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REVIEW

Introduction

Spasmodic occurrences of young vine decline and
failure of planting material have plagued the wine
industry in Australia, New Zealand, the United
States and elsewhere since the mid-1990s when the
wine industry entered a period of rapid expansion
that was sustained for a decade (Anonymous, 2006).
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During this time vine nurseries struggled to meet
demand for planting material, and seconds, or vines
propagated from cuttings sourced from unregistered
suppliers, were sold when first-quality vines could
not be supplied. Inevitably there were problems. In
some cases vines failed to establish and vineyards
had to be replanted within 2 years, or establishment
was slow, and cropping delayed for at least 1 sea-
son. A healthy, productive vineyard begins with
healthy planting material. High-quality vines es-
tablish quickly and require fewer inputs than poor-
quality vines that often result in vineyards that are
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difficult and costly to manage. Poor-quality vines
may fail, or be slow to establish, and result in a vine-
yard that is uneven and less productive both in the
short and long term (Jordan, 1997).

In the course of investigations it has become
clear that the causes of cutting and young-vine
declines and failures are numerous and complex
and include infection by pathogens such as Phaeo-
moniella chlamydospora and poor nursery and
planting practices. Hot water treatment (HWT),
used for pest and pathogen control in dormant cut-
tings and rooted vines, has frequently been sin-
gled out by the industry as the cause of cutting
and vine failure. However, it has been difficult to
separate HWT from other possible causes of cut-
ting and vine failure and investigations have fre-
quently revealed that cutting and vine failure is
the result of many, seemingly minor, but poor deci-
sions during the propagating and planting proc-
ess, each of which has had a small but cumulative
impact on the quality of the vine. Opportunities
for injury and contamination during the produc-
tion of planting material are numerous, beginning
with the management of mother-vine source blocks
and continuing through the propagation process
to storage, transport and planting in the vineyard.

Grapevines are relatively easy plants to propa-
gate, cuttings strike readily and very little skill is
required to produce a vine that appears to be of an
acceptable standard. However, on closer inspection
many of these apparently acceptable vines do not
meet all quality criteria and fail to perform to ex-
pectations in the vineyard. The wine industry has
now begun to recognise that the quality of plant-
ing material is fundamental to the establishment
of healthy productive vineyards and there is an
urgent need to improve the quality and consisten-
cy of the planting material available to growers
(Constable and Drew, 2004; Waite, 2006).

The purpose of this paper is to review the caus-
es of cutting and young-vine failure and the fac-
tors that impinge on the quality of planting mate-
rial, and to identify the best practice to ensure that
propagating and planting material is of the high-
est quality. Impediments to the implementation of
improvements are also discussed.

Attributes of quality planting material

Before embarking on a discussion of the fac-
tors that impinge on the quality of propagating

and planting material, quality parameters need
to be defined. Some of the characteristics of qual-
ity planting material are obvious and can be eas-
ily distinguished by visual inspection. Unlike or-
namental plants, where sales depend on the prod-
uct appearing healthy, uniform and vigorous (Bak-
er and Linderman, 1979), the appearance of grape-
vines is less important. Grapevines are usually
sold dormant and bare rooted, and the health and
vigour of the product is not always readily dis-
cernable until the vines begin to grow in the vine-
yard.

Dormant and green potted vines and grafted
vines should have at least 3 well formed roots
evenly spaced around the base, and one or two
well developed shoots with healthy buds that are
neither stunted nor rank (Nicholas et al., 1992).
Vines should also be free of external wounds
caused by machinery or vermin as these wounds
may result in structural weakness and expose the
tissue to infection by pathogens. Graft unions
should be completely healed and should not break
when moderate pressure is applied, and callus
development should not bulge outside the stem
diameter by more than 2–2.5 mm. In some cases
there will be apparently good callus development,
but on closer inspection it can be seen that the
callus has formed from the stock, or the scion, but
not both. Unless both the stock and scion produce
callus tissue from the cambium, a proper union
between the phloem and xylem does not occur and
the scion will die when it has consumed its stored
carbohydrates, or is water-stressed (Hartmann et
al., 1990). These grafts normally break under
moderate pressure.

Other quality parameters including trueness
to type of both variety and clone, disease status
and exposure to environmental stresses are not
readily apparent from a visual inspection of dor-
mant material and can only be determined by
specialist ampelographers and pathologists and
inspection of records. Consequently, high-quality
planting material must not only conform to the
parameters listed above, but must also be tracea-
ble to its source (mother-vine block and nursery)
and accompanied by paperwork certifying its ori-
gins and disease status.

In summary, a quality vine that will perform to
expectations is one that is sound, true to type, has
good plant architecture, a well-healed graft union,
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is free of serious viruses and other important path-
ogens, has not been exposed to environmental
stress and is traceable to source.

