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Grapes have the  largest production area among 
horticultural crops in  the world. About 75 million 
metric tonnes of grapes are harvested annually from 
over seven million hectares in more than 100 coun-
tries (OIV 2016). Unfortunately, most common grape 
cultivars are adapted to warm climates and are sen-
sitive to  cold temperatures in  winter (Blue 2018). 
Insufficient cold hardiness is a major factor limiting 
viticulture in  the eastern United States and Canada 
(Striegler, Howell 2005). Frost injury may occur in the 
fall before the vines have fully acclimated or in  late 
spring in the de-acclimation period after sap flow is 
re-initiated. This may kill or damage the  develop-
ing flower buds, potentially causing significant yield 
losses. Also, severe cold temperatures in mid-winter 
can sometimes cause complete vine mortality. Winter 
damage can also affect the fruit quality by creating a 
growth imbalance (fruit to vegetative growth ratios) 
and, thus, potentially impact the wine quality. Vine-
yards in cold climates are limited to  local macrocli-

mates that are slightly warmer during winter periods 
and have more favourable conditions for vine grow-
ing, such as areas close to large bodies of water (riv-
ers or lakes) or areas with lower altitudes. A survey 
of  16 cool-climate wine regions worldwide showed 
that due to climate change, the average temperature 
increased at  the rate of  0.17  °C per decade during 
the  period from the  late 1800s through 2015. As  a 
result, many new potential areas  are emerging, and 
existing cool climate areas are becoming more suit-
able for  viticulture (Jones, Schultz 2016). However, 
grape growing in  these areas  is still incredibly chal-
lenging. Climate change may lead to a small decrease 
in the spring frost risk in the warmer areas, but in the 
cooler areas, may hasten the  bud break, increasing 
the  risk of  spring frost damage (Meier et  al. 2018). 
Therefore, the  application of  specific, appropriate 
cultural practices is also needed for grape production 
success. Practices can be classified into those which 
are performed prior to  the establishment and those 
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1  799  GDDs), V (1 800–1 899 GDDs), VI (1  900–
1  999  GDDs), VII (2  000–2  099 GDDs), VIII 
(2 100–2 199 GDDs), IX (2 200–2 299 GDDs), and X 
(2 300–2 399 GDDs; Huglin 1978).

The growing season temperature (GST) is another 
method used to measure climate suitability for grape 
growing, which is based on the average growing sea-
son temperatures (April–October). The GST is iden-
tical to the GDDs, but is easier to calculate and shows 
that quality wine production is limited to areas with 
a GST of 13–21 °C. Regional GDDs of 850–1 389 on 
the Winkler index or 1 200–1 800 on the Huglin in-
dex, and a GST of 13–15 °C are known as classic cool 
climate regions for grapevines (Jones, Schultz 2016).

A cultivar may be able to survive during winter in a 
cold climate area, but it needs a long enough season 
for crop ripening with no cold injury symptoms (Smi-
ley 2016). The length of the growing season is deter-
mined by calculating the average number of frost-free 
days (FFDs) for each area (which is equal to the num-
ber of days with a temperature of ≥ –2 °C). 

Grape cultivars are usually classified based on 
their ripening duration according to  the frost-free 
days and their growing degree day (GDD) require-
ments. These classifications are ultra-early varie-
ties (600–800  GDDs, and 110–135 FFDs), early 
(800–1 000 GDDs, and 135–150 FFDs), mid-season 
varieties (1  000–1  250 GDDs, and 150–180 FFDs), 
late-season varieties (1 250–2 250 GDDs, and 180–
190 FFDs; MGA 2018). Therefore, in cooler regions 
with shorter growing seasons, it is necessary to use 
early ripening varieties to obtain ripe fruit and allow 
for good acclimation (Rahemi 2016).

Cold hardiness zones in North America. In the 
United States, thirteen cold hardiness zones based 
on the average annual minimum temperature, are 
defined by the United States Department of Agri-
culture (USDA 2021), with zone 1 being the coldest 
and zone 13 the warmest. These are: zone 1 (–51.1 
to  –45.6  °C), zone 2 (–45.6 to  –40.0  °C), zone 3 
(–40.0 to  –34.4  °C), zone 4 (–34.4 to  –28.9  °C), 
zone  5 (–28.9 to  –23.3  °C), zone 6 (–23.3 
to  –17.8  °C), zone  7 (–17.8 to  –12.2  °C), zone  8 
(–12.2 to –6.7 °C), zone 9 (–6.7 to –1.1 °C), zone 10 
(–1.1 to  4.4  °C), zone 11 (4.4 to  10  °C), zone 12 
(10 to 15.6 °C), and zone 13 (15.6 to 21.1 °C). Each 
zone consists of  two sub-zones (a and b, a being 
the  coldest and b the  warmest). Grapes can grow 
on USDA plant hardiness zones 3 through 10b. 
The  available grape cultivars can grow in  USDA 
plant hardiness zones 5 through 10b. However, new 
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which are performed after the  vineyard establish-
ment (Dethier, Shaulis 1964). The major decision pre-
establishment is the site and cultivar selection (Strie-
gler, Howell 2005). The objective of  this manuscript 
is to review the viticulture challenges in cold climates 
mitigating the  risks with Ontario, Canada as an ex-
ample of a cold climate area.

