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SUMMARY. ‘Cabernet franc’ grapevines (Vitis vinifera) sustained severe winter
injuries of all aboveground parts following two consecutive freezing events in 2014
and 2015 in Ohio. To ensure grapevine recovery, adjustment of pruning and
training practices must be accomplished.However, optimum training of new shoots
for trunk replacement was not known and research-based information on this topic
was lacking. Therefore, the purpose of this study was to evaluate different training
and pruning methods for trunk renewal and recovery of ‘Cabernet franc’ and their
impacts on growth, yield, cropload, and fruit composition following severe winter
injuries. In 2016, grapevines were manipulated using a combination of training
[Fan, vertical shoot positioning (VSP), or both], pruning (cane- or spur-pruned),
and trunks (two, four, or more trunks per vine). The Fan system took less time to
train thanVSPduring the growing season; however, the latter took less time to train
and prune during the following dormant season. Training and pruning methods
with increased buds per vine resulted in increased shoots, leaf area, pruning weight,
clusters, and yield per vine but decreased juice total soluble solids (TSS). The
exceptions were vines with combined training systems of Fan andVSP, in which leaf
areas and pruning weights were reduced despite increased bud count per vine after
pruning. In conclusion, each system has advantages and disadvantages; however,
the Fan training system with cane pruning and multiple trunks produced the most
optimum trunk size, yield, cropload, and fruit composition. Therefore, following
trunk freeze injury, we recommend retaining all shoots using the Fan training
during the growing season.During the subsequent dormant season, growers should
select medium-sized canes for trunk replacement and train four trunks and four
canes for the VSP system.

F
reezing is the leading environ-
mental stress that causes crop
loss to the grape industry in

Ohio and surrounding states (Zabadal
et al., 2007). From 2007 through
2015, Ohio grape growers experi-
enced consecutive freezing events
with unprecedented crop and vine
losses valued at $12 million following

the ‘‘polar vortex’’ event in 2014
(Dami and Lewis, 2014). Multi-
ple freezing events of air tempera-
tures below –20 �C occurred in Jan.
and Feb. 2014. These extreme and
repeated freezing events damaged
trunks, canes, and buds and resulted
in 88% to 100% crop loss to all vinifera
(Vitis vinifera) cultivars throughout
the state (Dami et al., 2014). In 2014,
only buds at the base of trunks that
had been buried under soil mounds
survived. The practice of soil hilling
(covering the graft union and trunk

base with soil) is a worst case scenario
measure when grapevine dieback oc-
curs and intends to protect buds at
the base of the scion for trunk renewal
during the following season (Howell,
1988; Zabadal et al., 2007). In this
situation, vine recovery was accom-
plished by retraining new shoots for
trunk replacement. To restore growth
balance, grapevines are managed dif-
ferently by training multiple shoots
(called suckers) from the trunk base
on a fan-like shape, thus the name,
Fan training system (Wolfe, 2000;
Zabadal et al., 2007). However, in
2015, the multiple 1-year-old canes,
trained as new trunks, were again
exposed to multiple freezing events
in January and February of air tem-
perature below –20 �C (Fig. 1). As
a result, all 1-year-old canes were
killed except for the buried portion
of the canes, which were protected by
soil hilling.

To mitigate freezing damage
in grapevines, various protection
methods have been developed and
implemented before, during, or after
a freezing event, with the purpose
of enhancing grapevine recovery
(Poling, 2008; Zabadal et al., 2007).
Following winter injury, vine recov-
ery management strategy is a key
cultural practice that involves ad-
justment of pruning and training
with the goal to reestablish vine struc-
ture and resume predamage crop pro-
duction (Howell, 1988; Pool and
Howard, 1985). However, growers
have relied on anecdotal informa-
tion because of lack of published re-
search on vine retraining options.
Even though these back-to-back dam-
aging events were devastating for
growers, they presented an opportu-
nity to conduct a field study to ad-
dress the issue of optimum training
methods for trunk renewal and thus
provide research-based guidelines on
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cultural practices for grapevine recov-
ery. Therefore, the purpose of this
study was to evaluate different train-
ing and pruning methods for trunk
renewal and recovery of ‘Cabernet
franc’ and their impacts on growth,
yield, cropload, and fruit composition
following severe winter injuries.