Cutting selection and source block management

Good quality cuttings that are free of disease,
true to type and moderately vigorous are critical
to the production of quality plants (Hartmann et
al., 1990). Anecdotal evidence that grapevine cut-
tings taken from vines grown in warm climates are
superior to cuttings taken from vines grown in cool
climates and better able to withstand HWT is sup-
ported by the work of Crocker et al. (2002) who
found that in south-eastern Australia cuttings
sourced from well-managed vineyards and root-
stock plantings in warm climates (MJT 21°C) per-
formed better in propagation than cuttings from
vineyards in cool climates (MJT 18°C), or vineyards
that had suffered from water stress in the growing
season prior to cutting collection.

Inadequate or unbalanced nutrition of mother
vines also affects the quality of cuttings although
there is some debate regarding the effects of ni-
trogen fertilization of mother vines. Samish and
Spiegel-Roy (1957) found that contrary to the find-
ings of other researchers, relatively high nitro-
gen levels in cuttings of 41B rootstocks did not
negatively affect the rooting or development of cut-
tings, but they did note that these cuttings had
longer internodes and were less dense compared
to treatments with N, P, K and Zn. Cuttings from
vines that had received a complete NPK fertilizer
or Zn, as compared to cuttings from vines that
had received none or only one of the other 3 ele-
ments, had the highest strike rates (68 and 64%
compared to 47–56%) and the highest percent-
age of A grade cuttings (57 and 58% compared to
35–40%).

The most reliable sources of superior grapevine
cuttings are those that are established and man-
aged specifically to supply registered disease-free
cuttings to propagators. Cuttings sourced from
unregistered vineyards are frequently inferior and
of unknown disease status and type. Purchase of
vines propagated from unregistered source areas
not only carries a serious risk of introducing dis-
eases such as viruses, crown gall and Petri disease
into the vineyard, but also carries a risk of estab-
lishing a vineyard that is not of the desired varie-
ty or clone.

Hot water treatment

Hot water treatment (HWT) has been used suc-
cessfully to disinfest plant material, including
seeds and storage organs, since the 19th century
(Birchfield and van Pelt, 1958; Baker, 1962) and
remains the only effective means of controlling a
number of important pests and pathogens in grape-
vine propagating and planting material for which
there are no other practical chemical or biological
controls. HWT of 1-year-old rooted vines as a con-
trol for phylloxera and later root-knot nematodes,
was developed in the early part of the 20th centu-
ry (Lear and Lider, 1959; Suatmadji, 1982; Ston-
erod and Strik, 1996). Since then it has also been
applied to cuttings as well as 1-year-old rooted
vines to control and prevent the dissemination of
Pierce’s disease (Goheen et al., 1973), phytophtho-
ra (Von Broembsen and Marais, 1978), crown gall
(Burr et al., 1989; Ophel et al., 1990; Bazzi et al.,
1991; Burr et al., 1996), phytoplasmas (Caudwell
et al., 1997), mealy bug (Haviland et al., 2005) and
endogenous fungal pathogens including Phaeomo-
niella chlamydospora (Crous et al., 2001; Laukart
et al., 2001; Fourie and Halleen, 2004) in planting
material, and it has been in widespread use since
the mid-1990s. However HWT is a significant
stress and can result in the loss of treated materi-
al if not applied correctly. Poorly functioning plant
and equipment can result in uneven temperature
distribution in the treatment tanks, creating hot
spots that damage even the most robust material
(Anonymous, 1998).

Reports that some Vitis vinifera varieties are
more sensitive to HWT than others began to sur-
face in the mid-1990s when HWT was integrated
into standard nursery practice. Nurseries report-
ed that Pinot Noir and Chardonnay were particu-
larly sensitive to HWT compared to Cabernet Sau-
vignon that was least affected by HWT. This anec-
dotal evidence was supported by subsequent re-
search that demonstrated clear differences in the
response of different V. vinifera varieties to HWT.
Pinot Noir is the most sensitive variety, Chardon-
nay, Reisling and Merlot are moderately sensitive
and Cabernet Sauvignon the least sensitive (Waite
et al., 2001; Crocker et al., 2002). Very few prob-
lems have been reported with rootstock cuttings,
but there have been some recent reports from nurs-
eries that 1103 Paulsen is somewhat sensitive to
HWT. Hot water treated cuttings, particularly
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those of sensitive varieties, are generally slower
to establish than cuttings that have not been hot
water treated (HWTed). Bud and root development
in HWTed cuttings is delayed in the early part of
the growing season until mid summer when the
cuttings are observed to recover. By the end of the
first growing season HWTed cuttings have made
up the difference in growth and are indistinguish-
able from untreated cuttings (Waite, 1998; Waite,
2002).

There is also a mounting body of evidence to
suggest that tolerance to HWT is affected by the
climate in which the cuttings are grown. Cuttings
grown in cool climates in Australia and New Zea-
land are more susceptible to injury in HWT than
cuttings grown in warm climates (Crocker et al.,
2002; Graham, 2006), but there is also parallel
evidence indicating that pathogens, particularly P.
chlamydospora, are similarly affected and are con-
trolled at 45–47°C for 30 min rather than the stand-
ard treatment (50°C for 30 min) that results in
unacceptable losses of cuttings (Graham, 2006).
Conversely there is also evidence indicating that
both cuttings and their accompanying pathogens
grown in warm climates are less susceptible to
HWT, and that the treatment temperature may
need to be as high as 51–53°C to ensure adequate
pathogen control (Armengol et al., 2006).