Grape climate classification and cold climates. 
There are different methods that have been devel-
oped to classify a viticultural climate.

1. Growing degree days (GDDs), which are cal-
culated from April to September/October (with a 
base temperature of 10 °C).

2. Growing season temperature (GST), which is 
calculated based on the average monthly tempera-
ture over the seven months of the growing season. 

There are two methods to  classify the  climate 
of  wine growing regions based on the  GDDs or 
heat accumulation. The Winkler index uses GDDs 
from April 1st to October 31st based on the follow-
ing formula by taking the average daily maximum 
and minimum temperatures at a base temperature 
of 10 °C:

GDD =  (Ta – Tb) (1)

where: Ta  –  average daily temperature; and Tb  –  base 
temperature (10 °C).

In this method, the geographical areas are divid-
ed into five climate regions based on the growing 
degree-days, and are commonly known as Regions 
I–V. The  regions are R I (850–1  389  GDDs), R II 
(1 390–1 667 GDDs), R III (1 668–1 944 GDDs), R IV 
(1 945–2 222 GDDs), and R V (2 223–2 700 GDDs) 
(Winkler 1974). The Winkler index is widely used 
in many growing regions in the United States and 
Canada. However, it is less widely used in Europe 
where they use a second method, the Huglin index. 
The  Huglin index uses a similar formula for  the 
period from April 1st to September 30th, but gives 
more weight to  the maximum temperatures and 
uses an adjustment for  longer lengths of  the day 
found at higher latitudes:

GDD= K (Ta – Tb) (2)

where: K – parameter dependent on the latitude of the 
location; Ta – average daily temperature; and Tb – is 
the base temperature (10 °C).

The categories are: I (< 1 500  GDDs),II  (1  500–
1  599  GDDs), III (1  600–1 699 GDDs), IV (1  700–
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cold-hardy grapevines were recently introduced 
for zones 3 and 4.

The USDA climate zones were also adapted 
by  Canada, which divides Canada into 10 zones 
(0 to 9). Zone 0 being the coldest zone and zone 
9 is the  warmest. Zones 1–9 in Canada have the 
same temperature range as the US zones. Zone 
0, is a special zone for Canada that covers a tem-
perature range of –56.7 to –51.1 °C. The  USDA 
climate zone uses one climate variable: the  aver-
age of  the annual extreme minimum temperature 
for  the period of  1981 to  2010. However, Cana-
dians further developed an  individual hardiness 
map which was  introduced by  Natural Resources 
Canada (NRC 2021). The  map is based on a for-
mula using seven important variables that  influ-
ence plant survival including the  monthly mean 
of  the daily minimum temperatures of  the cold-
est month, mean frost-free period (above 0  °C) 
in  days, amount of  rainfall from June to  Novem-
ber, monthly mean of the daily maximum temper-
atures of  the warmest month, a winter harshness 
index related to the rainfall in January, mean maxi-
mum snow depth, and maximum wind gust over 
a 30-year period. This hardiness map also divides 
Canada into 10 zones (0 to 9). These zones provide 
insights about as what can be grown where. 

Winter severity index. A winter severity index 
(WSI) determines the different categories for each 
area based on the  mean temperature of  the cold-
est month (usually January or February) in  any 
given 30-year period. Cold areas  are categorised 
as  extremely cold (< –15  °C), very cold (–15  °C 
to –10 °C), cold (–10 °C to –5 °C), and mildly cold 
(–5 °C to 0 °C; Kurtural et al. 2008). In cold climate 
wine growing regions, severe low temperatures 
during winter are often the limiting factor with re-
gards to the yield (Jones 2015).

Phenological progression and physiological 
events. The buds start to go dormant in the fall (un-
der the  influence of  reduced day length and tem-
perature), which induces physiological changes 
in the bud cell contents and intercellular water lev-
els in  the vines, as  well as  chemical changes. This 
kind of dormancy is called endodormancy. During 
winter, grapevine buds require certain chilling re-
quirements (Dokoozlian 1999) before vine growth 
can resume. The chilling hours are calculated based 
upon the  hourly field temperature data. They are 
calculated as the number of hours between 0–7 °C 
using the following formula (Črepinšek et al. 2012):

CHt = h; if 0°C < T < 7 °C, then add 1, else 0 (3)

where: CH – chilling hours; h – hour; and T – tem-
perature.

If a certain amount of chilling is not received (in-
sufficient chilling), it will lead to the delayed full fo-
liation, as well as forming a small tuft of leaves near 
the  tips of  the canes, more suckers from the  lower 
parts of the vine, late-blooming or extended bloom, 
poor fruit set and yield, increased flower dropping, 
the  formation of  small-sized berries, and reduced 
berry quality (Corrales-Maldanado et al. 2010).

