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Abstract: Decisions made during the establishment and reworking of permanent cordon arms may
have long-term consequences on vineyard health and longevity. This review aims to summarise
several of the important considerations that must be taken into account during cordon establishment
and maintenance. Commonly practiced cordon training techniques such as wrapping developing
arms tightly around the cordon wire may result in a constriction of the vascular system, becoming
worse over time and disrupting the normal flow of water and nutrients. Studies have shown that
other factors of cordon decline such as the onset of vascular diseases may be influenced by pre-
existing stress conditions. Such conditions could be further exacerbated by water and heat stress
events, an important consideration as these scenarios become more common under the influence of
climate change. Vineyard sustainability may be improved by adopting cordon training techniques
which promote long-term vitality and avoid a reduction in vine defence response and the costly,
premature reworking of vines.
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1. Introduction

Grapevines (Vitis vinifera L.) are woody perennial plants, which under the right
conditions can sustain impressive longevity, producing fruit over many growing seasons [1].
In extreme examples, their lifespan may have the potential to exceed 400 years, as is
the case of the Old Vine from Lent (Maribor, Slovenia), regarded as the oldest living
example of cultivated grapevine in the world [2]. Typically, older vineyards are more
highly coveted than their younger counterparts, particularly with red cultivars, with their
fruit and resultant wine being perceived as having higher potential quality [3,4]. It is not
uncommon for commercial vineyards to remain productive for 50-60 years, and in long
established regions, commercial vineyards may be found with average vine ages of well
over 100 years. It is becoming increasingly rarer, however, to observe vines of this age
around the world, and it is not unusual to see vineyards undergo major reworking or
replanting after only a few decades, either to be replaced with other cultivars or due to a
decline in production relative to crop value [5]. A number of factors may, on their own or
in a cumulative manner, contribute to a vineyard’s eventual decline in yield and economic
viability including nematodes [6], trunk diseases [7-9], viruses [10,11], phytoplasmas [12],
and other problems arising from poor management decisions such as improper selection of
rootstock, poor pruning practices, mechanical damage, nutrient and irrigation deficiencies,
lack of weed control, and compaction of the soil [13] (Figure 1). These issues are further
complicated by climate change, the impacts of which are well documented and include
increases in global temperature, CO; concentration, and solar radiation, as well as extreme

Agronomy 2021, 11, 1811. https://doi.org/10.3390/agronomy11091811

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-3112-0198
https://doi.org/10.3390/agronomy11091811
https://doi.org/10.3390/agronomy11091811
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11091811
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11091811?type=check_update&version=1

Agronomy 2021, 11, 1811

20f18

changes in weather patterns and increased frequency of drought conditions and water
scarcity [14-17].

Figure 1. Factors which many have an influence on vineyard longevity. (a) Loss of spur positions
as a result of mechanical damage, improper pruning, or dieback; (b) strangulation of the cordon;
(c) insufficient carbohydrate reserve storage in perennial organs, or reduced functionality from
vascular disease, virus infection, phytoplasma infection, or improper selection of rootstock; (d) poor
soil water content, or irrigation mismanagement; (e) soil compaction; (f) soil pathogens including
nematodes; (g) nutrient mismanagement, or poor soil microbial activity; (h) inadequate weed control;
(i) mismanagement of cover crops and/or insect populations; (j) seasonal impacts such as frost
damage and major heat events; (k) changing climate and weather patterns.

Other management decisions made during the establishment or reworking of vine-
yards may have lasting consequences on vineyard health and longevity as well. In Australia,
and in many grape-growing regions around the world, it is a common practice for canes to
be wrapped tightly around the cordon wire during the establishment of permanent cordon
arms. It stands to reason that this wrapping may cause a constriction of the vine’s vascular
system, becoming worse over time and disrupting the flow of water and nutrients [18].
This is especially apparent in older vineyards, where the wire is often visibly embedded
within the wood of the cordon and signs of decline and dead arm symptoms are frequently
observed. It is possible that the stress resulting from the constriction of the vines vascu-
lature may reduce the vines natural ability to deal with external factors such as the onset
of vascular diseases. This condition could also be further exacerbated by water and heat
stress events, an issue of major concern as these scenarios become more and more common
under the influence of global warming. While there are many different factors which may
play a contributing role in the overall health and longevity of a vineyard, this review will
focus primarily on those most likely to directly impact the vitality of permanent cordons
arms, as well as the best practices for their establishment and maintenance.
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2. Physiology of the Grapevine
2.1. Water and Nutrient Transport

