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by R. A. Craigie
Wasabi (Wasabia japonica (Miq.) Matsumara) is a new crop for New Zealand and its
fertiliser requirements are unknown. New Zealand growers of soil-grown wasabi apply
large quantities of organic matter which is expensive and may immobilise N. Organic
matter is applied to improve soil physical properties, in particular allowing more oxygen
to transfer to the root zone. If free draining soils are selected for wasabi production then
applied organic matter may not be necessary, and could possibly be replaced with
inorganic fertiliser, which may result in large cost savings to the wasabi industry in New
Zealand. Large quantities of gypsum are also applied. Gypsum applied as the sulphur
component is thought to increase the quality ofwasabi.
Three experiments at Lincoln, Canterbury, New Zealand examined the yield and quality
response of'Daruma' wasabi to different nitrogen and sulphur treatments. The first six
month glasshouse experiment determined that 25% gravel:75% soil was the appropriate
free draining experimental medium to grow wasabi in and that at least 400 kg N ha- l was
required to optimise top dry weight yield.
The second (main pot) and third (field) experiments were run concurrently between May
1999 and November 2000 in a shadehouse. The main pot experiment was a 5 x 5 factorial
with N rates from 0 to 840 kg ha- l and S rates from 0 to 1120 kg ha- 1. The highest total
biomass, stem dry weight (SDW) (405 g m- 2) and number of stems over 30 g fresh weight
(FW) (exportable) were all obtained from 420 kg N ha- I . This treatment also produced a
linear growth rate of 3.9 g m-2 d- l over the 18 month crop cycle.
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For the field experiment the treatments were organic matter at the commercial (178 t ha- 1)
and half commercial rate and gypsum at the commercial (4 t ha- 1) and half commercial
rate. However, stem yield (SDW 364 g m-2) was unaffected by halving the rate of applied
organic matter. It was concluded that applied organic matter could be substituted with
applied inorganic N fertiliser in an Eyre shallow fine sandy loam soil medium amended
with 25% gravel.
High quality for wasabi relates to high isothiocyanate (ITC) concentration. The highest
ITC concentration measured in the stem was 2486 ppm in the main pot experiment from
an application of 560 kg S ha- 1, 380 days after planting (DAP). The ITC concentration
decreased by 20% over the last six months of growth. The ITC concentration was three to
four fold higher in the stem and roots compared with the leaves and petioles.
The average stem ITC concentration was 2280 ppm at final harvest for the field
experiment. The ITC concentration in all plant parts was unaffected by halving the rate of
applied gypsum and organic matter in the field experiment.
It was concluded that at this site, to obtain a high SDW, 420 kg ha- 1 ofN fertiliser was

required. In addition, an acceptable ITC concentration in the stem was obtained from 560
1

kg ha- of S. These results suggest that current commercial rates of fertiliser application
could be halved without adversely affecting yield or ITC concentration.

ADDITIONAL KEY WORDS
Glucosinolate, growth rate, harvest index, nitrogen incubation test, root volume
restriction, SPAD meter
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CHAPTER ONE
General introduction and research objectives
Wasabi (Wasabiajaponica (Miq.) Matsumara) is a member of the Cruciferae family and
is a semi-aquatic native to the montane forest areas of Japan (Follett, 1986). Wasabi is a
traditional condiment crop of Japan and is grown for its unique enlarged, pungent and
fleshy stem. It is used in Japanese cuisine, especially with raw fish and noodle dishes
(Chadwick et aI., 1993). Horseradish (Armoracia rusticana), is native to southern Europe
and is grown for its edible root. It is distantly related to wasabi and is sometimes used as
a substitute for wasabi. The Japanese prefer wasabi due to its distinct flavour, pungency
and the bright green colour (Hodge, 1974).
Wasabi is a new crop to New Zealand and there is little agronomic information available
to assist growers to improve the yield and quality of the crop. The current soil-grown
wasabi system includes incorporating large quantities of organic matter into raised beds.
This practice was developed to ensure wasabi roots received adequate oxygen so that
plant growth was not restricted. Previously, wasabi crops grown in ridges of soil without
applied organic matter showed damage from water logging after high rainfall events
(Chisholm, pers. comm.). Applying organic matter is an expensive practice that
potentially immobilises nitrogen (N) which restricts plant growth. In addition to the
organic matter, growers also apply 4 t ha- I gypsum (CaS04) with the idea that the sulphur
(S) released will increase the amount of isothiocyanate (ITC) in the wasabi plant. It is the

ITC that gives wasabi the typical hot taste which is the main quality attribute required.
Organic matter and other inorganic fertiliser contribute 20% to the growing costs of
wasabi. Thus, the overall aim of this study was to determine if quantity and quality of
wasabi can be maintained or increased with a lower cost inorganic fertiliser programme
which would give substantial savings to the wasabi industry.

2

1.1

Aim

Specifically, the aim was to provide Nand S fertiliser recommendations for commercial
growers, to maximise the total and stem dry weight yield while maintaining ITC
concentration of soil grown wasabi.

1.2

Project structure

This thesis is presented in seven chapters. Following the general introduction, the
literature is reviewed in Chapter Two. The effect of different media and N treatments on
wasabi yield are described in Chapter Three. In Chapters Four to Six, two experiments are
described looking at the effect of different N, S and commercial treatments on yield and
quality of wasabi. Finally, the general discussion in Chapter Seven integrates results from
the previous chapters.
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CHAPTER TWO
Review of the literature
2.1

Introduction

The cultivation of wasabi dates at least to the 10th century when Zen buddhist monks used
wasabi in soup (Chadwick et ai., 1993). Chadwick et al. (1993) commented that, within
Japan, wasabi adds aesthetic and culinary appeal to many foods. In traditional Japanese
cuisine, wasabi is prepared by grating the fresh stem against a rough surface, such as a
ginger grater. Grated wasabi is placed in a mound on a dish next to sliced raw fish
(sashimi), spread on the raw fish ingredient in sushi preparations, or served on a small
dish to accompany a bowl of noodles. Tofu is often topped with soysauce and grated
wasabi. Lower quality wasabi stems are grated and mixed with portions of powdered
horseradish, mustard and food colourings, and sold as wasabi paste. Wasabi leaves and
petioles are traditionally pickled in sake brine or soy sauce, and are popular
accompaniments to white rice. In Japan wasabi leaves and petioles are now used to
produce ice cream, wine, cheese, salad dressing and crackers.
The increasing popularity of Japanese cuisine outside Japan and the high price of wasabi
have stimulated interest in growing the crop in New Zealand. The area in wasabi
production in New Zealand is about four hectares, with about half grown in water and
half in soil. Because of the high cost of water-grown wasabi it is expected that the area of
soil-grown wasabi will increase the most in the future (Kitson, pers. comm.). Wasabi is
currently grown on a wide range of soil types, in Canterbury, Southland and South Otago.
Best practice has developed from trial and error to date. The agronomic research outlined
in this thesis, aims to assist the development of a wasabi based industry in New Zealand.

4

2.2

Botany

Wasabi is a member of the Cruciferae or mustard Family. In its native state wasabi grows
on the wet banks of cool mountain streams and springs in Japan. It is a glabrous,
perennial herb" ~i!~ I_eaves that are petiolate, simple, undulate-toothed and have palmate
veins radiating from the leaf petiole and protruding on the ventral side. Leaf petioles are
30 to 50 cm long (Chadwick, 1993). Most plants have one or two main stems and a
number of secondary stems (Martin and Deo, 2000). At maturity the enlarged stem is
cylindrical to conical, curved, covered with numerous leaf scars, and pointed at the
terminal bud. Cultivars can produce enlarged stems that are 5 to 40 cm long, and 2 to 5
cm in diameter. In a soil grown wasabi crop planted in May stems began to grow 7
months after planting and gave a fresh weight of 0.5 kg m- 2 at 12 months, changed little to
18 months and subsequently increased to 1.5 kg m- 2 at 24 months (Martin and Deo,
2000). The wasabi crop produced about 8 stems m- 2 over 35 g stem- 1 fresh weight 22
months after planting (Martin and Deo, 2000) which is an acceptable size for the export
process market. Whole plants can have a fresh weight of up to 3.4 kg (Chadwick et al.,
1993).
Two to three peduncles up to 2.0 m long may emerge from a mature plant, in spring.
Flowers are white, bracteate, arranged on racemes, with ascending sepals, cruciform and
obovate petals, perfect septum, elongate styles, and simple stigma. Fertilisation is mainly
by cross pollination. Seeds must be stored in a cool moist environment, since dry storage
will result in desiccation and death (Chadwick, 1993)., Palmer (1990) reported fresh seed
is naturally dormant and remains in that state until it is vemalised by a period of low
temperatures.

L-'-,. ____
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5

2.3

Current Production

Chadwick et al. (1993) reported that there are about 880 hectares of wasabi production in
Japan and 400 hectares in Taiwan. In Japan, about 40% of wasabi is soil grown and 60%
is water grown, with a total production of about 4100 tonnes. Soil grown wasabi is
mainly processed (86%) with 14% sent to fresh market. Water grown wasabi also has a
large proportion of the crop processed (65%) with 35% sent to fresh market (Follett,
1986). The price for fresh wasabi stems on the Tokyo Auction Market range between NZ
$40 and NZ $100 kg'I. The price for process quality stems is about NZ $25 kg'I
(Yonetani, pers. comm.). In Japan most production areas are in mountainous regions.
Chadwick et al. (1993) stated these areas were being degraded and destroyed by roads,
dams and pollution and fertilisers from rice fields which indicates an opportunity for
other countries to increase production.

2.3

Methods of Production

Douglas (1993) described the two traditional Japanese methods of cultivation, as flooded,
semi-aquatic and soil cultivation. The highest quality wasabi stems are grown on tree
shaded, terraced, gravel beds covered by a thin layer of cool (10-14 DC), clean, running
water from mountain streams, or on artificially shaded, moulded, gravel ridges formed in
river beds with flowing water in the furrows. The advantage of water is that it maintains a
near constant temperature regardless of seasonal fluctuations in air temperature (Palmer,
1990). These systems require expensive construction.
Kitson (pers. comm.) stated there have been several attempts to grow wasabi in flowing
water in New Zealand. However, because of the high capital costs to establish the system,
there has been limited success. Also there have been technical problems, for example
inadequate bed gradient for oxygenating water and freak climatic conditions destroying
shade structures (Moot, pers. comm.).

,: ".> -

6

Chadwick et al. (1993) stated that, soil grown wasabi is oflower quality and mainly used
for processing. In Japan, soil grown wasabi is most often grown on well drained soil
under mulberry (Morus spp.), plum (Prunus spp.), persimmon (Diospyros spp.), or cedar
(Cedrus spp.) trees. Although this system is less expensive to establish than water grown

wasabi, the returns are also lower.
In New Zealand, there is one company that grows wasabi in soil, Amagi Bioculture Ltd.
(Amagi). Amagi uses shadehouses for soil grown wasabi. Because the shade house is
fixed in one place, soil borne diseases e.g. Sclerotinia sclerotiorum can build up making
soil fumigation essential.

2.4

Wasabi Propagation

Chadwick et al. (1993) explained that plants can be established from either offshoot
cuttings taken from a previous crop, seedlings grown from seed, or tissue-cultured
plantlets. Japanese farmers normally propagate wasabi using offshoots taken from the
main stems of mature plants. Hartmann et al. (1990) reported large genetic advances can
be made in a single step by selecting a single unique superior plant from a seedling
population and reproducing it asexually by vegetative propagation. The resulting
population of plants has the same basic genotype as the original seedling plant. These
plants are also highly uniform phenotypically. That is, the plants will have the same
uniform appearance, size and time of maturity. However, genetic uniformity can have the
disadvantage of uniform susceptibility to insects and diseases compared with seedlings
grown from seed.
Chadwick et al. (1993) reported that, crops are usually only established twice in
succession from offshoot cuttings to reduce the accumulation of diseases. Crops
established from cuttings are rotated with crops established from seed. The characteristic
genetic variability that occurs among groups of seedlings is important to allow continued
adaptation of a particular species to a possible change in the environment. However,

7

propagation of cultivated plants requires that genetic variability during seed production is
controlled or the value of a cultivar may be lost (Hartmann et al., 1990). In New Zealand,
plants are usually established from imported Japanese seed. The seedlings show
considerable variability and this affects yield.
Tissue culture is used to produce disease free wasabi plantlets and to maintain the
integrity of cultivars. Tissue culture is the propagation of plants starting with a very small
plant part, freeing it from microorganisms and growing it aseptically in a test tube or
other container (Hartmann et al., 1990). Chadwick et al. (1993) report commercial
plantlets raised by tissue culture techniques are expensive, currently about US$l each.
However, a stem crop can be achieved in one year using tissue culture plantlets,
compared with 18 months with vegetative propagation or seedlings.

2.5

Nutritional requirements

There is little information in the literature on wasabi nutrition. Follett (1986) reported that
before planting the ground was cultivated and mature compost added, although no
analysis of the compost was provided. A soil pH of 6.S to 7.0 was recommended.
Although nitrogen was not recommended, it would be present in the compost. Phosphate
fertilisers were applied, but the timing was not reported. Adachi (1987) recommended a
fertiliser programme for soil grown wasabi in Japan that combines organic and inorganic
slow release fertiliser (Table 2.1).
In comparison, the fertiliser rates used commercially in New Zealand are high. For
example, the nitrogen rate in Amagi's fertiliser programme, is estimated at 1,939 kg N
ha- I (Table 2.2), compared with, 271 kg N ha in the Japanese programme (Table 2.1).
Laverack (1999) reported 300 kg N ha- I applied in split application was optimal for
wasabi growth in a pot experiment harvested 4 months after transplanting, indicating
considerably more N would be needed to crop maturity at 18 months.
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Table 2.1

A typical Japanese fertiliser programme for soil grown wasabi.

Fertiliser
Applied before autumn planting
compost I
chicken manure 2
magnesium lime
soluble phosphorus 3
Spring supplementary dressing
(six months after planting)
chemical (NI4%, PI4%, K 14%)

P
(kg/ha)

Total
(kg Iha)

N
(kg/ha)

20,000
1,500
1,000
400

162
53

400

56

56

56

271

234

216

Total (kg/ha)

35
15

K
(kg/ha)
139
21

128

Adapted from Adachi (1987)
1 estimate based on compost 1.4% N, 0.3% P, 1.2% K (dry weight basis). 42% moisture
(Pearson et al., 1998).
2 estimate based on chicken manure nutrient test results reported in Table 2.2.
3 estimate based on soluble phosphorus applied as H 2 P04- , (32% P).
In Amagi's programme 124 kg N/ha (Table 2.2), is mixed into a fresh sawdust mulch to
counter the immobilising effect of fresh sawdust on nitrogen. Fresh sawdust is used to
suppress weeds (Section 2.8.3). Also 1,755 kg Nlha is in an organic form. Plant
availability of this nitrogen will be dependent on the timing and degree of immobilisation
and release of nitrogen from the organic matter.
The carbon:nitrogen (C:N) ratio is an indicator of whether nitrogen will be available to
plants or not. Generally nitrogen is released from organic matter if the C:N ratio is less
than 25:1 (McLaren and Cameron, 1997). However, Stewart (1998) stated that
application of spent mushroom substrate (SMS) with a CN ratio of 18:1 immobilised N
followed by slow mineralisation. Spent mushroom substrate treatments that also received
inorganic N fertiliser had lower concentrations of soil N0 3--N, than fertilised control
plots (Stewart, 1998). For example, 89 days after an application of 80 tlha SMS and
inorganic fertiliser the SMS treatment had a soil N0 3--N concentration of 7 I-lg/g
compared with 20 I-lg/g for the fertilised control plot. This indicates, additional inorganic
fertiliser to counter nitrogen immobilisation, may be necessary with certain organic

",!"<,,,. -
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fertilisers. Organic matter in the Amagi programme, had a C:N ratio of 11: 1 for the
chicken manure/wood shavings which should be favourable for nitrogen mineralisation.
In contrast the high C:N ratio for the pig manure/sawdust (34:1) indicates nitrogen may
be immobilised by this mixture.

Table 2.2

Amagi fertiliser programme for soil grown wasabi applied before planting

Fertiliser
Pig manure l
Chicken manure 2
Lime
Gypsum
Agroblen (slow release)
Calcium ammonium
nitrate3
Triabon (slow release)3
Total (kglha)

K

Total
(kg/ha)
148,000
30,000
10,000
4,000
400
400

N
(kg/ha)
695
1,060

P
(kglha)
1,457
293

(kglha)
583
428

S
(kglha)
187
122

60
108

16

30

760
18

100

16
1,939

8
1,774

12
1,053

1,087

C:N
Ratio
34:1
ILl

I 0.93% N, 1.95% P, 0.78% K, 0.25% S (dry weight basis). 49.5% moisture. (Soil
Fertility Test Results).
2 4.78% N, 1.32% P, 1.93% K, 0.55% S (dry weight basis). 26.1 % moisture. (Soil
Fertility Test Results).
3
3 these fertilisers are incorporated with 800 m lha fresh sawdust mulch.