The chilling requirement is different for  different 
grapevine cultivars. For  example, the  chilling re-
quirement for  ‘Chardonnay’ and ‘Riesling’ are about 
650 and 750 chill unit factors (CUFs), respectively 
(Rahemi 2016). Londo and Johnson (2014) have re-
ported different chilling requirements (hours) for the 
grape species: Vitis amurensis (500), V. riparia (750), 
V. vinifera (750–1 000), V. labrusca (1 000), Hybrids 
(1 000), V. rupestris (1 250), V. cinerea (1 500), V. aes-
tivalis (1 750), and V. vulpina (2 000–2 250).

Different methods and models are used to calcu-
late the  chilling requirements, such as  ‘cumulative 
chilling hours’ (Weinberger 1950), Utah weight-
ed ‘chill units’ (Richardson et  al. 1974; Anderson 
et  al.  1986), and the  Dynamic Model ‘chilling por-
tions’ (Fishman et al. 1987; Erez et al. 1990). 

Buds cannot sprout after the  fulfilment of  en-
dodormancy until they receive a certain amount 
of  heat  units. This is a second dormancy period 
called ecodormancy. It is a later stage of dormancy 
when vines are no longer resistant to  late winter 
changes, during which buds will burst if placed 
in  warm conditions (Londo, Martinson 2016). 
The  heat  accumulation requirement is calculat-
ed based on GDDs) from April 1st till bud break, 
and it varies for  different grapevine cultivars. 
For  example, the  heat  requirement for  bud break 
of  ‘Chardonnay’ and ‘Riesling’ are about 200 and 
300 GDDs, respectively (Rahemi  2016). Cultivars 
with a high amount of  chilling (endodormancy) 
and heat  requirements (ecodormancy) are usu-
ally late-budding cultivars (Rahemi 2016). In  the 
spring, temperatures above 10 °C initiate vegetative 
growth. The time of bud break for grape varieties 
has been divided into five categories: 1 – very early; 
3 – early; 5 – medium; 7 –  late, and 9 – very late 
(IPGRI/UPOV/OIV 1997).

Acclimation in the fall. Grapevines need to ‘hard-
en off’ or acclimate for  the winter (Blue  2018). 

∑
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The absolute cold hardiness of the vine is genetically 
defined, but the phenotypic response may be modi-
fied by  the cold-acclimation process.  The capacity 
to  acclimate early in  the fall, to  become cold-hardy 
during the  winter, to  have a slow response to  tem-
perature changes in  the winter, and to have delayed 
de-acclimation during the spring is necessary for sur-
vival in cold climates (Howell 2000). Gu et al. (2002) 
also reported that the greater cold hardiness of non-
vinifera cultivars is due to  their ability to  acclimate 
faster and deeper at low temperatures.

Early acclimation means better preparation for ab-
solute cold hardiness, reducing the risk of early fall 
frost and/or mid-winter damage. If extreme cold 
temperatures occur when the vine is not quite accli-
mated, cold damage can occur (Rahemi 2016). 

Wolpert and Howell (1985) suggested that grape-
vine cold hardiness is associated with the vine ma-
turity and low water content of the tissues. During 
acclimation, the  water content of  the cells will de-
crease, and the  cold hardiness will increase in  the 
primary buds and canes (Striegler, Howell 2005). 
Striegler, Howell (2005) suggested that cold acclima-
tion occurs in  grapevines in  two stages: first, cold 
hardiness associated with tissue maturation and 
changes in  the water content (before the  first kill-
ing frost) and then cold hardiness that is not associ-
ated with tissue maturation and water content (after 
the first killing frost). In Ontario, acclimation typi-
cally starts from early September, and full chilling 
requirements are fulfilled by late December. In some 
years, during the acclimation process, warming and 
cooling cycles may occur (Rahemi 2016). This can 
delay reaching full cold hardiness (Stafne 2007).

Cold climate risks
Fall frost. In years with an early fall freeze where 

vines have not been able to  fully acclimate, there 
can be an  increase in  the incidence of  cane tip 
dieback (Rahemi 2016). Early frost in  the fall can 
prevent the  vine from acclimating properly, re-
sulting in  reduced nutrient storage, and impact-
ing the overwintering and vine development in the 
subsequent year.

Winter damage. There are many limiting factors 
for grape production, but one of the most challeng-
ing is winter damage (Chien, Moyer  2014). Dam-
age to  the cluster primordia of  the primary and 
secondary buds can drastically reduce the  crop 
yield (Fennell 2004). Winter damage is not limit-
ed to crop failure, but may result in damage to the 

canes, cordons, trunk, graft union, roots, and even 
the death of the whole vine (Goffinet 2001, 2004). 
Winter damage can occur particularly at high lati-
tude areas.