HWT protocols vary. There are 2 different HWT
regimes in common use, a short duration regime,
usually 54°C for 5 min, for the control of external
pests and pathogens and long duration regimes,
generally 50°C for 30–45 min for the control of in-
ternal pests and pathogens. The short-duration
HWT controls nematodes on rooted cuttings and
phylloxera on cuttings and rooted vines (Lear and
Lider, 1959; Meagher, 1960), but the heat does not
penetrate the tissue sufficiently to control endog-
enous pathogens. Long-duration HWT allows heat
to penetrate the wood for long enough to control
endogenous pathogens including Xylella fastidio-
sa (Goheen et al., 1973), Agrobacterium vitis (Burr
et al., 1989; Ophel et al., 1990; Burr et al., 1996),
phytoplasmas (Caudwell et al., 1997), Cylindrocar-
pon spp. (Halleen et al., 2006) and P. chlamydospo-
ra (Fourie and Halleen, 2004), without killing the
vine tissue.

Although the standard treatment of 50°C for
30 min is regarded as an effective means of con-
trolling both endogenous and surface pests and

pathogens, it is recognised that this treatment may
not always completely eliminate all endogenous
pathogens, notably Agrobacterium vitis (Burr et al.,
1996) and P. chlamydospora (Fourie and Halleen,
2004). Therefore, it is recommended that propa-
gating material with obvious signs of disease
should not be used (Anonymous, 1998). Care should
also be taken to ensure that material to be HWTed
is fully dormant. Cuttings or rooted vines that are
not fully dormant are very sensitive to HWT and
are often fatally injured during treatment (Von
Broembsen and Marais, 1978; Burr et al., 1989;
Morrell and Wample, 1995).

HWT is occasionally confused with thermother-
apy, a technique used for virus control; however
HWT does not control viruses. Thermotherapy for
virus control involves the in vitro propagation of
shoot tip meristems from vines that have been
grown at constantly high temperatures of 37–38°C
for several months to eliminate viruses from the
apical meristem and is generally employed to pro-
duce clean stock for germplasm plantings (Krake
et al., 1999). Thermotherapy is not a suitable tech-
nique for routine commercial production of large
quantities of planting material.

HWT plant and equipment

While early research (Lear and Lider, 1959;
Meagher, 1960; Goheen et al., 1973; Goussard 1977;
Burr et al., 1989) demonstrated that HWT is a safe
and effective treatment for the control of pests and
pathogens in cuttings and rooted vines, the appli-
cation of the technique to commercial industry
practice has not always been successful and prob-
lems with design, temperature control and moni-
toring in some early HWT plants allowed the de-
velopment of hot and cold spots during treatment.
However, improvements in the design and moni-
toring of HWT plant and training programs for
HWT plant operators resolved these problems and
losses caused by poorly functioning HWT plant are
now almost unknown (Anonymous, 1998).

The design of HWT plant and equipment var-
ies, but usually consists of one or more hydrating
tanks that are used to pre-soak material in cold
water before treatment, an insulated HWT tank
with a heat source and a pump to circulate the
water, and one or more cool-down tanks for plung-
ing treated material to facilitate rapid cooling.
Material that is to be treated is packed in mesh
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baskets for insertion into the tanks, usually by
means of a forklift or block and tackle. Baskets are
slightly smaller than the tanks to allow a 300 mm
gap between the walls and floor of the tank to fa-
cilitate water circulation in the HWT tank. Tanks
and baskets are normally constructed of stainless
or galvanized steel to prevent rust. Baskets are
packed with cuttings and rooted vines in bundles
of 100 laid in the direction of the water flow to fa-
cilitate even heat distribution allowing 500 ml of
water for each cutting and 1 l for each rooted vine
(Anonymous, 1998). Bundles tied too tightly and
wrapping of bundles in hessian or similar materi-
als and over packing dipping baskets impedes the
flow of water and results in the development of hot
and cold spots.

Hydration

The usual procedure in most nurseries is to pre-
soak (hydrate) both cuttings and rooted vines in
cold water before HWT (Anonymous, 1998), but
hydration times and water quality vary. Hydration
of cuttings is not a recognised practice in the prop-
agation of ornamental and other fruiting plants
(Hartmann et al., 1990) and appears to be confined
to the vine nursery industry. Since soaking cuttings
in water is likely to facilitate the dispersal of field-
acquired pathogens such as botrytis that may oc-
cur on the surfaces of the cuttings, or are intro-
duced in untreated water (Hartmann et al., 1990)
it would be reasonable to expect that hydration of
cuttings is likely to result in a loss of quality rath-
er than an improvement. However there is a wide-
ly held belief in the vine nursery industry that the
pre-HWT hydration is beneficial and improves the
strike rate of cuttings by compensating for any
dehydration resulting from delayed processing of
cuttings and other practices that expose cuttings
to dehydration.