An indication of the fertiliser requirements of wasabi might be gained from research
results of the related crop, horseradish. The production cycle for horseradish is from 1 to
2 years which is similar to the 18 months to 2 year production cycle for wasabi.
Poniedzialek et ai. (1987) found 350 kg N ha- 1, 150 kg P ha- 1 and 416 kg K ha- 1 gave the
highest total yield of roots (14.4 t ha- 1).
Kraxner et ai.(1986) reported 140-170 kg K20 ha- 1 and 80-200 kg ha- 1 mineral nitrogen
were sufficient to meet the nutrient requirements of horseradish, depending on the
amount of farmyard manure used.
A further indication of the fertiliser requirements of wasabi may be interpreted from
brassica crops. Brandenburg (1980) reported that an average crop of Brussels sprouts
(Brassica oleracea L. var. gemmifera) removes about; 330 kg Nlha, 90 kg Plha and 130

kg Klha from the soil. Williams et ai. (1996) reported that application rates of 320 to 380

i ..
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kg N/ha were sufficient to achieve high yields of between 38 and 48.5 t/ha of Brussel
sprouts. In contrast, the yield of stems from a crop ofwasabi varies widely, between 0.3
and 23 tlha (Section 2.8.6). Brussels sprouts yield 4 to 5 times higher than an average
crop of wasabi. Although, different plant parts are compared between the two crops, the
data indicate that the fertiliser rates reported for Brussels sprouts, should be more than
sufficient for wasabi. However, because the wasabi production cycle is 18 months,
compared with 3 months for Brussels sprouts, there is more time for nutrient leaching
from the wasabi crop, which suggests the need for additional fertiliser to allow for the
losses. Also, slow release or split applications ofN fertiliser may be beneficial to
overcome the leaching problems.
Soil N tests can assist with determining how much N the soil may contribute to plant
growth. However, they are limited because mineralisation ofN from soil organic matter
will vary with soil environmental conditions such as temperature, moisture content and
C:N ratio of incorporated organic matter. Also, mineralised N in the form of nitrate may
become unavailable to the plant through leaching, denitrification or immobilisation
(McLaren and Cameron, 1997). The profile mineral N test measures the amount of nitrate
and ammonium in kg N ha- 1 but does not allow for N that may become available through
mineralisation through the season. In contrast, the biological incubation test attempts to
measure the amount of mineral N that will be released over the growing season through
the warmth of incubation increasing soil microbial activity (McLaren and Cameron,
1997). A combination of both these soil N tests to a depth of 0.45 m has been found to be
effective in determining N fertiliser requirements for wheat (Stephen et aI., 1997).
Sulphur fertiliser affects the level of pungent flavour compounds in wasabi. Chadwick et

al., (1993) reported that sulphur is often deficient for water grown wasabi, and must be
sprayed on in the form of 2% ammonium sulphate or potassium sulphate in the spring and
summer at the rate of about 30 l/ha. Also, one to 3 months before harvest, wasabi leaves
may be sprayed with sulphur to enhance flavour. Amagi' s fertiliser programme supplies
1,069 kg S/ha (760 kg S/ha in the form of gypsum). Sulphur from gypsum, is in the form
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of sulphate and is immediately available for plant uptake (McLaren and Cameron, 1997).
An indication of the sulphur requirements of wasabi may be gained from the brassica
crop, oil seed rape (Brassica napus var. oleifera). Zhao et al., (1993) reported oil seed
rape has a high demand for sulphur with 80-100 kg/ha being taken up in the growing
season. This rate is 10 times lower than that used for wasabi. However, the sulphur
requirement for oil seed rape is based on yield. In contrast, the high rate of sulphur
applied for wasabi is to maximise the pungency of the stem.

2.7

Plant Physiological Requirements

2.7.1

Temperature

Chadwick et al. (1993) considered air temperatures from 8 to 18°C were optimal for
wasabi production. At temperatures of 25°C or more, soft rot (Erwinia aroideae) causing
yellowing and death of roots and leaves can occur. At 0 to 6°C, growth ceases and at
<_3°C, frost damage occurs. In Japan wasabi is generally cultivated between latitudes 35
and 37 0N and 200 and 1000 m altitude to ensure a sufficiently cool climate.
2.7.2

Light

Chadwick et al. (1993) reported that wasabi grows naturally under trees and shrubs that
provide summer shade. If wasabi leaves are exposed to too much radiation in Japanand
Taiwan during the monsoonal summer, soft rot and leaf bum can become problems,
although the levels of radiation were not reported. Research in Taiwan showed that
wasabi grew best under 70% shading (Chadwick, 1993). Research in New Zealand
recommended similar levels of shade by keeping light levels below 700

1..1.

mol m-2 sec-lor

about 30% of full sunlight (Douglas and Follett, 1988). However, Follett (1986) stated
that in areas of excessive shade, wasabi growth was severely restricted, although the level
of shade was not reported. Parmenter (pers.comm.) suggested high light levels do not
directly damage the photosystem, but cause an increase in leaf temperature with
consequent leaf wilting. This mechanism can reduce water loss in plants by as much as 50
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to 70%, but also reduces the amount of intercepted radiation (Bjorkman and DemmigAdams, 1995).

2.7.3

Soil Oxygen And Water

Well oxygenated water is required for water grown wasabi. Douglas and Follett (1992)
reported that one of the key requirements for wasabi production is that the roots are well
oxygenated. Less than 5 ppm dissolved oxygen in the water caused leaves to rapidly wilt.
Plants rapidly recovered when put into higher oxygen conditions. A dissolved oxygen
level of 9 ppm was recommended as a satisfactory threshold to maintain wasabi in
optimum growing condition.
Adachi (1987) reported aeration was also important for soil grown wasabi. McLaren and
Cameron (1997) state for optimum plant growth, the soil must be able to supply an
adequate amount of oxygen at a sufficiently fast rate, to meet the combined respiration
demands of plants and soil micro-organisms. As the amount of oxygen decreases below
the level for optimum plant root respiration, the plant generates less energy and nutrient
uptake decreases. Also, the roots become less permeable and water uptake decreases.
An example of the high demand for oxygen by soil grown wasabi roots, was shown in

New Zealand, when wasabi was planted into the top of 200 mm high ridges of soil,
similar to the system for growing potatoes. When the soil became waterlogged the plants
wilted, yellowed, and roots died. It was assumed the response was due to poor soil
aeration (Chisholm, pers. comm.). This initial system was adapted to the current system,
by enlarging the beds to 0.3 m high and 1.2 m wide at the base. Also organic matter
(chicken manure/wood shavings 30 tlha, and composted pig manure/sawdust 148 t/ha)
was mixed with the soil in an attempt to improve aeration. This system has improved
plant health. However, organic matter is expensive and also may immobilise nitrogen
(Section 2.6).
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In Japan, Adachi (1987) reported, gravelly and sandy soils with good water retention and
drainage properties are considered ideal but details were not given. In contrast, wasabi
will not thrive in clay soils because of poor air penneation. On poorly drained land
wasabi is grown on high furrows to improve soil aeration. The furrows should be 600 mm
wide, 400 mm high, and 400 mm apart.
The following soil physical properties will aid high soil aeration:
•

A macro-porosity (pores larger than 0.03 mm) of over 10% of the volume of soil
(McIntosh, 1992) and extending throughout the soil profile ensures good oxygen
supply to the roots and assists water drainage (Wolf, 1999).

•

An air-filled porosity over 12% (McLaren and Cameron, 1997; Wolf, 1999).

•

Soils with a moderate (20 mmJhour) or more rapid saturated penneability which is a
characteristic of a silt loam or coarser soil (McLaren and Cameron, 1997).

Aeration may also be improved by incorporating sand or gravel into the soil. However, a
high percentage by volume is required to change the physical characteristics of the soil.
Adams and Gibbs (1994) reported, between 75% and 90% by weight of the final mix
should be in the sand fraction. Laverack (1999) reported a 60% higher wasabi top dry
weight with a 75% pumice: 25% soil medium compared with a pure soil medium in a pot
experiment four months after transplanting. However, pumice would be too expensive to
apply commercially in the field.
Adding insufficient quantities of sand to a soil may actually worsen the physical
properties of the soil because the silt and clay in the existing soil will simply fill the pore
spaces between the sand particles. In this situation, total porosity may be of the order of
only 30% (v/v) unless the sand particles are frequent enough to be in contact with each
other in all directions and still leave some unfilled space between them (Adams and
Gibbs, 1997). The disadvantages with adding sand or gravel to soil are reduced water
, retention and increased nutrient leaching from the soil.
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To ensure the roots of soil grown wasabi receive enough oxygen it is important to
monitor the water requirement of wasabi to prevent over watering and reduced soil
aeration. Two instruments for measuring soil water are time domain reflectometry (TDR)
and the tensiometer.
The TDR method involves connecting a small electronic device to a pair of metal rods, or
wave guides, which are inserted into the soil. The rods are usually about 5mm in diameter
and normally no longer than 0.7 m. The electronic device emits a pulse of
electromagnetic radiation, similar to a radar pulse, which travels down the wave guides.
The TDR device then measures the time taken for the pulse to be reflected back from the
end of the wave guides. The time taken for reflection of the pulse depends on the
permittivity, or dielectric number of the soil and, as this is related to the water content,
the instrument is calibrated to give a direct estimate of the percentage soil volumetric
water content (McLaren and Cameron, 1997). The measured range is from 0% to
saturation, which is typically about 50% volumetric water content depending on the soil
type (Anon., 1999).
Meidner and Sheriff (1976) reported the percent soil water content is probably the most
directly available measure. However, it does not indicate the force required for the
removal of water from the soil into the plant. Measures of water potential are necessary
to calculate this force. The tensiometer is an instrument which measures soil water
potential, giving information about availability of water for plant growth. Tensiometers
are widely used to schedule the application of water for a large variety of tree, field crops,
container grown plants and plants grown in greenhouse beds. When the suction indicated
by the tensiometer, installed at appropriate depths in the root zone reaches a prescribed
value, irrigation water is applied.
The tensiometer consists of a porous cup, connected by a tube to a vacuum gauge. In a
dry soil a small amount of the water in the tensiometer is sucked out through the porous
cup which causes a suction to be registered by the vacuum gauge. The water in the
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tensiometer is at a higher potential than that in the soil so water flows from it out into the
surrounding soil. The drier the soil is, the greater the potential gradient and the higher the
suction reading on the gauge (McLaren and Cameron, 1997).
Cassell and Klute (1986) state that tensiometers are restricted to measurements of matric
potential above about -80 kPa. The amount of water available to a plant in a given soil is
dependent on the texture and structure of the soil. A greater percentage of the water
available to a plant is retained by coarse textured soils at suctions less than -80 kPa than
is the case for fine textured soils. Hence the use of tensiometers for scheduling irrigation
will be more successful in coarse textured soils than it will be in fine textured soils.
Critical soil matric potentials at which water should be applied include -40 to -60 kPa for
lettuce and -30 to -50 kPa for potatoes (McLaren and Cameron, 1997). The tensiometer
has not been used for wasabi but could provide accurate irrigation scheduling.

2.8

Production Cycle

The soil-grown wasabi production system typical of that used by New Zealand growers is
described below.
2.8.1

Bed preparation

Organic matter and inorganic fertiliser is spread over the area to be cultivated (Table 2.2).
The soil is cultivated by rotary hoe and then mounded into beds 0.3 m high and 1.2 m
wide at the base. A 50 mm mulch of fresh sawdust is spread over the beds and additional
inorganic fertiliser mixed into the sawdust (Table 2.2) (Chisholm, pers. comm.).
2.8.2

Planting

Autumn is ideal for planting wasabi, although spring is acceptable (Chadwick et al.,
1993). In New Zealand wasabi seedlings are planted in three rows per bed, 0.3 m between
plants with the centre row staggered giving a plant population of 8.3 plants/m2 in autumn
, (Chisholm, pers. comm.). Care is taken to ensure the bottom of the transplant's root ball
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contacts the soil, because the fresh sawdust mulch immobilises nitrogen, which retards
plant growth.
2.8.3

Weed control

For weed control, Adachi (1987) recommended mulching around the plants with dead
leaves or straw immediately after transplanting. Mulching would also prevent soil
compaction and drying, and improve aeration and water retention. Weeding by hand
should be carried out, about twice each year in spring and autumn.
Chisholm (pers. comm.) reported that 800 m 3 ha- 1 of fresh sawdust mulch is spread over
the beds at a depth of 50 mm as a mulch and to control weeds. This method of weed
control was adopted because hand weeding is expensive and difficult to do without
damaging the wasabi plant. Residual herbicides, including Lasso (a.i. alachlor) and
Gesatop (a.i. simazine) have been found to retard and distort wasabi growth. Weed mats
get blocked with algae, inhibiting aeration. Any weeds growing through the mulch are
controlled with Preeglone (a.i. paraquat and diquat). Weeds include bittercress
(Cardamine hirsuta), wild turnip (Brassica rapa ssp sylvestris), yarrow (Achillea
millefolium), couch (Elytrigia repens) and annual poa (Poa annua).
2.8.4

Irrigation

Irrigation is applied by sprinkler, at a rate of 3 mmfhour for 3 to 4 hours, and is scheduled
by physically checking the moisture content of the soil by touch and eye (Chisholm, pers.
comm.). In summer water is typically applied every 10 to 14 days. However, this method
is very subjective and could be improved by measuring soil moisture either with a
tensiometer or by TDR as outlined in Section 2.7.3.
2.8.5

Pests and diseases

Douglas (1993) reported diseases and pests were a major consideration in wasabi
, production and a difficulty was that there were no registered pesticides for use on the crop
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in New Zealand. As a member of the crucifer family, wasabi suffers from the same
disease and pest spectrum as brassicas.
Aphids are potentially serious pests because of their ability to transmit viruses. Wasabi
can be seriously affected by tobacco, turnip and cucumber mosaic viruses. The cabbage
aphid (Brevicoryne brassicae) is the most prolific aphid in Canterbury (Scott, 1984).
Pirimor (a.i. pirimicarb) an aphicide is used for aphid control. Attack (a.i. permethrin and
pirimphos-methyl), Orthene (a.i. acephate), Lorsban (a.i. chlorpyrifos) and Mavrik (a.i.
synthetic pyrethroid) are used for controlling whitefly (Thrialeurodes vaporariorum),
white butterfly caterpillar (Artogeia rapae), and green looper (Chrysodeixis eriosoma).
Slugout (a.i. metaldehyde) is used for slug (Deroceras reticulatum) control (Chisholm,
pers. comm.).
Follet (1986) reports the following fungal diseases Albugo wasabiae, Phoma wasabiae,

Sclerotinia sclerotiorum and the bacterial disease Erwinia carotovora are the most
important in Japan. In New Zealand, the following fungal diseases Albugo wasabiae,

Sclerotinia sclerotiorum, Phoma spp., Rhizoctonia solani and the bacterial disease
Erwinia spp., have infected the crop (Martin and Deo, 2000). Saprol (a.i. triforine),
Rovral (a.i. iprodione) and Bavistin (a.i. carbendazim) are used for eradicant and
systemic control. Mancozeb (a.i. mancozeb), Bravo (a.i. chlorothalonil), Sumisclex (a.i.
procymidone) and cupric hydroxide are used for protectant disease control (Chisholm,
pers.comm.).
In other work, slugs and sclerotinia were difficult to control and frequent chemical
application was required (Martin and Deo, 2000). If the level of soil borne disease,
particularly sclerotinia, is increasing in the shadehouse the soil may need to be sterilised
with e.g. methyl bromide (a.i. methyl bromide and chloropicrin) before the next crop is
planted. Insecticides and fungicides are applied at about 14 day intervals from spring to
autumn and the interval is lengthened to about 30 days over winter. Diseased plants are
removed (Chisholm, pers. comm.).
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2.8.6

Harvest

Plants are grown for up' to two years before harvest (Chadwick et al., 1993). Douglas
(1993) reported a production cycle takes from 18 months to two years to produce export
size stems. Follett (1986) reported that in Japan, wasabi was harvested by hand with the
offshoots removed in the field. The stem, leaves and petioles were then removed for·
grading. The leaf petioles are cut about 5 cm above the stem and together with the leaves
are sometimes used for processing. The stems were divided into grades. Top grade wasabi
was usually about 15 cm long. Average grade wasabi stems were approximately 7 cm
long, while smaller stems were used for processing. Diseased stems were either used for
processing or, if badly diseased, discarded. The average yield of stems for soil grown
wasabi is 6.3 tlha ranging from 0.3 tlha to 23 t/ha. Chadwick et al. (1993) report a yield
(fresh weight) range of 10 to 17 tlha for stems with 27 tlha for petioles. In New Zealand,
the average stem yield per plant was 150 g giving 9.7 tlha (Chisholm, pers. comm.).
There is a main stem of about 80 g and 2 to 3 smaller stems. For processing, stems of
over 30 g are acceptable. The stem is washed and any tissue that has ·blackened is
"trimmed off.

2.9

Flavour Compounds

A key quality measure for wasabi is the degree of hotness or pungency. The ability to
measure and regulate this characteristic is important for the production of a consistent
high quality product. Increasing the pungency of wasabi would provide a more acceptable
. product for the fresh wasabi market in Japan, and also a greater yield of processed
product for a constant level of input.
Cheeke (1985) reports glucosinolates give rise to hot compounds with a biting taste, a
property that has been long exploited in the use of condiments such as mustard and
horseradish. Glucosinolates occur mainly in the family Cruciferae, which includes
wasabi. Glucosinolates are glycosides of ~-D-thioglucose with an aglycone. When plant
tissue is disturbed such as crushing or grating, myrosinase is released causing
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glucosinolate compounds to undergo hydrolysis to yield glucose, an acid sulphate ion and
an unstable aglycone. The organic aglycone also has the ability to undergo other reactions
producing isothiocyanates, thiocyanates and nitriles (Cheeke, 1985). Tanida et al. (1991)
state, the principal pungent element in wasabi is allyl isothiocyanate. Allyl isothiocyanate
has been measured at between 80 to 100% of total isothiocyanate depending on the
method of measurement (Sultana et al., 2000). Because the pungent element is volatile,
wasabi paste has to be prepared freshly for each meal.
Duncan (1991) reported, a number of environmental factors may affect glucosinolate
concentrations in crucifer plants. Increased concentrations of sulphate in soil solution, .
increase glucosinolate concentrations in both leaves and seeds, while increased soil
nitrogen status has the opposite effect of reducing glucosinolate concentrations. Duncan
(1991) reported, decreased light supply has been shown to increase glucosinolate
concentrations in the plant but the light levels were not detailed. Also, different plant
parts have different glucosinolate concentrations. For example, Brassica napus may
typically contain 100 mmol kg- 1 DM in the seeds while leaf concentrations of 10 to 20
mrnol kg- 1 DM are common (Duncan, 1991). In wasabi, Sultana et al. (2000) reported, an
application of ammonium sulphate (2.00 kg N ha- 1 and 228 kg S ha- 1) increased stem ITC
concentration by 52%, whereas an application of calcium ammonium nitrate (200 kg N
ha- 1) resulted in a 37% decrease in stem ITC concentration relative to no applied fertiliser.
Investigating the interaction between sulphur and nitrogen on wasabi glucosinolate level,
will give important information for optimising fertiliser inputs.