Materials and methods
Plant material, experimental
design, and treatments

This research study started in
Spring 2015 and was conducted at
a commercial vineyard in Geneva (lat.
41.7627�N, long. 80.9629�W, alti-
tude 257 m; soil series, Platea-Darien
silt loams) in northeast Ohio [USDA
Plant Hardiness Zone 6a (–23.3
to –20.6 �C) (U.S. Department of
Agriculture, 2012)]. Five-year-old
‘Cabernet franc’ grafted onto root-
stock ‘101–14’ (Vitis riparia · Vitis
rupestris), planted in 2010 in a north–
south orientation with a spacing of
4 · 9 ft (vine · row), were used in this
study. Before winter damage, grape-
vines were originally head-trained and
cane-pruned with two canes (12 buds
per cane and totaling 24 buds per
vine), tied horizontally to the fruit
wire, and were vertically shoot-
positioned. In Spring 2015, all dam-
aged trunks were removed before
treatment application. The shoots
used in this study were suckers that

emerged from the scion portion of
the trunk that was buried and origi-
nated mainly from count buds on
1-year-old spurs and noncount buds
off the trunk (Fig. 2D). Three training
systems were applied to 15 vines per
treatment in a randomized complete
block design with four blocks. Treat-
ments were Fan, Fan/VSP, and VSP
training systems (Fig. 2). On Fan-
trained vines, all emerged shoots were
manually trained vertically by tucking
and positioning them between catch
wires into a fan shape (Fig. 2A–D). All
shoots and fruit (clusters) were retained
in this system. Fan/VSP training in-
volved training four shoots on a VSP
system and the remaining shoots on
Fan system (Fig. 2E–H). All shoots
were retained and clusters were re-
moved from the VSP-trained shoots
only. In VSP training, four shoots were
retained and trained vertically, and then
two shoots were trained horizontally in
opposite direction along the fruit wire
(Fig. 2I–L). The remaining shoots and
all fruit were removed. Throughout
the study, grapevines were maintained
using standard commercial practices
(Dami et al., 2005). During the fall
and after harvest, soil hilling was con-
ducted using a disc plow (Maxiumus
100; Unverferth Manufacturing Co.,
Kalida, OH) to mound soil around the
trunk base to cover and insulate the
graft union (Fig. 2D, H, and L).

In early Spring 2016 and before
budburst, all three training systems
were converted back to the commer-
cial standard VSP system. During
conversion, vines were either cane- or
spur-pruned, and two to four trunks/
vine were retained. Specifically, vines
were trained using five training and
pruning methods described as follows
(Figs. 3 and 4): 1) F-2T2C [Fan in
2015, converted in 2016 to the orig-
inal training system used in the com-
mercial vineyard; i.e., grapevines were
head-trained with two trunks and
cane-pruned with two canes tied hor-
izontally to the fruit wire, consisting of
12 buds per cane, and totaling 24
buds per vine (Figs. 3A and 4A)], 2)
F-4T4C [Fan in 2015, converted in
2016 to four trunks and four canes;
this system was similar to 1), but each
vine had four trunks and four canes
and cane-pruned to a target of 32
buds per vine (Figs. 3B and 4B)], 3)
F/VSP-4T4C [Fan/VSP in 2015,
converted in 2016 to four trunks and
four canes; each vine had four trunks
and four canes and cane-pruned to
a target of 32 buds per vine (Figs. 3C
and 4C)], 4) F/VSP-4T4CS [Fan/
VSP in 2015, converted in 2016 to
four trunks and four spur-pruned cor-
dons; each vine had four trunks and
four cordons that were pruned to
two- to three-bud spurs, spaced evenly
along the fruit wire, to a target of 32
buds per vine (Figs. 3D and 4D)], and
5) VSP-4T4CS [VSP in 2015, main-
tained in 2016 with four trunks and
four spur-pruned cordons: each vine
had four trunks and four cordons
pruned to two to three-bud spurs,
spaced evenly along the fruit wire, to
a target of 32 buds per vine (Figs. 3E
and 4E)]. Clusters were thinned in all
treatments after berry set (June 2016)
according to shoot length as follows:
all clusters were removed from shoots
less than 12 inches long, one cluster
per shoot was retained on shoots
12–24 inches long, and two clusters
per shoot were retained on shoots
greater than 24 inches long. Grape-
vines were maintained using vineyard
practices similar to those used in 2015.
Pictures were taken to document
growth progression of all training sys-
tems throughout the season (Fig. 4).