The practice of hydrating cuttings and vines
most likely arose from the research of Spiegel
(1953–1955) who reported prolonged hydration (up
to 96 h) of rootstock and V. vinifera cuttings im-
proved rooting by leaching auxin inhibitors, but
these inhibitors disappeared naturally as the cut-
tings emerged from dormancy in spring after ex-
posure to either natural or artificial chilling obvi-
ating the need for soaking. A 15 h pre-soak was
also recommended to facilitate the adsorption of
Chinosol® (8-hydroxyquinoline sulphate) used to

control botrytis in cold storage (Becker and Hiller,
1977; Nicholas et al., 1992). Cuttings must also be
soaked again in clean water before grafting to en-
sure that the concentration of 8-hydroxyquinoline
sulphate in the tissue is low enough to prevent in-
hibition of callusing and graft healing. Over time
hydration has become disassociated from the leach-
ing of auxin inhibitors and the use of Chinosol®

and has been applied indiscriminately in the be-
lief that it is beneficial.

Cuttings and rooted vines are often hydrated
in untreated water sourced from irrigation
schemes, town supplies and rainwater tanks used
to collect rain falling on the roofs of buildings. Of
these sources only town water has been treated to
control micro-organisms, but none is actively anti-
microbial. Untreated rainwater, commonly regard-
ed in the general community as clean, is frequent-
ly contaminated with dust and bird faeces, and ir-
rigation water with suspended colloids and animal
faeces.

Crocker et al. (2002) reported a variable response
of cuttings to hydration (+/-HWT) in an experiment
to determine the effects of hydration (0, 1 and 8 h)
and HWT on root initiation on 6 Vitis vinifera culti-
vars and concluded that adequate watering of moth-
er vines between vintage and leaf fall and protect-
ing cuttings from dehydration during processing was
a better strategy for successful propagation than
hydration. Waite and May (2005) investigating the
effects of hydration time (0, 4 and 15 h), HWT and
order of nursery operations on Chardonnay and
Cabernet Sauvignon, also found that the effects of
hydration on cutting establishment were variable,
but that it did not have long-term effects on the suc-
cess of cutting propagation when cuttings were
grown in the protected environments of the glass-
house and shade house. In the light of these results
it is difficult to justify the use of pre-HWT hydra-
tion when the supposed benefits are doubtful and
there is a real risk of spreading pathogens such as
botrytis that may not be controlled by the subse-
quent HWT (Hartmann et al., 1990). The case for
abandoning hydration is further strengthened by
the work of Bell et al. (1995) and Cole and Waite
(2006) who isolated a variety of other micro-organ-
isms from the surface and wood of cuttings that are
not recognised as vine pathogens, but are suspect-
ed of being detrimental when introduced into the
woody tissue of cuttings and grafted vines during
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propagation. Whiteman et al. (2004) also found that
the infection rates of P. chlamydospora in cuttings
increased from 39% prior to nursery processing to
70% after processing and identified pre-storage and
pre-grafting hydration tanks as potential sources
of infection.

Post-HWT cooling

Following HWT it is standard practice to im-
merse the treated material immediately in an equal
volume of cold water for a minimum of 30 min to
facilitate rapid cooling and minimise heat damage
to the tissue. Although it is recommended that cool-
down tanks be agitated to facilitate heat exchange
from the central mass of cuttings (Anonymous,
1998), cool-down tanks in nurseries are not nor-
mally fitted with pumps. This means that the large
volumes (5,000–10,000 cuttings per batch) that are
treated are likely to cool unevenly, possibly explain-
ing some of the variability in the quality of HWT-
ed cuttings and rootlings.

Water used in commercial cool-down tanks is
usually chlorinated, but it is not sterile and is a
potential source of P. chlamydospora and other
microbial contaminants (Whiteman et al., 2004;
Cole and Waite, 2006; Constable et al., 2006; Re-
tief et al., 2006). To reduce the risk of contamina-
tion or reinfection by potential pathogens during
the cool-down process it would be preferable to al-
low cuttings to air-cool provided the slower cooling
did not affect cutting viability. The effects of rapid
versus slow cooling of HWTed vine material have
not been fully investigated, but the positive results
of Waite et al. (2005) who reported that both post
HWT air-cooled and water-cooled dormant cuttings
of V. vinifera cultivars, Pinot Noir, Chardonnay,
Semillon and Cabernet Sauvignon were viable and
produced adequate numbers of roots at callusing
to enable establishment, suggest that the expense
of a commercial trial would be warranted. Howev-
er, the volume of cuttings treated in commercial
HWT plants is very much larger than that of the
experimental batch, and cooling of cuttings in the
centre of the dipping basket would be many times
slower than in the cuttings in the laboratory, with
potentially very different results. Consequently wa-
ter-cooling is currently favoured as the best means
of avoiding permanent damage to vine tissue
through prolonged exposure to high temperatures
(Anonymous, 1998).

