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Thesis abstract 

Dormancy and cold hardiness are critical adaptations for temperate woody perennial 

species to survive winter freezing stress. Grapevine (Vitis spp.) buds avoid freeze injury by 

supercooling water in their buds, which is a seasonally dynamic process and is related to 

dormancy mechanisms. There is high variability in traits related to dormancy and cold hardiness 

across grapevine species. Grapevine breeders have developed interspecific hybrid grapevine 

cultivars that combine desirable fruit quality and cold hardiness traits. These hybrids, referred to 

as cold-climate cultivars, have propelled the expansion of grapevine production into regions that 

were previously limited by annual low temperatures. However, cold-climate cultivars are still 

susceptible to freeze injury. Moreover, climate change predictions indicate new winter 

challenges, such as erratic and extreme weather events and generally warmer winter weather. 

Therefore, more information regarding cold hardiness and dormancy traits in cold-climate 

cultivars is needed. The research targeted in this dissertation aimed to characterize important 

dormancy and cold hardiness traits in five cold-climate cultivars.  

The lower temperature limit for bud cold hardiness changes across the seasons. 

Continuous, time-series cold hardiness data were collected to establish a foundation for cold 

hardiness abilities in individual cold-climate cultivars. The research presented in Chapter 2 

characterized changes in bud cold hardiness for five cold-climate cultivars to identify relative 

risk for freeze injury throughout the dormant period and the factors regulating cold hardiness 

changes. This research also optimized and evaluated a bud cold hardiness prediction model for 

the same cultivars grown in a cold-climate region. We determined ambient temperature is the 

most important factor that regulates hybrid grapevine cold hardiness changes, and cultivars 

respond to temperature signals at varying degrees. We also calculated highly accurate cold 
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hardiness predictions after reparametrizing a prediction model for each cold-climate cultivar. 

This information can guide cultivar selection decisions for particular growing regions and 

provides a framework for future studies concerning the physiological and mechanistic processes 

of grapevine cold hardiness. In addition, this work can strengthen decision making for improved 

bud cold hardiness protection, especially in cold-climate growing regions. 

The loss of cold hardiness i.e., deacclimation during spring is one of the most critical 

causes of freeze injury and is a determinant of budbreak phenology. Research presented in 

Chapter 3 evaluated the effect of chill unit accumulation and ambient temperature on dormancy 

status, deacclimation responses, and budbreak in five cold-climate cultivars grown in a cold 

climate region. In addition, this research validated a method for quantifying the contribution of 

chill unit accumulation to dormancy transitions. We observed deacclimation responses that 

increased continuously as chill units accumulated. This continuum of deacclimation responses 

was quantified as a rate ratio, referred to as deacclimation potential. Deacclimation potential 

provides an advantageous alternative method to assess dormancy status by quantifying a bud 

growth phenotype that is linked to growth but proceeds externally visible bud 

enlargement/elongation. We also observed a logistic trend between deacclimation rates and 

ambient temperature, referred to as the relative thermal contribution. Within an optimal 

temperature range, higher temperatures triggered higher deacclimation rates. However, changes 

in temperature have diminishing effects on deacclimation rates above and below that optimal 

range. Furthermore, deacclimation occurred at low temperatures, as low as 0°C. Relative thermal 

contribution can inform adjustments to base temperatures and patterns of temperature effects in 

models predicting phenological development and cold hardiness changes, especially for species 

that deacclimate at low temperatures. Finally, the effects of both chill unit accumulation and 
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ambient temperature were combined in a predictive model that accurately describes 

deacclimation kinetics across the dormant period. 

Prolonged exposure to chilling temperature is needed to overcome endodormancy and the 

duration of endodormancy can be quantified as a chilling requirement. Research presented in 

Chapter 4 evaluated freezing temperature contribution towards endodormancy completion and 

aimed to determine chilling requirements for five cold-climate cultivars. We suspect freezing 

temperatures were effective in promoting endodormancy completion for hybrid grapevine 

cultivars. Therefore, chill models will need to be adapted to include freezing temperatures for 

more accurate estimation of chill requirements. Furthermore, we observed budbreak at a similar 

number of days and within the endodormancy threshold for buds exposed to different chill 

treatments, while their cold hardiness levels differed by approximately twofold. Cultivar-specific 

chilling requirements reported in this study do not represent an absolute chill requirement that is 

transferrable across regions or from year-to-year. Instead, estimated chill requirements likely 

represent a combination of traits involved in both dormancy status and deacclimation capacity. 