Grapevines, like all vascular plants, require water to grow and thrive [19]. The move-
ment of this water throughout the vine, along with essential mineral nutrients, sugars, and
amino acids, is achieved via the vascular system [20]. Along with providing this principal
function, the vascular system also provides the vine with mechanical support, important as
grapevines in their natural state are climbing plants. Water is transported in the form of sap,
the ascent of which is explained by the cohesion-tension theory whereby the evaporation
of water molecules at the leaf surface during transpiration pulls water from the soil into
the roots and through the xylem conduits towards the leaves [21,22]. This process uses no
metabolic energy; rather the movement of water is driven by capillary forces, and the xylem
conduits that serve to carry a network of broken and more importantly unbroken “threads”
of sap are composed of dead cell walls [23,24]. The water within the xylem conduits is
constantly under tension (i.e., the xylem pressure potential is negative), and this tension
increases with a reduction in soil moisture or increase in transpiration rate [25]. It is upon
this concept that the soil-plant-atmosphere continuum (SPAC) model is based [26], as well
as the Ohm’s law analogy, where water flux through the various parts of the SPAC is treated
as a catenary process, comparable to the current in an electric circuit composed of a series of
conductances (or inversely, resistances) [27]. Using this analogy, the flux of water through
a part of the vine can be thought of as being proportional to the product of the hydraulic
conductance of that region and the water potential drop across said region [27]. Other
significant components of the vascular system include the phloem, which is important in
the transport of water and nutrients and plays a major role in inter-organ communication,
and meristematic tissues, which are regions of unspecialised cells contributing to vital
activities including cell multiplication, secretion, photosynthesis, and storage [28].

2.2. Xylem Morphology

Healthy cordons require healthy vascular systems for the translocation of water and
other important substances. It has been demonstrated that xylem morphology is impacted
by water availability [29,30], and hydraulic properties of old wood are different from
those of young shoots, as vessel length and diameter are correlated with stem diameter
and mature trunks and limbs tend to have longer, wider vessels compared to younger
stems [31-33]. Additionally, the ratio between the width of the xylem and total stem
diameter is greater in mature stems [34]. Xylem conductivity is determined by the structure
and size of vessels [27,35] as well as their efficiency, which may be affected by the presence
of embolisms (air-filled conduits that are not available for water conduction) [29,36]. Along
with non-living tracheary elements (vessels and tracheids interconnected by lateral pits),
the secondary xylem contains other cell types including fibres and living parenchyma
cells, the latter of which are in contact and communication with xylem conduits [27,37].
Although non-living cells cannot respond to wounding or parasite entry, living cells may
respond by excreting gels, lignin precursors, and other substances, or by forming tyloses
(extensions of adjacent parenchyma cells into vessel lumens) [38,39]. Such responses may
be triggered by several factors including frost, flooding, wounding, leaf abscission, and
infection by different pathogens, and function as a xylem-sealing mechanism, obstructing
the conduction of water through the affected xylem [40]. These vascular occlusions serve
an important function in wound sealing and reducing the spread of pathogens in the
xylem [38,41,42]. Working with Chardonnay, Sun et al. [37] reported that the type of occlu-
sion induced after wounding was dependent on the season in which wounds were inflicted,
with tylose formation resulting in permanent xylem obstruction occurring predominantly
in the summer and reversible gel formation occurring predominantly in the winter. This
study also showed that a higher fraction of vessels developed occlusions in summer and
autumn (over 80%) than in winter and spring (about 60%). Of particular interest is whether
the physical stress of tightly wrapping developing cordon arms around the cordon wire
could induce a wound response resulting in the restriction of the normal flow of water
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and nutrients along the cordon. Such interruptions to water transport, particularly in the
context of climate change, could have a drastic impact on cordon health and productivity.

2.3. Phloem Morphology

While xylematic flow is driven by a tensional gradient along a series of dead cells,
in contrast, the phloematic conduit is comprised of a series of living cells forming a sieve
tube system [43]. A wide variety of substances are transported via the phloem to distant
organs, including sugars, amino acids, micronutrients, lipids, hormones, proteins, and
RNAs [28]. Some of these materials serve an important role as informational or signalling
molecules [44]. The phloem of Vitis vinifera is somewhat atypical compared to most other
plant species in that it has an unusually long life, with its sieve tubes functioning for
more than one year, becoming inactive during the winter and resuming activity in the
spring [45]. This reversible inactivity begins with the sieve tubes developing a provisional
callus before the onset of winter dormancy, and terminates in the spring with the sieve
tubes acquiring the same characteristics of active elements as when first differentiated from
the cambium [45]. Once the cambium is activated during the early stages of the growing
season, it begins to generate new phloematic tissues that will mature by the end of the
season, when the phloem of the previous year will begin a process of loss of functionality
and obliteration [46]. Occlusion of dead, non-conducting sieve elements may occur from
outgrowths of contiguous parenchyma cells known as tylosoids (tylose-like protrusions
which do not grow through pits in secondary walls) [47]. Such protrusions may invade
the lumina of inactive sieve elements or simply push the sieve element wall to one side,
resulting in the collapse of the sieve element [28]. The growing season begins and ends
with one ring of functional phloem, with the activity of the phloematic tissues generated
during two consecutive growing seasons overlapping temporarily mid-season [45,46].
Early spring vegetative growth is driven by the translocation of carbohydrate reserves
from perennial organs [48-50], which become available for budburst with the generation
of auxins, degradation of callose, and reactivation of the phloem [51].