Studies to  determine the  degree of  damage after 
severe cold events describe the  percent injury or 
mortality of  the primary, secondary, and tertiary 
buds, degree of  damage on the  canes and trunks, 
and whole vine survival (Miller et al. 1988b; Martin-
son 2011; Ker 2013; Fiola 2018). The primary buds 
are usually the main cropping ones. However, sec-
ondary buds are productive in  some cultivars. Re-
searchers at the University of Minnesota have classi-
fied the cultivars secondary buds into three groups: 
productive, moderate productivity, and no produc-
tivity (Anonymous 2016).

Bud mortality should be assessed 24–48 hours af-
ter the  purported injury has  occurred. Buds need 
to  thaw at  normal room temperatures (20  °C or 
warmer) for 24 to 48 hours to allow oxidation to oc-
cur. With a sharp blade, the buds are cut horizontally 
in  five consecutive steps, and all the  primary, sec-
ondary, and tertiary buds checked for  green (alive) 
or yellow to  brown (dead) tissue. Ten buds on ten 
canes (100  buds in  total) per cultivar per site must 
be evaluated (Ker 2013). If the primary bud mortal-
ity is 0–15%, the  vines should be pruned as  usual. 
If the  mortality is 16–30%, an  additional 50% more 
nodes would be retained. If the mortality is 31–50%, 
the number of buds left would be doubled. If the pri-
mary bud mortality is more than 60%, the vineyard 
should not be pruned at all (Willwerth et al. 2014). 

Winter damage is a significant problem in  Cana-
da’s vineyards due to  the cold temperatures in  high 
latitude areas. In  Ontario, the  severe cold usually 
happens during January or February, when the vine 
has begun de-acclimation and may no longer be at its 
maximum cold hardiness. If the temperature is lower 
than the cultivar’s mortality threshold at  that point, 
the vine will suffer from cold damage (Rahemi 2016). 
Based on Grape Growers of Ontario (GGO 2017) re-
ports, crop production was reduced by one third due 
to mid-winter damage and was a huge loss to Ontario 
growers in 2005 and 2015 (GGO 2016). 

The duration of  the threshold cold temperatures, 
the  time during the  season which the  cold tem-
perature occurred, the  number of  cold temperature 
events, the rate of the temperature descent (from high 
to  low), and the duration of  the total winter season 
could individually and collectively affect the amount 
of winter injury to the vines and buds (Rahemi 2016). 
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Vine physiology is complicated among mid-win-
ter acclimation, late winter/spring de-acclimation 
and re-acclimation phases. De-acclimation (or  loss 
of  winter hardiness) may  be  a response to  abnor-
mally warm winter temperatures. Exposure to warm 
temperatures, even for  just a few days, can initiate 
some de-acclimation, which progresses faster than 
the acclimation process. The vine will lose hardiness 
and become more sensitive to the cold. This can re-
sult in serious winter damage (Rahemi 2016). 

In addition to a single extreme cold weather event, 
injury can occur from a series of  less severe cold 
events. In the Niagara Peninsula, Ontario, in years 
without extreme low temperatures, several re-
peated episodes where low-temperature exotherm 
(LTE) values were reached allowing repeated injury 
to occur, resulting in significant bud loss (Willwerth 
et al. 2014).

Cold hardiness measurements. A differential 
thermal analysis (DTA) is a method of measuring 
low-temperature tolerance in a single dormant ex-
cised bud. This method measures the actual lethal 
temperature rather than estimating it (Dami 2007). 
Dormant buds are placed on thermoelectric plates 
(5 per plate) in  a controlled-temperature freezer, 
and through progressive temperature declines 
over 24  hours, the  temperature that  causes bud 
death (lethal temperatures) is determined. This 
method detects ice formation in the bud by meas-
uring the  heat  released by  the latent heat  of fu-
sion upon crystallisation. The  ice crystals rupture 
the cell membrane and causing electrolyte leakage 
(EL), and, subsequently, death. Damaged buds leak 
more electrolytes than healthy buds. When an ac-
climated bud is cooled, the DTA temperature curve 
consists of  a high-temperature exotherm peak 
which occurs between –5 °C and –10 °C and is pro-
duced by the ice formation in the inter-cellular bud 
scales. This temperature does not cause bud injury. 
The second series of peaks or low-temperature ex-
otherms (LTEs) occurs < –10  °C, which is caused 
by  the freezing of  super-cooled intra-cellular wa-
ter (within the cells). This typically results in bud 
death due to  the cell wall injury and membrane 
rupture (Dami 2007). The LTEs are associated with 
bud death (Pierquet, Stushnoff 1980). At  the end 
of the freezing sequence, the data is analysed, and 
the  LTE 10, 50, and 90 are recorded as  the death 
of 10%, 50%, and 90% of the primary buds, respec-
tively (Andrew et  al. 1984; Zabadal et  al. 2007; 
Mussell et al. 2011).

The information collected from different growing 
areas and grape varieties in Ontario is provided on-
line by a ‘Vine Alert’ for growers to be aware of the 
sensitivity of  their vines throughout the  dormant 
season (CCOVI  2018). Growers can then initiate 
preventive or protective methods to  protect their 
vines against cold damage.