2.10 Summary and experimental aims
It was identified that New Zealand growers of soil-grown wasabi apply large quantities of
organic matter which is expensive and may immobilise N. Organic matter is applied to
improve soil physical properties, in particular allowing more oxygen to transfer to the
root zone. If free draining soils are selected for wasabi production then applied organic
,
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matter may not be necessary, and could possibly be replaced with inorganic fertiliser,
which may result in large cost savings to the wasabi industry in New Zealand.
Also, large quantities of the S containing fertiliser, gypsum is applied with the aim of
increasing the ITC concentration of the wasabi stem. Determining the optimum levels of
applied Nand S for quantity and quality of wasabi will allow the formulation of an
effective inorganic fertiliser for soil-grown wasabi.
Based on the literature and commercial practice the aims of this study were:
1.

to quantify the effects of N

ferti!i~er

on stem yield and total biomass

accumulation.
\

'

2.

to quantify the effects of S fertiliser on stem ITC concentration.

3.

to determine the quantity of Nand S available to the wasabi plant, from the
organic matter applied in the commercial production system.

4.

to quantify the effect of halving the rate of applied organic matter and gypsum in
the commercial mix on the stem yield and ITC concentration of wasabi.

5.

to quantify the effect of replacing organic matter with gravel on total biomass
accumulation.
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CHAPTER THREE
Pilot Pot Experiment

3.1

Introduction

In New Zealand, the combination of high rainfall and inadequate soil aeration decreases
wasabi growth and sometimes causes plant death. To improve soil aeration, New Zealand
growers incorporate up to 178 t ha- I organic matter into the soil. In Japan, Follett (1986)
reported the ground was cultivated and mature compost added before planting. However,
the organic matter may immobilise N and restrict N availability (McLaren and Cameron,
1997) to below the amount required to maximise wasabi plant yield.
Nitrogen is the mineral element that plants require in the greatest amount (2-5 % of plant
dry weight). It is a constituent of many plant cell components including amino acids,
proteins and nucleic acids (Taiz and Zeiger, 1998). Nitrogen influences the growth of leaf
area and consequently photosynthetic capacity, which contributes to other growth and
metabolic activities (Ingestad and Lund, 1979). When N is deficient, plant growth is
rapidly inhibited. In contrast, more N usually leads to a faster increase of leaf length and a
larger final length and area (Terry et al.,1981). The plateau region of the N response
curve, is quite broad for most species indicating a wide tolerance of plants to a high level
of N supply (Loomis and Connor, 1992) before levels become toxic (Greenwood et al.,
1980). For example, yield of cauliflower and cabbage did not decrease as applied N was
increased from 300 to 600 kg ha- l (Greenwood et al., 1980).
The aim of this experiment was to determine the effect of growing media, with different
aeration and N immobilisation characteristics, and inorganic N fertiliser on wasabi plant
growth. The objective was to provide guidelines to enable selection of treatments for an
18 month field experiment for wasabi plants grown to maturity. Increasing proportions of
gravel were incorporated into the soil to give media with an increasing aeration
characteristic. Organic matter treatments provided a comparison with commercial
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practice. The range ofN treatments were selected to incorporate a top rate (400 kg N ha- 1)
of applied N higher than the optimum N rate for comparative crops in the Crucifer family
(Section 2.6) as a first step to detennine the optimum N rate for wasabi.
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3.2

Materials and Methods

3.2.1

Experimental
Location

The experiment was sited in the Fletcher glasshouse, Lincoln University, Canterbury
(Plate 3.1). The duralite cladding on the glasshouse transmitted 55% photosynthetic
photon flux density (PPFD) as measured by a Licor LI185A photometer. The glasshouse
provided a stable, wann environment with a monthly minimum temperature of at least
16°C (Table 3.1).

Table 3.1

Mean monthly minimum and maximum temperatures from May
to October 1998 in the Fletcher glasshouse, Lincoln University.

Month
May
June
July
August
September
October

Plate 3.1

16.3
16.4

16.6
16.7

16.3
16.6

22.6
20.7
22.0
23.8
27.3
27.9

Wasabi pilot pot experiment in the Fletcher Glasshouse, Lincoln
University.
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Design
The experiment was a 5 x 6 factorial with 3 replicates in a randomised complete block
design. The N rates were 0,0.21,0.41,0.82 and 1.64 glpot equivalent to, 0, 50, 100,200
and 400 kg N ha- I, calculated on a surface area basis. The six media contained different
ratios of soil and gravel or organic matter as detailed in Table 3.2.

Table 3.2

Growing media and water infiltration rates of treatments used for the pilot
pot experiment in the glasshouse, Lincoln University.
Media

Abbreviation

Infiltration rate
(mmh(l)
100% Soill
222 d
100S
250:75S
488 cd
25% Gravef:75% Soil
50% Oravel:50% Soil
500:50S
966 bc
75% Oravel:25% Soil
75G:25S
1564 a
3
250:750
1498 ab
25% Gravel:75% Organic
25S:750
1570 a
25% Soil:75% Organic
l.s.d.
555.9
Isoil = Eyre shallow fine sandy loam (Cox, 1978), 2gravel = 6-8 mm pea gravel, 30rganic
= 31 % pig manure/sawdust, 6% chicken litter, 63% fresh sawdust by volume.
Media infiltration rate
To measure the infiltration rate of water into the different media, each medium, with 3
replicates, was placed into a pot with a surface area of 57 cm 2 and gently shaken to
replicate the bulk density of the media used in the pot trial. Drainage was provided by a
gauze cloth in the bottom of the pot. Water was applied for 4-5 minutes before the
measurements were taken to avoid the initial rapid infiltration rate stage. About 700 ml of
water was applied to each pot, with a Mariotte bottle to maintain a constant head, over 4
to 15 minutes for the infiltration measurement.
The infiltration rate was affected by the media (P<O.OOl). As the percentage gravel in the
media increased, the infiltration rate increased from 222 mm hr- I for the 100S medium to
1564 mm hr- 1 for the 75G:25S medium (Table 3.2).
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Properties of the soil and organic media
The properties of the soil and organic amendments are listed in Tables 3.3 and 3.4. The N
content of the G:S media decreased proportionately with the increase in the gravel
component of these media. The N content of the two organic media was estimated to be
about 10 times more (4700 ).lg N g-J) than the 100S medium.

Table 3.3

Nutrient analysis of Eyre shallow fine sandy loam soil used in the pilot pot
experiment media in the glasshouse, Lincoln University.

Nutrient

pH

Level

5.8

Table 3.4

Pig
Chicken
Sawdust

41

NH/-N
(ppm)
6

1125

160

23

85

4

Nutrient analysis on a dry weight basis of organic amendments used in the
pilot pot experiment media in the Fletcher glasshouse, Lincoln University.
C%
32.0
50.6
58.0

N%
0.93
4.78
0.08

P%
1.95
1.32
0.01

S%
0.25
0.55
0.01

Mg%
0.49
0.42
0.03

Ca%
8.00
2.24
0.09

Na%
0.11
0.25
0.02

K%
0.78
1.93
0.07

Establishment
The trial was established in May 1998. Wasabijaponica 'Daruma' seedlings were
transplanted into 270 mm deep x 230 mm diameter (10.8 1 capacity) planter bags. The
plants were grown from imported Japanese seed. The seed was soaked in 100 ppm
gibberellic acid for 48 hours to break seed dormancy and sown in seedling trays. Uniform
seedlings were selected and transplanted after 4 weeks growth at the 4 to 5 leaf stage on
the 4-5 May 1998.

Nitrogen fertiliser
Nitrogen fertiliser was applied in 3 split applications. The first application was 31 days
after transplanting (DAP), on 4 June, and then at intervals of 5 weeks (64 and 101 DAP).
The N was in the form of 40% NH 4 N0 3 and 60% Ca(N0 3h and was dissolved in water to
, make up 300 ml of solution per pot (this volume of solution was used to avoid drainage to
waste in the more free draining media). In addition, standard nutrients were dissolved into
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each treatment, giving a total of 190 kg/ha phosphorus, 190 kg/ha potassium, 270 kg/ha
sulphur and 560 kg/ha calcium (including the calcium in the Ca(N03)2 treatment) in the
three split applications.
Crop management
The pots were given about 300 ml water at 4 to 7 day intervals when the soil moisture
potential reached about -30 kPa as determined by a tensiometer. The following chemicals
were applied as required to prevent yield loss due to pests or diseases. For insect pest

control: Attack at 11 ha- 1(a.i. permethrin 25g rl and pirimphos-methyl 25g r\ Diazinon
at 11 kg ha- 1 (a.i. diazinon 200g kg-I ), and Pirimor at 250 g ha- 1 (a.i. pirimicarb 500g
kg-I). For fungal and bacterial disease control: Alto at 400 ml ha- 1 (a.i. cyproconazole
100g r \ Brav'o at 2 1 ha- 1 (a.i. chlorothalonil 500g rl), copper hydroxide at 2 kg ha- 1 (a.i.
copper hydroxide 500g kg-I), Mancozeb at 2.5 kg ha- 1 (a.i. mancozeb 800g kg-I), and
Saprol at 1.5 I ha- I (a.i. triforine 1909 rl).
3.2.2

Measurements
Nitrogen content

The portable Minolta Soil Plant Analysis Development 502 meter (SPAD meter) was
used as a non-destructive measure to assess plant N status. Leaf greenness of the 2
youngest mature leaves (either leaf 3 and 4 or 4 and 5) was measured with a SPAD meter
on 19 May, 19 August and 11 September. Light sources for the SPAD-502 are light
emitting diodes (led), including a red (650 nm; peak chlorophyll absorbance) and an
infrared led (940 nm; nonchlorophyll absorbance), which emit light in sequence through
the leaf. Differences in light attenuation between 650 and 940 nm in fresh leaves can be
used as an index of leaf greenness which is correlated with leaf chlorophyll concentration
(Wood et al., 1993). The chlorophyll molecule contains four N atoms and extractable
chlorophyll in leaves has been shown to be positively correlated with leaf N concentration
(Wood et ai., 1993). Consequently, leafN concentration increases with chlorophyll
. density in leaf chloroplasts. Therefore, measurement of leaf greenness allows leaf N
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status to be detennined non-destructively. A microprocessor in the meter calculates a
SPAD value which is unitless.

Leaves
Leaf length was measured from the base to the tip of the lamina of the 3 youngest mature
leaves (either leaf 3,4 and 5 or 4, 5 and 6) on 9 June, 19 August and 11 September.
Number of leaves were counted on the 26 June.
Dry weight at harvest
The plants were harvested on 14 October 1998 and separated into leaves, petioles and
stem, and roots. The plants were dried to constant weight at 70°C and the dry weight of
leaves, petioles and stem, and roots were recorded. Leaf tissue analysis was completed for
percentage N, P, K, S, Mg, Ca and Na on dried samples of the 3 youngest mature leaves.

3.2.3

Statistical Analysis

The growth variables were analysed by analysis of variance (ANOV A) and mean
separation was based on least significant differences (l.s.d.) test at the a
using Genstat software (Genstat-Committee, 1993).

= 0.05 level
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3.3

Results

The top dry weight inclusive of leaf, stem and petiole (TDW) was affected by the
interaction (P < 0.001) between rate of N fertiliser and fonn of media. The TDW
increased for each successive increase in N rate for the three O:S medium (Figure 3.1;
Plate 3.2) and was highest (53g/plant) at 400 kg N/ha for the 250:75S medium. The
replacement of soil with gravel decreased the maximum TDW to 47g/plant for 500:50S
and 37g/plant for 750:25S. In contrast, TDW was optimal at a N rate of 100 kg N/ha
(38g/plant) for the 100S medium and declined to 1991plant at 400 kg N/ha. Top dry
weight was low « 4.5 glplant) across all N treatments for the 250:750 medium.
However, the substitution of soil for gravel (25S:750) gave a trend of increasing TDW
with increased applied N and a higher (P < 0.001) TDW at 200 kg N/ha compared with
the 250:750 medium.

Plate 3.2

Increase in wasasbi plant weight and leaf greenness with increased
applied nitrogen from left to right in the 25% gravel:75% soil
luedium at 160 DAP.
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Figure 3.1
Top dry weight at 162 DAP for wasabi plants grown with the addition of
inorganic nitrogen in six different media. Details of the media are given in Table 3.2.
Media are 100S (0), 25G:75S Ce), 50G:50S (D), 75G:25S C-), 25G:750 CO), 25S:750
C.). The vertical bar represents the standard error of the interaction.

There was no interaction (P < 0.63) between form of medium and rate of N fertiliser for
leaf length of the 3 youngest fully expanded leaves 130 DAP (Table 3.5). Leaf length was
relatively uniform for the 100S and G:S media but substantially shorter for the 25G:750
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medium. Leaflength increased (P < 0.01) with applied N between 0 and 100 kg N ha· 1
but was similar at 100,200 and 400 kg N/ha (Table 3.5).

Table 3.5
Leaf length of the three youngest fully expanded leaves of wasabi plants
grown in six different media and with the addition of inorganic nitrogen in a pilot pot
experiment in the glasshouse, Lincoln University, 130 days after transplanting.
Media
Leaf length (mm)

100S
67 ab

2SG:7SS
74 a

SOG:SOS
75 a

7SG:25S
65 ab

25G:750
41 e

Applied N (kg ha- 1)
Leaf length (mm)

0
54 e

50
60 be

100
65 ab

200
72a

400
67 ab

25 S:750
58 b

l.s.d
9.75
8.90

Leaf N concentration was measured on a single replicate. There was a general trend of
increasing leaf N concentration with increased N rate (Figure 3.2) with the 100S and G:S
media. In contrast, there was no increase with the 25S:750 medium. The highest leafN
concentration was 5.2%, for the 100S medium declining to about 4.1 % for the G:S media
and about 3.3% for the 0 media at 400 kg N/ha.
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Figure 3.2
Nitrogen concentration 162 DAP for dried 3 youngest fully expanded
leaves of wasabi plants grown with the addition of inorganic nitrogen in six different
media. Details of the media are given in Table 3.2. Media are 100S Co), 25G:75S C-),
50G:50S (D), 75G:25S C-), 25G:750 (0), 25S:750 (.).

Leaf greenness, (as indicated by the SPAD reading) was affected by the interaction (P <
0.05) between rate of applied N and form of medium 130 DAP CFigure 3.3). In general,
leaf greenness showed the largest increase between 0 and 100 kg N ha- l in all treatments
except 25G:750 which declined. For this treatment the increase occurred between 100
and 200 kg N ha· 1•
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Figure 3.3
SPAD reading 130 D AP for 2 youngest mature leaves of wasabi plants
grown with the addition of inorganic nitrogen in six different media. Details of the media
were given in Table 3.2. Media are lOOS (0), 250:75S (e), 50G:50S (0), 75G:25S (-),
250:750 (0), 25S :750 (.). The vertical bar represents the standard error of the
interaction.
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The relationship between the leafN concentration and SPAD reading gave an R2 of37%
(Figure 3.4).
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Figure 3.4
The relationship between leafN concentration at 162 DAP and
SPAD reading at 130 DAP for wasabi plants. Nitrogen rates (kg N ha- l ) were a
(0),50 (e), 100 (0),200 (_), 400 (6).
There was no interaction (P < 0.45) between rate ofN fertiliser and form of medium for
the root:shoot ratio. The root:shoot ratio decreased (P < 0.00 1) as the rate of applied N
increased to 200 kg N ha- l and then levelled off (Table 3.6). The root:shoot ratio was
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similar in the lOOS and G:S media. The root:shoot ratio was highest (P < 0.001) in the
two media that contained organic matter.
Root dry weight (RDW) was lowest (P < 0.001) in the 25G:750 medium (Table 3.6).
There was a trend of decreasing RDW as the proportion of gravel increased in the G:S
media. There was an indication of an increase in RDW between a and 50 kg N ha'l,

Table 3.6
Root:shoot ratio and root dry weight 162 DAP of wasabi plants grown
with the addition of inorganic nitrogen in six different media in the pilot pot experiment
in the glasshouse, Lincoln University at harvest time.

l.s.d. at a

100S
0.32c
6.6a

25G:75S
0.34c
6.1a

50G:50S
0.34c
5.2a

75G:25S
0.51bc
4.8a

25G:750
O.72ab
1.6b

0
0.91a
3.5

50
0.68ab
5.0

100
0.55bc
5.5

200
0.27cd
5.1

400
0.25d
5.8

25 S:750
0.95a
5.7a

:-.,

...._ ' .

