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 Summary
Grape and wine production is a relatively new ag-

ricultural enterprise in Vermont with a history of only 
two decades. Winegrape cultivar performance has 
been evaluated at the University of Vermont Horti-
culture Research and Education Center in South Bur-
lington, VT (USDA hardiness zone 5a) since 2007. Six 
winegrape cultivars were assessed in a randomized 
complete block design of six blocks with four vine 
plots of each cultivar per block: ‘Corot Noir’, ‘Fron-
tenac’, ‘La Crescent’, ‘Marquette’, ‘Prairie Star’, and 
‘St. Croix’. Vines were trained in a bilateral cordon 
system at a density of 1,793 vines ha-1. Assessed hor-
ticultural parameters included: vine pruning weight; 
primary winter bud survival, shoot production from 
retained nodes; crop yield; and juice quality param-
eters. ‘Frontenac’, ‘La Crescent’, ‘Marquette’, ‘Prairie 
Star’, and ‘St. Croix’ rated well for measurements of 
cold hardiness and vine vigor. All cultivars in the trial 
had economically acceptable mean annual crop yield, 
except ‘Prairie Star’ which had lower mean annual 
crop yield than most other cultivars. ‘Corot Noir’ had 
among the highest crop yield, but suffered from great-
er winter damage and is likely marginal for cold har-
diness in many season at the trial site. ‘Frontenac’, ‘La 
Crescent’, and ‘Marquette’ produced juice with higher 
titratable acidity (TA) and soluble solids than other 
cultivars, and ‘Corot Noir’ and ‘St. Croix’ juices ranked 
lower for those variables. Of the evaluated cultivars, 
‘Marquette’ and ‘La Crescent’ exhibit the best juice 
quality, crop yield, and cold hardiness characteristics 
and are especially suited for commercial production 
in Vermont.
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Significance of this study
What is already known on this subject?
• Breeding of winegrape cultivars hardy to winter 

conditions in the northern U.S. where annual 
minimum temperatures of -25°C or lower are common 
is relatively new. While several dozen cold-hardy 
hybrid cultivars have been released from several 
breeding programs, there has not been a published, 
long-term evaluation of crop yield, field cold 
hardiness, and juice quality over the life of a vineyard 
from establishment through mature production.

What are the new findings?
• Of the eight cultivars initially planted in a replicated 

research vineyard in South Burlington, VT, USA, two, 
‘Traminette’ and ‘Vignoles’ were removed after five 
years because of issues with poor cold hardiness, crop 
yield, and/or disease resistance. Most of the cultivars 
had acceptable crop yield for commercial production, 
but several, including ‘Frontenac’, ‘La Crescent’, and 
‘Marquette’ exhibited high titratable acidity which 
may require changes in future cultivar development 
or winemaking technique.

What is the expected impact on horticulture?
• In the 1990s, there was no grape or wine industry 

in Vermont, but by 2016, winegrapes were grown 
on 67 ha and wine was valued at over $US 5 million 
annually. Continued refinement of cultivar breeding 
and selection for unique cold-climate regions will 
increase the quality of wines made and the economic 
impact of wineries in the region.

and, at the research site used in this study, average annual 
minimum winter air temperatures of -29 to -26°C (USDA 
Plant Hardiness Zone 5a (USDA, 2012)). Traditional cold-
tolerant Vitis vinifera cultivars grown in the cool-climate 
Finger Lakes and Hudson Valley regions of neighboring New 
York State are not considered cold-hardy under Vermont 
conditions. The breeding and commercial release of cold-
hardy winegrape cultivars developed in the upper Midwest 
USA, which experiences similar or more severe winter 
cold conditions to Vermont, spurred development of the 
winegrape industry in the region in the early 2000s. Private 
breeder Elmer Swenson from Wisconsin developed several 
grape cultivars in the 1970s and 1980s which are continuing 
to be named and released to the present day (Plocher and 
Parke, 2008; Swenson, 1985). The University of Minnesota 
fruit breeding program has specialized in developing cold-
hardy tree, vine, and small fruits since the beginning of the 
20th century (Luby, 1991), with increased focus on V. riparia 