Nursery sanitation

Good sanitation has long been recognised as
fundamental to the propagation of healthy nurs-
ery plants (Hartmann et al., 1990; Daughtry and
Benson, 2005); however the need for high levels of
hygiene in not well recognised in the vine nursery
industry, and in the course of investigations poor
nursery sanitation has emerged as a primary cause
of cutting and vine failure. Nursery owners and
managers often have only a very limited under-
standing of the effects of poor hygiene on the qual-
ity of their product and the shortage of planting
material during the planting boom that began in
the mid-1990s meant that there has been little in-
centive for nurseries to raise their standards. In
nurseries where hygiene is poor losses can be as
high as 60%, and unacceptably high numbers of
unsaleable second-quality vines are produced with
faults such as poorly developed root systems, weak
shoots and incompletely healed grafts (Hartmann
et al., 1990).

When they are dissected, incompletely healed
grafts often show dark staining in the wood extend-
ing away from both the rootstock and scion, an in-
dication that contamination of the wound has oc-
curred during the grafting process. Similar stain-
ing is also frequently observed extending upwards
from the basal cut and sometimes downwards from
the apical cut in both rooted cuttings and grafted
vines. Pathogens such as P. chlamydospora are
known to inhibit graft healing (Wallace et al., 2003)
and a variety of soil and water-borne organisms
including P. chlamydospora (Fourie and Halleen,
2004), Enterobacter spp., Pseudomonas spp. and
Rahnella sp. have been isolated from the stained
wood of rooted cuttings and grafted grapevines that
have failed, or performed poorly in the field (Bell
et al., 1995; Cole and Waite, 2006), indicating that
contamination with untreated water, soil or dust
has occurred during the propagation process.

The common practice in vine nurseries of hold-
ing pre-cut buds in water to prevent dehydration
of the cut surface is an obvious source of wound
and graft union contamination. The water itself
may be a source of water-borne micro-organisms,
but even if the soaking water is clean it will be
contaminated by field-acquired micro-organisms
and abiotic contaminants on the bark of the bud-
sections dispersing into the soaking water. There-
fore it would be prudent for nurseries to change
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their practices so that buds are cut as required for
grafting to minimise exposure to dehydration or
contamination from soaking water (Cole and Waite,
2006).

In many nurseries infrastructure is not purpose-
built and is old and difficult to clean. Corners of
tool sheds, workshops and storage sheds are often
utilised as grafting rooms, cleaning tends to be
cursory and open doors and gaps in walls and win-
dows allow the entry of vermin, birds and wind-
borne contaminants including dust and spores that
blow over the work areas contaminating the work
benches, and cuttings (Daughtry and Benson,
2005). Protective aprons, overalls and other cloth-
ing worn by nursery workers can also be a source
of contaminants unless cleaned daily. In one in-
stance it was reported that an outbreak of botrytis
in callusing boxes was traced to the clothing of
workers who had been picking fruit on the day pri-
or to working at the grafting bench and had not
laundered their outer garments.

Air-conditioning systems used in uninsulated
sheds to improve worker comfort may also blow
contaminants onto work surfaces, tools and cut-
tings, particularly if floors are swept while they
are operating. Sheds made of the prefabricated
insulated panels that are used to construct cool
rooms are more comfortable for workers and re-
duce the need to use fans and air conditioning sys-
tems. These sheds are relatively cheap, easy to keep
clean and dramatically reduce the level of contam-
ination in a nursery.

The effects of poor nursery sanitation are not
confined to the grafting process. The high temper-
atures (25–28°C) and humidity (98%) in callusing
boxes and callusing rooms favour the growth of
pathogens, and in nurseries where sanitation is
poor outbreaks of botrytis and other pathogens that
can kill all the cuttings (100 or more) in a callus-
ing box are common (Becker and Hiller, 1977). In
these situations losses can be catastrophic, partic-
ularly when the problem is compounded by heater
fans blowing spores through the callusing room
from a point source of contamination. Sources of
contamination in callusing rooms include dirty
callusing boxes, contaminated or recycled callus-
ing media, cuttings with high levels of exogenous
micro-organisms and contaminated surfaces in-
cluding walls and floors.

To prevent outbreaks of disease in callusing

rooms it is important to ensure that the callusing
room itself and everything placed in it is sanitised,
the callusing medium is moist, but not wet, and
cuttings have the lowest possible titre of potential
pathogens. A fungicidal dip may be necessary to
control botrytis and other fungal pathogens on the
cuttings before packing in the callusing boxes.
Wooden callusing boxes are particularly difficult
to clean and sterile plastic liners are used in many
nurseries to prevent contact between the cuttings
and the wood of the boxes. However plastic liners
do not allow air penetration and drainage of ex-
cess water and the wooden boxes remain a poten-
tial source of contamination in the callusing room.
Plastic callusing boxes recommended by Becker
and Hiller (1977) have the advantage of being eas-
ier to clean than wood and are usually slotted or
perforated allowing better drainage and air pene-
tration than plastic liners. Vermiculite is the pre-
ferred callusing medium because it is sterile, has
a low density and can hold large amounts of water
without becoming soggy. Other callusing media
such as sand and sawdust that have traditionally
been used as callusing media are not sterile. Sand
is heavy and sawdust from some sources may con-
tain abiotic contaminants that are toxic to vine
cuttings (Hartmann et al., 1990).