'L-

'--'-'.'

which then levelled out.

Media
Root/shoot ratio
Root dry weight
(g Elanrl)
Applied N (kg ha'l)
Root/shoot ratio
Root dry weight
(g (2lanrl)

~.:

l.s.d
0.321
1.87
0.293
p < 0.11

= 0.05 level. Values followed by the same letter are not significantly different.
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3.4

Discussion

3.4.1

The optimum growing medium

The 25G:75S medium provided the best growing conditions as indicated by producing
wasabi plants with the highest TDW (Figure 3.1). Plants in this medium were larger than
those in pure soil (laOS). It seems likely that the gravel component in 25G:75S provided
faster drainage and therefore increased oxygen diffusion to the roots, which would
enhance production because wasabi is sensitive to poor soil aeration (Adachi, 1987). This
was indicated by the 250:75S medium having double the water infiltration rate (488 mm
hour-I) of the laOS value (Table 3.2). An infiltration rate of 488 mm hour-I, is typical of a
free draining soil with poor water holding capacity (McLaren and Cameron, 1997).
The decrease in TDW and RDW and reasonably constant root:shoot ratio as the
percentage of gravel in the soil increased from 25% to 75% was probably caused by root
volume restriction (Figure 3.1, Table 3.6). The confinement of the root system is thought
to lead to changes in root to shoot communication processes, which results in restriction
of top growth (Richards and Rowe, 1977; Robbins and Pharr, 1988). In contrast,
Laverack (1999) reported highest TDW in a 75% pumice:25% soil medium. However,
pumice is a porous material allowing root penetration and is capable of holding water
compared with gravel, and therefore root volume restriction probably did not occur in this
situation.
Root systems of plants grown in smaller root volumes are more susceptible to water stress
because of the lower water holding capacity (Spoma, 1975). It was observed that the
750:25S medium dried more quickly compared with the other media and sometimes
plants in this medium wilted. Also, the lower water holding capacity of the media with
higher proportions of gravel may have allowed increased leaching of nitrate in solution
from these media, decreasing the N available for plant growth. Indeed, after irrigation,
water was occasionally observed dripping to waste from the bottom of some pots with the
75G:25S medium.

36

3.4.2 Estimate of optimum nitrogen rate
The increase in TDW, with increasing levels of applied N for the 100S and G:S media
demonstrates the role of N in increasing plant growth. Because TDW was still increasing
at 400 kg N ha- I in the G:S media at harvest, it would have been beneficial to include
higher rates of N to determine the optimum level ofN for these media (Figure 3.1).
The soil provided a relatively small amount ofN (47 ppm in the 100S medium) which
decreased in the treatments with increased proportions of incorporated gravel.
Laverack (1999) reported increasing wasabi TDW at 600 kg N ha- 1 at 131 days after
transplanting (DAP) in a 75pumice:25S mix. In contrast, TDW was at a maximum at
between 150 and 300 kg N ha- I for 50pumice:50S and 25pumice:75S. This is a similar
response to the G:S media 130 DAP with TDW maximised at about 200 kg N ha- I, using
leaf length as an indicator of TDW (Table 3.5). In addition, at this growth stage using the
SP AD meter to measure leaf greenness as an indicator of N concentration, the N
concentration levelled out at between 100 and 200 kg N ha- I (Figure 3.3). The last split
application of N was applied a month before this measuremen.t at 101 DAP. Therefore, it
appears that between 130 and 162 DAP the available N in the pots decreased to a level
that limited plant growth even at the highest N rate in the G:S media.
An estimate of N uptake from biomass and N concentration also suggests that the top rate
of N was not optimal for wasabi growth. Using a leaf nitrogen concentration of 4% as an
estimate of plant N% and TDW of 53 g planr l for the 25G:75S and applied 400 N kg ha- I
treatment, gives an estimated N uptake of 2.1 g planr l against only 1.66 g N porI applied.
Based on these results, wasabi plants grown for 18 months to a commercial harvest stage
may require substantially more than 400 kg N ha- I to maximise yield in a G:S mix.
However, this will depend on the N demand of the plant over the 18 month period. For
example, N demand will probably be high until full canopy cover occurs, because to
maximise photosynthesis and growth, leaves require a high N content. In other work, LAI
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increased to around full ground cover (taken as LA! = 3) six months after transplanting
(Martin and Deo, 2000). Then N demand may fall as the proportion of the crop that is
photosynthetically active declines and there is more structural and support material with a
low N content (Greenwood et al., 1990). Also, once the critical LAI is reached N is
probably remobilised from senescing leaves. Therefore, the rate of N uptake will probably
decrease as the plant matures.
In the 100S medium, which had a lower infiltration rate and was more likely to have
anaerobic periods after irrigation, nitrate may have been lost through denitrification.
Denitrification increases with anaerobic conditions and higher temperatures (McLaren
and Cameron, 1997). Because the pots were not insulated, the media may have been
approaching the same temperature as the average glasshouse temperature, 19°C, for
periods of time, except after lower temperature applied water decreased the media
temperature. Therefore, loss of N by denitrification may have been exacerbated by the
high media temperatures.
When determining the range of N treatments to use in the field trial to ensure the optimal
rate is obtained, the high optimal N rate from the pot trial needs to be weighed against the
lower optimal rates in related crops and possible slower growth rates in the lower
temperature and light environment of a shade house.

3.4.3

Measurement o/plant N status

Measurement of plant N status can be used as a monitoring aid to assess if a crop is
receiving the optimum amount of N. The most widespread approach to assessing plant-N
status has been to measure combined-N, usually expressed as % N in the dry matter
(Grindlay, 1997). It is necessary to detennine the critical N concentration, defined as the
minimum N concentration (generally measured in the youngest mature leaf or the petiole
of the youngest mature leaf) plants need for maximum plant growth rate at any time
(Ulrich, 1952). The youngest fully expanded leaf has been used successfully for N
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concentration tests in many plant species (McLaren and Cameron, 1997; Smith and
Loneragan, 1997).
The N concentration of the 3 youngest fully expanded leaves generally showed a trend of
increasing from about 3 to 4% when applied N increased from 200 to 400 kg N ha- 1 in the
G:S media at 5 months after planting. Therefore, the critical N concentration is at least
4% in the leaf, in the G:S media (Figure 3.2), and may be higher as plant growth was still
increasing at this concentration. In addition, criticalleafN concentrations higher than 4%
have been reported for cabbage, cauliflower and radish (Clarke et al., 1986).The critical
leafN concentration of the youngest fully expanded leaf is probably constant with plant
age so that photosynthesis is optimised.
Care must be taken with criticalleafN concentration measurements because the plant
may attempt to maintain a constant amount of N per leaf area when N supply decreases,
to maximise photosynthesis, by regulating the rate ofleaf expansion (Grindlay, 1997).
This may result in smaller leaves with optimum N. Therefore, the measured N
concentration may represent a broad range of growth rates and final yield. However, the
wasabi plant in the G: S media decreased both leaf N concentration by an average of 37%
(Figure 3.2) and leaflength by 20% (Table 3.5) with a decrease in applied N from 400 to

okgNha- 1.
The SP AD meter was used to determine if leaf greenness was correlated with leafN
concentration and therefore whether this could be used as a non-destructive, rapid
measurement of leafN status. However, there was only a moderate relationship between
the SP AD reading and leafN concentration. Because the SPAD reading was measured 32
days before the leafN concentration, figure 3.4 should be used only as an indication of
the relationship between leafN concentration and SPAD reading. Over this time the
measured leaves would have changed through new leaves appearing and the leafN
concentration may have changed. The relationship appeared weaker at lower and higher
leafN concentrations. In addition, a weaker relationship between SP AD readings and leaf
N concentrations has been found at both ends ofleafN concentration ranges in other
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work (Monje and Bugbee, 1992; Reddiex et al., 1997). Therefore, the SPAD meter may
not be very reliable at determining slight N deficiencies but further work is needed to
confirm this.
3.4.4

The soil medium

The 100S treatment was included, to determine if growth would be slower in this
medium, due to inadequate soil aeration, compared with the gravel and organic medium.
It was observed that the medium compacted over time due to watering which would
decrease soil aeration. When no N was applied, there was a trend of higher TDW in the
1DOS medium than the other media, possibly because of more available N in the soil
(Figure 3.1; Laverack, 1999). Top dry weight decreased in this medium at higher rates of
N compared with increased TDW in the G:S media. If lack of oxygen in the root zone
was restricting wasabi plant growth in the 100S medium, it could be expected that TDW
may level out at a lower weight compared with the plants in the G:S media. However, this
does not explain the decrease in TDW as applied N increased.
Possibly, at higher N rates, there was a toxic effect of ammonium on the wasabi plant in
the 100S medium, caused by anaerobic conditions slowing the rate of nitrification. The
100S medium had the slowest infiltration rate and therefore was more likely to waterlog
and have anaerobic conditions compared with the other media (Table 3.2). Oxygen is
required in the soil for nitrifying bacteria to convert ammonium to nitrate (McLaren and
Cameron, 1997). In contrast, wasabi TDW did not decrease with increasing rates ofN in
similar soil media in another experiment (Laverack, 1999). The pots were irrigated
similarly in both experiments and therefore soil aerobic conditions should also have been
similar, making the ammonium toxicity explanation seem unlikely. Therefore, the cause
of the decrease in TDW caused by high rates of applied N was not resolved.
3.4.5

The organic media

Applied N (and soil available N for the 25S:750 medium), appears to have been
immobilised by the micro-organisms that breakdown organic matter in the two organic
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treatments. Although the organic matter contained a high quantity of N it was in an
unavailable organic fonn (Table 3.4). The carbon:N (C:N) ratio of a media is an indicator
of whether N will be available for plant growth or not. Because the organic matter had a
high proportion of fresh sawdust, the average CN ratio was 468: 1. Oenerally N is not
released from organic matter until the C:N ratio falls below about 25:1 with
decomposition over time (McLaren and Cameron, 1997; Stewart 1998). In addition, the
plants growing in the organic media had the lowest leaf N percentage at the top rate of
applied N (Figure 3.2). This is a strong indication that the N was immobilised and wasabi
plant growth restricted. Further, it is recommended that fresh sawdust is not incorporated
into soil for growing wasabi.
The trend of increasing TDW with increasing N rate in the 25S:750 medium, suggested
some N was available for plant growth in this treatment. However, the 25S:750 medium
has only an additional 18 kg N ha- 1 from the soil component compared with the 250:750
medium. This suggests there must be another reason for the growth response. The
25S:750 medium would hold more water available for plant growth compared with the
250:750 medium, possibly explaining the growth response.

3.4
•

Conclusions
The media that optimised wasabi plant TDW were 250:75S and 500:50S, probably
because they provided the best mix of soil aeration, available water and nutrients for
plant growth. Therefore, wasabi can grow successfully in coarse soils or soil amended
with gravel and these are appropriate for the field experiment.

•

The Eyre shallow fine sandy loam soil used in the 100% soil medium is not
recommended for growing wasabi without amendment. The reason for the poor
perfonnance of plants in this medium was not resolved, although poor soil aeration
and ammonium toxicity may have contributed.

-,
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•

Nitrogen was probably immobilised in the organic media because of the high C:N
ratio and therefore was not available for plant growth.

•

An applied N rate, of more than 400 kg N ha- 1 in the G:S media, would be needed to
maximise yield 5 months after transplanting in the glasshouse, suggesting a
substantially higher N rate would be needed over the 18 month crop cycle. The
recommended top N treatment for the main pot experiment is about 800 kg N ha- 1.

•

The critical dry leaf N concentration in the G:S media was at least 4% at 5 months
after transplanting.

From these results it was decided for the main experiment the following would be used:
1. A 25G:75S medium
2. Five rates of N with a top rate of 840 kg N ha- 1 .
Results of this experiment are reported in chapters four to six.
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CHAPTER FOUR
Main Pot and Field Experiment: Material and Methods

4.1

Introduction

In the next three chapters two experiments are described which had the objectives of
~".

examining the yield and quality of wasabi grown with different rates ofN and S fertiliser.
The first experiment (main pot) used a 75S:25G medium identified as the optimal
medium from the pilot pot experiment (Chapter 3). In this experiment a matrix ofN and S
treatments was created to examine their effect on wasabi. The results from the main pot
experiment were used as a bio-indicator ofthe Nand S available from the commercial
mix also included in this experiment and incorporated into raised beds in the second
experiment (field). Differences in yield are described by the total biomass of the crop.
Differences in quality are described by the ITC content of the crop (Section 2.9).

4.2

Main Pot Experiment: Materials and Methods

4.2.1

Location

The experiment was established in March 1999 at the Amagi Bioculture (NZ) Limited
shade house on Shands Road, near Prebbleton, Canterbury, New Zealand (Plate 4.1). The
shade house is 45 m long and 28 m wide. The shade house was covered in shade cloth
that transmitted 25% photosynthetic photon flux density (PPFD) as measured by aLi-Cor
Quantum/Radiometer/Photometer LI-188B. The main pot experiment was positioned at
the north end of the shade house.

i
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Plate 4.1

Wasabi main pot experiment in the shade house, Shands Road,
Prebbleton, Canterbury.

4.2.2

Crop establishment

The potting medium was 75% Eyre shallow fine sandy loam soil (Cox, 1978) excavated
to a depth of 200 to 250 mm from a paddock in long tenn pasture adjacent to the shade
house, and 250/0 6-8 mm pea gravel. The soil was tested for nutrients on 8 April 1999
(Table 4.1). Also, a N incubation test indicated 195 kg N ha- 1 (calculated to 0.30 m depth
of the pot) was available from the soil. The pH and P levels were low for the growth of
members of the family Cruciferae (Clarke et al., 1986) and were therefore amended with
fertiliser as described below.
The soil was sterilised with methyl bromide at 400 kg ha- 1 (aj. 980g kg- 1 methyl bromide
and 20g kg- 1 chloropicrin) for soil borne diseases, particularly Sclerotinia sclerotiorum in
March 1999. Hydrated lime at 608 g m- 2 (equivalent to 8,200 kg lime ha- I ) was mixed
into the media with the aim of increasing the pH to about 7.0. Hydrated lime has 1350/0 of
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the neutralising value oflime (Bunt, 1976) and about 4,200 kg lime ha- 1 raises the pH by
1 unit in the top 0.15 m of a sandy loam soil (Clarke et at., 1986).

Table 4.1

Nutrient analysis of soil used in the pot media for a wasabi crop grown in a
shade house at Shands Road during the 1999/00 seasons.
,-.,<.

pH

5.5

N0 3 --N
(ppm)
5

l

NH/-N
(ppm)
32

Ca
(Jlg g-l)
500

K
(gg g-l)
260

note: 49 kg sulphate-S ha- calculated to 0.3 m depth

13

100

16

Experimental units were 200 litre Easylift bags of plastic woven mesh construction (615
mm diameter, and 330 mm depth). A 50 mm thick mulch of sawdust was placed on the
surface of the potting media for weed control (Section 2.8.3). Soil was mounded up the
outside of the pots to a height of about 300 mm to insulate the plant roots against high air
temperatures. Five 'Daruma' seedlings, grown from seed collected in Canterbury, were
transplanted at the five leaf stage into each bag on 15 May 1999. This gave a population
of 16.9 plants m-2 which is about double the usual plant population. The aim was to plant
a sufficient number of seedlings to allow for destructive harvests through the 18 month
period. The destructive harvests were timed to minimise interplant competition but still to
end up with a similar population level and timing of competition to that in commercial
plantings. About 5% of the seedlings were noticeably smaller than the remainder of the
seedlings and were not selected for planting.
In addition to the Nand S treatments basal nutrients were applied in four split
applications of nutrient solution on 28 May 1999,3 November 1999, 13 April 2000 and
11 to 16 October 2000. Total quantity of nutrients applied included potassium (180 kg hal),

phosphorus (180 kg ha- 1), calcium (615 kg ha- 1) and magnesium (12 kg ha- l ). The

chemicals used to supply basal nutrients included KH2P04, NaH2P04, MgCh and CaCho

i ,-'.
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4.2.3

Experimental design

This experiment was a 5 x 5 factorial with 5 replicates in a randomised complete block
design. There was an additional treatment per replicate that used the commercial fertiliser
rates to enable comparison with inorganic treatments. The 5 N rates are described in
Table 4.2 and the 5 S rates in Table 4.3 and the commercial rates are described in the
field experiment materials and methods (Section 4.3.2).

Table 4.2
Total applied
(kg N ha- I )

0
210
420
630
840

Table 4.3

Nitrogen rates and dates of application for a wasabi crop grown in a shade
house at Shands Road during the 1999/00 seasons.
28 May 1999
0
60
120
180
240

Application date
13 April 2000

3 November 1999
0
60
120
180
240

0
60
120
180
240

Sulphur rates and dates of application for a wasabi crop grown in a shade
house at Shands Road during the 1999/00 seasons.