Introduction
In the 1990s, no significant commercial plantings of 

winegrapes existed in Vermont, and by 2014, 67 ha of 
vineyards were growing grapes for 22 wineries in the 
state (NASS, 2015; Vermont Department of Liquor Control, 
2015). The most commonly-grown winegrape cultivars 
in Vermont include ‘Marquette’, ‘Frontenac’, ‘La Crescent’, 
and ‘Petite Pearl’, with fourteen total cultivars reported 
in a recent industry survey (Bradshaw et al., 2016). The 
climate of Vermont is highly variable, with high humidity, 
frequent rain events in spring through fall, moderate to hot 
summer temperatures, (National Climate Data Center, 2005) 
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and to a lesser extent V. labrusca as breeding parents to 
develop winegrapes with hardiness to extreme northern 
winters (Hemstad and Luby, 2000).

Information on cold-climate winegrape production 
is based primarily on research conducted in the Midwest 
(Iowa, Missouri, Ohio) and Finger Lakes (New York), where 
soils and growing conditions are different from Northern 
New England. Relatively new cold-climate winegrapes bred 
or commonly grown in the U.S. have been little-reviewed in 
the scientific literature. A review conducted at Iowa State 
University (Smiley and Cochran, 2016) outlines viticultural 
and enological characteristics of winegrape cultivars 
popularly grown in other cold climates in the United States 
and potentially suited for production in Vermont, but did not 
test cultivars against one another in a long-term replicated 
trial. The USDA NE-1020 Multistate Evaluation of Winegrape 
Cultivars and Clones project (NERA, n.d.) provides a 
coordinated methodology for evaluation of winegrapes for 
researchers in the U.S. Participants include faculty from across 
diverse climates and growing regions, and some researchers 
include cold-hardy interspecific hybrid cultivars in their trial 
plantings. A complementary project was coordinated among 
multiple Universities in the Northern U.S. and included NE-
1020 cultivar evaluation among its objectives (Martinson 
et al., 2016). In North Dakota, which experiences colder 
winters and hotter and drier summers than Vermont on 
average, none of the cultivars commonly grown in Vermont 
was included among those recommended for planting in 
that state because of poor yield, cold hardiness, or ripening 
characteristics (Hatterman-Valenti et al., 2016). However, in 
Nebraska, located like South Dakota in a continental climate 
but further to the south with warmer overall summer and 
winter temperatures, several of the commonly-grown 
Vermont cultivars were reported to express acceptable cold 
hardiness and juice quality for winemaking (Hatterman-
Valenti et al., 2016). Comparative horticultural and juice 
quality of commonly-grown winegrape cultivars in Vermont 
has not been summarized to-date from a long-term trial. 
This study includes a summary of the performance of those 
six cold-hardy grape cultivars grown under Northern New 
England conditions from 2009–2015.

Materials and methods
The research vineyard was established in 2007 at the 

University of Vermont Horticulture Research Center in South 
Burlington, VT, USA (lat. 44.43162, long. -73.20186), located 
in the Lake Champlain valley. The soil type is a well-drained 
Adams Windsor loamy sand (USDA NRCS, 2016) with pH 
7.2. Eight winegrape cultivars were planted in a randomized 
complete block design of eight blocks with four-vine plots 
of each cultivar per block: ‘Corot Noir’, ‘Frontenac’, ‘La Cres-
cent’, ‘Marquette’, ‘Prairie Star’, ‘St. Croix’, ‘Traminette’, and 
‘Vignoles’ (Table 1). Vine spacing was 2 m between vines 
and 3 m between rows (1,794 vines ha-1). Vines were trained 
from two trunks per vine to a 1.5 m high-wire dual unilater-
al cordon spur-pruned system. Drip irrigation was applied 
between May and September when soil water potential was 
below 25 kPa based on soil tensiometer readings. The vine-
yard received standard mineral nutrient and pest manage-
ment applications as determined by soil and petiole nutrient 
analysis, pest models and vineyard scouting (Bradshaw and 
Berkett, 2017; Wolf, 2008). Vines grew to the top trellis wire 
by 2008 and permanent cordons were established in 2009. 
All vines were dormant pruned in March or April of each year 
to a target count of 12–18 nodes (bud locations) per meter 