Weather
A temperature logger (A110

Watchdog A-Series; Spectrum Tech-
nologies, Aurora, IL) was installed in

Fig. 1. Hourly maximum (solid line) andminimum (dashed line) air temperatures
recorded from 1 Jan. 2015 to 31 Oct. 2016 using a temperature data logger
located in the vineyard in Geneva, OH (1.8 · �C) D 32 = �F.
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the vineyard (<50 m away from vine
plots) and positioned 4 ft above the
ground to record daily minimum and
maximum temperatures throughout
the duration of the study. Growing
degree-days (GDDs) represent the cu-
mulative heat units during the grow-
ing season and were calculated by
adding the daily mean temperature
above 10 �C from 1 Apr. through 31
Oct. Fall frost date (first occurrence of
temperature below 0 �C in the fall)
and total number of frost-free days
(FFDs) (number of successive days
with a minimum daily temperature at
or above 0 �C) were also determined
from the temperature logger data.

Pruning and tying time
In 2016, pruning and tying times

of the five systems were recorded

using a stopwatch. Timed activities
of F-2T2C included cane selection for
trunk replacement, bilateral training
using training tape and ties, removal
of excess canes, and pruning to 24
buds per vine (Figs. 3A and 4A). F-
4T4C involved similar activities ex-
cept that 32 buds per vine were
retained (Figs. 3B and 4B). Timed
activities of F/VSP-4T4C included
cane selection for trunk replacement,
replacement of damaged or weak bi-
laterally trained cane(s) with fanned
canes, removal of excess canes, and
pruning to 32 buds per vine (Figs. 3C
and 4C). F/VSP-4T4CS involved
similar activities to the previous sys-
tem except that 32 buds on canes and
spurs were retained (Figs. 3D and
4D). Timed activities of VSP-4T4CS
consisted of pruning vertical canes

back to two- to three-bud spurs per
vine for a total of 32 buds per vine
(Figs. 3E and 4E).

Vegetative growth

BUD AND SHOOT COUNTS, AND

LEAF AREA. In Spring 2016, bud and
shoot number per vine were recorded.
Leaf area was measured during verai-
son (initiation of fruit ripening) using
a portable leaf area meter (LI-3000C;
LI-COR Biosciences, Lincoln, NE).
Leaf area per vine was estimated by
multiplying the leaf number per vine
by the mean single leaf area. The mean
single leaf area was computed by scan-
ning all mature leaves of six shoots per
vine on two vines per experimental
unit. We previously determined that
this method provided a good estimate
to predict the actual leaf area using

Fig. 2. Photos and schematic drawings of three training systems after vine dieback in ‘Cabernet franc’ grapevines during the
2015 growing season (Spring, Summer, and Fall): Fan training (A–D), Fan/vertical shoot positioning (VSP) training (E–H),
and VSP training (I–L).
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linear regression [R2 = 0.90 (data not
shown)].

