with five tubes per 
corm and four corms in total. It was assumed that 
the tube conducts heat in a similar way to taro 
flesh.

Taro with mite nymphs/adults and nematode 
eggs were exposed to one of three treatments: 
48°C for 40 min; 49°C for 30 min; 50°C for 15 min. 
Five taro infested with mites, and a taro with 
nematode eggs in vials were kept at ambient 
laboratory conditions as an untreated control. 
Mite mortality was assessed 1 day after treatment. 
Nematode egg hatch was assessed six days after 
treatment. 

2017 e�cacy of HWT + HPW against a range of 
pests on taro
Low-quality taro, heavily infested with pests, 
were sourced from local growers. Eight-month-
old taro of cultivars ‘Samoa 2’, ‘Talo Fusi’, and 
‘Talo Lani’ were harvested on 26 May 2017 from 
a farm in Lotofaga, and brought to Nu’u Research 
Station (ca.1-h drive away) where they were 
coarsely washed by hand. The number of live/
viable pests on each of 192 taro was assessed over 
a 4-day period using a 10× hand lens with LED 
lights. A unique number was assigned to each 
taro by drilling a numbered plastic tape label on 
to the taro. Once the pre-treatment assessment 
was complete, corms were stored in taro sacks at 
laboratory ambient conditions until treatment at 
Atele Packhouse on 31 May 2017.

Infested taro were treated in the 95-L hot water 
baths with one of the following treatments: HPW 

only, HWT at 46°C for 45 min, HPW followed 
by HWT (HPW + HWT) at 46°C for 45 min, 
HWT at 48°C for 30 min, HPW + HWT at 48°C 
for 30 min, HWT at 50°C for 12.5 min, HPW + 
HWT at 50°C for 12.5 min. All taro receiving 
HPW were treated at 55 psi for 12–15 sec. 
Taro (n=6–9) were selectively assigned to each 
treatment to get consistent numbers of mobile 
pests and eggs on each of three replicates for each 
treatment. An additional three replicates of eight 
infested taro were transported to Atele and back 
to Nu’u Research Station and remained untreated 
at ambient temperature for comparison with 
treatments. All taro associated with a single 
replicate of the three treatments, were completed 
before moving on to the next replicate. After 
treatment, taro were returned to Nu’u research 
centre and the numbers of mobile pests and eggs 
remaining on them were assessed within 24 h of 
treatment.

Statistical analyses 
To assess the mortality response (shown in Figs. 1 
& 2), non-parametric LOESS fits (Cleveland et al. 
1992) were calculated and plotted on an angular 
transformed scale (e.g. transform percentage p 
by arcsin[sqrt(p/100)]) in R (R Core Team 2015). 

Figure 1 Percentage mortality of mite eggs 
(n=10863), nymphs (n=3450), and adults 
(n=2137) of Rhizoglyphus sp. after hot water 
treatment at 47°C for up to 4 min.

nematodes were treated separately. When placing 
in the water baths, vials with mite nymphs and 
adults had to be tapped on the upper end with 
a finger to allow water to enter and remove air 
bubbles. Vials with mite or nematode eggs or 
nematode juveniles were placed on the bottom 
of the water bath. Each replicate was treated in a 
separate water bath.

Vials were treated at 47°C for 1, 1.5, 2, 2.5, 3, 
3.5 or 4 min and then removed and placed in a 
second water bath at 25°C to hydrocool for 10 s 
before being removed and placed on a towel to 
absorb water from vented vials. Controls for 
each of the eggs, nymphs, adult mites and for 
nematode eggs and juveniles were placed in 
the 25°C water bath for the duration of HWT 
treatment and hydrocooling.

After treatment, mite nymphs and adults 
along with juvenile nematodes in vials were 
placed at ambient laboratory temperate (~22°C) 
until assessments. Mite eggs were poured onto 
black filter paper in a Petri dish with a gauze 
covered hole in the base and paper towels 
underneath to absorb the water. Once the water 
was absorbed and the eggs became visible, the 
Petri dish was sealed with Parafilm and placed at 
ambient laboratory temperate until assessments. 
Nematode eggs were washed into Petri dishes and 
placed on trays in the dark at ambient laboratory 
temperate. 