of cordon length (Reynolds and Wolf, 2008). Shoot thinning 
was performed each year in June to achieve a target of 18 
shoots per meter of cordon. In July of each year, developing 
canes were combed to encourage pendant growth habit. Har-
vest date for each cultivar was determined by weekly testing 
of juice soluble solids and titratable acidity and comparing to 
industry standards for each cultivar. In several years, harvest 
was premature for optimum ripening because of increasing 
bird damage or expected frost conditions. At harvest, all ma-
ture fruit clusters from every vine of each cultivar were har-
vested. Both ‘Traminette’ and ‘Vignoles’ were removed prior 
to the 2012 season due to high winter bud mortality, low crop 
yield, and high incidence of fruit rot on ‘Vignoles’ (Berkett et 
al., 2008, 2013; Bradshaw et al., 2013) to make room in the 
vineyard for other cultivars that may be more preferable to 
regional growers. Replacement vines were planted in 2012 
and established in the trellis space left open by the removed 
cultivars, but were not included in the evaluation detailed in 
this publication.

Data were collected from 2009–2015 when plants were 
in their third through ninth growing seasons. Vine phenology 
stages based on the BBCH scale (Lorenz et al., 1995) were 
recorded for each cultivar in each year. Weather data were 
collected with an on-site automated weather station (Davis 
Vantage Pro, Davis Instruments Corp., Hayward, CA) and are 
presented in Table 2. Overwintering primary bud mortality 
was assessed prior to dormant pruning in March or early 
April. Four canes, approximately 0.6 cm width at the base, 
from each four-vine plot were collected and stored overnight 
at 2°C prior to assessment. Five buds per cane from node lo-
cations 2–6 from the base were dissected and visually eval-
uated under 10× magnification for incidence of oxidative 
browning which indicated bud death (Hemstad and Luby, 
2000; Zabadal et al., 2007). The total number of live primary 
buds was counted and percent primary bud mortality calcu-
lated. Within 24 hours after dormant pruning, total pruned 
canes from each vine were weighed with a hanging scale to 
determine pruning weight (Mustad® 50 lb. Digital Scale, O. 
Mustad & Son, Inc., Auburn, NY). In April or May, after the 
vines had reached bud break, the total number of nodes 
within the fruiting zone (20 cm from the high-wire) and the 
number of those nodes with active growth were counted and 
percent nodes that produced shoot growth was calculated. 
At harvest, the total weight of fruit harvested from each four-
vine plot was recorded to determine crop yield. Yield was 
accumulated across all years of the study. Ravaz Index (RI) 
was calculated annually by dividing kg yield by kg pruning 

Table 1.  Breeding program origination for eight winegrape 
cultivars evaluated in South Burlington, Vermont, USA.

Cultivar Wine color Year released Breeding programz

Corot Noir Red 2006 Cornell
Frontenac Red 1996 UMN
La Crescent White 2002 UMN
Marquette Red 2006 UMN
Prairie Star White 2000 Swenson
St. Croix Red 1981 Swenson
Traminette White 1996 Cornell
Vignoles White 1949 Ravat

z Cornell = Cornell University, Geneva, NY; UMN = University of 
Minnesota, St. Paul, MN; Swenson = private breeder, Osceola, WI; 
Ravat = private breeder, Saone et Loire, France.
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weight the following spring (Ravaz, 1906). Juice quality pa-
rameters were assessed on the day of harvest from a sample 
of 100 berries randomly collected from each replicate plot 
using standard methods (Iland et al., 2013). Each sample 
was crushed by hand in a plastic bag to release a minimum 
of 25 mL of juice. Soluble solids concentration (SSC, °Brix) 
was measured with a refractometer (VEE GEE BTX-1, VEE 
GEE Scientific, Inc. Kirkland, WA), and pH measured with a 
calibrated pH meter (Beckman Φ340 with 12 × 50mm AgCl 
probe #A57177, Beckman Instruments, Inc., Fullerton, CA). 