Spring frost. As  vines exit dormancy each 
spring, freezing vulnerability returns quickly (Fen-
nell 2004). By  late March, vines begin to  acceler-
ate the  de-acclimation process, and they undergo 
budburst by mid-May. Before and during budburst, 
they are sensitive to  late spring frosts (Rahemi 
2016). In bud break time in spring, a temperature 
around 0  °C can adversely affect the  vegetative 
growth and, at < –2.2 °C, may significantly reduce 
the  yield (Jones 2015). Fuller and Telli (1999) be-
lieved that  the newly emerged green tissues can 
suffer injury at just –2.5 °C, and Fennell (2004) re-
ported that damage to  the floral primordia of  the 
primary and secondary buds can drastically reduce 
crop yields. Therefore, delaying the de-acclimation 
and bud break will decrease the risk of late spring 
frost damage (Fennell 2004).

Cold damage mitigating methodologies. There 
are two types of cold protection methods for vine-
yards, passive and active methods. Passive protec-
tion methods are generally cultural practices and 
performed substantially before cold damage events. 
These are site selection, vine selection (cultivar and 
rootstock), proper pruning, and vine covering. 
Active protection methods are usually performed 
at  the time of cold damage events and either pre-
vent or reduce the loss of thermal energy from vine 
tissues. Active protection methods include heaters, 
wind machines, and a combination of the methods.

Passive protection methods. Some cultural prac-
tices, like proper site selection, proper slope, good 
soil and drainage, and cold air drainage could help 
to protect vines from winter damage. Some growers 
have used straw mulches on planting rows to cover 
the  crown and root areas, while others have used 
geotextile materials (white blanket) on the planting 
rows which cover all the vegetative parts. Depend-
ing on the  soil type, hilling soils on planting rows 
with about 20–25 cm height (to cover the graft un-
ions and lower the trunk) before the soil freezes (re-
hilling if the soil was washed away by a heavy rain) or 
possibly burying the whole vine with soils is an op-
tion (Rahemi 2016). Other cultural practices, such 
as enhancing the acclimation, frost avoidance activi-



64

Review	 Horticultural Science (Prague), 49, 2022 (2): 59–70

https://doi.org/10.17221/176/2020-HORTSCI

ties, and cultivar/rootstock selections, will also help 
to mitigate the cold damage in the vineyards.

Practices to  enhance acclimation. Grapevine 
growth is indeterminate, meaning vines in  ideal 
summer growth conditions will continue to  grow 
unless they receive the environmental signals early 
enough to stop the growth, acclimate properly, and 
prepare for winter. Some cultivars have little or no 
response to the shortening day length and reduction 
of the mean daily temperature that would normally 
initiate acclimation. These cultivars are prone to pro-
duce more shoots and leaves later into the growing 
season that could be damaged with an early fall frost 
(Rahemi 2016). When vines do not fully acclimate, 
winter injury will occur, resulting in  cracks in  the 
trunk and may lead to potential infectious diseases 
or other organisms, such as  crown gall (Agrobac-
terium sp.), which may kill the  vine in  subsequent 
growing seasons (Rahemi 2016). In this situation, it 
is necessary that  growers utilise cultural practices 
that  induce the  vine (e.g., reducing irrigation and 
fertilisation) and to slow down the vegetative growth 
in order for it to adapt for winter. 

During acclimation, carbohydrates and nutri-
ents accumulate in the root and cane tissues are a 
source of energy for the vine survival and enhance 
good winter hardiness (Rahemi 2016). Activities 
that  promote acclimation are a reduction in  the 
nutrient use (for example, elimination of late com-
post applications; Westover 2006) after the  fruit-
set to  reduce the  vegetative growth, elimination 
of  irrigation post-veraison, avoiding top hedg-
ing at  least three weeks before harvest, removing 
any grow-tubes around the  trunks in mid-August 
to give enough time for the trunk acclimation, and 
thinning the  excessive crop by  cluster thinning 
at  veraison (Rahemi  2016). However, Keller et  al. 
(2014) reported that the early fruit removal of vines 
with a commercially acceptable yield did not im-
pact the cold acclimation on the grapevines tested 
in Washington state.

Spring frost avoidance. To delay de-acclimation 
and bud break and avoid late spring frost damage, 
growers have used a vegetable oil spray, or  NAA 
(Naphthaleneacetic acid) during the  dormant 
season, but the  cultivar response is highly vari-
able (Qrunfleh 2010). Another method is delayed 
pruning, for example, pruning twice (first a lighter 
one when the  vines are fully dormant and a sec-
ond final bud-count pruning when all risk of frost 
has passed).

Cold-hardy cultivars. Some grape cultivars may 
not be hardy enough for very cold areas (Reisch, Luce 
2005). Cold hardiness depends heavily on the genet-
ics of  the grape species and/or cultivar (Centinari 
2016). Differences in cold hardiness among diverse 
grape cultivars have been studied extensively (Clore 
et al. 1974; Wolf, Miller 2001; Khanizadeh et al. 2004; 
Smiley 2016; Bradshaw et al. 2018). Most grape cul-
tivars in the world belong to the Eurasian grape spe-
cies V. vinifera L. The cultivars found in this species, 
may not be very cold-hardy, and they have little abil-
ity to  withstand serious cold mid-winter weather 
(Stafne 2007).