Mite assessment
Nymphs and adults were assessed one day after 
treatment when they were probed with a paint 
brush and assessed as live (movement) or dead 
(no movement). Assessments to determine 
hatched (viable) and unhatched (non-viable) 
mite eggs took place 5–8 days later when most 
eggs were expected to have hatched (Gerson et 
al. 1983).

Nematode assessment
Assessment of the J2s began 13 h post HWT. 
Individuals were classified as live (actively 
moving), moribund (body curved but not 
moving) or dead (body straight but not moving). 
Two assessments of eggs were carried out, the 

first 1-day and the second at 6-days post HWT. 
Mobile hatched juveniles were classified as live.

E�cacy of HPW, HWT and combination 
treatment against pests on taro
High pressure washer
A Honiball high pressure washing (HPW) system 
was installed at Atele Packhouse, Samoa in 2016. 
The system consists of a gantry of eight manifolds 
(at 140 mm spacing) each with eight vertically 
mounted fixed nozzles (at 100 mm spacing) over a 
bed of rotating brushes. The nozzles are Promax® 
QuickJet® Spray Tips (QPTA-25-20: Spraying 
Systems, Auckland, New Zealand) situated at 
a height of 250 mm (measured vertically from 
the tip of the nozzle directly down to the top 
of the brushes). This results in a distance from 
the nozzles to the top of the taro of ~180 mm, 
depending on taro diameter (which will be 
influenced by taro size, cultivar and shape). The 
brush bed (630 mm wide × 1820 mm long) of flat 
brushes (not scalloped; from Talus Industries in 
Levin, New Zealand; Product Code FR BR SEG 
654x140x25.0 (8KW) -013 BLK CRP PP) and 
the nozzles target taro corms as they sit between 
rollers; to reduce wear on brushes, the manifolds 
were aligned to the gaps between the brush 
rollers. The nozzles were mounted so that rows 
were angled 33° laterally in alternating directions 
(left, right, left and so on) and blank nozzles 
were installed at the outer edge of each row 
(these nozzles were pointing into the wall of the 
washer and thus did not impact the taro). A final 
manifold of nozzles (QPTA-40-05) was included 
using clean water at ambient temperature to 
provide a final rinse of the taro. Taro were loaded 
on to the HPW brush bed 1–2 at a time and were 
under the nozzles for 12–15 sec.

2016 e�cacy of HWT alone against mites and 
nematodes on taro
In 2016, taro corms naturally infested with 
sufficient numbers of mites and nematodes were 
not able to be sourced, therefore taro (cv. ‘Samoa 
2’) were artificially infested. For mite trials, small 
pieces of taro (1 cm × 1–2 cm) infested with mite 
nymphs and adults were pinned to the outside of 
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whole taro. Each piece of infested taro had 50+ 
of each life stage present before being placed on 
the whole corm. Four pieces of infested taro were 
pinned to each taro corm. These corms were then 
placed in a bucket overnight and covered with a 
polythene bag to maintain humidity so that the 
taro and mites did not dry out. Five taro corms 
were set up for each treatment.

For nematodes, 150 µL of egg solution was 
pipetted into 1.5-mL Eppendorf tubes. Each 
tube contained approximately 50 eggs, 7–8 of 
which were embryonated. The Eppendorf tubes 
containing the egg solution were pushed into 
taro corms, to a depth of approximately 5 mm 
and held in place with tape, with five tubes per 
corm and four corms in total. It was assumed that 
the tube conducts heat in a similar way to taro 
flesh.