Titratable acidity (TA, g tartaric acid * 100 mL-1) was cal-
culated from the volume of 0.1 N NaOH necessary to titrate 
5 mL of juice in 45 mL pH 8.2 water to pH 8.2 using standard 
techniques (Iland et al., 2013).

Proportional data were transformed using the arcsine 
square root and the analyses were performed on the trans-
formed data. Data presented compare the cultivars ‘Corot 
Noir’, ‘Frontenac’, ‘La Crescent’, ‘Marquette’, ‘Prairie Star’, and 
‘St. Croix’ over the 2009–2015 growing seasons. Cumulative 
yield data for 2009–2015 in Table 4 were subjected to anal-

Table 2.  Cold weather conditions and growing degree day accumulation at UVM Horticulture Research & Education Center, 
South Burlington, VT, USA 2009–2015. 

Yearz Last frosty First frost Frost free days
Winter low 

AGDD (B10C_BE)w

Temp. (°C) DOYx

2009 111 289 178 -25.5 16 1223.9
2010 105 303 198 -19.2 30 1517.8
2011 113 303 190 -27.8 24 1515.6
2012 121 287 166 -21.1 15 1601.7
2013 136 300 164 -24.1 24 1504.4
2014 116 263 147 -26.2 3 1450.6
2015 107 292 185 -28.2 55 1575.6

z Indicates winter season preceding the crop year referenced.
y Frost = <0°C.
x Day of year.
w Accumulated growing degree days April 1–October 31, Baskerville-Emin method.

Table 4.  Crop yield, vine growth, and Ravaz index (RI) from 2009–2015 for six winegrape cultivars grown in South Burlington, 
VT, USA.

Cultivar
Cumulative yield  

2009–2015 
(kg vine-1)z

Mean annual 
crop yield  
(kg vine-1)y

Pruning weight 
(kg vine-1) y RI y,x Clusters 

per viney
Cluster weight 

(g)y

Corot Noir 36.1 aw 5.62 a 0.46 c 11.77 a 38.4 c 145.80 a
Frontenac 37.5 a 5.78 a 0.69 b 7.80 b 49.8 ab 115.66 b
La Crescent 31.1 a 4.80 ab 0.69 b 7.36 b 46.9 b 98.42 bc
Marquette 33.4 a 5.36 a 0.71 ab 7.31 b 54.7 a 95.67 bc
Prairie Star 26.4 a 4.09 b 0.58 c 8.21 b 50.0 ab 82.68 c
St. Croix 36.7 a 5.71 a 0.82 a 6.79 b 54.2 a 103.07 b
z Mean annual crop yield calculated from four-vine panel and accumulated from 2009–2015.
y Mean values from repeated measures of annual assessments on six replicates collected 2010–2015.
x RI calculated from total kg crop yield / total kg pruned canes the following spring.
w Values followed by the same letter are not different at α = 0.05 using Tukey’s adjustment for multiple comparisons.

Table 3.  Key mean vine phenology dates and measures of cold and frost hardiness from 2009–2015 in South Burlington, VT, 
USA.