TRUNK SIZE AND PRUNING

WEIGHT. In Fall 2016, trunk diameter
was measured with a caliper (500
Series; Mitutoyo Corp., Kawasaki,
Japan) at internode 2 (stem tissue
between node positions 2 and 3) of
second-year trunks. In late Winter
2017, pruning weights of the 2016
growing season were recorded from
five vines (experimental unit) using a
digital scale (SD200L; Ohaus Corp.,
Parsippany, NJ). During pruning, all
treatments were spur-pruned to two-
to three-bud spurs, and 32 buds per
vine were retained.

Yield components
At harvest, yield components in-

cluding 100-berry weight, cluster num-
ber per vine, and crop weight per vine
were recorded. Berry samples were col-
lected from each experimental unit,
placed in a sealed plastic bag, stored in
a cooler with ice, and transported from
Geneva to Wooster. The samples were
stored at 4 �C overnight and processed

the following day. The weight of 100
berries was recorded using an analyt-
ical scale (Adventurer Pro; Ohaus
Corp.). Cropload was computed us-
ing two methods: 1) ratio of leaf area
to yield (LA/Y) per vine (square meters
per kilogram) and 2) Ravaz index (RI),
which is the ratio of yield to pruning
weight per vine (kilogramper kilogram).

Fruit composition
After weighing, the 100-berry

samples were juiced at room temper-
ature using a manual hydraulic juice
press (The Juice Press Factory, Aus-
tin, TX). A volume of 35 mL of juice
was transferred to a 50-mL centrifuge
tube and centrifuged at 2834 gn for
6 min (accuSpin 400; Fisher Scien-
tific, Pittsburgh, PA). Total soluble
solids were measured with a digital
refractometer (Pal-1;AtagoCo.,Tokyo,
Japan) and expressed in percent (�Brix).
A 10-mL supernatant was transferred
to a titration workstation with an auto-
sampler (Denver Instruments, Bohe-
mia, NY) to measure pH and titratable
acidity (grams per liter).

Statistical analysis
All data were subjected to one-

way analysis of variance using SAS
software (version 9.3; SAS Institute,
Cary, NC). Fisher’s least significant
difference test at P £ 0.05 was used to
compare means. Regression analyses
were computed to determine the re-
lationship between leaf area and prun-
ing weight, and the two cropload
methods, LA/Y and RI.

Results and discussion
Weather

Hourly maximum and minimum
air temperatures from 1 Jan. 2015
to 31 Oct. 2016 are summarized in
Fig. 1. In 2015, the lowest tempera-
ture (–31.3 �C) was recorded on 20
Feb. As indicated earlier, all 1-year-
old canes (aboveground vine parts)
of ‘Cabernet franc’ grapevines were
killed except those covered with soil.
The last spring frost and the first fall
frost occurred on 29 Apr. and 18Oct.
2015, respectively, resulting in a grow-
ing season of 170 FFD and 1436
GDD. In 2016, the lowest temperature
(–20.1 �C) was recorded on 18 Feb.
and vines sustained minimal bud in-
jury (4%). The last spring frost and the
first fall frost occurred on 15 Apr. and
23 Oct. 2016, respectively, resulting
in a growing season of 189 FFD and
1605 GDD.

Pruning and tying time
Pruning time was the shortest

in F-2T2C and F-4T4C, whereas F/
VSP-4T4C, F/VSP-4T4CS, and VSP-
4T4CS required longer pruning times
(Fig. 5). However, tying time was the
longest in F-2T2C and F-4T4C as
compared with F/VSP-4T4C and F/
VSP-4T4CS, respectively. No tying
was needed for VSP-4T4CS (Fig. 5).
Total training (pruning and tying)
time was the longest in F-4T4C and
shortest in VSP-4T4CS (Fig. 5). Dur-
ing pruning, nearly 40% of vines in
F/VSP-4T4C and F/VSP-4T4CS
sustained dieback of the horizontally
trained canes. Thus, these damaged
canes were pruned and replaced with
the fan-trained canes. This anomaly
was observed only on vines trained on
the combined system, F/VSP, the
previous year (2015), and in other
cultivars as well (Todaro, 2016). It is
suggested that shading of the hori-
zontally (VSP) and vertically (Fan)
trained shoots/canes resulted from
the combined training system (Fig.