Therefore, future research that characterizes endodormancy completion should complement bud 

forcing assays with cold hardiness evaluation and/or deacclimation potential to verify dormancy 

status interpretations. 
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Chapter 1: Literature review 

Grapevines 

Grapevines (Vitis spp.) are deciduous woody perennials that are among the five most 

produced fruit crops in the world (FAO-OIV 2016). In 2019, an estimated seven million hectares 

worldwide were cultivated with grapevines. The top producers around the world include China, 

Italy, United States, Spain, and France (USDA-NASS 2018). In the United States, approximately 

375,000 hectares are cultivated. This production is largely centered in California and Washington. 

However, there is interest in developing other growing regions for economic opportunity (Tuck et 

al. 2017), climate change pressures (Wanyama et al. 2020), and sociocultural significance (Myles 

and Filan 2019). 

Grapevines exhibit a climbing growth habit, which allows them to maximize leaf area 

and shoot growth rate while minimizing investment in supporting stem structure (Ichihashi and 

Tateno 2015). In natural ecosystems, grapevines use trees for support whereas a trellis system is 

necessary in agricultural settings (Gladstone and Dokoozlian 2003). Grapevine form is highly 

manipulable, which has led to many types of trellis and training systems used in grapevine 

production. All training systems maintain a portion of the vine as a permanent structure, which 

generally includes roots, trunks, and often cordons (horizontal trunks). Shoots grow from the 

vine’s permanent structure in each growing season to create the leaf canopy. Axillary buds, some 

of which contain inflorescence primordia, also form on these shoots. In the following growing 

season, axillary buds will grow to produce flowers and fruit. Therefore, bud survival through 

winter determines a grapevine’s ability to sexually reproduce and yield potential. 

Species in the Vitis genus are native to temperate and subtropical climate zones in the 

Northern Hemisphere (Mullins et al. 1992). Vitis contains more than 60 species, spread mostly 
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throughout continental Eurasia and North America (Alleweldt and Possingham 1988, Wan et al. 

2008). The most commonly produced grapevine cultivars today stem from the Eurasian species 

Vitis vinifera because of its desirable fruit quality traits. However, V. vinifera lacks some 

valuable agronomic traits, including resistance to diseases present in North America and many 

abiotic stresses. Among these abiotic stresses, V. vinifera production is most constrained by 

climactic zone and/or seasonal low temperatures (Parker 1963). In contrast, common North 

American Vitis species have high disease resistance, can survive low freezing temperatures but 

lack desirable fruit quality traits.  

Members of the Vitis genus likely have a relatively recent common ancestor because all 

species can readily interbreed to form fertile interspecific crosses called hybrids (Gerrath et al. 

2015). Within the last century, grapevine breeders have developed interspecific hybrid cultivars 

that combine desirable fruit quality traits (from V. vinifera) with cold hardiness traits (from 

North American Vitis spp.) (Luby and Fennell 2006). These hybrids, referred to as cold-climate 

cultivars, have established opportunities to advance grapevine production in regions that were 

previously limited by low temperature. However, cold hardiness is a complex trait with several 

contributing factors. It is also a dynamic process that changes with time. While cold-climate 

hybrid grapevine cultivars survive harsher winter climates, many aspects of their cold hardiness 

are unknown. 

 

Dormancy in woody perennials 

While the origins of the term dormant (Latin dormire = to sleep) in biology are 

unresolved (Considine and Considine 2016), the underlying phenomena have captured the 

curiosities of scientists for at least several hundred years (van Leeuwenhoek 1702). Including 
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contemplation of dormancy in temperate woody perennials (Knight 1801, Müller-Thurgau 1885). 

This has led to an extensive body of literature concerning many aspects of dormancy. By the mid 

1900s, the framework of our current understanding for dormancy in woody perennials had come 

together (Doorenbos 1953, Samish 1954, Vegis 1964). However, as of today, a comprehensive 

understanding of dormancy at the whole-plant and cellular level still remains unclear. 

There are many reviews of various dormancy aspects and processes related to woody 

plant dormancy. Topics covered in these reviews, include dormancy terminology (Considine and 

Considine 2016), experimental approaches in dormancy research (Fadón and Rodrigo 2018), 

signals regulating dormancy induction and release (Arora et al. 2003, Cooke et al. 2012, Faust et 

al. 1997, Horvath et al. 2003, Maurya and Bhalerao 2017, Tanino et al. 2010), hormonal 

orchestration of dormancy (Liu and Sherif 2019), reactive oxygen species activity in dormancy 

(Beauvieux et al. 2018), proteins related to dormancy (Rowland and Arora 1997), 

transcriptomics in dormancy (Lloret et al. 2018), genetic regulation of dormancy (Falavigna et al. 