Cultivar Bud break (DOYz) Harvest (DOYz) Live primary buds 
before pruning (%)

Live nodes after 
bud break (%)

Corot Noir 134.1 ± 5.1 275.9 ± 9.7 72.0y dx 62.2 c
Frontenac 128.4 ± 6.0 263.4 ± 7.1 89.4 a 86.2 a
La Crescent 126.9 ± 7.0 263.1 ± 7.0 87.8 b 87.7 a
Marquette 127.3 ± 7.4 263.1 ± 7.0 89.6 a 86.2 a
Prairie Star 131.6 ± 5.3 262.6 ± 6.7 83.6 bc 73.2 b
St. Croix 129.3 ± 6.8 259.4 ± 7.3 83.3 cd 89.3 a

z Mean value for day of year 2009–2015 ± standard deviation. Descriptive statistics only.
y Mean values from repeated measures of annual assessments on six replicates collected 2009–2015.
x Values followed by the same letter are not different at α = 0.05 using Tukey’s adjustment for multiple comparisons.
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ysis of variance (SAS PROC GLM) by cultivar with a signifi-
cance level of α = 0.05. If the overall F-test was significant, 
pairwise comparisons were performed using Tukey’s Stu-
dentized Range test (SAS Institute Inc., 2004). Repeated mea-
sure analysis was conducted for: primary bud survival; live 
nodes after bud break; fruit cluster number per panel; fruit 
cluster weight; crop yield per vine; weight of pruned canes; 
RI; and juice composition to determine mean annual values 
across the study years. Mean crop yield parameters including 
cluster weight and number and kg crop yield omitted 2009 
data in order to minimize effects of the comparatively small-
er first-year crop. Analysis was conducted with PROC MIXED 
using Kenward-Roger DDFM method with cultivar and year 
as treatments. For all parameters, year had a significant ef-
fect; for this long-term evaluation across the study period, 
we focus on cultivar differences across all years with pair-
wise comparisons made using Tukey’s adjustment.

Results

Site weather
During the study period, maximum low temperature of 

-28.2°C was experienced in 2015, and temperatures below 
-24°C were experienced in five of the seven years (Table 2). 
Maximum winter low temperature was recorded after Janu-
ary 1 (day of year 1) in all years. Last frost date in spring var-
ied by 31 days across the years in the study period, and first 
frost date in autumn by forty. Frost free day periods ranged 
from 147 to 198 days. Annual accumulated growing degree 
days ranged from 1,223.9 to 1,610.7°C during the study pe-
riod.

Phenology, primary bud survival, and live nodes after 
bud break

The range of mean date of bud break was 7.2 days be-
tween the earliest (‘La Crescent’) and latest (‘Corot Noir’) cul-
tivars during the study period, and standard deviation across 
the study years was about one week (Table 3). ‘St. Croix’ was 
the earliest-harvested cultivar in all years, and ‘Corot Noir’ 
the latest. In two years of the study, bud break occurred on 
at least one cultivar before the last frost in spring, but vines 
were able to produce a crop in every year from secondary 
buds if primary buds were damaged by frost. ‘Marquette’ and 
‘Frontenac’ had the least damage to primary buds from win-
ter cold, followed by ‘La Crescent’. ‘Corot Noir’ suffered the 
greatest primary bud damage, but mean survival of 72.0% 
over the study period was within the 40% acceptable dam-
age used before adjusting pruning practices and crop load 
(Reynolds and Wolf, 2008). However, over 80% of primary 

buds on that cultivar suffered winter damage when assessed 
in 2015. ‘Corot Noir’ had the lowest percentage of retained 
nodes that pushed buds across all years, followed by ‘Prairie 
Star’, and the remaining cultivars had the highest.

Vine productivity, growth, and balance
All cultivars performed equally for cumulative crop yield 

from 2009–2015, although ‘Prairie Star’ ranked lowest and 
had yield 15% lower than the next lowest cultivar, ‘La Cres-
cent’. The annual mean crop yield per vine was not unex-
pectedly dissimilar, although ‘Prairie Star’ had lower mean 
annual crop yield than all cultivars except ‘La Crescent’. 
Despite greater cold damage experienced by ‘Corot Noir’, it 
had among the greatest cumulative and mean annual crop 
yield. However, ‘Corot Noir’ had the lowest pruning weight 
per vine, with ‘Prairie Star’, and this low vegetative growth 
and high crop yield contributed to its having the highest RI 
of all cultivars. ‘St. Croix’, in contrast had both among the 
highest pruning weight and crop yield, and ranked lowest 
for RI. However, among the Minnesota Swenson cultivars, 
none were statistically different for RI over the study period. 
There were differences among cultivars for mean number of 
clusters per vine and mean cluster weight, and those results 
were nearly the inverse of one another. For example, ‘Corot 
Noir’ had the lowest number of clusters per vine but the larg-
est cluster weight. This characteristic relationship likely con-
tributed to similar mean annual and cumulative crop yield 
among the cultivars over the study period.