Fig. 3. Schematic drawings of the three grapevine training systems established in
2015 and converted to five systems in 2016. (A) F-2T2C: Fan-trained vine in
2015 converted to vertical shoot positioning (VSP) with two trunks and two
canes, cane-pruned in 2016; (B) F-4T4C: Fan-trained vine in 2015 converted to
VSP with four trunks and four canes, cane-pruned in 2016; (C) F/VSP-4T4C:
Fan/VSP-trained vine in 2015 converted to VSP with four trunks and four canes,
cane-pruned in 2016; (D) F/VSP-4T4CS: Fan/VSP-trained vine in 2015
converted to VSP with four trunks and four cordons, spur-pruned in 2016; and
(E) VSP-4T4CS: VSP-trained vine in 2015 and maintained as VSP with four
trunks and four cordons, spur-pruned in 2016.
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2F and 2H) and may have led to poor
cold acclimation and thus cold injury
of the shaded canes. This observa-
tion concurs with previous reports,
which demonstrated that exposure of
shoots and canes to sunlight during
the growing season favored proper
cold acclimation and resistance to cold
during the dormant season (Howell,
2000; Howell and Shaulis, 1980).

Vegetative growth

BUD AND SHOOT COUNTS, AND

LEAF AREA. VSP-trained vines (VSP-
4T4CS, F/VSP-4T4C, and F/VSP-
4T4CS) in the previous year (2015)
had the highest number of buds per
vine after pruning and the highest
number of shoots per vine, whereas
fan-trained vines (F-4T4CandF-2T2C)
had the lowest number of buds after
pruning and produced the lowest
number of shoots (Table 1). This
was expected because the former sys-
tems had increased number of buds
and spurs retained after pruning and

conversion. Nevertheless, shoot count
per vine was unusually lower than bud
count per vine in all training systems
(Table 1). This discrepancy is explained
by the presence of blind nodes (count
buds remained closed with no shoot
growth), which averaged four to five
blind nodes per vine in all treatments.
This suggested that the number of
blind nodes were not related to the
training method, but rather to bud
damage possibly due to cold injury
from the February and early spring
subfreezing events.

VSP-4T4CS had the highest
leaf area/vine followed by F-2T2C
and F-4T4C which produced similar
leaf area, whereas F/VSP-4T4C and
F/VSP-4T4CS produced the lowest
leaf area (Table 1). This unexpected
decrease in leaf area in the latter two
treatments is likely caused by shad-
ing of buds from the combined
training system, F/VSP, during the
previous season. It is suggested that
shaded buds in 2015 produced

leaves with reduced leaf area in
2016. We made the same observa-
tions in two other cultivars trained
on F/VSP (Todaro, 2016). Previ-
ous work reported reduced leaf area
per shoot 1 year after shading in
vinifera grapevines (McArtney and
Ferree, 1999).

PRUNING WEIGHT AND TRUNK

SIZE. VSP-4T4CS and F-4T4C pro-
duced the highest, whereas F/VSP-
4T4C and F/VSP-4T4CS produced
the lowest pruning weights per meter
of canopy length (Table 1). In other
words, pruning weight per vine fol-
lowed a similar trend as leaf area per
vine. Therefore, leaf area per vine at
veraison provided a good prediction
and explained 72% of the variation in
pruning weight (Fig. 6). Our results
confirm previous reports that leaf area
is positively correlated with pruning
weight (Bravdo et al., 1984; Kliewer
andAntcliff, 1970). Furthermore, prun-
ing weights ranged between 0.24 and
0.35 kg�m–1 among all treatments
(Table 1). Based on previous reports,
pruning weights of balanced vines
should be within the ideal range of
0.3–0.6 kg�m–1 (Smart and Robinson,
1991). In this study, only VSP-
4T4CS and F-4T4C vines had prun-
ing weights within the ideal range
and hence were considered to have
optimum size.