2.4. Effects of Water Stress

Although some growers utilise deficit irrigation methods to impose water constraint
as a means of improving fruit quality [52,53], there remains a question as to whether this
practice may be detrimental to vine longevity owing to the stress imposed. Under the
effects of water stress, vines show changes in water flow rate resulting from modifications
of the conductivity components of the transpiration pathway (root, shoot and stomata) [29].
It has been reported that water stress affects shoot conductivity by inducing embolism in
the xylem vessels [29,36,54,55]. It has also been demonstrated that water deficits during
the growing season can inhibit vine vegetative growth and photosynthesis [54,56-58]
as well as having a negative effect on yield and fruit/wine composition [59-62]. Such
deficits affect the source-sink balance of the vine [63], and may therefore affect productivity
both in the current growing season as well as in following years given that early spring
shoot growth is supported by and reliant on reserves [48-50]. In their study on Malbec,
Dayer et al. [56] found that severe water stress reduced trunk starch concentration without
having an effect on the concentration of total non-structural carbohydrates. This is in
agreement with previous studies which found that the seasonal impacts of water deficit
could potentially inhibit starch accumulation in peach trees [64] and grapevines [65]. It is
therefore reasonable to hypothesise that water stress symptoms caused or exacerbated by
the constrictive effects of wrapping developing arms tightly around the cordon wire could
lead to a reduction in carbohydrate reserves that could have a long-term impact, hindering
growth in future seasons. Likewise any reduction in cordon volume occurring as a result
of constriction could directly affect the vine’s capacity to overwinter carbohydrates as the
perennial structures of the vine including the roots, trunk, and cordon are the major storage
organs for carbohydrates [48].
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2.5. Impact of Cordon Health on Reproduction and Vine Balance

Another issue of concern is whether cordon constriction could have an impact on
fruitfulness, measured as the number of inflorescences per node after budburst, or during
para-dormancy as the number of inflorescence primordia (IP) within the compound bud
with the potential to develop into inflorescences the following season [66]. Inflorescence
development and shoot growth rely on current season photosynthesis, as well as the
translocation of previous season reserves, and carbohydrates are supplied to developing
shoots and inflorescences via remobilisation from perennial structures [48,67]. Vegetative
and reproductive growth occur simultaneously, and as such competition for carbohydrate
reserves may exist between vegetative and reproductive structures under stress conditions
when resources are not sufficient to support potential growth rates [58,68,69]. Sustainable
viticulture therefore requires a balanced vineyard that via canopy photosynthesis during
the growing season is able to provide enough carbohydrates to ripen the target fruit load
and support IP development as well as replenish sufficient reserves in the perennial organs
to enable budburst and support initial spring shoot growth in the following season [56,70].
In a study on Shiraz, the number of bunches per shoot and berries per bunch were found to
be correlated with water and nitrogen availability during flowering the previous season [71].
If the primary bud dies during initiation due to a physiological disorder known as primary
bud necrosis (PBN), then secondary buds, which are less fruitful and form smaller bunches,
may grow in compensation for its loss [72]. Given studies have found that the incidence
of PBN may be influenced by reduced bud carbohydrate levels [73] and water deficit [74],
it is possible that any interruption in the vasculature of the cordon induced by wrapping
may have an influence on the incidence of PBN as well. IP number and size are also
likely to be influenced by such an interruption regardless of whether the primary bud
becomes necrotic.