Most V. vinifera cultivars can tolerate –15 °C with-
out serious injury if the  acclimation is gradual. De-
pending on geographical location, the bud injury may 
begin to occur at –17.8  °C in most of  the very cold 
tender V. vinifera cultivars (Bradshaw 2016). Some 
north European cultivars have better cold hardiness 
than others. For example, the maximum cold hardi-
ness values (LT50 lethal temperature) for  ‘Cabernet 
Franc’ and ‘Riesling’ wine grape cultivars are –24.6 °C 
and –26.2 °C, respectively (Londo, Martinson 2015). 

Genetic variation within each cultivar due to clonal 
variation may confer differing levels of  cold hardi-
ness. For  example, clone scion #95 of  ‘Chardonnay’ 
and clone scion #115 of  ‘Pinot Noir’ have shown 
slightly greater cold hardiness compared to  other 
clones of each cultivar (Kemp et al. 2017). 

Species that  are native to  North America show 
relatively better cold hardiness than V. vinifera. 
Many cold hardiness genes are present in American 
grape species such as V. labrusca L., Vitis aestivalis 
Michx., and V. riparia Michx. (Fennell 2004). North 
American grape species can withstand –30  °C and 
lower (Fennell 2004). Some V. riparia hybrids have 
survived –38 °C with less than 50% bud injury (Hem-
stead, Luby 2000). The grape cultivar ‘Concord’, V. la-
bruscana Bailey, can tolerate –29  °C (Fennell 2004). 
This cultivar has  a different flavour than Eurasian 
grapes, and its wine may only be locally marketable. 
The main reason for its original expansion in Canada 
was its cold tolerance and utilisation in port, sherry, 
and non-alcoholic juices (Rahemi 2016). Some re-
searchers propose that Concord is a hybrid because 
it has complete flowers, which is a characteristic of V. 
vinifera L., but is very much like V. labruscana Bailey 
(Shoemaker 2012). The  first hybrid cultivar known 
as  an American hybrid, ‘Isabella’ (V. labrusca × V. 
vinifera), was introduced to the eastern United States 
in 1816 (Hedrick et al. 1908).
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French American hybrids are a little more toler-
ant than the V. vinifera cultivars (Shoemaker 2012). 
The critical threshold temperature for hardy French 
American hybrid cultivars is –26 °C (Bradshaw 2016). 

Crosses between vinifera cultivars and native 
North American species have shown the inheritance 
of good cold hardiness traits (Hemstead, Luby 2000). 
These are sometimes known as  Northern grapes 
(Shoemaker 2012), or cold climate interspecific hy-
brid grapevines (CCIHG; North et al. 2021). Breed-
ing of  wine grape cultivars hardy to  winter condi-
tions in  the northern United States, where annual 
minimum temperatures of –25 °C or lower are com-
mon, is relatively new (Bradshaw et al. 2018).

‘Valiant’ is a cross introduced by  South Dakota 
State University and developed from V. labrusca 
(Fredonia) × V. riparia (wild accession SD62-9-39 
from NE Montana; Smiley 2016). It has been report-
ed to possibly be the hardiest cultivar withstanding 
temperatures up to –45.5 °C. It is a red wine grape 
cultivar suitable for protected cultivation on the Ca-
nadian Prairies and mid-western United States, but 
it has a V. labrusca flavour (Nixon 2001; Kaban 2009; 
Smiley 2016). 

There are hybrids of  some cold-hardy V. vinif-
era wine grape cultivars with cold-resistant North 
American grape species (Shoemaker 2012). Min-
nesota hybrid cultivars have good potential for cold 
hardiness due to  the introduction of  the northern 
native grape species V. riparia, in the breeding pro-
gramme with a high inheritance of cold hardiness. 
These include ‘Frontenac gris’ (–39  °C), ‘La Cres-
cent’ (–38  °C),  ’Frontenac blanc’ (–38  °C), ‘Fron-
tenac’ (–37  °C), ‘Marquette’ (–37  °C), and ‘Itasca’ 
(–37 to –34 °C; Clark et al. 2017; UMN 2018). Many 
of  these hybrid cultivars are now growing in  cold 
areas such as  the northern and mid-western states 
of the United States, Canada, and northern Europe 
(Shoemaker 2012). For example, ‘Frontenac gris’ can 
grow in USDA plant hardiness zone 4 and 5 of the 
eastern United States and Canada (Smiley 2016).

A simple classification for winter hardiness grape-
vine cultivars in Ontario is achieved based on the rel-
ative index of  the ten different criteria from most 
hardy (#1) to least hardy (#10). This classification is 
based on the temperatures at which the LT50 of the 
primary buds occurred in mid-winter (GGO 2017).