VSP-4T4CS produced the larg-
est second-year trunks, whereas grape-
vines that were previously trained on
a Fan system (F-2T2C and F-4T4C)
produced the smallest trunks (Table 1).
The combined F/VSP system pro-
duced trunk diameter of moderate
size (Table 1). The large diameter
of newly retrained trunks is indicative
of excessive vigor and thus is not
desirable because it might lead to
increased cold injury (Byrne and
Howell, 1978; Howell and Shaulis,
1980). In fact, we have recently
demonstrated that bud and vascular
tissue from vigorous (also called
‘‘bull’’) canes were more cold sensi-
tive than normal-sized canes in ‘Caber-
net franc’ grapevines (Todaro and
Dami, 2017). Following trunk injury
and to restore growth balance, grape-
vines are managed differently by train-
ing multiple shoots from the trunk
base on a Fan training system (Wolfe,
2000; Zabadal et al., 2007). This is
why the vines trained with multiple
shoots (>4 shoots) on a Fan system in
2015 produced normal-sized trunks in

Fig. 4. Photos of the five training systems in ‘Cabernet franc’ grapevines during
the 2016 growing season in April (pre-budbreak), May (3–6 inches shoot
growth), October (harvest), and November (leaf fall): (A) F-2T2C = 2015
Fan-trained vines converted in 2016 to head-trained with two trunks and
cane-pruned with two canes, 12 buds per cane and totaling 24 buds per vine;
(B) F-4T4C = 2015 Fan-trained vines converted in 2016 to four trunks and four
canes pruned to a target of 32 buds per vine; (C) F/VSP-4T4C = 2015 Fan- and
vertical shoot positioning (VSP)-trained vines converted in 2016 to four trunks
and four canes pruned to a target of 32 buds per vine; (D) F/VSP-4T4CS =
2015 Fan- and VSP-trained vines converted in 2016 to four trunks and four
spur-pruned cordons that were pruned to two to three-bud spurs to a target of
32 buds per vine; and (E) VSP-4T4CS =VSP-trained vines in 2015maintained in
2016with four trunks and four spur-pruned cordons pruned to two- to three-bud
spurs to a target of 32 buds per vine; 1 inch = 2.54 cm.
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2016, whereas vines trained on VSP
with two or four shoots only in 2015
produced large (vigorous) trunks in
2016. Based on our previous work on

trunk size and its subsequent impact
on cold injury, we concluded that Fan-
trained systems, F-2T2C and F-4T4C,
were the most desirable.

Yield components and fruit
composition

VSP-4T4CS produced the high-
est, whereas F-2T2C produced the
lowest cluster number and yield per
vine, which was expected considering
F-2T2C and VSP-4T4CS had the
lowest and highest number of buds
per vine after pruning, respectively
(Tables 1 and 2). However, VSP-
4T4CS produced fruit with the low-
est TSS, whereas F-2T2C had the
highest TSS (Table 2). In other
words, the training systems with the
largest yields had the lowest TSS
and vice versa. Juice pH and titrat-
able acidity were not different among
treatments. Similar responses have
been previously reported and are typ-
ical of increased crop levels resulting
in delayed fruit ripening (Dami et al.,
2006; Naor et al., 2002). Under the
climatic conditions of northeast Ohio,
delaying harvest to ripen the fruit may
not be desirable because of the short
growing season and the risk of a fall
killing frost occurrence before com-
plete fruit maturity.