3. Cordon Establishment and Maintenance
3.1. Selection of Training System

One of the most important decisions during the establishment of a new vineyard is
the choice of training system. This decision may be based on a number of factors including
cultivar, soil, climate, accessibility of mechanical equipment, demand for regulation of
vegetative vigour, cost, and consideration of historic regional management practices [75,76].
Planting choices including rootstocks, trellis and vine spacing, and the heights and thick-
ness of wires can affect productivity during vine establishment and also in the long-term.
An important distinction regarding vines that are hedgerow trained is the presence or
absence of a permanent cordon. Regardless of other decisions of training system (i.e.,
unilateral vs. bilateral cordon, divided vs. non-divided canopy, vertically shoot positioned
vs. sprawl, etc.), a choice must be made as to whether permanent cordons or canes will be
used to supply the nodes from which the fruit-bearing shoots will grow each season. In the
case of cane pruning, 1-8 canes (commonly two) of reasonable length from the previous
season are selected and retained each year, usually from the crown of the vine and as
such no permanent arms are required. These canes are then trained and secured to the
cordon wire(s), often wrapped around the cordon wire itself, or brought over top of another
parallel wire and back down to the cordon wire to form an arch. Studies have indicated
that the selection of thicker canes may be beneficial in increasing yield and profitability.
In a study on Sauvignon blanc over two growing seasons, Eltom et al. [77] determined
that average inflorescence number per shoot and the proportion of inflorescences having
an outer arm with flowers increased in relation with an increase in cane diameter. Cane
microclimate is an important consideration in this instance as inflorescence number per
bud is influenced by environmental conditions (primarily light and temperature) during
the initiation of inflorescence primordia [78]. While cane pruning has the advantage of
maintaining the most fruitful nodes [79], it is more expensive than spur pruning and a
tendency towards apical dominance may result in uneven budburst [80]. Carbohydrate
reserves may also potentially be impacted as 2-year-old wood may be removed [81]. In
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contrast, spur pruning normally involves the retention of spurs of 2-3 nodes located along
a permanent cordon, with wood no older than one growing season being removed in the
case of healthy vines. Along with cheaper pruning costs, this system has the advantage of
having a higher capacity for reserve storage and often more uniform shoot growth [82]. It
is also more suitable to mechanisation than cane pruning, and may significantly reduce
yearly labour demand, even if hand harvesting and pruning are employed [83]. A me-
chanical pre-pruning followed by a light manual pruning is a popular technique among
growers, that along with reducing labour costs, may help to maintain cordon vitality over
time by promoting proper pruning practices. The ease of operation afforded by such a
strategy could, for example, encourage the careful selection of nodes and consideration
of the types of cuts being made. Along with increased susceptibility to longevity related
issues such as dieback, other important considerations regarding the use of permanent
cordons include the selection of cultivars suitable for their basal fertility, as well as the use
of canopy management practices which optimise the positioning of foliage and bunches
for mechanisation.

3.2. Wrapping Canes Tightly around the Cordon Wire

In many wine-producing countries, it is a common practice for canes to be wrapped
tightly around the cordon wire during the establishment of permanent cordon arms for
several reasons. Wrapping the canes around the cordon wire has the inherent advantage
of providing the developing arms with additional support, reducing the risk of rolling
and mitigating the need for foliage wires. This added support is especially appreciated
in heavily mechanised regions such as Australia, where the stability of the canopy is an
important factor in regard to limiting mechanical damage. While some growers have begun
to wrap canes more loosely around the cordon wire out of concern for strangulation, it is
unclear whether or not this practice is enough to totally eliminate the possibility of the wire
becoming embedded within the wood of the cordon and eventually affecting productivity.
Other methods including placing the canes on top of the wire and securing them in place in
three or four positions on each arm [18], or utilising a coiled wire through which the canes
may be trained [84], can be more costly and time consuming by comparison. Having the
cordon trained on top of the cordon wire also requires the presence of at least one foliage
wire, as in the absence of any support for developing shoots to latch on to, arms positioned
in this fashion have a tendency to roll under the influence of their own weight [18]. This can
disrupt the selection and formation of permanent spur positions and potentially overexpose
any fruit that may be present. The risk of rolling is also related to cordon length, with
longer cordons having a greater susceptibility.