Juice chemistry
There was significant cultivar effect on all measures of 

juice chemistry (Figure 1). SSC was greatest for the V. ri-
paria-based hybrids and ranked highest for ‘Marquette’, fol-
lowed by ‘Frontenac’, ‘La Crescent’, ‘Prairie Star’, ‘St. Croix’, 
and ‘Corot Noir’. ‘Prairie Star’ had the highest juice pH of 3.32, 
followed by ‘Corot Noir’, ‘Frontenac’, and ‘St. Croix’, then by 
‘Marquette’ and ‘La Crescent’. Mean TA across all study years 
separated among the cultivars with little overlap among 
ranking classes. ‘Frontenac’ had the highest TA followed by 
‘La Crescent’, ‘Marquette’, and ‘Prairie Star’. “Corot Noir’ and 
‘St. Croix’ had nearly half the TA of ‘Frontenac’.

Discussion

Weather, phenology, and cold hardiness
Observed variability in weather is a significant challenge 

to growers in Vermont, as cited in a recent stakeholder survey 
(Bradshaw et al., 2016). However, maximum winter low tem-
peratures occurred after January 1 in all years of this study, 

13 

 
 
 
 
 
FIGURE 1.  Mean pH, titratable acidity (TA), and soluble solids concentration (SSC) from repeated measures of six 
winegrape cultivars grown in South Burlington, VT, USA, in 2010–2015. Values with the same mean separation 
letter are not different from one another at α = 0.05 after Tukey’s adjustment for multiple comparisons. 
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Figure 1.  Mean pH, titratable 
acidity (TA), and soluble solids 
concentration (SSC) from repeated 
measures of six winegrape culti-
vars grown in South Burlington, 
VT, USA, in 2010–2015. Values 
with the same mean separation 
letter are not different from one 
another at α = 0.05 after Tukey’s 
adjustment for multiple compari-
sons.
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which is typically after vines have reached full acclimation 
and cold hardiness (Zabadal et al., 2007). Most of cultivars 
in this study and those most popular in Vermont vineyards 
were released from the University of Minnesota breeding 
program and contain a high level of V. riparia in their breed-
ing background (Bradshaw et al., 2016; Hemstad and Luby, 
2000). Compared to another cold-hardy North American 
species V. labrusca, V. riparia genotypes respond more rapid-
ly to decrease in photoperiod during fall acclimation, which 
suggests that they will reach full midwinter cold hardiness 
more rapidly (Fennell and Hoover, 1991). Conversely, among 
multiple genotypes including V. vinifera, V. labrusca, and 
V. riparia, more cold-hardy genotypes typically deacclimate 
faster in spring and thus are susceptible to late frost damage 
after bud break (Ferguson et al., 2014; Mills et al., 2006; Wolf 
and Cook, 1994). However, in this study, the Swenson- and 
Minnesota-bred cultivars did not exhibit a lower percentage 
of live nodes after bud break than ‘Corot Noir’, which was 
released from the Cornell breeding program and contains 
a higher proportion of V. vinifera in its parentage than the 
other cultivars tested (Reisch et al., 2006). The two cultivars 
with lowest percent live nodes assessed following bud break, 
‘Corot Noir’ and ‘Prairie Star’, were also the latest to break 
bud in spring, which suggests that midwinter cold damage 
was of greater concern on those cultivars than spring frost 
events. Among the cultivars in this trial, all were reasonably 
cold hardy for this site and across all years of the study, how-
ever, bud damage on ‘Corot Noir’ in individual years suggests 
that the cultivar may be at the edge of its hardiness zone. Of 
the Minnesota and Swenson cultivars, none exhibited low 
survival of primary buds from midwinter cold or spring 
frost. However, early bud break on some cultivars, including 
‘Marquette’’ and ‘La Crescent’, is implicated in increased frost 
risk by some vineyard managers in Vermont, which suggests 
a unique risk for those cold-hardy but early deacclimating 
cultivars (Bradshaw et al., 2016).