Taro with mite nymphs/adults and nematode 
eggs were exposed to one of three treatments: 
48°C for 40 min; 49°C for 30 min; 50°C for 15 min. 
Five taro infested with mites, and a taro with 
nematode eggs in vials were kept at ambient 
laboratory conditions as an untreated control. 
Mite mortality was assessed 1 day after treatment. 
Nematode egg hatch was assessed six days after 
treatment. 

2017 e�cacy of HWT + HPW against a range of 
pests on taro
Low-quality taro, heavily infested with pests, 
were sourced from local growers. Eight-month-
old taro of cultivars ‘Samoa 2’, ‘Talo Fusi’, and 
‘Talo Lani’ were harvested on 26 May 2017 from 
a farm in Lotofaga, and brought to Nu’u Research 
Station (ca.1-h drive away) where they were 
coarsely washed by hand. The number of live/
viable pests on each of 192 taro was assessed over 
a 4-day period using a 10× hand lens with LED 
lights. A unique number was assigned to each 
taro by drilling a numbered plastic tape label on 
to the taro. Once the pre-treatment assessment 
was complete, corms were stored in taro sacks at 
laboratory ambient conditions until treatment at 
Atele Packhouse on 31 May 2017.

Infested taro were treated in the 95-L hot water 
baths with one of the following treatments: HPW 

only, HWT at 46°C for 45 min, HPW followed 
by HWT (HPW + HWT) at 46°C for 45 min, 
HWT at 48°C for 30 min, HPW + HWT at 48°C 
for 30 min, HWT at 50°C for 12.5 min, HPW + 
HWT at 50°C for 12.5 min. All taro receiving 
HPW were treated at 55 psi for 12–15 sec. 
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treatment to get consistent numbers of mobile 
pests and eggs on each of three replicates for each 
treatment. An additional three replicates of eight 
infested taro were transported to Atele and back 
to Nu’u Research Station and remained untreated 
at ambient temperature for comparison with 
treatments. All taro associated with a single 
replicate of the three treatments, were completed 
before moving on to the next replicate. After 
treatment, taro were returned to Nu’u research 
centre and the numbers of mobile pests and eggs 
remaining on them were assessed within 24 h of 
treatment.

Statistical analyses 
To assess the mortality response (shown in Figs. 1 
& 2), non-parametric LOESS fits (Cleveland et al. 
1992) were calculated and plotted on an angular 
transformed scale (e.g. transform percentage p 
by arcsin[sqrt(p/100)]) in R (R Core Team 2015). 
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the tip of the nozzle directly down to the top 
of the brushes). This results in a distance from 
the nozzles to the top of the taro of ~180 mm, 
depending on taro diameter (which will be 
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brush bed (630 mm wide × 1820 mm long) of flat 
brushes (not scalloped; from Talus Industries in 
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rollers; to reduce wear on brushes, the manifolds 
were aligned to the gaps between the brush 
rollers. The nozzles were mounted so that rows 
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were installed at the outer edge of each row 
(these nozzles were pointing into the wall of the 
washer and thus did not impact the taro). A final 
manifold of nozzles (QPTA-40-05) was included 
using clean water at ambient temperature to 
provide a final rinse of the taro. Taro were loaded 
on to the HPW brush bed 1–2 at a time and were 
under the nozzles for 12–15 sec.

2016 e�cacy of HWT alone against mites and 
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In 2016, taro corms naturally infested with 
sufficient numbers of mites and nematodes were 
not able to be sourced, therefore taro (cv. ‘Samoa 
2’) were artificially infested. For mite trials, small 
pieces of taro (1 cm × 1–2 cm) infested with mite 
nymphs and adults were pinned to the outside of 
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Table 1 Invertebrates collected and identified in 2016 and 2017 from taro grown in Samoa. 