It has been hypothesised that wrapping the cordon tightly around the cordon wire
may cause a constriction of the vascular system, becoming worse over time and disrupting
the normal flow of water and nutrients through cordon arms [18,85]. This stress may in
turn contribute to a decline in productivity and the occurrence of dead arm symptoms,
either on its own or in combination with other factors. While little research has been
conducted on grapevines in this regard, it has been reported that constriction applied via
plastic straps on olive trees led to a reduction in vegetative growth and canopy volume
compared to control trees, as well as a reduction in yield for low vigour cultivars [86]. This
reduction in vegetative growth corresponded to lower stem water potential in constricted
trees, likely as a result of reduced xylem girth growth caused by the plastic strap at
the constriction point [87]. A similar reduction in vigour was observed after girdling
(removing a thin strip of the outer stem layer, i.e., cambium and phloem) in various orchard
trees [87-90], especially when performed early in the season. Such an interruption to the
phloem prevents the downward flow of sugars and other organic compounds, with extra
damage or even death resulting if the cut is deep enough to damage the xylem or is too slow
to heal [91]. Girdling is commonly used in table grape production to increase yield [92],
and is sometimes utilised in winegrape production to promote sugar and anthocyanin
accumulation [93]. Working with Kyoho grapevines, Li et al. [93] demonstrated that
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prolonged disconnection of the phloem after girdling significantly suppressed the length
of fruiting shoots and the number of leaves per shoot on girdled arms, possibly due to a
disruption of the accumulation of carbohydrate reserves in the trunk and roots. Similar
results were obtained by Eltom et al. [94] who, working with Sauvignon blanc, determined
that cane girdling before budburst restricted carbohydrate availability and reduced shoot
growth rate and internode number. Based on these results it seems probable that any
disruption to the vines vasculature imposed by constriction could inhibit carbohydrate
accumulation in the perennial organs, negatively affecting growth and productivity in
the following seasons. Investigating the effect of tight wrapping on the developing arms
of Shiraz, Caravia [85] reported pruning mass to be around 20% higher in non-wrapped
vines after a single season, suggesting more favourable conditions for growth. This was
further supported by measurements of arm transversal area (ATA) which was found to
be significantly higher in the distal portion of non-wrapped arms compared to wrapped
arms. Additionally, significantly higher concentrations of soluble sugar were observed at
the distal portion of non-wrapped arms during dormancy and there was a trend (though
not significant) of higher trunk starch concentration in non-wrapped vines. While the
reduced vegetative growth observed in the wrapped cordons and the lower concentration
of sugars observed in the distal portion of wrapped arms seem to suggest that constriction
may have had a negative effect on xylematic flow, the same cannot necessarily be said
about phloematic flow. Considering that an interruption to the phloem would be likely to
disrupt the translocation of carbohydrates to perennial structures for overwintering, one
would expect that the concentration of sugars observed in the distal portion of arms during
dormancy would be higher in the case of the tightly wrapped arms had there been such
an interruption.

3.3. Establishment of Cordon Arms

When establishing permanent cordon arms during the development or reworking of a
vineyard, canes are selected based on several factors including their vigour, health, and
perhaps most importantly their proximity to the cordon wire. This selection is important
as it has a permanent impact on the vine’s canopy architecture, and in the case of bilateral
cordons, the formation of a “v-zone” of appropriate size at the crown of the vine helps to
regulate canopy density, improving light and wind penetration and reducing the risk of
future foliar disease pressure. In certain scenarios, a unilateral cordon may be preferable
over a bilateral cordon when accounting for factors such as vigour and intra-row vine
spacing. The length of cordon arms is often decided based on this spacing, with the distal
ends of the arms of two adjacent vines ending in close proximity to each other. Perhaps
unsurprisingly, as any gaps along the cordon wire without the presence of productive
cordon equates to a loss in potential profit. As such, common practice involves cutting
canes intended as future bilateral cordon arms to a length equal to about half the distance
between the trunks during establishment, effectively leaving them as long as possible.
While this method has the advantage of getting the entirety of the desired length of the new
arm into position right away, evidence suggests that it may not always be the best approach.
The capacity of newly established arms to grow and develop new shoots, as is the case with
all parts of the vine is based on vigour [81]. When low vigour-canes with a small diameter
are selected for the establishment of new cordons, possibly by necessity due to a lack of
better options as the case may be, a length adjustment based on the apparent vigour of the
canes may be an advisable consideration [95]. Canes of small diameter may not have the
vigour needed to support uniform budburst and growth of new shoots, especially in the
case of the buds located in the middle of the canes [96]. By adjusting the length of the canes
intended as new arms based on their apparent vigour (Figure 2), less buds are retained,
encouraging their successful growth and the development of shoots that are of greater
diameter and are better suited for selection as permanent spur positions [81,97].
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Figure 2. Length adjustment of low-vigour canes selected as permanent cordon arms. (a) Both canes
selected as permanent cordon arms were deemed suitably high vigour and did not receive a length
adjustment; (b) one cane selected as a permanent cordon arm was deemed to have an apparent
vigour too low to support uniform budburst and shoot growth and received a length adjustment
based on its apparent vigour.

One of the shoots from the most distal portion of the developing arm, close to the
cutting point, may then be selected and trained along the cordon wire horizontally during
the growing season to extend the cordon arm to its final length. This process may require
attention several times to secure the extension as it grows but the desired result is more
numerous, healthier spur positions. Following the same logic, the removal of secondary
shoots as well as those growing from locations deemed undesirable for permanent spur
positions may be beneficial in encouraging the growth of shoots at more desirable spur
positions [97,98]. An early shoot thinning, performed when newly burst shoots are 5-10 cm,
could help to combat the acrotonic tendency of the vine to send sap to the most distal
nodes, improving uniformity in the length and diameter of shoots along the cordon [99].