A classification of  cold hardiness for  Manitoba 
divides grape varieties into groups labelled tender 
(–18 °C to –23 °C), slightly hardy (–21 °C to –26 °C), 
moderately hardy (–23 °C to –29 °C), hardy (–26 °C 

to  –32  °C), very hardy (–32  °C to  –37  °C) and su-
per hardy (below –37 °C; MGA 2018). Vermont and 
Bradshaw (2016) used a winter hardiness classifica-
tion of  1 – very cold tender (–17.7  °C, almost any 
grapes), 2 – cold tender (–20.5  °C, most northern 
V.   vinifera), 3 – moderately hardy (–23.3  °C, har-
dy V.  vinifera, moderately hardy French hybrids.), 
4  –  hardy (–26.1  °C, hardy French hybrids, most 
V. labrusca), 5 – very hardy (–28.9 °C, hardy V. labr-
usca, most V. riparia hybrids).

Grapes grown in  areas  with a long growing sea-
son and moderate winter temperatures usually have 
decreased winter damage. Cultivars with a high 
amount of  chilling (endodormancy) and heat  re-
quirements (ecodormancy) are usually late budding 
cultivars (Rahemi 2016).

Cold-hardy rootstocks. The  most effective way 
to grow grapes in a cold climate is to choose both 
cold-hardy varieties and rootstocks with a proper 
vine balance. Cold hardiness is one of the main se-
lection criteria for rootstock breeding programmes 
in  cold climates (Rahemi  2016). Cousins (2005) 
stated that  the cold hardiness of  a rootstock and 
its parents is not directly related to  the improved 
cold hardiness of the scion grafted onto it. Grafting 
a scion onto a cold-hardy rootstock may improve 
the scion’s cold hardiness as it may reduce the veg-
etative growth and vine size, and enhance the ear-
lier acclimation, but not through the movement of a 
‘cold hardiness factor’ to the scion. Some rootstock 
selections may tolerate cold temperatures better 
than others. Rootstocks with parentage from warm 
regions are not suitable for use in cold winter areas. 
For example, 039–16, a V. rotundifolia hybrid, and 
Dog Ridge, a V. × champinii selection, should only 
be considered in warmer climates where nematodes 
are an  issue, especially in  comparison with root-
stocks such as 3309C and 5BB with some V. riparia 
heritage (Cousins 2005).

The V. riparia species, either directly (i.e., Ripar-
ia Gloire de Montpellier-RGM) or in hybrids with 
other species (i.e., as 3309C) are used as rootstocks 
for grapes. V. riparia, a highly cold-hardy species 
native to  North America, is reported to  tolerate 
temperatures up to –40 °C (Stenger 2016). It is re-
ported that a V. riparia ecotype (accession SD62-9-
39) from the foothills of Montana showed extreme 
cold tolerance (–57  °C; Kaban 2009). Miller et  al. 
(1988a) found that  canes and buds on rootstock 
3309C (V. riparia × V. rupestris) were the most de-
sirable in relation to winter survival compared with 
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5BB and SO4 when used as rootstocks for ‘Riesling’ 
in Michigan. The cane and bud on 3309C acclimat-
ed faster in fall and de-acclimated slower in spring 
compared to  the 5BB and both SO4 (V. riparia × 
V. berlandieri) rootstocks. Moreover, grafted ‘Ries-
ling’ was significantly hardier than its own-rooted 
vines (Miller et al. 1988b). In general, RGM, 3309C, 
and 101–14 rootstocks have shown good cold har-
diness at Simcoe, Ontario, Canada (Rahemi 2016).

Identification of  cold-hardy rootstocks is per-
formed by surveying several traits that are geneti-
cally controlled to  identify vines with better ac-
climation. Some of  these traits are the  periderm 
lignification development (best indicator), early 
defoliation in fall (leaf abscission), male vines (ear-
lier acclimation), late bud burst in spring (late de-
acclimation), early veraison (early berry colouring), 
early fruit ripening, broad/flat bud shape, and abil-
ity to  replace damaged buds with vegetative- la-
tent buds (Rahemi 2016). Howell (2005) suggested 
that  short-cycle rootstocks would be most desir-
able for a cool climate. A short-cycle rootstock may 
increase the  rate of  cold acclimation of  the scion 
(Perry, Sabbatini 2015).

Guo et al. 1987 stated that the grape rootstock is 
useful to reduce the root cold injury in areas where 
soil temperatures fall extremely low in  winter. 
There are some reports that  confirm the  influence 
of the rootstock on the cold hardiness of the scion 
(Hubackova, Hubacek 1984; Pool, Howard 1984; 
Shamtsyan et al. 1984; Gu et al. 2005). In contrast, 
many other reports show that the scion cold hardi-
ness was not affected by various rootstocks (Shaulis 
et al. 1968; Wolf, Pool 1988; Striegler, Howell 2005). 
Striegler and Howell (2005) reported that the root-
stock did not have a consistent effect on the primary 
bud cold hardiness of the scion cultivar. They stated 
that the rootstock had little effect on cold hardiness 
or water content during the acclimation time. How-
ever, they observed that  the rootstock could affect 
the de-acclimation period.