Year collected Taxon Species (Class: Order: Family)
2016 Ereynetidae sp. (Arachnida: Trombidiformes: Tydeoidea: Ereynetidae)

Evimirus sp. (Arachnida: Acari: Mesostigmata: Eviphididae)
Protogamasellopsis dioscorus (Arachnida: Acari: Mesostigmata: Rhodacaridae)
Rhizoglyphus minutus (Arachnida: Acari: Astigmata: Acaridae) 
Rhizoglyphus setosus (Arachnida: Acari: Astigmata: Acaridae) 
Stratiolaelaps sp. (Arachnida: Acari: Mesostigmata: Laelapidae)
Uroactinia sp. (Arachnida: Acari: Mesostigmata: Uropodidae: Uroactiniidae)

2017 Dactylosternum abdominale (Insecta: Coleoptera: Hydrophilidae)
Dysmicoccus brevipes (Insecta: Hemiptera: Pseudococcidae)
Mollusc cf Allopeas clavulinum (Mollusca: Gastropoda: Subulindae)
Orphnaeus brevilabiatus (Myriapoda: Chilopoda: Geophilomorpha: Oryidae)
Nylanderia vaga (Insecta: Hymenoptera: Formicidae)
Pheidole fervens (Insecta: Hymenoptera: Formicidae)
Prionopelta kraepelini (Insecta: Hymenoptera: Formicidae)
Tapinoma melanocephalum (Insecta: Hymenoptera: Formicidae)
Unidentified fly larvae (Insecta: Diptera)
Unidentified leafhopper nymph (Insecta: Hemiptera: Cicadellidae)
Unidentified millipede (Myriapoda: Diplopoda: Juliformia)
Unidentified rove beetle (Insecta: Coleoptera: Staphylinidae: Paederinae)
Unidentified weevil larva (Insecta: Coleoptera: Curculionidae)

A total of 36 specimens were collected in 2017 
from low-quality taro. These were a small subset 
of the invertebrates found, and were species of 
interest that had not previously been identified 
(i.e. mites were not collected). Most of these 
species were found on the surface and in soft 
depressions on the taro. However, since the taro 
were of such low quality, some had large holes 
and crevices that would not usually be present on 
export-quality produce. Some of the invertebrates 
were found in these holes and crevices.

The specimens collected in 2017 were taken 
back to New Zealand and identified in the 
laboratory (Table 1).

Temperature pro�les of taro in hot water
Times for the surface temperature of taro to reach 
lethal temperature of 47°C was 14–14.5 min after 
immersion in HWT at 48°C or 9.5 min, after 
immersion in HWT at 50°C, for small or large 
taro (Figs. 4 & 5). Corm flesh temperatures at 5 
and 10 mm deep are also presented (Figs. 4 & 5).

Most tolerant life stage of mites and 
nematodes to HWT
Following HWT at 47°C, 100% mortality was 
reached after 1.5 min for mite eggs and 4 min 
for nymphs (Fig. 1). Mite nymphs and adults 
displayed 100 and 99.84% mortality after 4 min 
(Fig. 1). Mean LT estimates for 99% mortality 
for mite nymphs and adults were 2.6 min and 2.9 
min, respectively (Table 2). Control mortalities 
for mite eggs, nymphs and adults were 32, 16 
and 1%, respectively. LT estimates for 99.99% 
mortality were 3.9 and 4.1 for nymphs and adults, 
respectively (Table 2). The high LT estimate for 
99.99% mortality of nymphs in the first replicate 
was due to a flatter mortality response line (Table 
2).

All treatments of nematode eggs (1–4 min at 
47°C) resulted in between 6.5 and 14.1% mortality 
and did not differ from the controls (11.3 ± 1.5 
% mortality). Mortality of J2 nematodes steadily 
increased over time, reaching approximately 
90% mortality after 4 minutes of treatment in a 

For each life stage, smoothed lines were drawn 
through the percentage mortality points after 
exposure to HWT, at each treatment time. The 
error bars in Figures 1 and 2 represent the root-
mean-square of the errors of the fit for each line 
and are applicable over the entire mortality range 
on the arcsine scale.