3.4. Maintenance of Cordon Arms

A healthy permanent cordon may lose productivity simply as a result of decisions
made during the spur pruning process. “Blinding” of spur positions (for example removing
one node out of every two along the length of the cordon, or removing all of the nodes
within the v-zone) is a process that is sometimes performed intentionally for the purpose
of keeping productivity low or maintaining spatial separation between spurs [97]. This
process is ideally performed on 1-year-old canes during establishment by scraping off
undesired buds or early developing shoots. Spur positions may also be lost unintention-
ally, sometimes permanently, due to the overzealous actions of pruners with insufficient
experience in selecting which spurs to retain each year. Likewise, any accidental nicking of
the cordon or other wood older than 1-year-old, deep enough to damage the vasculature
or illicit a wound response, or producing larger cuts than necessary, could be detrimental
to vitality [95,100]. Cordon length is an important consideration in relation to vine vigour.
Cordons of insufficient length may lack the spur positions required to provide an adequate
framework for the substantial amount of vegetative growth observed in high-vigour situ-
ations. Likewise, excessively long cordons may be unable to support uniform budburst
and growth, especially in low-vigour situations, leading to underdeveloped or missing
spur positions [96]. Important pruning practices include limiting the number and size of
clean cuts in order to help reduce the susceptibility of the cordon to fungal trunk disease
infection, as well as avoiding pruning during wet conditions when spore inoculum is
prevalent [101]. It has been suggested that training methods involving minimal pruning
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show less esca disease effect than methods involving regular manual pruning [102], and
techniques which concentrate pruning wounds on the crown of the vine should be avoided,
particularly for cultivars sensitive to wood disease. Recent research has indicated that
the total surface area of cuts on a cordon rather than the diameter of each cut is the more
important factor in regard to incidence of Eutypa dieback [103]. Such wounds may expose
the vascular system to the environment, dehydrating cells adjacent to cuts and producing
desiccation cones [104], susceptible to colonisation by fungal pathogens [105,106]. It is also
important to be cognizant of the proximity of the cutting point to retained buds when spur
pruning, as necrosis will occur near the cutting point which must be allowed for with a
desiccation zone. It is recommended to allow for a length between the cutting point and
retained buds equal at a minimum to twice the diameter of the wood being pruned [97,107],
so as not to compromise the vitality of the wood tissue in close proximity to the bud. A
recent study by Fatundez-Lopez et al. [104] has indicated that the area and depth of wood
necrosis induced by pruning is influenced by the distance between the cutting point and
the node, but not by the diameter of pruned spurs. Interestingly, this study also found that
budburst and shoot development were not affected by the distance between nodes and
pruning cuts. A new method being promoted by some practitioners involves retaining the
top node position of each spur in a two-node spur system preferentially each year [108],
allowing for a gradual increase in spur position height, purporting to reduce trunk disease
incidence. This is in contrast to the classic and widely adopted method of retaining the
bottom node each year, which has the benefit of limiting variation in cordon architecture
and keeping the height of spur positions in closer proximity to the cordon. While both
methods have their advantages, an issue that may arise with unchecked vertical or horizon-
tal elongation of spur positions is an increase in the frequency of breakage via mechanical
damage [109]. Shifting the vegetation further away from the cordon also inevitably results
in an unavoidable progressive loss of leaf area, if the trimming/hedging point remains
unchanged. Overly tall spur positions may, however, be brought back down to starting
height periodically when necessary, with the use of a replacement cane originating in close
proximity to the cordon [108]. One added benefit of tall spur positions is an increase in the
volume of perennial wood, providing greater capacity for carbohydrate reserve storage.
Increased spatial separation of the fruit zone from the cordon may also have positive
implications on bunch microclimate and fruit and foliar disease pressure.