CROPLOAD. The LA/Y’s of
F-2T2C and F-4T4C were the high-
est, whereas those of F/VSP-4T4C,
F/VSP-4T4CS, andVSP-4T4CSwere
the lowest (Table 2). Previous re-
search found that 0.8–1.2 m2 leaf area
per kilogram of fruit were considered
ideal ratios for single canopy-trained
vines (Kliewer and Dokoozlian, 2005).
Therefore, F-2T2C was the only sys-
tem that fell outside the ideal range
and those vines were considered to
be under-cropped. When cropload
was expressed as yield per prun-
ing weight ratio, RI values ranged
between 7 and 13 (Table 2). Crop-
load or the ratio between crop yield
and dormant vine pruning weight is

Fig. 5. Pruning and tying time of ‘Cabernet franc’ grapevines trained on five
systems at Geneva, OH, in Spring 2016: F-2T2C = 2015 Fan-trained vines
converted in 2016 to head-trained with two trunks and cane-pruned with two
canes, 12 buds per cane and totaling 24 buds per vine; F-4T4C = 2015 Fan-trained
vines converted in 2016 to four trunks and four canes pruned to a target of 32
buds per vine; F/VSP-4T4C = 2015 Fan- and vertical shoot positioning
(VSP)-trained vines converted in 2016 to four trunks and four canes pruned to
a target of 32 buds per vine; F/VSP-4T4CS = 2015 Fan- and VSP-trained vines
converted in 2016 to four trunks and four spur-pruned cordons that were pruned to
two- to three-bud spurs to a target of 32 buds per vine; VSP-4T4CS = VSP-trained
vines in 2015maintained in 2016 with four trunks and four spur-pruned cordons
pruned to two- to three-bud spurs to a target of 32 buds per vine. Means with
different letters are significantly different by Fisher’s least significant difference
test atP £ 0.05. Lower case letters in grey plot area correspond tomeans separation
of pruning time. Lower case letters in white plot area correspond to means
separation of tying time. Upper case letters above the white plot area correspond
to means separation of total training (pruning and tying) time.

Table 1. Bud and shoot counts, leaf area, pruning weight, and trunk diameter of ‘Cabernet franc’ grapevines grown on
different training systems at a commercial vineyard at Geneva, OH, in 2016.

Treatmentz Nodes (no./vine) Shoots (no./vine) Leaf area (m2/vine)y Pruning wt (kg�mL1)y Trunk diam (mm)y

1) F-2T2C 23 dx 19 d 3.35 b 0.26 bc 13 c
2) F-4T4C 28 c 23 c 3.66 b 0.31 ab 13 c
3) F/VSP-4T4C 32 b 28 b 2.57 c 0.24 c 14 bc
4) F/VSP-4T4CS 35 ab 31 ab 2.37 c 0.24 c 14.5 b
5) VSP-4T4CS 37 a 33 a 4.42 a 0.35 a 18.5 a
P value <0.0001 <0.0001 0.0292 0.0133 <0.0001
z1) F-2T2C = 2015 Fan-trained vines converted in 2016 to head-trained with two trunks and cane-pruned with two canes, 12 buds per cane and totaling 24 buds per vine; 2) F-
4T4C = 2015 Fan-trained vines converted in 2016 to four trunks and four canes pruned to a target of 32 buds per vine; 3) F/VSP-4T4C = 2015 Fan- and vertical shoot
positioning (VSP)-trained vines converted in 2016 to four trunks and four canes pruned to a target of 32 buds per vine; 4) F/VSP-4T4CS = 2015 Fan- and VSP-trained vines
converted in 2016 to four trunks and four spur-pruned cordons that were pruned to two- to three-bud spurs to a target of 32 buds per vine; 5) VSP-4T4CS = VSP-trained vines
in 2015 maintained in 2016 with four trunks and four spur-pruned cordons pruned to two- to three-bud spurs to a target of 32 buds per vine.
y1 m2 = 10.7639 ft2, 1 kg�m–1 = 0.6720 lb/ft, and 1 mm = 0.0394 inch.
xMeans followed by different letters in columns are significantly different by Fisher’s least significant difference test at P £ 0.05.
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a criterion of vine balance (Smart
and Robinson, 1991). Generally, vines
with cropload values between 4 and 10
are considered in the optimal range
(Kliewer and Dokoozlian, 2005; Smart
and Robinson, 1991). Based on that
information, most training systems
were within the ideal range except
in F/VSP-4T4CS and VSP-4T4CS,
which trended toward over-cropping.
Furthermore, because cropload is an
indicator of the source-sink relation-
ship between the vegetative and
reproductive growth, both methods
delivered similar results and the LA/Y
was a good predictor explaining 81%
of the variation in RI (Fig. 6). There-
fore, our results agree with previous
reports that both ratios adequately
represent the cropload status (Bravdo
et al., 1984; Kliewer and Dokoozlian,
2005; Smart and Robinson, 1991).