Accumulated growing degree days (AGDD) from April 1 
to October 31 varied from 1,223.9 to 1,601.7 using the Bask-
erville Emin (BE) method and a base of 10°C. In five of seven 
years, AGDD were greater than 1,500. For comparison, How-
ell (2001) reported typical AGDD of approximately 1,400°C 
for Bordeaux (France), Napa (California), and Coonawara 
(Australia), all wine regions considered substantially warm-
er than northern New England in terms of both winter 
temperatures and growing degree days. However, climate 
change since 2001 has increased AGDD for most sites around 
the world (Ashenfelter and Storchmann, 2016), and the BE 
method used calculates slightly higher AGDD but is more ac-
curate as an indicator of biological activity (Baskerville and 
Emin, 1969). Primary grape cultivars grown in those warm-
er regions are almost entirely V. vinifera in origin, but win-
ter low temperatures are much less severe than those in the 
northeastern U.S. AGDD accumulated at the study site were 
about 10% higher than in North Dakota where several of the 
same cultivars were evaluated over a similar period (Hatter-
man-Valenti et al., 2016). The importance of AGDD lies pri-
marily in the provision of sufficient heat to adequately ripen 
grapes before harvest, and in that ripening occurring early 
enough to allow for a period of active acclimation before leaf 
drop.

Vine productivity, growth, and balance
The consistent production of grapes with potential for 

high-quality wine production has recently been shown pos-
sible in Vermont, primarily because of the relatively recent 

availability of cultivars that can withstand winter cold ex-
tremes that will ripen within a typical growing season in the 
region. All cultivars in this trial except ‘Prairie Star’ produced 
near or above 5 kg vine-1 annually, which is the equivalent 
of 9 t ha-1 considered economically viable for cold climate 
vineyards based on economic conditions within the industry 
(Cannella, 2015). However, the data presented in this multi-
year, repeated measures analysis do not outline annual vari-
ations in crop yield, particularly in light of cold events in mid-
winter or spring frost occurrences that may reduce yield in 
a given season. The long-term nature of a perennial vineyard 
business typically assumes some level of crop loss in certain 
years, which is accounted for in Cannella’s analysis. Thus, as 
a long-term investment, the measurement of crop yield over 
a reasonable, productive time span is a useful tool for evalu-
ation of a grape cultivar.

Pruning weight is commonly used as a proxy measure-
ment for overall vine vigor. Because pruning weight is a 
measurement of the total one-year shoot growth, minus re-
tained spurs in cordon-trained vines like those in this study, 
it often correlates inversely with harvested crop weight 
which serves as a nutrient sink and serves to suppress shoot 
growth. Low pruning weight may also bud damage from 
winter cold or spring frost, although shoots from remaining 
nodes on cold-damaged vines often compensate for low bud 
count by producing overly vigorous growth. Canopy manage-
ment practices used commonly by growers, including shoot 
thinning, lateral shoot removal, and canopy hedging may 
affect overall shoot growth as measured in pruning weights 
the following year, so that metric is best evaluated in light 
of overall management practices applied in the vineyard. All 
vines in this study were treated similarly, with equal target 
number of retained shoots, shoot thinning after bud break, 
and canopy management practices applied annually during 
summer. Therefore, overall mean pruning weight over the 
study period likely reflects cultivar differences in growth and 
vine vigor experienced at the study site. However, increased 
bud mortality on ‘Corot Noir’ and ‘Prairie Star’, for example, 
may also account for a portion of the lower pruning weights 
observed for those cultivars.