Total applied
Replicates 1 to 3
(kg S ha- 1)

Total applied
Replicates 4 & 5
(kg S ha- I )

10 March 1999

28 May 1999

0
320
640
960
1280

0
280
560
840
1120

0
200
400
600
800

0
40
80
120
160

I

11-16 October 2000
0
30
60
90
120

Applied to replicates 1 to 3 only

Application date

3 November
1999
0
40
80
120
160

11 October

2000 1
0
40
80
120
160

The Nand S applications were generally applied at even intervals through the crop cycle.
However, adjustments were made to the schedule using soil test results as described
below. There were four split applications of N in nutrient solution, in the form of 40%
NH4N0 3 and 60% Ca(N0 3)2 (Table 4.2). No N was applied on 10 March 1999. About
two thirds of the sulphur in the form of gypsum was mixed into the top half of the media
on the 10 March 1999 before the wasabi plants were transplanted (Table 4.3).
Subsequently, there were a further two or three split applications of S in the form of
Na2S04. Sulphur was not applied on the 13 April 2000 application because of the high

'_~"·_·_"~T
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levels in the soil (Table 4.4). Sulphur was applied on 11 October 2000 because of the
decrease in soil sulphur content in the soil test prior to this application. On this date
sulphur was only applied to replicates 1,2 and 3 to test if the pre-harvest application (45
days) increased plant ITC concentration.
Soil available N and sulphate were measured in November 1999, January, July, and
December 2000. Sulphur concentration in the soil increased with increasing rates of S at
all sampling dates, with the largest increase at 251 DAP (Table 4.4).

Table 4.4

Sulphate-sulphur level (Ilg g-I) in the top 15 cm of soil from the main pot
and field experiments for a wasabi crop grown in a shade house at Shands
Road during the 1999/00 seasons.
Treatment
(kg S ha- I )
0
640
1280
com. rot

171 DAP
2 Nov '99
3
3
10

251 DAP
21 Jan '00
2
15
114

423 DAP
11 Jul '00
4
5
6
4

577 DAP
12 Dec '00
4
9
21
7

Available N concentration in the soil generally increased (e.g. from 12 to 88 kg N ha- I at
423 DAP) with increased applied N, except at the first sampling date where the soil N
concentration did not vary between treatments (Table 4.5). The N concentration in the
soil increased to 88 kg N ha- I at 423 DAP and then decreased to 19 kg N ha- I at 577 DAP
with 840 kg N ha- I . The N concentration in the soil of the commercial pot treatment was
similar to the higher N treatments at 577 DAP.

Table 4.5

Nitrogen concentration (available N kg ha- I) in the top 15 cm of soil from
the main pot and field experiments for a wasabi crop grown in a shade
house at Shands Road during the 1999/00 seasons.
Treatment
(kg N ha- I )
0
420
840
com. rot

171 DAP
2 Nov '99
23
25
23

251 DAP
21 Jan '00
35
32
61

423 DAP
11 Jul '00
12
27
88
32

577 DAP
12 Dec '00
8
12
19
12

Climate data were collected on site throughout the experimental period (Appendix 1).
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4.2.4

Crop management

An overhead sprinkler irrigation system was set up and irrigation commenced on 9
December 1999. However, pots were watered unevenly with this system. Pots with more
canopy cover tended to have water run off the canopy to outside the pot. From 21 January

.>

1.--

,. __

2000 hand watering was carried out to ensure all pots received the same amount of
irrigation water. The shade cloth shed between 25 and 45% of the rainfall. Although more
was shed at the top of a pitch of cloth than the bottom. Therefore, pots may have received
different amounts of rainfall depending on their location in relation to the pitch of shade
cloth. Eight applications of from 15 to 30 mm each were applied between December 1999
and March 2000 with a total of 200 mm water applied. Water was applied when the soil
volumetric water content decreased to about 14% in the top 200 mm of the soil as
measured by a HydroSense CS620 Water Content Reflectometer. A water content of 14%
correlated (P<O.OOl) with a soil water potential of about -30 to -40 kPa which is
recommended for some other vegetables (McLaren and Cameron, 1997).
Over the 18 month life of the crop, 25 fungicide and 12 insecticide applications were
made (see Section 2.8.5 for pests and diseases of wasabi). For pest control, Attack at 11
ha- I (a.i. perrnethrin 25g rl and pirimphos-methyl 25g r\ Orthene 75 at 1 kg ha- 1(a.i.

acephate 750 g kg-I), Mavrik Flo at 300 ml ha- I (a.i. taufluvalinate 240 g rl) and Slug Out
at 15 kg ha- I (a.i. metaldehyde 18 g kg-I) were applied. For disease control, Bavistin at 2
kg ha- I (a.i. carbendazim 500 g kg-I), Bravo at 21 ha- I (a.i. chlorothalonil 500g r\

Benlate at 600 g ha- I (a.i. ben amyl 500 g kt\ copper hydroxide at 2 kg ha- I (a.i. copper

hydroxide 500g kg-I), Mancozeb at 2.5 kg ha- 1 (a.i. mancozeb 800g kg-I), Orthocide at 4.5
kg ha- I (a.i. captan 800 g kg-I), Rovral Flo at 21 ha- 1 (a.i. iprodione 250 g r\ Saprol at

1.51 ha- 1 (a.i. triforine 1909 rl), Shirlan at 11 ha- 1 (a.i. fluazinam 500 g rl) and Sumisclex
25 at 2 I ha- I (a.i. procymidone 250 g kg-I) were applied. These chemicals were applied

individually as required to prevent yield loss due to pests or diseases. In July and
November 2000 several plants showed symptoms of Albugo wasabiae (white rust).
::....__ ....._-'; ...;

48
Infected leaves were removed from the infected plants because of ineffective chemical
control.

4.2.5

Measurements
SPAD readings

t,·'':'_

The SPAD meter was used as a non-destructive measure to assess plant N status. Leaf
greenness of the 2 youngest fully expanded leaves (either leaf 3 and 4 or 4 and 5) was
measured on 29 September 1999,26 October 1999, 19 January 2000. Leaf greenness of
five mature (but not dying) leaves from each pot was measured on 19 May 2000 and 13
September 2000.
Dry matter production
One plant was harvested from each pot in October 1999, December 1999, and May 2000.
The remaining two plants per pot were harvested in November 2000. Leaf, petiole, stem
and root fresh and dry weights of all samples (dried to constant weight at 70°C) were
recorded. Leaf tissue analysis was completed for percentage Nand S on dried samples of
the three youngest fully expanded leaves. In addition to the above measurements, number
of stems were recorded at the final harvest.
Wasabi quality Cisothiocyanate)
At each harvest isothiocyanate was measured in the leaf, petiole, stem and root by Hi
Tech Foods Limited, Christchurch. This involved a sample of frozen wasabi which was
pasted and mixed with 10 parts by weight canola oil and incubated for one hour at room
temperature, shaking occasionally. The solids were removed by centrifugation and the oil
assayed for isothiocyanates by a modification of the method ofDaun and Hougen (1976)
as follows: Oil sample (6g) was weighed into each of two tared Kimax 10 ml tubes and
methanol (5 ml) and concentrated ammonia solution (1 ml) added. The sample was
incubated at 45°C with continual mixing by inversion and the tubes were briefly
c,entrifuged. The isothiocyanate is converted to allyl thiourea by this process. Appropriate
dilutions of the methanol fraction were assayed by absorption at 244 nm with a Helios

1---
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gamma uv-visible light spectrophotometer against a standard of allyl thiourea in
methanol. A standard of allyl thiourea is more readily available than isothiocyanate. The
concentration of isothiocyanate was calculated by mUltiplying the amount of allyl
thiourea by the molecular weight of allylthiourea value and dividing by the molecular
weight of isothiocyanate value.

4.2.6

Statistical Analysis

The inherent plant-to-plant variability for wasabi meant that five replicates was
sometimes inadequate to detect statistically significant (P < 0.05) differences in the main
pot experiment. Thus significant and non-significant responses are presented with
associated P-values to give an indication of trends. The growth variables were analysed
statistically by analysis of variance (ANOVA) and mean separation was based on least
significant differences (l.s.d.) test at the a = 0.05 level (unless indicated at the a = 0.10
level) using Genstat software (Genstat-Committee, 1993).
Mean separation between inorganic N and commercial treatments in the main pot
experiment and the field experiment was by students 't-test'.

4.3

Field Experiment: Material and Methods

This experiment was conducted in a commercial situation and a compromise of scientific
and commercial goals was required.

4.3.1

Location

The field experiment was positioned adjacent to the main pot experiment at the south end
of the shade house (Plate 4.2). The site had been in a weedy fallow for 12 months
followed by a wasabi crop for 18 months and fallow again for 6 months prior to the
establishment of the experiment.

so
Plate 4.2

Wasabi field experiment in the shade house, Shands Road,
Prebbleton, Canterbury.

4.3.2

Experimental design

The experiment was a 2 x 2 split plot design with 4 replicates. The 6 m long main plots
were organic matter with 3 m sub-plots of sulphur. Organic matter was applied at the
commercial rate (148 t ha- 1 pig manure mixed with sawdust and 30 t ha- 1 chicken manure
mixed with wood shavings) and half the commercial rate; S was supplied in the fonn of
gypsum at the commercial rate (4 t ha- 1) and half the commercial rate in April 1999. The
treatments were incorporated into the soil to an approximate depth of 0.2 m by rotary hoe.

4.3.3

Crop establishment and management

The beds were set up following commercial practice. Soil nutrient levels prior to planting
2

indicated a low pH for wasabi production (Table 4.6). Hydrated lime at 420 g m- , and
Agroblen slow release fertiliser (lS%N, 3.90/oP, 7.S%K, 4.40/0S) at 40 g m- 2 were applied
in April 1999. Four beds 12 m long each were replicates and were mounded 0.3 m high
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and 1.2 m wide at the base. A 50 mm fresh sawdust mulch was spread over the beds.
Calcium ammonium nitrate (27% N) at 40 g m-2 and Triabon slow release fertiliser
(16%N, 3%P, lO%K, 9%S) at 25 g m-2 were mixed into the sawdust. The beds were
sterilised by the same method as the main pot experiment in May 1999. Wasabi seedlings
were planted in the beds in three rows per bed, 30 em between plants with the centre row
staggered giving a plant population of 8.3 plants m- 2 on 15 May 1999.

Table 4.6
pH
5.7

Nutrient analysis of soil used in the field experiment for a wasabi crop
grown in a shade house at Shands Road during the 1999/00 seasons.
N0 3·-N
(ppm)
13

NH/-N
(ppm)
2

Ca

K

P

Mg

S

875

220

38

65

4

(Ilg g.l)

(Ilg g-I)

(Ilg ml- I)

(Ilg g-I)

(Ilg g-I)

note: 46 kg mineral N (nitrate and ammonium) ha I calculated to 0.3 m depth

The beds were watered by sprinkler when the soil volumetric water content decreased to
about 14% at a depth of 200 mm. Six applications of 10 to 15 mm were applied between
December 1999 and March 2000 giving a total of about 75 mm. Pest and disease control
was the same as for the main pot experiment.
4.3 .4 Measurements
The SPAD meter was used to assess plant N status in May and September 2000.
The experiment was harvested in November 2000. Plants were harvested from a one
metre length of bed from each plot. Number of plants and leaf, petiole, stem and root
fresh weight (FW) were recorded for each sample. One representative plant from each
sample was removed for detailed analysis of leaf, petiole, stem and root fresh and dry
weights (dried to constant weight at 70°C). Also for this plant leaf tissue analysis was
completed for percentage Nand S on dried samples of the three youngest fully expanded
leaves and isothiocyanate concentration was measured in the leaf, petiole, stem and root.
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4.3.5

Statistical Analysis

The growth variables were analysed statistically by analysis of variance (ANOVA) and
mean separation was based on least significant differences (l.s.d.) test at the a
level (unless indicated at the a

= 0.05

= 0.10 level) using Genstat software (Genstat-Committee,

.....

1993). Unless stated, there was no interaction for any of the response variables measured
in the field experiment.

!..
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CHAPTER FIVE
Main Pot and Field Experiment: Results
The results from the main pot and field experiment are presented together.
5.1

Field experiment dry weight

Top dry weight (1142 g m-2 ), SDW (364 g m-2) and the consequent crop harvest index
(HI) (0.321) were unaffected by halving the commercial organic and gypsum rates in the

field (raised beds) experiment (Table 5.1).
Table 5.1

Wasabi growth measurements at the final harvest for field grown crops
with different organic matter and gypsum treatments.

Treatment
Half organic
Commercial organic
Half gypsum
Commercial gypsum
Mean

p<

SEM

5.2

Top dry weight (g m- 2 )
1195
1090
1162
1123
1142
0.69
79.4

Stem dry weight (g m-2)
370
359
359
369
364
0.70
19.6

Harvest index
0.310
0.331
0.311
0.330
0.321
0.20
0.0112

Top dry weight production

The actual TDW results over time from the main pot experiment in the shadehouse, are
shown in Figure 5.1. The TDW of the harvested plant was converted to g m- 2 . For
example, at the first harvest date the actual TDW for the 0 kg N ha- I treatment was 253 g
m-2 (calculated by multiplying the TDW of the one harvested plant porI by the five plants
per pot at the first harvest date and a factor (3.38) to convert the pot surface area to one
m 2 ). To allow a direct comparison with results from the commercially planted field
experiment the main pot experiment results were adjusted to the field plant population
(Figure 5.2). For example, the field adjusted TDW at the first harvest date for the 0 kg N
ha- I treatment (125 g m -2) was obtained by multiplying the TDW of the one harvested
plant porI by the commercial plant population in the field (8.333 plants m- 2 ). The
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assumption made was that the interplant competition in the pots had been minimal up
until harvest and therefore plants had behaved in a similar manner to the wider spaced
commercially transplanted plants. It followed that, because of the higher plant population
in the pots, the actual TDW per unit area was higher than in the field. Thus, for the first
three harvest dates the TDW from the main pot experiment were adjusted down to equate
2

to those in the field. At the final harvest the plant population was 6.7 plants m- which
was lower than the field plant population so the TDW per unit area was adjusted up.
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Figure 5.1
Actual top dry weight over time for wasabi plants grown with different
applied rates of inorganic N and commercial treatments of organic and inorganic N in the
1

main pot experiment. Nitrogen rates (kg N ha- ) were 0 Co), 210 ce), 420 (0),630 C-),
and 840 C6). The vertical bars at the top of the figure represent the standard error for the
inorganic N treatments. Data points are also given for a commercial preparation (A), with
standard errors presented for each data point.
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Figure 5.2
Adjusted top dry weight over time after transplanting for wasabi plants
grown with different applied rates ofN. Regression lines are fitted for 0 C'" 0 _.. ), 210 Cj
. -. -' -), 420 C-' . - 0 - .. -),630 C-. -), and 840 kg N ha· C- - 6 - -). The
vertical bars at the top of the figure represent the standard error for the inorganic N
treatments. Data points are also given for a commercial preparation (A) and field
preparation C.), with standard errors presented for each data point. Note: Coefficients for
the regression lines are given in Table 5.2.
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The adjusted TDW increased linearly over time, except for the 210 kg N ha- I treatment
which had a lower than expected final harvest weight (Figure 5.2). For this treatment the
final harvest TDW was lower than the previous harvest 180 days earlier. This result was
reflected in the lowest R2 (70%) for this treatment and the lowest (P < 0.11) mean rate of
growth (2.9 g m- 2 d- I ) as indicated by the coefficient for slope (Table 5.2). Prior to the
final harvest the TDW of the 210 kg N ha- 1 treatment had been similar to the other
treatments in the main pot experiment and the growth rate had averaged 5.18 g m- 2 d- I .
Doubling (420 kg N ha- I ) and tripling (630 kg N ha- 1) the N application rate resulted in a
growth rate of over 3.8 g m- 2 d- I for the linear phase (R2

= 94%) but at 840 kg N ha- I the

rate was only 3.5 g m- 2 d- 1 (R 2 = 95%). For the control treatments the growth rate
averaged 3.3 g m- 2 d- I and the increase was consistent over time. Analysis of the adjusted
TDW at final harvest highlighted the difference (P < 0.05) between the control
(1400 g m- 2) and 210 kg N ha- I (1210 g m- 2) treatments versus the other treatments which
all produced over 1600 g m- 2 .
The TDW of the commercial pot treatment (1684 g m-2 ) was higher (P < 0.05) than the
TDW of the 210 kg N ha- I treatment (Figure 5.2). In contrast, the average TDW (1142 g
m- 2) in the field experiment was similar to the lowest TDW (1210 g m- 2) from the main
pot experiment. There was no difference between treatments in the field (Table 5.1).

Table 5.2

Coefficients and variability statistics from the regression between adjusted
top dry weight and time after transplanting for wasabi crops grown in a
shade house with different rates of applied nitrogen.

Treatment
(kg N ha- 1)
0
210
420
630
840
maximum SEMI

Intercept
-420
-230
-420
-400
-290
380

Slope
(g m- 2 d- 1)
3.3
2.9
3.9
3.8
3.5
1.04

R2

p<

99.9
69.8
99.5
93.5
94.9

0.001
0.106
0.002
0.022
0.017

IReported for the coefficient with the maximum standard error of the mean.
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5.3

Stem dry weight production

The actual SDW results over time from the main pot experiment are shown in Figure 5.3.
To allow a direct comparison with results from the commercially planted field experiment
the main pot experiment results were adjusted to the field plant population as described in
Section 5.2. The adjusted stem dry weight showed a strong (R2> 94%) linear increase
over time, for all applied N treatments (Table 5.3) with the highest linear increase
achieved at 420 kg N ha- 1 (P < 0.30). As expected, results for the adjusted SDW followed
those of TDW whereby SDW (P < 0.14) at the last harvest appeared higher with applied
N rates of 420 kg N ha- I and over than for the control and 210 kg N ha- 1 treatments.
Again the lack of significant differences prevents definitive conclusions.
However, the SDW of the commercial pot treatment (474 g m-2 ) was higher (P < 0.01)
than that of the control and 210 kg N ha- I (Figure 5.4) but again there was no difference
(P < 0.46) between treatments in the field experiment (Table 5.1). The average SDW (364
g m-2 ) at the final harvest from the field experiment was similar to the adjusted SDW of
applied N rates of 420 kg N ha- l and above from the main pot experiment.