Cold storage

In recent years cold storage has emerged as a
critical factor in the production of quality grape-
vine planting material. Cold storage at 1–2°C is
utilised to hold cuttings and rooted vines until they
are required for processing or planting in the vine-
yard. Stored material remains in a dormant, or
near-dormant state and growth is suppressed, ex-
tending the propagating and planting season, and
giving nurseries and growers greater flexibility in
planning and in the management of labour and
resources (Deans et al., 1990; Hartmann et al.,
1990).

Both cuttings and 1-year-old rooted vines are
placed in cold storage for periods varying from a
few weeks to many months. However, reports from
industry and investigations of failed cuttings and
planting material have implicated cold storage in
cutting and vine failures. Failures in cold storage
are usually the result of proliferation of cold-adapt-
ed micro-organisms and poor storage conditions.
Botrytis is tolerant of a wide range of temperatures
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and has been reported to grow, albeit very slowly,
at 0°C (Becker and Hiller, 1977) and is the most
common cause of microbial decay in storage. How-
ever other micro-organisms can also cause the de-
cay of cuttings and vines in cold storage (Becker
and Hiller, 1977). The sources of microbial contam-
inants in cold storage include the cuttings or vines
themselves, contaminated packaging materials,
other products in the cool room and the cool room
surfaces.

In one case investigated by the author the
growth of a field-acquired Penicillium sp. on vines
in cold storage was so abundant that the vines were
completely covered in the blue spores and failed to
grow when planted in the vineyard. In another case
the source of botrytis contamination that caused
the deaths of cuttings held in cold storage was
traced to table grapes infected with botrytis that
had been stored in the cool room prior to the stor-
age of the cuttings. Only rootstock cuttings that
had been hot water treated and stored in perforat-
ed bags were affected. Cuttings that had not been
HWTed,or were stored in bags that had not been
perforated, were not affected, and cuttings from
the same batch as the affected cuttings stored in
another cool room were also unaffected. In the af-
fected cool room the floor had been swept but the
room had not been sanitised before the cuttings
were placed inside. The botrytis spores raised by
the sweeping had been dispersed around the cold
room by the cooling fans and contaminated the
cuttings by means of the perforations in the stor-
age bags. The mucilage that had oozed from the
ends of the cuttings following HWT provided the
substrate for the botrytis to grow. The very large
sclerotia, resembling blackened callus tissue, that
had formed at the ends of the cuttings indicated
that the botrytis was a cold-adapted strain (Beck-
er and Hiller, 1977) that had probably existed in
the cool room for some time.

In addition to problems caused by botrytis and
other pathogenic micro-organisms, several other
problems are experienced with cuttings and root-
ed vines in cold storage. From time to time there
are reports of cuttings or rooted vines that are
found to be fermenting when they are removed from
storage. When the packages are opened there is a
strong ‘winey’ aroma and the affected material ei-
ther fails, or is slow to establish in the field. There
are a number of potential causes of fermentation

in cold storage including inappropriate packaging,
the activity of micro-organisms (Bouard, 1982) and
HWT (Waite et al., 2004).

Reports from nurseries that hot water treated
cuttings and vines are particularly prone to fer-
mentation in storage prompted an investigation by
Waite et al. (2004) into the effects of HWT and hy-
dration on cutting respiration to determine if HWT
or hydration cause cuttings to ferment. Ethanol is
a by-product of fermentative respiration that oc-
curs when living tissue is deprived of oxygen, and
both ethanol and acetaldehyde (also a by-product
of fermentation) are thought to be toxic to plant
tissue suffering from anoxia (Kennedy et al., 1992;
Perata and Alpi, 1993). Dormant 2-bud cuttings of
Cabernet Sauvignon and Pinot Noir were random-
ly assigned to 4 treatments; HWT for 30 min at
50°C, hydration for 8 h, hydration plus HWT and
untreated control. The following day the cuttings
were enclosed in test tubes and incubated at room
temperature for 4 h. The atmospheres in the test
tubes were then sampled with a syringe and gas
chromatography was used to measure ethanol con-
centration in the samples. Following the initial
sampling the cuttings were removed from the test
tubes, packed in perforated plastic bags and placed
in cold storage at 5°C for 4 weeks when the sam-
pling process was repeated using the same proto-
cols. Significant concentrations of ethanol (0.1–
0.197 mg g-1 h-1 in HWTed cuttings compared to
0.001–0.005 mg g-1 h-1 in controls) were recorded
in the atmospheres of all hot water treated cut-
tings at the initial sampling regardless of hydra-
tion, but not in the hydration-only cuttings or the
untreated controls, indicating that the HWT cut-
tings had become fermentative, but not the hydrat-
ed or untreated cuttings.