4. Vascular Diseases of Grapevine
4.1. Mechanism of Infection and Implicated Pathogens

Grapevine trunk diseases are caused by a range of phytopathogenic fungi and rep-
resent a serious challenge to viticulturists all over the world, having the capacity to dras-
tically reduce vineyard productivity and cause significant loss of income [110]. In a
study examining the impact of grapevine age on water status and productivity of Ries-
ling, Bou Nader et al. [5] identified wood diseases as the main factor behind the decline
of old vines, suggesting that their management is a key component in regard to im-
proving vineyard longevity. Trunk disease pathogens associated with the decline and
dieback of grapevines include species of the Diatrypaceae family, most prominently Eu-
typa lata [111,112], species of the Botryosphaeriaceae [113-115], Phomopsis spp. [116], vari-
ous basidiomycete species [117], Phaecomoniella chlamydospora [118], Phaeoacremonium spp.
and Cadophora spp. [119], among others. These pathogens infect the grapevine primarily
through pruning wounds, with spores dispersed by wind and rain splash germinating in ex-
posed xylem vessels upon contact and colonising woody tissue [120]. The same grapevine
can by infected multiple times with one or more fungal pathogens, with different pathogens
causing similar symptoms of decline, supporting the idea that trunk diseases may best
be regarded as a complex of infections [121-123]. Occlusion of the xylem and phloem
elements may occur in infected vines, along with wood decay, impairing the translocation
of water and nutrients [124]. Visible symptoms of decline often do not develop until 10 or
more years after planting and may include uneven periderm maturation, stunted shoots,
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necrotic and marginally scorched or distorted leaves, reduced bunch size, uneven ripening,
fruit wilting, and eventually vine death [125,126]. Studies have suggested that variations
in the severity of symptoms from year to year may be more influenced by climatic factors
such as rainfall and temperature than by vineyard practices [110,127].

Pierce’s disease, also a vascular disease of the grapevine, is caused by the xylem-
limited bacterium Xylella fastidiosa (Xf) and is transferred from vine to vine by sap-feeding
insect vectors [128]. Expression of symptoms occur as a result of the systemic colonisation
of the xylem by Xf and the progressive occlusion of xylem conduits. The disease is fatal
to grapevines, as the development of tyloses, gels, and embolisms in xylem vessels cause
vascular transport to become increasingly impaired, resulting in water deficits and their
associated consequences [129,130]. Drought conditions and water shortage issues are
becoming more and more common under the influence of global warming. Accordingly,
such impediments to the movement of water and other substances through the vasculature
of the cordon and other vine tissues, as well as their interaction with environmental
conditions, are becoming of increasing concern.

4.2. Relationship between Stress and Disease Symptom Expression

Vines may be infected by fungal and bacterial pathogens without displaying any
symptoms. Several studies have yielded results indicating that infected vines may be more
likely to express symptoms when their health is compromised by stress. Water stress has
been shown to exacerbate disease symptoms associated with Phaeomoniella chlamydospora
(Pc), a pathogen implicated in esca and Petri disease [131,132]. Leaf water potentials were
determined to be lower in infected Cabernet Sauvignon and Zinfandel vines when sub-
jected to water stress, indicating that infection inhibited the ability of the vines to transport
water. In a greenhouse trial, Ferreira et al. [133] observed that significantly more Chenin
blanc vines inoculated with Pc exhibited dieback symptoms when subjected to water stress.
Similarly, working with Miiller-Thurgau and Riesling, Fischer and Kassemeyer [134] ob-
served a greater number of symptomatic xylem vessels in vines infected with Pc when
subjected to water stress. Investigating the effect of water and temperature stress on
grapevines inoculated with Eutypa lata (Eutypa dieback), Sosnowski et al. [135] demon-
strated that Red Grenache vines in pots subjected to a combination of extreme heat or
cold plus low or high soil moisture displayed more severe foliar symptoms than those
in moderate conditions; however, severe symptoms were not produced with either of
these factors alone. In a subsequent water-deficit trial, the extent of colonisation of E. lata
and Diplodia seriata (Botryosphaeria dieback) did not increase under water stress, with
the progress of E. lata actually showing a reduction in water stressed vines [136]. Further
examining the same vines and irrigation treatments, Oswald [137] reported that smaller
xylem vessel area and narrower cane diameter were correlated with less colonisation of
E. Iata in the water stressed vines, contradicting the theory that restricting vascular tissue
might lead to increased progression of Eutypa dieback. Additionally, Pouzoulet et al. [138]
reported that increased xylem vessel diameter was correlated with greater susceptibility to
Pc, due to less efficient vessel compartmentalisation.

Pierce’s disease produces symptoms which have been found to correlate with low
leaf water potential and turgor, impaired hydraulic conductance, and higher stomatal
resistance [139]. In their study on Cabernet Sauvignon, Choi et al. [140] reported that
potted vines infected with Xf exhibited a significantly stronger transcriptional response
of pathogen-induced genes when exposed to water deficit, as well as increased severity
of disease symptoms and extent of pathogen colonisation. This agrees with the results of
Thorne et al. [130] who found that vines inoculated with Xf and exposed to water deficit
developed more extensive symptoms than when well-watered, as well as Choat et al. [141]
who found a positive relationship between Xf concentration and symptom formation
in deficit-irrigated vines. If, as some of these results indicate, stressed vines are more
likely to express symptoms of vascular disease, then adopting a training method which
avoids constriction of the vasculature of the cordon may help to limit the onset of disease
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symptoms by avoiding a reduction in vine defence response. As of the present, however,
the exact nature of the relationship between these factors of decline remains unclear.