Table 5.3

Coefficients and variability statistics from the regression between adjusted
stem dry weight and time after transplanting for wasabi crops grown in a
shade house with different rates of applied nitrogen.

Treatment
(kg N ha-')
0
210
420
630
840
maximum SEM'

Intercept
-191
-137
-218
-197
-178
54.2

Slope
(g m- 2 d-')
0.89
0.79
1.1
1.0
0.97
0.132

R2

95.9
94.6
99.5
100
99.9

IReported for the coefficient with the largest standard error of the mean.

p<

0.092
0.105
0.032
0.001
0.014
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Figure 5.3
Actual stem dry weight over time for wasabi plants grown with different
applied rates of inorganic N and commercial treatments of organic and inorganic N in the
main pot experiment. Nitrogen rates (kg N ha- I ) were 0 (0),210 (e), 420 (0),630 (-), and
840 (6). The vertical bars at the top of the figure represent the standard error for the
inorganic N treatments. Data points are also given for a commercial preparation (A), with
standard errors presented for each data point.
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Figure 5.4
Adjusted stem dry weight over time after transplanting for wasabi plants
grown with different applied rates ofN. Regression lines are fitted for 0 (... 0 "'),210 (_.
- . - . -),420 (- .. - 0 - ' . -),630 ( - • -), and 840 kg N ha- 1 (- - I::::. - -). The vertical
bars at the top of the figure represent the standard error for the inorganic N treatments,
Data points are also given for a commercial preparation ( .. ) and field preparation (.),
with standard errors presented for each data point. Note: Coefficients for the regression
lines are given in Table 5.3.
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5.4

Harvest index

There was no difference (P < 0.80) in HI between the different N treatments. Harvest
index increased from 0.08 at 219 DAP to 0.23 at final harvest (Figure 5.5). The HI of the
commercial pot treatments was higher (P < 0.01) than the HI of the inorganic N
treatments. The HI of the field experiment (0.32) was higher (P < 0.001) than for all of
the inorganic N treatments at the final harvest. The HI of the field treatment was higher (P

< 0.1) than the commercial pot treatment.
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Figure 5.5
Crop harvest index over time for wasabi plants grown with different
applied rates of inorganic N and commercial treatments of organic and inorganic N.
Nitrogen rates (kg N ha- 1) were 0 (0),210 (e), 420 (0), 630 C-),and 840 (6). The vertical
bars at the top of the figure represent the standard error for the inorganic N treatments.
Data points are also given for a commercial preparation C.... ) and field preparation C.),
with standard errors presented for each data point.
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5.5

Root dry weight production

Root dry weight (RDW) was higher (P < 0.1) for the 420 kg N ha- 1 treatment than for all
other inorganic fertiliser rates (Table 5.4). The commercial pot treatment had a similar
RDW (171 g m- 2 ) to the 420 kg N ha- 1 treatment, but in the field experiment the mean
RDW (96.9 g m- 2 ) was lower (P < 0.05) than in any other treatment (Table 5.5). The
RDW was unaffected by halving the amount of added commercial organic matter or
gypsum rates.
Table 5.4

Wasabi growth measurements, adjusted to field population, for different
N fertiliser rates and for a commercial preparation at the final harvest 560
days after planting.

Treatment
(kg N ha- I)

Root dry weight

Rootshoot ratio

Total stem number
m-2

Stem number (>30g
FW stem-I) m- 2

149 b
l30b
178 a
143 b
149 b
11.5

0.12 a
0.12 a
0.11 ab
0.09b
0.10 ab
0.007
0.11
0.01

60b
67 b
88 a
70b
71 ab
6.51

15 bc
15 c
22 ab
24 a
21 abc
2.50

72
4.82

33
2.04

(g m- 2 ) t

0
210
420
630
840
SEM
Commercial Pot
SEM

171
18.5
t

l.s.d. at ex = 0.05 level ( ex = 0.10 level). Values followed by the same letter are not
significantly different.
Table 5.5

Wasabi growth measurements with different organic matter and gypsum
treatments in the field experiment at the final harvest.
Treatment

Half organic
Commercial organic
Half gypsum
Commercial gypsum
Mean
P<
SEM

Root dry weight

(g m- 2)
107
86.5
91.3
103
96.9
0.36
9.92

Rootshoot ratio

Total stem number
m- 2

0.09
0.08
0.08
0.09
0.09
0.14
0.007

93
80
88
85
87
0.88
15.3
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5.6

Root to shoot ratio

There was a trend of a decrease in rootshoot ratio as the rate of applied N increased, with
the control and 210 kg N ha- 1 treatments producing a higher (P<0.05) root:shoot ratio
than at 630 kg N ha- 1 (Table 5.4). The rootshoot ratio of the commercial treatment was
0.11, the same as the 420 kg N ha- 1 treatment. There was no difference (P < 0.15) in the
rootshoot ratio of plants grown in any treatment in the field (Table 5.5). Therefore,
results were pooled and gave a rootshoot ratio (0.09) which was lower (P < 0.01) than for
N treatments of 420 kg N ha- 1 and below.

5.7

Stem number

The total number of stems was higher (P<0.05) for the 420 kg N ha- 1 (88 stems m-2)
treatment, than the control (60 stems m-2), 210 (67 stems m-2 ) and 630 (70 stems m-2) kg
N ha- 1 treatments (Table 5.4). The total stem number of the field experiment was
unaffected by halving the commercial organic and gypsum rates and the mean (87 stems
m-2) was similar to the 420 kg N ha- l treatment (Table 5.5).
Of importance for wasabi is the number of stems weighing over 30 g FW. These results
followed the same pattern as TDW and SDW, reaching a maximum at 630 kg N ha- 1 but
being lowest (P < 0.05) with the control and 210 kg N ha- 1 treatments (Table 5.4). In the
commercial pot treatment, the number of stems weighing over 30 g FW (32.5 stems m-2)
was 74% higher (P < 0.05) than in the 630 kg N ha- l treatment.
The number of stems over 30 g FW in the field experiment was affected by the
interaction (P < 0.05) between rate of organic matter and gypsum (Table 5.6). The
number of stems over 30 g FW at half rates of both organic matter and gypsum was about
half that from all the other treatments.
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Table 5.6

Number of wasabi stems weighing over 30 g fresh weight at the final
harvest 560 days after planting when grown with different organic matter
and gypsum treatments in the field experiment.
Interaction
Half organic x half gypsum
Half organic x commercial gypsum
Commercial organic x half gypsum
Commercial organic x commercial
gypsum
SEM

Stem number (>30g FW
stem-I) m- 2

lOb

21 a
23 a
21 a

5A

l.s_d. at a = 0.05 level. Values in a column followed by the same letter are not
significantly different.

5.8

Leafnitrogen concentration

Leaf N concentration was measured on a single replicate. Results from leaf nitrogen
analyses were variable over time and between treatments but overall values were always
between 3.9 and 5.6% N (Figure 5.6). For all treatments the highest leaf N was recorded
380 DAP (May) followed by a decrease to 560 DAP (November). LeafN concentration at
the final sample date increased with increasing rate of applied N. The leaves from the
plants in the control and 210 kg N ha- 1 contained about 4% N compared with 4.3% N for
the 420 kg N ha- 1 treatment and 4.6% N for the 630, 840 and commercial pot treatments.
Results from the field experiment were similar to the middle rate of inorganic N.

5.9

Leaf greenness

Leaf greenness, (as indicated by the SPAD reading) followed the same pattern as leaf
nitrogen concentration, but results were less variable (Figure 5.7). In most cases leaf
greenness increased from 137 to 380 DAP before declining by 487 DAP. Also, leaf
greenness increased with successive N rates. In most cases the leaf greenness of the
commercial treatment was within the band of results obtained from 420 to 840 kg N ha- 1.
The mean leaf greenness of the field treatments was similar to the control and 210 kg N
ha- 1 treatments. There was no relationship between leaf greenness (as indicated by the
SPAD reading) and leaf N concentration (R2 < 9%) (Appendix 2).
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5.10 Field experiment isothiocyanate production
There was no difference in isothiocyanate (ITe) concentration between the field
experiment treatments (Table 5.7). The mean ITe concentration of the stem (2283 ppm)
and root (1927 ppm) were similar and three to four fold higher than the leaf (663 ppm)
and petiole (541 ppm) ITe concentration.

Table 5.7

Isothiocyanate concentration in different wasabi plant parts with different
organic matter and gypsum treatments in the field experiment at the final
harvest 560 days after planting.

Treatment
Half organic
Commercial organic
Half gypsum
Commercial gypsum
Mean
P<
SEM

Stem isothiocyanate
concentration (ppm)

Root isothiocyanate
concentration (ppm)

2349
2217
2256
2311
2283
0.69
201.3

1744
2111
1953
1902
1927
0.84
382.7

Leaf isothiocyanate
concentration (ppm)

623
703
623
703
663
0.49
90.4

Petiole
isothiocyanate
concentration (~em)

579
502
534
548
541
0.69
41.6

5.11 Stem isothiocyanate production
Isothiocyanate concentration in the stem was measured on three occasions and showed a
similar response across all treatments (Figure 5.8 a). That is, the highest value was always
obtained on the second sampling date (380 DAP) before it declined by final harvest. The
concentration was always lowest (P < 0.01) in the control followed by the 280 kg S ha- l
treatments particularly at 380 and 560 DAP. Levels for all other treatments, including the
field and commercial preparation, were similar and between 1800 and 2300 ppm ITC at
final harvest.
The additional application of S on replicates one to three on 11 October 2000 did not
increase (P <0.46) stem ITe concentration (Table 5.8).
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Table 5.8

Replicate
one to three
four and five
P<
SEM

Isothiocyanate concentration in different wasabi plant parts at the final
harvest 560 days after planting with inorganic sulphur applied only to
blocks one to three, on 11 October 2000 in the main pot experiment.
Stem isothiocyanate
concentration (ppm)
1724
1631
0.47
62.2

Root isothiocyanate
concentration (ppm)
1454
1305
0.19
55.2

Leaf isothiocyanate
concentration (ppm)
531
452
0.05
15.7

Petiole isothiocyanate
concentration (ppm)
418
379
0.16
13.9·

5.12 Root isothiocyanate production
Results for root ITC production showed the same response and concentration levels as the
stem. The highest value was obtained at 380 DAP for all treatments and by the final
harvest ITC concentration was lower (P < 0.01) in the control and 280 kg S ha- 1
treatments thim in the other treatments (Figure 5.8 b). Levels for all other treatments
including the field and commercial preparations were similar and between 1600 and 2000
ppm at the final harvest.
The additional application of S on replicates one to three on 11 October 2000 did not
increase (P <0.19) root ITC concentration (Table 5.8).

5.13 Leaf isothiocyanate production
Isothiocyanate concentration in the leaf did not show the same response as the stem and
root. The lowest concentration was always found in the control plants but values for all
other treatments were similar (Figure 5.8 c). The ITC concentration in the leaf in the
commercial pot treatment was similar to that in the inorganic S treatments at each
harvest. The mean ITC concentration in the leaf in the field experiment was the highest at
the final harvest but this was still less than 30% of the concentration in the stems.

,.,'.
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The leaf ITC concentration increased (P < 0.05) by 17% with the additional application
of S on replicates one to three on 11 October (Table 5.8).

5.14 Petiole isothiocyanate production
There was an increase in ITC concentration in the petiole between 166 and 219 DAP but
the response then plateaued with no sign of an increase up to 560 DAP for any of the
treatments (Figure 5.8 d). As expected the lowest ITC concentration was in the control
plants that had no applied S. The commercial treatments had similar ITC levels to all
other pot treatments, but the highest (P < 0.05) concentration was from the field
treatments at final harvest.
The average ITC concentration in the petioles was similar to that of the leaves at about
30% of the concentration in the root and stem.
The additional application of S on replicates one to three on 11 October 2000 did not
increase (P <0.16) petiole ITC concentration (Table 5.8).

5.15 Leaf sulphur concentration
Leaf S concentration was measured on a single replicate. The leaf S concentration tended
to increase from 166 to 380 DAP (e.g. from 0.9% to 1.2% for the 560 kg S ha- l treatment)
before a 25% decline at final harvest (Figure 5.9). The control and 280 kg S ha- l
treatments had lowest concentrations at each sampling date while other treatments had
similar concentrations. The highest leaf S concentration (1.7%) was from the commercial
pot treatment at 380 DAP but this declined to 1.0% at final harvest compared with 1.2%
for the field experiment.
The relationship between leaf S concentration and stem ITC concentration was weak at
380 DAP, R2

= 27% and moderate at 219 DAP, R2 = 41 % (Figure 5.10).
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5.16

Flowering

Flowering began late August 2000, with seed maturation occurring in November 2000.
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CHAPTER SIX
Main Experiment: Discussion and Conclusion
6.1

Optimum nitrogen rate

There was a trend of adjusted SDW and TDW increasing with increased rates of applied
N which levelled out at 420 kg N ha- l at the final harvest (Figure 5.2 and 5.4). This
increase was explained by a trend of increasing linear growth rate for adjusted TDW and
SDW (Table 5.2 and 5.3) with increased rates of applied N which was highest at 420 kg
N ha- 1 . Therefore, the increase in adjusted SDW and TDW was probably caused by an
increased linear growth rate rather than increased duration of growth.
The highest TDW growth rate for wasabi (3.9 g m- 2 d- 1) was up to 10 times lower than the
maximum growth rates for other crops, Pisum sativum L. (39 g m- 2 d- 1) (Gunawardena et

al., 1997) and Brassica campestris L. (total dry weight growth rate = 34 g m- 2 d- 1) (Collie
and McKenzie, 1998). The lower growth rate for wasabi may have been caused by the
low light level in the shade house (25% PPFD transmitted through the shade cloth).
The increased rates of applied N increased plant growth by increasing total leaf area for
light interception, and on a leaf area basis increasing light capture and photosynthetic
capacity (Hay and Walker, 1989; Grindlay, 1997). The plant's increased photosynthetic
capacity enables an increased net carbon gain. From 420 to 840 kg N ha- 1 there were no
signs of toxicity which would have been shown by a decrease in yield. Most plants are
tolerant of high rates of N fertiliser (Section 3.1).
However, the highest SDW of 405 g m- 2 for the 420 kg N ha- 1 treatment was not
significantly different from the control. It seems there was adequate N supply from the
soil and inorganic N was unnecessary. A N incubation test indicated a total of 195 kg N
ha-,l was available from the control treatment in the main p.ot experiment (Section 4.2.2)
and this amount would be adequate for wasabi growth. Similarly, a lack of response to
inorganic N was observed by Martin and Deo (pers. comm.) who produced a mean SDW
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of 410 g m- 2 from a nil N treatment, a range of inorganic fertiliser types supplying 200 kg
N ha- 1 and a commercial manure treatment. The soil had a mineral N content of 50 kg ha- 1
(calculated to 0.30 m depth and assuming a bulk density of 1.0). A high plant to plant
variability in this work may have hindered obtaining significant responses (Martin and
Deo, pers. comm.).
An anomalous result was the 210 kg N ha- 1 treatment where the growth rate for TDW
decreased from 380 DAP to the final harvest. Despite this, the growth rate for SDW
remained strongly linear (R2 = 95%) indicating that only a decrease in the leaf and petiole
dry weight must have occurred. This inconsistency in the treatment response highlights
the inherent crop variability which diminishes the ability of statistical analyses to detect
real differences between treatments (Sokal and Rohlf, 1981). Thus, despite" the initial
evidence indicating no response to inorganic N, several results imply the high rate of 420
kg N ha- 1 plus the 195 kg N ha- 1 available from the soil (measured by a N incubation test
which estimates the N available over a season) was optimal for plant growth and these are
discussed throughout this chapter.