Time mortality data for each replicate 
were fitted using the generalised linear model 
(Dobson & Barnett 2008) capability of R with the 
complementary log-log (clog-log) link (Preisler 
& Robertson 1989) and the HWT time as the 
explanatory variable. Specifically, the assumed 
form of response was log(-log(1 - p)) = a + bT, 
where p = expected mortality, and T = time of 
treatment. The coefficients, a (intercept) and 
b (slope), from the models were used to derive 
the estimated lethal time (LT) to achieve 99% 
or 99.99% mortality (LT99 or LT99.99), the time 
to achieve a mortality of cm + (1 - cm) × 0.99, 
where cm was the control mortality. 

For each life stage, a geometric mean LT 
and its associated standard error (SEM) were 
estimated, from which a 95% confidence interval 
(CI) was calculated. Non-overlap of the 95% CIs 
is approximately equal to a test for difference at 
P=0.01.

Data analysis for percent reduction in number 
of pests between pre-treatment assessment 
and post-treatment assessment (Fig. 3) was 
conducted in SAS version 9.4 (SAS Inc., USA). 
The percent reduction of mobile pests and eggs 
between pre- and post-treatment assessment was 
analysed based on a binomial model, adjusted 
for over dispersion and rare events (100% or 0% 
reduction rate). Fitted percent reduction means 
and 95% confidence intervals were compared 
and treatments were classified as significantly 
different where 95% confidence intervals for 
pairwise comparisons did not overlap. Raw 
percentage reduction figures are presented in 
Figure 3.

RESULTS
Pests collected from taro
Mite species collected in 2016 are listed in Table 
1. Rhizoglyphus minutus and R. setosus are mite 

species commonly associated with taro. The other 
mites identified are soil predatory mites with no 
direct host relationship with taro. All mites were 
found on the surface or in soft depressions on 
taro.

Figure 3 Percentage reduction in the number 
of pests between pre-treatment assessment and 
post-treatment assessment counts. HPW = high-
pressure washing at 55 psi for 12–15 sec; 46°C = 
hot water treatment (HWT) for 45 min, 48°C = 
HWT for 30 min and 50°C = HWT for 12.5 min. 
Common letters above bars indicate no statistical 
difference between treatments.

Figure 2 Percentage mortality of nematode eggs 
(n=9312) and juvenile stage 2 (J2, n=431) of 
Meloidogyne sp. after hot water treatment at 47°C 
for up to 4 min.



87Crop Pests 1

Table 1 Invertebrates collected and identified in 2016 and 2017 from taro grown in Samoa. 
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Rhizoglyphus minutus (Arachnida: Acari: Astigmata: Acaridae) 
Rhizoglyphus setosus (Arachnida: Acari: Astigmata: Acaridae) 
Stratiolaelaps sp. (Arachnida: Acari: Mesostigmata: Laelapidae)
Uroactinia sp. (Arachnida: Acari: Mesostigmata: Uropodidae: Uroactiniidae)

2017 Dactylosternum abdominale (Insecta: Coleoptera: Hydrophilidae)
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(i.e. mites were not collected). Most of these 
species were found on the surface and in soft 
depressions on the taro. However, since the taro 
were of such low quality, some had large holes 
and crevices that would not usually be present on 
export-quality produce. Some of the invertebrates 
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Times for the surface temperature of taro to reach 
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Table 2 Lethal time (LT) estimates (min) for 99% and 99.99% mortality of nymph and adult Rhizoglyphus 
sp. after hot water treatment at 47°C.

Lethal estimate 
Life stage Mean 95% CI Rep 1 Rep 2 Rep 3 Rep 4

LT99

Nymph 2.6 2.0–3.4 3.7 2.2 1.9 2.9
Adult 2.9 2.2–3.8 2.6 3.2 3.1 2.9
LT99.99

Nymph 3.9 2.7–5.6 7.0 3.5 2.6 3.4
Adult 4.1 2.8–5.9 3.9 4.3 3.8 4.5

Figure 5 Temperature curves of small (left) and large (right) taro. A thermistor probe was attached to 
the surface and naked probes inserted 5 mm and 10 mm into the flesh. Taro were treated at 50°C for 30 
minutes. The vertical lines indicate the time (minutes) at which the surface temperature reached 47°C.