4.3. Relationship between Strangulation and Trunk Disease

There is currently no published literature regarding the relationship if any that exists
between constriction of the cordon from tight wrapping, dieback, and incidence of vascular
disease. A small survey was conducted in the Waite Campus vineyard, University of
Adelaide, South Australia in the spring of 2020 to investigate the relationship between
cordon strangulation and fungal trunk disease expression. Fifteen-year-old Cabernet
Sauvignon vines were assessed for the presence of characteristic Eutypa dieback foliar
symptoms, comprising stunted shoots with chlorotic (yellow) leaves, often cupped and
with tattered margins [142], as well as cordon dieback. From those assessed, two vines
were selected which displayed cordon dieback but no foliar symptoms of Eutypa dieback,
two vines were selected which displayed cordon dieback as well as foliar symptoms, and
two vines were selected which were healthy in appearance and displayed no visible signs
of dieback or foliar symptoms (Figure 3).

Figure 3. Presence of cordon dieback and foliar symptoms of Eutypa dieback. (a,b) Cordon dieback but no foliar symptoms;

(c,d) cordon dieback and foliar symptoms (stunted shoots); (e,f) symptomless.

Based on visual examination, the cordons of all six vines appeared to have been
established by tightly wrapping developing canes around the cordon wire, with the wire
now visibly embedded within the wood of all cordons. Samples of approximately 15 cm
length were cut from the cordons for cross section examination and for collection of samples
for laboratory diagnosis by isolation. Upon direct examination of the cross sections, wedge
patterns of staining were observed in the samples collected from the cordons displaying
signs of dieback both in the presence and absence of characteristic Eutypa dieback foliar
symptoms but were not observed in the samples collected from the cordons which were
healthy in appearance (Figure 4).
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Figure 4. Examination of cross sections. (a,b) Cordon dieback but no foliar symptoms; (c¢,d) cordon dieback and foliar

symptoms; (e,f) symptomless.

This is logical when one considers that regardless of the cause of dieback (pathogen or
strangulation) it is expected that dead wood will be observed in the cross section given
that the wood is dying back. To diagnose if pathogens were present in the symptomatic
wood, the cordon samples were surface disinfested in bleach before a drill was used to
collect shavings made along the margin between live and dead wood. For the asymp-
tomatic samples wood shavings were collected solely from wood which was healthy in
appearance. Small sections of the shavings were then placed on potato dextrose agar plates
and incubated for a week at 25 °C with a 12 h photoperiod before examination for the
presence of fungal growth [136]. Eutypa lata was positively identified in plates from wood
samples collected from cordons displaying dieback both in the presence and absence of
foliar symptoms as well as from symptomless cordons. Additionally, other Diatrypaceous
and Botryosphaeriaceous species were identified only in samples from cordons displaying
Eutypa dieback foliar and dieback symptoms. These findings confirm the inherent difficulty
in relying solely on the expression of foliar symptoms when investigating for the presence
of fungal pathogens [127,135], as they may be present in symptomless vines, which are
otherwise healthy in appearance. There remains a question as to what extent constriction
of the cordon may influence the speed and severity at which symptoms of decline resulting
from the presence of these pathogens are expressed, as such, more research is required.

5. Conclusions

A simple visual assessment of the cordon of a mature vine whose arms are wrapped
so tightly that the cordon wire has long become embedded within the wood of the cordon
is enough evidence for most observers to conclude that there has been a negative impact
on the health of the vine. This situation is typically accompanied by various states of decay
and dieback along with an oftentimes severe decline in productivity. In such a scenario,
the constrictive effects of cordon strangulation may be working in conjunction with other
factors such as the onset of vascular disease to drastically reduce yield and economic
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viability. It is for this reason that careful consideration must be given when planning
and implementing cordon training techniques, both during the initial establishment of
young vines as well as the reworking of older vineyards. Climate change is also an
important consideration in this scenario, as heat and water stress may further exacerbate
the factors driving cordon decline. Understanding the potential benefits of adopting
cordon establishment techniques, which avoid constriction of the vine’s vasculature, could
provide vineyard managers with a strategy aimed at improving vineyard sustainability
with little to no added consideration, input or cost after the initial period of establishment.
Further research is required to investigate the impacts of wrapping developing arms tightly
around the cordon wire in comparison to other cordon training techniques. This research
would quantify the impacts of different cordon establishment techniques on vine health
and longevity. Other considerations such as the benefits of adjusting the length of canes
selected as permanent arms based on their apparent vigour before extending them to final
length could also be investigated. By gaining a better understanding of the long-term
advantages and disadvantages of different cordon establishment methods, growers in the
future may be better equipped to avoid management decisions likely to lead to cordon
decline and the costly, untimely reworking of vineyards.
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