Since different clones are introduced and avail-
able for each rootstock, they must be tested for their 
winter hardiness, as  they have shown differences 
in variety trials for both the scion and rootstock (Ra-
hemi  2016). A temperature sensor should be used 
at a depth of one foot (approximately 30 cm) in the 
ground to  collect and monitor real-time tempera-
ture data in the vine root zone (Rahemi 2016).

Control of cold hardiness genetically. The grape-
vine is affected by the dormancy initiation time and 

freezing tolerance in the fall and winter, chilling ful-
filment and bud break in the spring. These traits are 
controlled by  genetic bases and the  temperatures 
in the vineyard are contributing factors (Yilmaz et al. 
2021). Knowledge of  the genetic background of  a 
cultivar is a key component in choosing genotypes 
that are adapted to a cold climate (Stafne 2007).

By understanding the genes inducing cold resistance 
in  grapes, it is possible to  decrease the  risk of  win-
ter damage to  protect crops (Kovaleski et  al.  2019). 
Using genetic technologies, specific genes can be 
linked to  traits in  Norton hybrids. The  associated 
markers can be used to  screen for  those genes and, 
consequently, the desired traits when the plants are 
still very young. This allows breeders to  find which 
hybrids will likely perform in the desired way well be-
fore spending any effort in planting and maintaining 
them (Adams 2017). However, Londo (2017) men-
tioned that many genes are involved in cold hardiness 
on grapevines (a polygenic trait which is controlled 
by multiple genes, gene interactions, and significant 
crosstalk with other stresses). Therefore, controlling 
the cold hardiness by genetic modification is not easy. 

Cold hardiness genes are more abundant in North 
American grape species. CBF (C-repeat binding 
factor), CAMTA (Calmodulin-binding transcrip-
tion activator), and COR (cold response) genes are 
the most well-documented cold resistance genes in 
grapes (Nassuth 2013; Rahman 2015). ICE (inducer 
of the CBF expression) gene is a protein that has a role 
in cold hardiness gene make-up. The ‘Felicia’ cultivar 
(a hybrid of ‘Sirius’ × ‘Vidal blanc’) has the biggest po-
tential for the development of freeze tolerance molec-
ular markers. It has different alleles from CBF1 (A/C 
and B) and CBF4 (A and B) genes. CBF1B and CBF4B 
are candidates for freeze tolerance markers for grapes 
(Nassuth 2013). Research is ongoing to  identify cul-
tivars that  have more cold hardiness genes in  their 
genetic structure. The  BON (bacterial OsmY and 
nodulation) domain is found in  the bacterial osmot-
ic-shock-resistance protein, Osm. BON association 
protein 1 (BAP1) is a recently discovered phospho-
lipid-binding protein. The  VvBAP1 gene was  cloned 
in grape cultivars by Hou et al. (2018). The expression 
level of VvBAP1 in the cold-resistant varieties was sig-
nificantly higher than in  the cold-sensitive varieties, 
indicating that  VvBAP1 could be associated with 
the cold response processes in the grapevine.

Active protection methods. Other strategies 
include low temperature mitigation equipment 
such as  wind machines and air movement devices 
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if the wind speed is less than 6 km/hour and a ra-
diation frost condition exists. Wind machines mix 
warm air 20  m above the  ground, which can be 
5 to 10 °C warmer than at the vine level. Also, heat-
ing the  vineyards would be possible with different 
methods, such as using commercial orchard heaters 
(Smudge Pots) in small vineyards (Khanizadeh et al. 
2004; Fraser et al. 2008; Rahemi 2016). Weather fore-
casts are a useful tool for growers in applying mitiga-
tion strategies to help minimise winter injury, e.g., 
to  activate wind machines. Real-time temperature 
loggers are used to activate wind machines. Today, 
growers usually have access to short- and long-term 
weather forecasts based on standard meteorological 
models (Rahemi 2016). 

CONCLUSION

Grape growing in cold climate areas is incredibly 
challenging, and the application of specific cultural 
practices are needed for  success. Winter dam-
age occurs in  vineyards that  are subjected to  low 
winter temperatures around the world, and it is a 
significant threat for many northern vineyard sites. 
Grapevines’ hardiness to cold temperatures is high-
ly variable and depends on the  site, mesoclimate 
management, and cultivar. Cold hardiness directly 
depends on the amount of cold acclimation. Cold 
hardiness determines if growers need to  use pas-
sive or active methods to prevent or protect vines 
against cold damage. Cultural practices could be 
employed to  better acclimate grapevines. Some 
activities could promote acclimation, some could 
help protect vines from winter damage, and some 
could delay de-acclimation and bud sprouting 
(bud break) to avoid late spring frost. The best way 
to grow a grapevine in a cold area is to choose cold-
hardy cultivars that can withstand local conditions 
(low winter temperatures), and utilise appropriate 
hardy rootstocks that will lead to balanced growth, 
productivity and enhance acclimation necessary 
to achieve optimum cold hardiness to the scion.
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