Figure 4 Temperature curves of small (left) and large (right) taro. A thermistor probe was attached to 
the surface and naked probes inserted 5 mm and 10 mm into the flesh. Taro were treated at 48°C for 30 
minutes. The vertical lines indicate the time (minutes) at which the surface temperature reached 47°C.

47°C water bath (Fig. 2). Mean LT estimate for 
99% mortality was 4.5 min (Table 3). J2 control 
mortality was 19.4 ± 1.3%.

E�cacy of HPW, HWT and combination 
treatment against mites and nematodes on taro
2016 e�cacy of HWT alone against mites and 
nematodes on taro
In 2016, all treatments of mites on the surface of 
taro corms (48°C for 40 min, 49°C for 30 min, 
50°C for 15 min) resulted in 100% mortality of 
nymphs, and adults. Average mortality within the 
controls was 18.4, 0.6, and 0.9% for eggs, nymphs, 
and adults, respectively. However, the same HWTs 
of nematode eggs, in tubes inserted in to and taped 
to the surface of taro, resulted in 10% mortality or 
less and did not differ from the control. 

2017 e�cacy of HPW + HWT against a range of 
pests on taro
The number of pests on the low-quality taro 
used for the HPW + HWT trials was extremely 
high before treatment, ranging from a total of 
664–2803 mobile pests and 14,631–26,227 eggs 
per treatment or 30–117 mobile pests and 598–
1034 eggs per taro corm. (Table 4). Most of the 
mobile pests were taro mites (Rhizoglyphus spp., 
41.3%) or potworms (Enchytraeidae, 49.4%), 
and approximately 5.5% were other mites, 1.9% 
were ants and <1% were millipedes, beetles, flies, 
psocids, mealybugs, worms, termites, snails, 
spiders, earwigs, slugs, scale and unknown. Most 
of the eggs were taro mites (99.98%) and <0.01% 
were fly and ant eggs.

All combined treatments using HPW + HWT 
reduced the number of mobile pests by 100%, as 
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47°C water bath (Fig. 2). Mean LT estimate for 
99% mortality was 4.5 min (Table 3). J2 control 
mortality was 19.4 ± 1.3%.

E�cacy of HPW, HWT and combination 
treatment against mites and nematodes on taro
2016 e�cacy of HWT alone against mites and 
nematodes on taro
In 2016, all treatments of mites on the surface of 
taro corms (48°C for 40 min, 49°C for 30 min, 
50°C for 15 min) resulted in 100% mortality of 
nymphs, and adults. Average mortality within the 
controls was 18.4, 0.6, and 0.9% for eggs, nymphs, 
and adults, respectively. However, the same HWTs 
of nematode eggs, in tubes inserted in to and taped 
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per treatment or 30–117 mobile pests and 598–
1034 eggs per taro corm. (Table 4). Most of the 
mobile pests were taro mites (Rhizoglyphus spp., 
41.3%) or potworms (Enchytraeidae, 49.4%), 
and approximately 5.5% were other mites, 1.9% 
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spiders, earwigs, slugs, scale and unknown. Most 
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All combined treatments using HPW + HWT 
reduced the number of mobile pests by 100%, as 
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the number of viable eggs found on taro by 62% 
to 96% with the 50°C treatments being most 
effective (Fig. 3). 

DISCUSSION
A range of pests, predominantly taro 
mites, (Rhizoglyphus sp.), and pot-worms 
(Enchytraeidae), were found on taro. Pests were 
generally found on the surface of the taro and 
often in rotten soft depressions on the taro. Low-
quality taro used for these trials often had holes 
and crevices where pests were found; however, 
these are not expected to be present on export 
quality taro entering New Zealand. Rotten soft 
patches can occasionally be found on exported 
taro, however observations indicate that HPW 
removes these soft patches. In this study HPW 
reduced the number of mobile and egg pests on 
heavily infested taro by around 90% and 70%, 
respectively. Therefore, the addition of a HWT 
that achieves lethal surface temperatures is 
required to control the remaining surface pests 
on taro. 