2019), epigenetic regulation of dormancy (Campoy et al. 2011, Lloret et al. 2018, Luedeling et 

al. 2011), apical shoot meristem organization (Paul et al. 2014, Rinne et al. 2010), embolism 

repair (Brodersen and McElrone 2013), and conceptual overview of seasonal dormancy cycle 

(Fadón et al. 2020, Rohde and Bhalerao 2007, Saure 1985). This is not a comprehensive list, but 

these important reviews summarize the complexity of the dormant period and share insights into 

the historical progression of what is understood about dormancy today. 

There are also several definitions for dormancy that have been suggested over the years. 

At the most fundamental level, dormancy is defined as the inability of a meristem to resume 

growth under favorable conditions (Rohde and Bhalerao 2007). Dormancy is a condition 

specifically of the meristem in this regard. In tree research, dormancy is often defined as absence 
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of visible growth in plant structures containing meristems (Lang 1987). This definition has been 

criticized for some of its shortcomings (Rohde and Bhalerao 2007). For example, meristem 

growth is not readily ‘visible’ since meristems are concealed within organs. In addition, absence 

of growth is ambiguous and does not distinguish a lack of growth from an inability to grow. The 

more fundamental definition is often preferred for these reasons, especially for research at the 

cellular level. That being said, Lang’s (1987) dormancy description in tree research is used 

widely despite its shortcomings. This is likely because it represents an ecological viewpoint of 

dormancy and considers factors regulating dormancy rather than focusing on the states of 

dormancy exhibited by the meristem itself (Cooke et al. 2012). This is especially useful for 

research exploring seasonal progression of dormancy for the whole-plant.  

Within the dormant period, three consecutive phases were distinguished including para-, 

endo-, and ecodormancy (Lang et al. 1987). These phases are divided based on the mechanism 

associated with growth inhibition. Paradormancy occurs during the growing season. Paradormant 

bud growth is inhibited by signals from within the plant but outside the bud (e.g., apical 

dominance; Cline 1997). Buds transition from paradormancy into endodormancy in response to 

environmental cues including decreasing photoperiod and ambient temperatures (Tanino et al. 

2010). In endodormancy, growth suspension signals originate from within the meristem itself. 

Buds gradually overcome endodormancy through prolonged exposure to cool (i.e., chilling) 

temperatures (Coville 1920). Buds require certain amounts (i.e., chill requirement) of chilling 

temperatures to fully eliminate physiological growth inhibitors and transition to ecodormancy 

(Arora et al. 2003, Rowland and Arora 1997). Ecodormant buds have the capacity to grow but 

are suspended due to unfavorable environmental conditions. With enough time in warm 

temperatures, ecodormant buds will resume growth and development. To specify a brief 
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digression, paradormancy and ecodormancy are not considered “true” dormancy statuses under 

the fundamental definition for dormancy since the meristem has the capacity to grow but is 

inhibited by external factors. 

There are several examples of proposed mechanisms that regulate dormancy in woody 

perennials. Some research suggests that endodormancy release may occur after 1,3-β-d-glucan 

plugs at plasmodesmata are removed and symplastic cell-to-cell communication is opened 

thereby restoring the supply of growth-promoting signals in the shoot apical meristem (van der 

Schoot and Rinne 2011). Prolonged exposed to chilling temperatures have been show to open 

plasmodesmata (Rinne et al. 2011). However, one of the main knowledge gaps in understanding 

woody plant dormancy concerns the mechanisms whereby plants perceive temperature during 

dormancy. There is also research that describes molecular mechanisms resembling oxidative 

stress conditions involved in endodormancy release. Molecules associated with oxidative stress 

conditions might integrate environmental cues and metabolic processes that regulate plant 

growth and development (Beauvieux et al. 2018). Finally, some research suggests epigenetic 

mechanisms that modify gene expression patterns without any changes to DNA sequence might 

be involved in regulating endodormancy release (Ríos et al. 2014).  

Dormancy status has traditionally been assessed with bud forcing assays (Saure 1985). 

The pattern of budbreak under optimal growing conditions is observed to measure two related 

criteria, percent budbreak and time to (50%) budbreak. Different plant materials have been used 

in bud forcing assays including whole plants, large cuttings, or single-node cuttings (Biggs 1966, 

Couvillon et al. 1975, Vitasse et al. 2014a). In general, low percentages of buds will grow after 

longer periods of forcing during endodormancy. Whereas high percentages of buds will grow 

with short (relative to endodormancy) periods of forcing during ecodormancy. These methods 
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have been criticized for several limitations and are difficult to standardize (Cooke et al. 2012, 

Dennis 2003, Saure 1985). However, there are currently no validated molecular markers or non-

destructive physiological markers to define dormancy status (Cooke et al. 2012). Therefore, 

many experimental studies have relied on bud forcing assays to assess dormancy. 