In summary, this study has pro-
vided research-based information on
the advantages and disadvantages
among the five training and pruning
methods (Table 3). Even though
some systems may be less costly to
train and prune, and/or may produce
a larger crop than others, the over-
riding decision should be made based
on producing balanced grapevines
with optimum trunk size to mitigate
future cold damage. Under those
premises and among the five tested,
the optimum training-pruningmethod
was the Fan training pruned to four
trunks and four canes, or F-4T4C,
because it produced optimum trunk
size, yield, cropload, and mature fruit
(Table 3). Therefore, following trunk
freeze injury, we recommend retaining
all shoots using the Fan training dur-
ing the growing season. During the

subsequent dormant season, growers
should select medium-sized canes for
trunk replacement and train four trunks
and four canes for the VSP system.
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regression between leaf area and pruning weight of the 2016 growth. (B) Linear regression between leaf area to
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Table 2. Yield components and fruit composition of ‘Cabernet franc’ grapevines grown on different training systems at
a commercial vineyard at Geneva, OH, in 2016.

Treatmentz

Yield components Fruit composition

Clusters (no./vine)
Yield

(kg/vine)y
Leaf area:yield
(m2�kgL1)y Ravaz indexx TSS (%)w pH TA (g�LL1)v

1) F-2T2C 21 cu 2.1 c 1.54 a 7 c 20.8 a 3.36 a 4.95 a
2) F-4T4C 30 b 2.8 b 1.27 ab 9 bc 19.8 ab 3.35 a 5.33 a
3) F/VSP-4T4C 28 b 2.5 b 1.09 b 10 abc 20.1 ab 3.33 a 5.03 a
4) F/VSP-4T4CS 33 b 3.1 b 0.77 c 13 a 19.3 b 3.36 a 5.03 a
5) VSP-4T4CS 42 a 5.2 a 0.84 bc 12 ab 18.8 c 3.35 a 4.88 a
P values <0.0001 0.0345 0.0391 0.0321 0.0035 0.7278 0.4384
z1) F-2T2C = 2015 Fan-trained vines converted in 2016 to head-trained with two trunks and cane-pruned with two canes, 12 buds per cane and totaling 24 buds per vine; 2) F-
4T4C = 2015 Fan-trained vines converted in 2016 to four trunks and four canes pruned to a target of 32 buds per vine; 3) F/VSP-4T4C = 2015 Fan- and vertical shoot
positioning (VSP)-trained vines converted in 2016 to four trunks and four canes pruned to a target of 32 buds per vine; 4) F/VSP-4T4CS = 2015 Fan- and VSP-trained vines
converted in 2016 to four trunks and four spur-pruned cordons that were pruned to two- to three-bud spurs to a target of 32 buds per vine; 5) VSP-4T4CS = VSP-trained vines
in 2015 maintained in 2016 with four trunks and four spur-pruned cordons pruned to two- to three-bud spurs to a target of 32 buds per vine.
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xRatio of yield to pruning weight per vine.
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uMeans followed by different letters in columns are significantly different by Fisher’s least significant difference test at P £ 0.05.
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