Mite adults and nymphs were more tolerant to 
HWT than eggs. Gotoh et al. (2013) also found 
that eggs of two-spotted spider mite, Tetranychus 
urticae, on strawberry leaf discs were more 
susceptible to hot-water treatment than adults. 

Nematode eggs were more tolerant to 
HWT than nematode juveniles. There is 
little information on the relative tolerance of 
nematode eggs and juveniles; however, Cho et al. 
(2017) found that two plant parasitic nematodes 
Meloidogyne spp. and Pratylenchus spp. were 
completely killed at 48°C and 49°C for 30 sec by 
HWT. In the current study, nematode eggs were 
very tolerant to HWT; therefore, controlling 
nematode eggs without damaging taro would be 
unlikely.

On taro, HWT times of 12.5–14 minutes at 
50°C and 17.4–19.0 minutes at 48°C are estimated 
to control mites and juvenile nematodes. These 
times are based on the lethal times for mite adults 
and juvenile nematodes (4.1 and 4.5 minutes, 
respectively) and the time it took for the surface 
temperature of taro to reach 47°C (9.5 minutes in 
a 50°C HWT and 14.5 minutes in a 48°C HWT). 

An issue with previous studies attempting to 
demonstrate the efficacy of HWT on pests of 
taro, was that there have not been adequate pest 
densities to demonstrate efficacy (e.g. Buli et al. 
2015). In the current trial, the combination of 
treatments of HPW and HWT at 50°C for 12.5 
minutes, 48°C for 30 minutes or 46°C for 45 
minutes reduced the numbers of viable mobile 
pests by 100%, from 14,631–26,227 before 
treatment to zero after treatment, compared with 
a reduction of 2409 to 1287 for the untreated 
controls. In addition, a 50°C HWT for 12.5 
minutes reduced the number of viable eggs 
by 92% without HPW and by 96% with HPW. 
However, the viability of eggs was difficult to 
assess within 24 h of treatment. Many of the 
eggs were a slightly darker colour than before 
treatment; therefore, further egg-viability studies 
are required. Additionally, remaining eggs were 
located in deep crevices and holes that would not 
usually be found on export taro.

In related taro-quality trials (Woolf et al. 
unpublished data), corm quality after HWT at 
48°C for 30 mins or 50°C for 10-15 mins was 
similar to that of untreated corms. However, 
longer durations and higher temperature (>52.5–
55°C) caused damage. Additionally, HPW at 55 psi 
for 12–15 sec did not detrimentally affect taro 
corms. 

Based on the results of this study and previous 
studies, we recommend a HPW treatment of 55 psi 
for 12–15 secs followed by a 50°C HWT for 
12.5 min, 48°C for 30 min or 46°C for 45 min 
to reduce mobile pest infestations on taro and 
decrease the need for subsequent MB fumigation 
on arrival to New Zealand.
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did HWTs at 46 and 48°C for 45 and 30 mins, 
respectively (Fig. 3). A 12.5-min 50°C HWT 
reduced the number of viable mobile pests by 
99.9% (Fig. 3). HPW alone achieved 73% and 
91% reductions in eggs and live mobile pests, 

respectively (Fig. 3). Controls had 56 and 47% 
reduction indicating that pests were moving off 
the taro between pre-treatment assessment and 
post-treatment assessment.

HPW or HWT or HPW + HWTs reduced 

Table 4 Estimated total number of mobile and egg pests before treatment and after treatment. HPW = 
high-pressure washing at 55 psi for 12–15 sec; HWT = hot water treatment. 