6.2

Nitrogen suppliedfrom the commercial fertiliser treatments

One of the aims of the experiment was to position the yield results from the field
experiment and commercial pot preparation onto the results matrix for the inorganic N
treatments. This would allow the amount of N available to the plants, from commercial
applications to be estimated. This infonnation could then be used to optimise the quantity
of applied N from organic or inorganic fonns for wasabi grown commercially.
Top dry weight and SDW (average of 1142 g m- 2 and 364 g m- 2 respectively) did not
decrease with a halving of the commercial fertiliser in the field experiment (Table 5.1).
This indicates the amount of N released from both rates plus the 46 kg mineral N ha- 1
available from the soil was adequate for optimum plant growth. In addition, a separate
study, with comparable average yields (average of 1060 g m- 2 TDW and 410 g m- 2 SDW)
showed no change in wasabi yield between commercial applications of organic matter
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and no applied organic matter or inorganic N (Martin and Deo, pers. comm.). The average
TDW and SDW from the field experiment was therefore used for comparison with the
inorganic N treatments in the main pot experiment.
The TDW in the commercial pot treatment was similar to the TDW from the 420 to 840
kg N ha- I treatments. In contrast, the average TDW in the field.experiment was similar to
the TDW in the main pot experiment for N applied at the two lowest rates. However, the
low TDW in the field was probably not caused by insufficient applied N. The difference
in TDW between the field and commercial pot treatment can be explained by the
sequential harvest of plants from the pots but not in the field. Leaf growth was promoted
in the main pot experiment by the gap in the canopy created by the removal of a plant 180
days before the final harvest to obtain sequential harvest data. The additional available
light may have encouraged leaf growth causing the increased TDW in the main pot
experiment.
The average SDW in the field experiment was similar to the SDW in the main pot
experiment with applied N rates of 420 kg N ha- 1 and above. Therefore, the wasabi plants
in the field appear to have received at least as much available N as the plants in the main
pot experiment receiving 420 kg N ha -I and above. This indicates that mineralisation of N
from half current rates of the commercial mix of organic manure provided adequate N for
optimal growth in the field experiment. Therefore, N immobilisation as a result of the
high C:N ratio for the pig manure/sawdust manure (34: 1) (Section 2.6) did not have a
major influence.
The amount of organic matter could possibly be reduced further. Martin and Deo (pers.
comm.), found no yield differences between nil and commercial rates of organic matter.
The need for organic matter may also depend on the soil type (Section 6.7).
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6.3

Effect of applied nitrogen on other wasabi plant measurements

Additional results to those discussed in Section 6.1 support the recommendation that 420
kg N ha- 1 was optimal for maximum yield. For example, the SDW can either increase by
an increase in number of stems per unit area or through an increase in the mean weight of
stems. In this experiment total stem number increased from the control (60.3 stems m- 2)
to a maximum at 420 kg N ha- 1 (88 stems m- 2 ) and then decreased to 70 stems m- 2 for
higher rates (Table 5.4). In other work the number of stems has also been reported to
increase with increased applied N with wasabi plants grown in nutrient solution in pails,
however the numbers were not reported (Douglas and Follett, 1988).
More importantly, the increase was greatest for stems over 30 g FW. Thus, the yield of
large stems increased between the control and 420 kg N ha- 1 (21_7 stems m-2 ) treatments
and then levelled out at higher N rates. As well as increased yield, per se, a further benefit
of larger stems is that they are quicker, and therefore less expensive, to process
(Chisholm, pers. comm.). Number of stems over 30 g FW was anomalously high in the
commercial pot treatment (33 stems m-2 ) and low in the half commercial organic matter
and gypsum treatment (10 stems m'2) (Table 5.4 and 5.6).
Other evidence supporting an optimum apphed N rate of 420 kg N ha- 1 includes the leaf
N concentration of the nil and 210 kg N ha- I treatments generally appearing lower than
the higher applied N treatments (Figure 5.6). At the final harvest, the control and 210 kg
N ha- I treatments had a leaf N concentration of about 4% N, which was 0.3 to 0.6% lower
than the higher applied N treatments. In general, leaf greenness was also lower for the two
lowest applied N rates (Figure 5.7). In addition, critical leaf N concentrations higher than
4% have been reported for other crucifer plants (Section 6.4). However, it is possible the
higher leaf N concentration from the 420 kg N ha -I and higher treatments may have been
luxury uptake of N.

78
Together the TDW, SDW, RDW and leafN results indicate 420 kg N ha- l was the
optimum rate. Despite these trends definitive conclusions cannot be drawn. This is
because there was a large between-plant variability for these seed propagated wasabi
plants, as indicated from the large standard error in this work which has also been found
in other work (Martin and Deo, 2000). Therefore, results were not always significant due
to this variability. For future work, it is desirable to reduce this variability. This could be
achieved by, clonal propagation methods such as tissue culture and/or by increased
replication. Increased replication would increase the amount of work. Although clonal
propagation is more costly than seedling production, definitive results would be obtained.

6.4

Lea/nitrogen and photosynthesis

When N supply is limiting, two processes can occur to different extents according to the
species. Either canopy expansion decreases to maintain the specific leaf nitrogen (SLN),
and thus the photosynthetic capacity of the leaf, until N is very limiting and then SLN
decreases as well (Grindlay, 1997). This response has been observed in cereals (Grindlay,
1997; Fergusson, 1999). Alternatively, the plant could favour the maintenance ofleaf area
index (LAI) at the expense of SLN, for example in maize (Massignam et al., 2001).
However, maize is a C4 plant and uses N more efficiently in the photosynthetic pathway
compared with C3 plants and therefore net carbon gain is possibly greater by maintaining
leaf expansion at the expense of SLN.
Specific leaf nitrogen and LAI were not measured in the wasabi experiments. However,
using leaf N concentration as an indicator of SLN it seems SLN decreased in the two
lowest N treatments in the main pot experiment. Leaf N concentration was 0.3 to 0.6% N
lower in the treatment compared with the 420 kg N ha- I and above treatments (Figure
5.6). For the control and 210 kg N ha- I treatments, a decreased photosynthetic capacity
may reduce the net carbon gain of the wasabi plant leading to the lower TDW observed.
Results from the pilot pot experiment indicated both leaf N concentration and leaf length
decreased with less applied N. Maintaining a high SLN at the expense of LAI may not be
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that important for the wasabi plant because it evolved in a shaded environment. In
contrast, maintaining a high SLN is beneficial for cereals to maximise photosynthesis in a
high photon flux density (PPFD) environment. Also, a decrease in SLN, caused by aN
deficiency, would prevent an excessive decrease in total leaf area so that the wasabi plant
can intercept as much light as possible in a shaded environment.
Douglas and Follett (1988) indicated a leaf N concentration of 4.4% was necessary for
healthy wasabi grown in a complete nutrient solution with different levels of N. In the
pilot pot experiment the TDW was still increasing at a leaf N concentration of 4% for
wasabi grown in gravel:soil media (Figure 3.1 and 3.2). These results indicate that more
applied N would have resulted in a higher leaf N concentration and higher yield. That is,
4% N could be below the critical leaf N concentration for maximising photosynthesis. It
may be significant that, critical leaf N concentrations higher than 4% have been reported
for cabbage, cauliflower and radish (Clarke et al., 1986).
However, the pilot pot experiment was conducted in a glass house with 45% shading
compared with 75% shading in the shade house. With the lower PPFD in the shade house
there would be less benefit from a high leaf N concentration as the extra photosynthetic
capacity can not be used (Grindlay, 1997). That is, increased leaf N concentration
contributes to an increased concentration of components of the photosynthetic apparatus
thereby increasing the photosynthetic capacity of the leaf (Bungard et al., 1997). As the
PPFD increases the photosynthetic rate increases to a saturation point which is higher
with increased photosynthetic capacity. Therefore, the critical leaf N concentration could
be lower in the shade house environment compared with the glass house. So, although the
evidence suggests a leaf N concentration of 4% may be limiting growth further research is
required for confirmation.
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6.5

Estimate of nitrogen uptake from plant biomass and nitrogen
concentration

Another way of gaining information on the optimum applied N rate is by estimating the
amount of N taken up by a crop by multiplying the biomass by an average N
concentration. A N concentration range of 3 to 4% is used for the estimate (the average
top N concentration was not measured). Four percent is possibly high, because, although
the youngest fully expanded leaves had a N concentration of about 4.5% at final harvest
at the higher rates of applied N, as plants grow they contain increasing proportions of
structural and support materials that contain little N so that the concentration of N in the
whole plant declines (Greenwood et al., 1990). For a comparison, the N concentration of
a range of crops grown at an optimum applied N rate follow. Winter cabbage tops had a
N concentration of3.1 %, spinach foliage 3.9%, and radish foliage 3.9% (Greenwood et
al., 1980). The form of leaf canopy and N concentration of spinach and radish tops may

be more similar to wasabi compared with the tight head of cabbage. For the average field
TDW of 11,420 kg ha- 1 the N content would be 343 to 457 kg N ha- 1 at 3 and 4% N
concentration respectively. In addition, the optimum applied N rate needs to be higher to
allow for loss of N through leaching and denitrification, especially as wasabi is grown
over 18 months increasing the likelihood of rainfall leaching nitrate from the root zone.
If 100 to 200 kg N ha- 1 is allowed for losses this calculation would give values about the
same as the suggested optimum applied N level for wasabi of 420 kg N ha- 1 plus the 195
kg ha- 1 soil available N.
In comparison, recommended applied nitrogen for other species belonging to the family
Cruciferae are turnip 120 kg N ha- 1 (TFW 48 t ha- 1), cauliflower 200 kg N ha- 1 (TFW 50 t
ha- 1), winter cabbage 350 kg N ha- 1 (TFW 70 t ha- 1) (Clarke et al., 1986), Brussels sprouts
320 to 380 kg N ha- 1 (sprouts 38 to 49 t ha- 1) and horseradish 80 to 350 kg N ha- 1 (roots
14.'4 t ha- 1) (Section 2.6). The average TFW from the wasabi plants in the field
experiment was higher than all of these at 92 t ha· 1 . However, possible variation in
i··

I ••.•• _ 1•••••

81
moisture content between these different species means these recommended applied N
rates and resulting yields can only be used as an indication of N requirements for wasabi.
On balance these calculations coupled with the main pot trial results support the
conclusion that the optimum applied N rate for wasabi is about 420 kg N ha- I .

6.6

Leaf N status

The decrease in leaf N concentration from 380 DAP (May 2000) to the final harvest
(November 2000) (Figure 5.6) was possibly due to remobilisation ofN to reproductive
growth (Grindlay, 1997) which occurred from August to November 2000 or to the stem.
The leaf N concentration may also have decreased because of a decrease in soil N
concentration from 423 to 577 DAP (Table 4.5).
There was no rela60nship (R2 < 9 %) between leaf greenness (as indicated by the SPAD
reading) and leaf N concentration (Section 5.9). Therefore, the SPAD meter was not an
accurate diagnostic tool for assessing leaf N status. As discussed in Section 3.4.3 the
SP AD meter is not very reliable at determining leaf N concentrations at higher levels as
in the main pot experiment.
The sap nitrate test is another method which could be tested for assessing wasabi leaf N
status. Sap nitrate tests involve crushing sap from a petiole onto a Merckoquant nitrate
strip. The colour change is assessed subjectively after comparison with the scale on the
Merckoquant nitrate strip packet. Sap nitrate tests are simple and cheap and can be done
in the field with the advantage of obtaining immediate test results. However, variable
results have been reported from nitrate sap tests with success in maize (Cornforth, 1980)
and potato (Searle, et al. 1987) but in contrast, Reddiex et al. (1997) reported the sap
nitrate test was not a reliable indicator of N status in ryegrass. The size of the nitrate pool
is highly changeable and affected by temperature, light and the presence of ammonium
(Reddiex et al. 1997). Also, results can vary considerably between site, season and
cultivar (Geraldson et al., 1973).

,
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6.7

The importance of applying organic matter to soil for wasabi
production

The main pot experiment has shown that wasabi yield was not compromised by
substituting inorganic fertiliser for organic matter. However, organic matter is added
commercially to improve the soil physical properties to ensure wasabi roots receive
adequate oxygen. In addition, gravel was added to the Eyre shallow fine sandy loam soil
in the main pot experiment to improve the drainage and soil aeration of this soil.
Therefore, whether yield can be maintained if the applied organic matter is reduced by
half or replaced completely with inorganic fertiliser may depend on the soil texture and
structure in different soils. Wasabi yield comparable to the yield in this experiment has
been obtained from wasabi growing in well drained silt loam without added organic
matter (Martin and Deo, pers. comm.; Chisholm, pers. comm.). Further, to maintain the
soil structure, soil organic matter levels could be maintained or increased by management
practices such as rotating wasabi with pasture or green crops (McLaren and Cameron,
1997), instead of applying costly organic matter. An improvement to the experimental
design would have been to include a nil organic matter treatment in the field experiment
to confinn if applied organic matter was necessary for optimal wasabi plant growth in this
soil type.

6.8

Optimum sulphur rate

Applied sulphur increased the ITC concentration in all plant components (Figure 5.8).
The highest ITC concentration in the stem of 2486 ppm 12 months after planting, was
from an application of 560 kg S ha- 1. This ITC concentration was less than that reported
by Sultana et ai., (2000) of 3481 ppm at 18 months after planting, from 228 kg S ha- 1
applied.
The ITC concentration decreased by 20% from May 2000 to the final harvest date in
November 2000 (Figure 5.8). In spring, the ITC concentration decreased possibly from

I. ~' .
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ITC translocation to the forming flowers (Section 5.16). Another possibility is that ITC
concentration is affected by plant growth rate. Thus, by late autumn, growth may have
been slow, and S uptake constant resulting in a high leaf S concentration of about 1.2%
(Figure 5.9). Therefore, more S was available for synthesis of ITC and consequently the
stem and root ITC concentration were also high in May (Figure 5.8). However, by late
spring the growth rate may have been higher resulting in the observed lower leaf S
concentration of about 1.0 % and lower stem and root ITC concentration. The implication
is that the planting date may need to be spring to optimise ITC concentration in an
autumn harvest. Research on optimum planting time in relation to ITC concentration
would be worthwhile.
Application of S to replicates one to three in October 2000 increased only the leaf ITC
concentration (Table 5.8). Although, the soil S content appeared low in July 2001, the
leaf S content at the May 2000 harvest was generally at a peak. The S in the leaves may
have provided sufficient S to the plant so that the October S application did not increase
stem, root or petiole ITC concentration. Other possibilities include, if the ITC
concentration measurement was left longer the root and stem ITC concentration may have
increased. That is, the leaf may be the first source of storage. Or applied S may have
translocated to the flower stems.

6.9

Sulphur supplied from commercial fertiliser treatments

One of the aims of the experiments reported in this thesis was to position the ITC results
from the field experiment on to an ITC response curve generated from increasing applied
S in the main pot experiment. Again this was to give an indication of the amount of S that
was available to the plant from commercial applications of organic matter and inorganic
fertiliser. This information would be used to optimise the quantity of applied S for
wasabi grown commercially.
Isothiocyanate concentration in the stem, root, leaf and petiole was unchanged by halving
of the commercial gypsum and organic matter fertiliser rate in the field experiment (Table
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5.7). The average ITC concentration from the field experiment was therefore used for
positioning with the inorganic S treatments in the main pot experiment.
The average ITC concentration in the stem in the field experiment was similar to the ITC
concentration with a treatment of 560 kg S ha- I and above in the main pot experiment.
This indicates that half rates of the commercial fertiliser provided adequate S to maximise
ITC concentration. Further, other work suggested 228 kg S ha- I was adequate to achieve a
high stem ITC concentration (Sultana et al., 2000). There was no apparent reason for this
large difference in optimal applied S rates.
The S was applied in three split applications in the main pot experiment (Table 4.3).
However, in the field experiment and other work, ITC concentration was not
compromised with one application of S at planting time i.n the readily available form of
gypsum or ammonium sulphate (Sultana et al., 2000) which is more likely to leach than
less available forms of S. This indicates that split applications of S may not be necessary
to maximise ITC concentration. However, S levels may become defi.cient with high
rainfall on a well drained sandy soil type. Sulphur readily leaches as sulphate (McLaren
and Cameron, 1997) and therefore monitoring soil and plant S levels would be beneficial.
For example, at 380 DAP a leaf S concentration of 1.2% (Figure 5.9) appeared to be
optimal.

6.10 Function ofisothiocyanate in the wasabi plant
There is increasing evidence that the function of the ITC precursors, glucosinolates is to
provide protection against insect herbivory (Duncan, 1991). The breakdown products of
glucosinolates also have anti-fungal properties and may have a role in pathogen resistance
(Duncan, 1991). It is interesting that the ITC concentration was much lower in the leaves
and petioles compared with the stem and roots (Figure 5.8). It has been found that
different Brassica plant parts contain different glucosinolate concentrations and that high
concentrations tend to occur in plant parts such as shoot and root tips (Duncan, 1991). A
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high level of ITC in the roots may provide some protection against soil borne diseases
and pests. Isothiocyanate in the shoot tip may protect the growing point against insect
damage. However, this plant adaptation would not provide protection to the leaf canopy
and hence photosynthesis.
Increased soil N concentration has had the reported effect of reducing glucosinolate
concentration (Duncan, 1991; Sultana et ai., 2000). However, in this experiment the
glucosinolate break down product ITC (Section 2.9) was unchanged in concentration with
increased applied N. This indicates there was ,sufficient S available to the plant to
maintain ITC concentration as plant growth rate increased.
It has been reported that another member of the Cruciferae family, oil seed rape, has a
high demand for S at 80 to 100 kg ha- 1 (Section 2.6). In contrast, wasabi plant yield was
unchanged with no applied S. Therefore, the 49 kg ha- 1 of sulphate-S in the soil was
probably sufficient for plant growth (Table 4.1).

6.11

Measurement of plant isothiocyanate status

It would be an advantage to be able to assess ITC concentration without destructively
harvesting the stem or root and to do this sufficiently early in the crop cycle to amend any
S deficiency. Using leaf S concentration .as an indicator of stem ITC concentration would
be a convenient method. However, the relationship between leaf S concentration and stem
ITC concentration was only weak to moderate (Figure 5.10).
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6.12 Conclusion
•

Overall the results indicate that wasabi plant growth rate and yield were'optimised
with an application of 420 kg N ha- 1 in an inorganic form plus the 195 kg N ha- 1
available in the soil.

•

Stem and root ITC concentration were optimised with an application of 560 kg S ha- 1
plus the 49 kg S ha -\ available in the soil.

•

Yield and ITC concentration were unchanged by halving the commercial amount of
organic matter and gypsum applied in the field experiment. Further, the main pot
experiment demonstrated yield was maintained with no applied organic matter on an
Eyre shallow fine sandy loam soil with 25,% added gravel.
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CHAPTER SEVEN
General discussion, conclusions and future research
7.1

Introduction

The objective of this study was to investigate whether the cost of fertiliser could be
reduced for soil-grown wasabi, by replacing organic matter with less expensive inorganic
fertiliser on a free draining growing medium. The optimum amount of applied inorganic
N to maximise yield was determined. In addition to maximum yield, maximising the
number of stems over 30 g fresh weight (FW) is also important for export market
acceptance of wasabi and this was used as one quality indicator in the experiments. The
possibility of reducing applied sUlphur but maintaining the concentration of
isothiocyanate (ITC) in the stem was also investigated. A potential problem created by
using readily soluble inorganic fertiliser is that deficiencies may occur through the 18
month crop cycle. Strategies to correct any Nand S deficiency through the crop cycle are
discussed.