A common management concept in grape production is 
that of vine balance, measured via a comparison between 
fruit production and vegetative growth. RI is a ratio used as 
a target metric for potential wine quality and vine balance 
(Ravaz, 1906). Balanced vines are typically considered to have 
an RI of 5–10 (Bravdo et al., 1985; Kliewer and Dokoozlian, 
2005), which all cultivars except ‘Corot Noir’ did in this 
study. However, RI has not always correlated to measurable 
improvement in juice quality, and has been used primarily 
as a measurement in V. vinifera cultivars (Maccarrone et al., 
1995). The use of RI as an evaluation tool in hybrid grape 
cultivars with different vigor, growth habit, and juice quality 
than V. vinifera cultivars is worthy of continued study.

Juice chemistry
SSC, pH, and TA are the primary quantitative measure-

ments of grape juice used in determining crop ripeness, al-
though qualitative characteristics including taste, aroma, 
skin separation, and seed development are also used to de-
termine harvest timing and grape quality (Coombe, 1992). 
Target values for those three metrics vary by cultivar, region, 
and wine style. SSC is the primary determinant of potential al-
cohol in finished wines, but low SSC may be adjusted through 
addition of sugar (chaptalization) prior to fermentation. For 
reference, an SSC of 21 °Brix would produce a wine with a 
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moderate alcohol level of 12.2% by volume if fully fermented 
to dryness (Iland et al., 2013). There was a measured differ-
ence in SSC between each cultivar in this trial. ‘Marquette’ 
had the highest SSC at 24.5 °Brix, which would translate into 
14.7% potential alcohol; the following three cultivars ranged 
from 23.5 to 20.8 °Brix. ‘St. Croix’ and ‘Corot Noir’ had the 
lowest SSC of all cultivars (18.7 (10.6% potential alcohol) 
and 16.5 (9.6%) °Brix, respectively), which would likely re-
quire chaptalization to make acceptable-quality wine. Low 
SSC for those cultivars was consistent across all years in the 
study, and therefore is not necessarily a product of over crop-
ping or low degree day accumulation in any particular years. 

All cultivars except ‘Prairie Star’ had juice pH below 3.2 
(for white wines) or 3.4 (red wines) which are considered 
optimum, however the results are consistent with previous 
reports (Smiley and Cochran, 2016). Juice pH is important 
for maintaining a hospitable environment for yeast during 
fermentation. However, availability of commercial yeast 
strains suited to low-pH or other challenging wine condi-
tions has increased, which may reduce the potential impact 
that low pH juice has on the potential for high-quality wine-
making (Pretorius, 2000). TA, on the other hand, is the acid 
component of wine that is experienced as a qualitative wine 
characteristic, with low TA wines typically characterized as 
‘flat’ and high TA wines considered ‘sour’. TA differed among 
all cultivars, except ‘Corot Noir’ and ‘St. Croix’ did not differ 
from one another. TA was highest for ‘Frontenac’, ‘La Cres-
cent’, and ‘Marquette’, but was not substantially different 
than in previous assessments of those cultivars (Del Bel et 
al., 2013; Hatterman-Valenti et al., 2016; Hemstad and Luby, 
2003; Martinson and Particka, 2015; Smiley and Cochran, 
2016; Tarko et al., 2014). The scale of TA imbalance for those 
V. riparia-based cultivars is approximately double the opti-
mum (0.6–0.7% for red wines and 0.6–0.9% for white wines 
(Iland et al., 2013)) which is not uncommon and has been 
the subject of substantial enological research to develop best 
practices for mitigating its effect on wine quality (Dharma-
dhikari et al., 2009; Martinson et al., 2016). The combination 
of low TA and SSC for ‘Corot Noir’ and ‘St. Croix’ would also 
make them acceptable candidates for blending with higher 
TA and SSC cultivars in a finished wine blend.
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