Trt no. Trt description Pre-treatment Post-treatment
Rep N taro N mobiles N eggs N mobiles N eggs

1 HPW only 1 7 329 5700 6 1850
2 8 283 7500 17 580
3 8 471 7000 71 3100

2 HPW + HWT 
(46°C, 45 min)

1 8 777 7215 0 3105
2 8 217 8462 0 400
3 9 342 10550 0 2000

3 HWT 
(46°C, 45 min)

1 7 295 3300 0 1650
2 8 279 5072 0 1500
3 8 315 5664 0 2110

4 HPW + HWT 
(48°C, 30 min)

1 8 254 10700 0 3600
2 8 301 5800 0 2150
3 6 109 4500 0 2600

5 HWT 
(48°C, 30 min)

1 8 417 3791 0 2050
2 8 470 7550 0 1760
3 8 222 6718 0 3000

6 HPW + HWT 
(50°C, 12.5 
min)

1 8 279 4724 0 70
2 8 399 5154 0 530
3 8 295 4483 0 0

7 HWT  (50°C, 
12.5 min)

1 8 367 5790 0 200
2 8 380 6925 1 1200
3 8 2056 4700 2 0

8 Untreated 1 8 796 7600 400 2875
2 8 914 11200 708 6700
3 8 699 6013 179 1253

Table 3 Lethal time estimates (min) for 99% mortality of juvenile stage 2 (J2s) Meloidogyne sp. after hot 
water treatment at 47°C.

Life stage Mean 95% CI Rep 1 Rep 2 Rep 3
J2 4.5 4.1-5.1 4.4 4.8 4.4
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and yield of sa�ron (Crocus sativus L.)
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Abstract The bulb mite (Rhizoglyphus robini) causes damage to a number of crop and 
ornamental plant species, including saffron (Crocus sativus). A split-plot experiment 
based on a randomised complete-block design was conducted between 2011 and 2015 to 
investigate the effects of solarisation using transparent plastic along with planting date 
and first irrigation on the population of bulb mite, yield of saffron, size of corms produced 
and extent of corm infection. Solarisation significantly decreased the mite population and 
increased the saffron yield (P<0.01). Increased yields were achieved by planting in June 
rather than in September. However, the use of irrigation immediately after planting in June 
increased the mite population and decreased saffron yields. A combination of solarisation in 
the first year and planting in June of the next year with no irrigation after planting resulted in 
a reduction of 94% in the population of the mites and a 3.48-fold increase in saffron yield. In 
Iran, saffron corms should be planted in June but not irrigated until September. If planting 
does occur in September then irrigation should be applied immediately after planting.

Keywords: Irrigation, solarisation, planting date, mite, saffron.
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INTRODUCTION
The stigmas and styles of Crocus sativus L. flowers 
are known as saffron and are used to season and 
colour food. Damage to saffron corms by the 
mite Rhizoglyphus robini Claparède, 1869 (Acari: 
Acaridae) results in lower yields of saffron crops 
grown in Iran (Rahimi et al. 2008; Rahimi & 
Kamali 1993). Some farming practices, including 
solarisation and planting date, have been found 
to reduce mite populations and increase saffron 
yield (Rahimi et al. 2013). Rahimi et al. (2008) 
investigated the effect of two cultivation factors 
(sowing depth and irrigation time) on bulb mite 
population and saffron productivity, and found 
that sowing depth in different seasons affected 
the bulb mite population. Furthermore, summer 

irrigation increased the population of corm mites 
and decreased the leaf-area index of the plants. 
Mollafilabi & Shoorideh (2009) found that 
planting new saffron corms immediately after 
removing old corms from the soil in June reduced 
costs of tillage and increased production. These 
results were supported by those of Ghobadi et 
al. (2015) who also found that planting corms 
in June increased saffron yields. Koocheki et 
al. (2011) investigated the effects of planting 
date and irrigation in spring, summer and 
autumn with the use of cover crops on yield of 
saffron leaves as a forage crop. They found that 
the highest leaf-area index and leaf yield were 
obtained following spring planting. They also 
showed that irrigation after planting decreased 
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