7.2

Replacement of organic matter with inorganic nitrogenfertiliser

Results from the main pot experiment (Figure 5.4, Table 5.3) have highlighted that up to
420 kg of N ha- i increased wasabi stem yield in this study. This rate is about 50% more
than the 270 kg N ha- i applied commercially in Japan (Adachi, 1987) but only a quarter
I)f the 1,940 kg N ha- i used in New Zealand (Section 2.6). For other vegetable crops in
the Crucifer family about 350 kg N ha- I is used (Section 2.6). These results indicate that
current N application in New Zealand is excessive and it should be possible to reduce the
rate by as much as 75%. However, decreasing the N rate for commercial wasabi crops is
dependent on decreasing the rate of applied organic matter because most of the N is
contained in the organic matter (90%) (Table 2.2). Reducing the N fertiliser in a
commercial crop is dependent on having sufficient mineralisation of organic N to ensure
optimal' growth. As a first step, the field .work (Table 5.1) in this study has shown that

I ..
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halving the commercial organic matter rate resulted in sufficient mineralisation of Nand
applied inorganic N (at least 420 kg N ha- 1) for optimal wasabi growth. Therefore, if the
applied organic matter immobilised N at any stage of the crop cycle it did not seem to
lower crop yield. A secondary attribute of the organic matter is for soil aeration to ensure
sufficient oxygen exchange occurs in the root zone. In this study there was no indication
that soil aeration was compromised because optimal wasabi growth occurred at half this
commercial rate (Table 5.1).
In the pilot pot experiment, TDW decreased anomalously with increasing applied N in an
Eyre shallow fine sandy loam soil in contrast to the soil and gravel media treatments
(Figure 3.1), indicating soil aeration was not adequate on this soil type. However, in most
cases on free draining soils, applied gravel or applied organic matter does not seem
necessary to achieve a high yielding wasabi crop. For example, wasabi yield comparable
to the yield in these experiments, has been obtained in other work with soil without
applied organic matter (Martin and Deo, pers. comm.) and from growers in Southland on
free draining sand and silt loam soils. In an experiment similar to the pilot pot experiment
Laverack (1999) reported that yield from a 100% sandy loam soil was similar to a soil
with 25 % added pumice treatment. Although yield increased when the proportion of
pumice was increased with a 25% soil: 75% pumice treatment this regime is not
commercially practical for field grown wasabi because of the cost of pumice.
The implication of these results is that inorganic fertiliser can be substituted for organic
manure on soil types that are free draining and have adequate aeration. This would result
in substantial production cost savings. A typical New Zealand commercial programme is
400 m 3 ha- 1 pig manure and sawdust and 30 t ha- 1 chicken manure at a cost of $4,500 ha- 1,
400 kg ha- 1 Agroblen at a cost of $1 ,800 ha- 1 and 4,000 kg ha- 1 gypsum at $1,000 ha- I
giving a total cost of $7300 ha- I (Section 2.6). Substituting with 420 kg N ha- I inorganic
N, in the form of 1.5 t ha· 1 calcium ammonium nitrate would cost $580 ha- 1 , 4.3 t ha- 1
15% potash superphosphate (300 kg K ha- 1, 300 kg P ha- 1, 390 kg S ha- 1) at $990 ha- 1 and
0.9 t ha- 1 gypsum (170 kg S ha- I ) at $225 ha- 1 resulting in a total saving of $5,505 ha- 1 .
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To benefit from these cost savings it is important to develop a fertiliser regime that
maximises the crop utilisation of N throughout the 18 month crop cycle without
producing deficiency or leaching losses. The current commercial practice of supplying
most N in the organic form when the raised beds for the transplant seedUngs are formed
may not be the most efficient. It would seem prudent to develop a protocol that enables
inorganic fertiliser to be added to the plants when they need it. For example, the timing of
N applications may depend on the amount of rainfall and consequent leaching of nitrate
from the root zone. However, defining this criterion may be difficult and will need to be
based on potential soil N mineralisation. For example, soil N incubation tests provide an
estimate of available N over time. In addition, soil mineral N and plant N tests could be
used through the crop cycle to identify any N deficiency. The SPAD meter is a nondestructive method to determine plant N status but was not successful for wasabi.
If a N deficiency was determined through soil or leaf testing, the method of applying a

split application of N would be important because the 50 mm layer of fresh sawdust
mulch on the raised beds may prevent N fertiliser reaching the root zone. A possible
method would be to apply N in solution with a sprayer or through an irrigation system
and allow irrigation or rainfall to wash the N into the root zone. With irrigation it would
be important not to apply excess water causing N to leach out of the root zone. A
tensiometer positioned at the bottom of the root zone could be used to indicate when the
irrigation should stop.

7.3

Comparison of the growth rates between the pilot and main pot
experiment

There was a seven fold· increase in top dry weight (TDW) with applied N between the
control and 400 kg N ha- 1 treatment 160 days after planting (DAP) in the 25% gravel:
75% soil treatment in the pilot pot experiment (Figure 3.1). In contrast, there was only a
20% increase in TDW to 420 kg N ha- 1 in the main pot experiment at final harvest (560
DAP) (Figure 5.2). An explanation of this difference can be drawn from a comparison of
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the control plants that received no N in each experiment. The leaf N concentration (2.4%)
in the control treatment in the pilot pot experiment (Figure 3.2) was lower than in the
main pot experiment (3.9%) (Figure 5.6) at the final harvest despite the fact that both
experiments had similar soil mineral N concentrations before transplanting (54 and 43 kg
N ha- 1 respectively). The implication from these results was that soil N available in the
pilot experiment was inadequate for optimum wasabi growth. This anomaly may have
been the result of differences in plant growth rates and soil N mineralisation.
It seems likely that the plants in the main pot experiment had a lower N demand than in

the pilot pot experiment because of their lower growth rate. For example at 166 DAP the
TDW of the 420 kg N ha- 1 treatment was 23 g planrl compared with 53 g planf 1 for the
pilot pot experiment (162 DAP). Furthermore, the plants in the pilot pot experiment were
planted at a higher population and had only 66% of the area available to the main pot
plants. Therefore, the available N per plant was lower in the pilot pot trial but competition
for light and other resources would have been higher. In addition, the main pot
experiment was grown to maturity giving an additional 12 month period for N
mineralisation to occur compared with the pilot pot experiment. A N incubation test
indicated a total of 195 kg N ha- 1 (calculated to 0.30 m depth of pot) was available from
the control treatment in the main pot experiment. Thus, additional supply probably
provided sufficient N to induce only a slight deficiency in the control treatment of the
main pot experiment compared with the pilot pot experiment.
If the environmental conditions that promoted a high growth rate in the pilot pot
experiment could be determined, it would be useful to assess if they could be induced in
the field. Two environmental differences were the higher temperature (about two fold)
and lower percentage shading (30% less) in the glasshouse compared with the
shadehouse. It seems likely that the temperature is the more important factor in promoting
growth rate as similar yields have been obtained in shadehouse and outside grown crops.
This suggests a warm climate may be more suitable for growing wasabi. However,
temperatures of 25°C and higher, stress the wasabi plant, with a higher reported disease
incidence (Chadwick, 1993) and also wilting of leaves. In addition, the pilot pot
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experiment was not run through summer when the plants come under more stress,
possibly from the combination of high light and temperature. Therefore, industry sees the
future of wasabi located in a cooler climate than Canterbury.

7.4

The role of nitrogen in growing wasabi without a shade structure

In New Zealand most wasabi is cultivated under shade in Canterbury and on the West

Coast. However, growing wasabi under a shade structure is expensive because of the
capital cost and the need to control the build up of soil borne disease. Therefore, there is a
possibility that wasabi could be grown without shade. The native habitat of wasabi is the
sub canopy of open woodlands on the banks of mountain streams (Douglas and Follett,
1992; Chadwick et al., 1993). Wasabi has therefore evolved under low light conditions,
but might be expected to cope with short time intervals of high photosynthetic photon
flux density (PPFD), with sun light entering through gaps in the canopy, created by the
streams the plant grows beside.
Selecting microclimates that replicate the conditions wasabi evolved in as much as
possible will be beneficial for wasabi grown without shading. For example, it has been
shown that wasabi grows productively in fields without shading in the cooler and lower
sunshine hour climate of Southland. The January mean maximum temperature is 3.5 to
3.9 0 C lower and annual sunshine hours are about 400 hours lower in coastal Otago and
Southland compared with Christchurch (New Zealand Meteorological Service, 1983).
Using management practices that will increase photosynthetic rate and therefore decrease
photodamage will also assist wasabi acclimation to no shade. A high SLN is beneficial to
maximise photosynthesis in a higher PPFD environment (Section 6.4). Nitrogen is
essential for components of the photosynthetic apparatus including ribulose bisphosphate
carboxylase (rubisco) and photosynthetic pigments (Bungard et al., 1997). Higher leaf
nitrogen levels provide photoprotection by increasing rubisco concentration and thus
incieasing potential photosynthetic capacity. Therefore, there will be an increase in
effective utilisation of high light and a reduction in potentially damaging excess
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excitation energy (Khamis et al., 1990). Plants grown under low nitrogen levels are more
susceptible to, and slower to recover from photodamage when transferred from low to
high light (Khamis et al., 1990). This experiment indicated a leaf N concentration of
about 4.2% would be necessary to maximise growth. Without shade it is likely that a
higher leaf N concentration would be necessary to maintain plant health.

7.5

Sulphur fertiliser and wasabi quality

Ensuring adequate available S is essential for wasabi production. In addition to N, S may
also be leached from the soil profile and this may lower wasabi quality as S is an
important component ofITC, the hot flavour compound in wasabi.
Sulphur fertiliser at half the commercial rate in the field experiment and 560 kg S ha- 1 in
the main pot experiment gave optimal stem ITC concentrations of 2280 and 2130 ppm
respectively (Figure 5.8). In other work even higher stem ITC concentration (3480 ppm)
has been shown with an applied S rate of 228 kg S ha- 1 (Sultana et al., 2000) (Section
6.8). Currently there is not a specification from Japanese food processors for a minimum
acceptable ITC level in wasabi product, although they do state a high concentration is
necessary. Amagi Bioculture (NZ) Ltd. aims to supply wasabi stems with a minimum ITC
concentration of 2000 ppm (Kitson, pers. comm.). The present results suggest it would be
appropriate to apply about 560 kg S ha- 1 to ensure optimal stem ITC concentration. This
rate is about half of the 1,087 kg S ha- 1 (760 kg S ha- l in the readily available form of
gypsum) used in New Zealand. However, because a high stem ITC concentration has
been achieved with lower S rates in other work (Sultana et al., 2000) optimal S rates
require further investigation.
These results indicate that current S application in New Zealand is excessive and could be
reduced by as much as 50%. As discussed above, superphosphate and a reduced quantity
of gypsum could be applied to replace the S in the organic matter giving a significant cost
saving. This fertiliser could be incorporated with the soil when the raised beds are
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fonned. If a S deficiency occurs through the crop cycle, as detennined by sailor ITC
tests, then a split application of S in solution could be applied in the same way as
discussed for a N deficiency. For other crops, S is usually applied at lower rates only to
ensure yield is not compromised, as there is no value in increasing the concentration of S
compounds. For example, oil seed rape only requires 80 to 100 kg S ha- 1 (Chapter 2).
Of importance for wasabi quality was the decrease of about 20% in ITC concentration in
stems and roots from 12 to 18 months after transplanting (from May to November 2000)
possibly due to translocation of ITC to flowers and a higher growth rate in spring (Figure
5.8). If a minimum ITC concentration specification of above 2000 ppm is established,
time of planting may be important to avoid the decrease in ITC concentration in spring
but to enable the 18 month growth period to be maintained for maximum yield. There
was a 100% increase in yield from 12 to 18 months. As contract growers are paid on yield
of wasabi, 18 months is clearly the optimum harvest time. Planting in spring and
harvesting 18 months later in autumn may optimise both ITC concentration and yield.
This study revealed that adjusted stem and top dry weight growth rate (Figure 5.2 and 5.4)
increased linearly to the final harvest with no indication that growth would slow after 18
months. This suggests the plant population is designed to minimise competition for 18
months. A higher plant population may result in a lower yield of exportable stems per
plant. However, it also raises the possibility that the timing for optimum harvest is longer
than 18 months. Martin and Deo (2000) reported a three fold stem dry weight (SDW)
increase from 18 to 24 months. However, the final SDW (330 g m -2) at 24 months
reported by Martin and Deo (2000) was below the average yield (364 g m- 2 ) in the field
experiment at 18 months. The lower yield could have been due to a difference in
agronomic conditions. For example, the crop reported by Martin and Deo (2000) was
grown in single ridged rows, that may not have provided as much soil aeration compared
with raised beds, and also had crop loss from Sclerotinia spp. Also, it was reported that
part of the growth from 18 to 24 months was from new stems rather than the growth of
existing ones (Martin and Deo, 2000). This is less desirable commercially because
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individual stems for export need to be over 30 g. The number and size of stems was only
reported at 22 months after planting (Martin and Deo, 2000) so the change in this variable
over the last six months of growth can not be calculated.

7.6

Plant-to-plant variability ofwasabi seedlings

Although five replicates were used in the main pot experiment, high plant-to-plant
variability (e.g. coefficient of variation of 41 % for TDW and 47% for SDW) contributed
to the lack of more statistically significant results. Also, the lack of plant uniformity
results in a wide range of stem sizes, less desirable for processing, and a low yield. Clonal
propagation is an excellent method used to obtain uniform plants. Howev~r, wasabi is
typically grown from seedlings because of disease carryover with clonal offshoots
(Chisholm, pers. comm.). If wasabi plant uniformity and yield potential was improved the
crop would become more profitable for grOwers. A combination of seed and clonal
mUltiplication used in other out-breeding perennial plants may be appropriate (Borojevic,
1990).

7.7

Main conclusions

From the results of this study several conclusions can be drawn.
•

Wasabi stem yields of about 405 g m-2 are possible without the addition of organic
matter provided the soil is well drained (this was ensured by amending the soil with
gravel in this study). Therefore, the conventionally used organic matter can be
replaced with inorganic fertiliser enabling large cost savings for wasabi growers.

•

This work showed that about 420 kg of applied inorganic N ha- l was required to
optimise wasabi stem yield with 195 kg N ha- l available from the soil.
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•

Applied S at about 560 kg ha- 1 was essential to optimise the ITC concentration of the
wasabi stem_

•

Isothiocyanate concentration varies with the season, indicating that the timing of
planting needs to be considered if maximum ITC concentrations are to be obtained at
harvest_

7.8

Recommendations for future research

Based on the conclusions from this study the following areas of research possibilities
open up_

•

Compare wasabi growth on soils with different drainage, aeration and water holding
properties, to identify free draining soil types that allow optimal wasabi yield without
applied organic matter.

•

Develop commercial methods of inorganic fertiliser application through the crop
cycle.

•

Compare wasabi growth and stem ITC concentration with different planting times, to
identify the optimum timing of planting.

•

Investigate the effect of extending the growing period from 18 to 24 months on
exportable stem yield.

•

Use clonal propagation of superior plants to reduce plant to plant variability to obtain
more statistically significant results_

•

Measure the effect of applied N on LAI and SLN to determine the effect of N
deficiency on the leaf.
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Appendix 1
Month

Climate data over the 1999 - 2000 period of the wasabi experiment for the
shade house at Shands Rd.
Rainfall (mm)

Maximum
SH
LT

Mean temperature (DC)
Minimum
Mean
SH
LT
SH
LT

SH

LT

May
June
July
August
September
October
November
December
Total

25
68
137
64
27
47
53
42
463

50
63
74
68
40
55
56
61
467

16.4
11.9
10.2
11.7
14.8
17.3
17.5
19.5

13.8
11.2
10.7
12.2
14.2
16.7
18.4
21.3

5.0
2.1
2.4
2.5
4.1
7.9
8.7
8.7

January
February
March
April
May
June
July
August
September
October
November
Total

82
24
56
51
69
43
15
99
46
74
82
641

50
51
59
52
50
63
74
68
40
55
56
618

19.8
21.5
19.6
16.9
14.6
12.4
11.9
12.0
15.0
17.4
16.5

22.6
21.7
20.1
17.5
13.8
11.2
10.7
12.2
14.2
16.7
18.4

10.3
11.0
9.2
7.4
4.8
4.1
3.9
2.3
5.1
6.3
4.7

1999

2000

Shadehouse (SH)
Long tenn (LT) mean from 1975 to 1991

3.7

Soil
lOcm

1.5

11.1

6.6
6.5
6.8
9.4
12.0
12.8
13.6

8.7
6.3
6.1
7.6
9.2
11.3
13.1
15.7

9.6
7.2
6.8
5.9
8.7
10.6
12.4
13.2

11.4
11.0
9.9
6.7
3.7

14.8
15.8
14.0

17.0
16.3
15.0
12.2
8.7
6.3
6.1
7.6
9.2
11.3
13.1

13.5
13.4
14.0
12.4
9.5
7.5
7.7
6.2
8.7
10.0
10.5

1.4
2.9
4.3
6.0
8.0
10.2

1.5

1.4
2.9
4.3
6.0
8.0

11.7

9.3
8.3
7.8
7.4
9.7
11.6
10.7
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Spad reading
Appendix 2. The relationship between leaf N concentration and SPAD reading in a)
October 1999 and b) May 2000 for wasabi in the main pot experiment.