When examined again 4 weeks later, cold stor-
age no cuttings from any treatment showed evi-
dence of significant ethanol production, indicating
that the HWT cuttings had resumed aerobic respi-
ration. It was concluded that the elevated short-
term respiration rate of the HWT cuttings caused
by the high treatment temperature and the satu-
ration of the tissue with water relatively low in
oxygen most likely interacted to create an oxygen
deficit in the tissue, initiating the onset of fermen-
tation (Pouget, 1963; Gray, 1999; Waite et al., 2004).
Although the tissues of higher plants are able to
live in anaerobic conditions for a few hours, or pos-
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sibly longer, recovery may not be possible if the
period of anoxia is prolonged (Kennedy et al., 1992;
Perata and Alpi, 1993). The practice of packaging
HWTed cuttings and vines in sealed plastic bags
within a few hours of treatment may prolong the
anaerobiosis and cause the accumulation of etha-
nol and acetaldehyde in the bags, further exacer-
bating the damage already caused to the tissue.
The superior performance of cuttings stored in
vented bags compared to sealed bags reported by
Crocker and Waite (2004) has resulted in a recom-
mendation to nurseries that vented bags should
be used for cold storage of cuttings and rooted vines.

Exposure to ethylene during storage has also
been implicated in a number of cases of failed plant-
ing material. Dormant bare rooted vines are nor-
mally purchased from nurseries in mid to late win-
ter and held in cold storage until spring planting.
Growers normally rent space in cool rooms at a lo-
cation convenient to the vineyard, and the vines
are often stored with pome fruits that generate
ethylene. Ethylene is known to cause abnormali-
ties in growth and premature senescence of plant
material including cut flowers and fruit and may
interact with ethanol and acetaldehyde to stimu-
late respiration, further increasing the need for
oxygen, problematic for material stored in sealed
bags with a low oxygen environment (Reid and
Pratt, 1970; Rychter et al., 1979; Bouard, 1982).
The effect of ethylene on vines in cold storage was
indirectly assessed in an experiment that exam-
ined the effects of the ethylene inhibitor 1-Methyl-
cyclopropene (1-MCP) on dormant 1-year-old vines
held in a commercial apple cool room with a mean
atmospheric ethylene concentration of 0.66 ppm for
12 weeks (Crocker and Waite, 2004). Shoot devel-
opment in the vines treated with 1-MCP began
earlier and was more advanced than in the untreat-
ed group throughout the trial. Bud burst in the
untreated group was generally delayed by one week
compared to the vines that had been treated with
1-MCP. The highly specific action of 1-MCP and
the delayed and stunted shoot development ob-
served in the untreated vines in the trial indicated
that the untreated vines were most likely affected
by the ethylene present in the cool-room atmos-
phere. The poorer growth of the untreated vines
conformed to the known effects of ethylene on
plants and although the concentration of ethylene
in the cool room was variable, it was always with-

in the range known to affect plants; consequently
it is strongly recommended that nurseries and
growers avoid storing cuttings and vine in cool
rooms that may be contaminated with ethylene
generated by other produce, or with the exhaust
gases of forklifts.

Vineyard handling and planting practices

Correct handling and storage of grapevine
planting material despatched from nurseries is also
a critical factor in maintaining vine quality. Prob-
lems arise when transport and handling procedures
result in dehydration of the vines, or the tempera-
ture inside the packages increases and causes the
vines to die from heat stress. The insulating prop-
erties of plastic packaging impede heat dissipation
from the vine mass and a dangerous temperature
rise can occur very quickly if packages are not re-
frigerated during transport, or packages of vines
awaiting planting are stored in the open or in sheds
without refrigeration. This problem is compound-
ed by metabolic heat that is generated in response
to the initial rise in temperature (Breidenbach et
al., 1997; Palliotti et al., 2004). The vines may also
begin to ferment as the available oxygen is con-
sumed and the atmosphere in the bags becomes
anoxic.

Green potted vines present different manage-
ment issues. Like dormant vines, exposure to high
temperatures during transit can be fatal, but most
problems occur as a result of the soil in pots being
allowed to dry out. If the potting mix is allowed to
dry out it will become hydrophobic and will not
rewet easily, and the vines will suffer severe water
stress in spite of regular watering. Green potted
vines should be placed in a holding area that has
dappled shade and is protected from wind until
they are planted out. Depending on the weather
they may need to be watered 2–3 times each day.
If it has not been applied at the nursery, it may be
useful to treat the vines with an anti-transpirant
to reduce water loss from the leaves.

Once dormant vines are removed from the cool
room they should be planted within 36-48 h, par-
ticularly if the weather is warm. Bales or boxes of
vines should not be exposed to high temperatures,
agrochemicals or fuel, and care should be taken to
prevent dehydration during the trimming and han-
dling process. If dehydration is a potential prob-
lem it is preferable to spray the vines with clean
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water rather than soak them. Anecdotal evidence
suggests that trimmed vines should not be returned
to the cool room. If vines are not able to be planted
for a few days they can be “heeled in” by placing
bundles upright in a trench and loosely covering
the root with moist soil, sand or well rotted saw-
dust, making sure that there are no large air pock-
ets around the roots of the vines.

Concluding remarks

It has now become clear that the success of
grapevine propagation and the viability of the re-
sulting vines are dependent on a wide range of
factors, from the management of the mother vines
right through the propagation process to the es-
tablishment of the new vines in the vineyard. Al-
though the factors that impinge on grapevine
propagation are numerous, they fall into 3 main
categories; 1) the intrinsic variability of the prop-
agating material resulting from variations in gen-
otype and the growing environment of the moth-
er vines, 2) nursery production practices and 3)
storage and handling practices. It has also become
clear that the success of propagation hinges on
the application of the best practice at every stage
of the propagation cycle. Cutting and vine fail-
ures are usually the result of a series of impor-
tant, but seemingly minor, cumulative insults the
effects of which are not recognised as detrimen-
tal.

Of the three areas that may affect the quality
of grapevine planting material, the greatest
amount of information available to the industry
is about nursery practices, since the fundamen-
tal techniques of propagation and nursery man-
agement are universal, regardless of the species
being propagated (eg: Hartmann et al., 1990). The
vine nursery industry has been quick to adopt
bench grafting as the most efficient way of pro-
ducing large quantities of vines, but nurseries
have been slow to adopt concomitant practices,
particularly good sanitation, that are vital to the
production of high-quality planting material.

While the information on storage and handling
of cuttings and vines is not as comprehensive as
the information on propagation practices and san-
itation, sufficient information is available in plant
propagation texts (e.g. Hartmann et al., 1990) and
in journals and magazines that publish research

results (e.g. Deans et al., 1990; Crocker and Waite,
2004) to develop a set of protocols that will be re-
liable in the majority of situations and result in
the production of high quality planting material
and improve the economic viability of nurseries.

However, we do not yet fully understand the
effects of the growing environment and nursery
practices on propagating material that is inher-
ently highly variable, and it is therefore not pos-
sible to predict the outcome of any given propa-
gation cycle with complete certainty. The results
of preliminary research investigating the physio-
logical responses of cuttings and rooted vines to
various protocols including HWT and cold stor-
age have not yet identified the factors that medi-
ate the response of grapevine propagating mate-
rial to propagation protocols, and much work re-
mains to be done. It has been established that
HWT causes cuttings to become temporarily
anaerobic and also results in long-term changes
to respiration rates that persist through at least
14 weeks of cold storage (Waite et al., 2004). Trans-
mission electron microscopy has also shown var-
ying effects of HWT and cold storage on cell ul-
trastructure in ray tissue of Pinot Noir and Ca-
bernet Sauvignon (Waite and Jaudzems, 2005).
However, an understanding of the molecular ba-
sis of these and other responses to propagation
protocols will be critical to the development of
models that can be used to develop nursery pro-
tocols that accommodate the innate variability of
propagating material and are reliable in every cir-
cumstance.

Vine propagation tends to be based on tradi-
tional practices that are sometimes at odds with
the production of quality planting material, and
although modern nursery practices are being tak-
en up by leading nurseries, there is room for im-
provement in the nursery industry as a whole, par-
ticularly in the areas of nursery hygiene and han-
dling practices.

The consequences of using inferior planting
material are serious in both the short and long term
(Jordan, 1997), but there has been insufficient val-
ue placed on high-quality planting material and
consequently there has been little incentive for
nurseries to improve the quality of their product.
However, the high cost of ongoing vine failures has
resulted in both the nursery and wine industries
recognising that the quality of planting material
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generally available is in urgent need of improve-
ment (Constable and Drew, 2004; Waite, 2006).

The slow adoption of best practice in the vine
nursery industry is partly due to the severe short-
age of planting material during the 10-year wine-
industry boom that began the mid-1990s when nurs-
eries were under a great deal of pressure and could
sell any vine they produced several times over, re-
gardless of quality. Growers were often ignorant of
the consequences of planting inferior material and
paid scant regard to the quality of the vines they
were purchasing, and often accepted seconds when
first-quality vines were not available.

Other barriers to the adoption of best practice
in the vine nursery industry include inadequate
and inappropriate infrastructure and equipment,
a poor understanding of the biology of grapevines
and their associated micro-organisms, and the ab-
sence of universally accepted written standards
for propagating and planting material. The nurs-
ery industry in some countries including Austral-
ia and the USA lacks clear guidelines that can be
use as a tool to drive structural and procedural
improvements. In addition to providing a quality
benchmark for nurseries, a properly codified and
internationally accepted set of standards is ap-
propriate for an increasingly internationalised
wine industry that is dominated by large multi-
national wine producers that maintain vineyards
and source vines in several countries. Properly
codified grapevine standards could also be a use-
ful basis for dispute settlement between growers
and nurseries when vines fail in the field. Al-
though a check-list covering nursery practices and
quality parameters for planting material has been
developed by the authors for use by nurseries and
growers (Waite, unpub.) and some vine improve-
ment groups supplying nurseries with cuttings
have written standards for cuttings, these docu-
ments are not widely published. New Zealand
Winegrowers have also recently commissioned a
report proposing the implementation of grafted
grapevine standards for that country (Anonymous,
2005) and, with the agreement of the authors,
these documents could be used as a starting point
for the development of a set of universal stand-
ards that could be applied across the wine pro-
ducing world to raise the standard of planting
material and ensure to long-term viability of the
wine industry.
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