Experiments using bud forcing assays have focused on phenology modeling, relating 

temperature to phenological events to identify the most effective temperature range to overcome 

dormancy (Chuine and Régnière 2017). This has led to the development of temperature-based 

mathematical models to estimate the chilling requirement (i.e., duration of endodormancy) for 

several species and cultivars aiming to forecast bloom dates. There are many of these models 

described in the literature (Pertille et al. 2019). Some examples that are used widely include the 

Chilling Hours model (Weinberger 1950), the Utah model (Richardson et al. 1974), the North 

Carolina model (Shaltout and Unrath 1983), and the Dynamic model (Erez et al. 1990, Fishman 

et al. 1987a, 1987b). All chill models use only temperature data as an input. In addition, all 

models assume the efficiency of each temperature in stimulating dormancy release is constant 

throughout the dormancy period. Chill models are known to produce mixed results across 

regions (Saure 1985), and some experiments aim to adapt models to fit specific regions (Linsley-

Noakes et al. 1994, Lu et al. 2012). 

 

Freezing and freeze injury 

Freezing is a phase transition where a liquid turns into a solid when its temperature is 

lowered below its freezing point. Water will readily freeze below 0°C when foreign substances 

nucleate ice formation (i.e., heterogeneous freezing; Bigg 1953, Langham and Mason 1958). 

These foreign substances are referred to as ice nucleation active substances and are extremely 
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prevalent (Wilson et al. 2003). Pure water molecules can also cluster in ice-like patterns, which 

will self-nucleate ice formation at -40°C (i.e., homogeneous freezing; Bigg 1953, Langham and 

Mason 1958). Once an ice nucleation event has occurred, ice crystals grow as surrounding water 

molecules join the ice crystal lattice according to the rate of heat transfer (Fernandez and 

Barduhn 1967).  

Plants can be injured when freezing occurs in their tissues depending on the location of 

ice nucleation and rate of ice growth (Wisniewski et al. 2004). The process for freeze injury in 

plants was originally thought to be explained by a “rupture theory” (Goodale 1985, Levitt 1980, 

West and Edlefsen 1917). This theory suggested that plant tissues expand while freezing and 

ultimately rupture because of that expansion, which was based on observing freeze splitting in 

trees combined with the physical fact that freezing water expands. However, microscopic 

analysis after cell freezing repeatedly contradicted any cell rupture processes (Göppert 1830). 

The rupture theory was eventually considered unfounded by the discovery that tissues actually 

contract while freezing. This was determined through observing ice formation outside cells (in 

extracellular spaces) as opposed to inside cells (in intracellular spaces; Caspary 1857). 

Ice forms extracellularly in plants because extracellular fluid contains heterogeneous ice-

nucleation agents and has a higher freezing point than intracellular solutions (Ashworth 1992). 

Water is then pulled from inside the cell to the extracellular ice. This is because ice has a lower 

vapor pressure than liquid water at a given subfreezing temperature (Feistel and Wagner 2007, 

Wexler 1977). Consequently, cells contract as ice crystals grow in large masses. This is termed 

“cytorrhysis” if the cell is irreparably damaged. If cellular water diffuses as fast as extracellular 

ice forms while temperatures decrease, the cell is in “equilibrium freezing” (Ashworth 1992). 

Under this scenario, extracellular freezing can be tolerated so far as a plant tissue can tolerate 
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dehydration (i.e., freeze-desiccation; Arora 2018). There is a general consensus that ice does not 

form intracellularly under naturally freezing conditions (aside from the major exception of 

supercooled cells freezing, which is discussed in the following section), but ice can form 

intracellularly under artificially imposed freezing conditions. With that in mind, it is worth 

noting, ice that forms intracellularly always leads to lethal injury (Levitt 1980). 

 

Survival strategies 

Woody plants have evolved several strategies to survive freeze injury (Burke et al. 1976). 

These strategies have been organized into two main categories: (1) freezing tolerance and (2) 

freezing avoidance (Levitt 1980).  

Tissues that exhibit freeze tolerance respond to freezing temperatures by formation of 

extracellular ice (as described above) followed by withdrawal of water from cells in order to 

come into chemical equilibrium with the external ice (Wisniewski and Arora 2000). The amount 

of water that is lost from a cell is directly dependent on the vapor pressure (and therefore 

temperature) of the surrounding ice (Wisniewski et al. 2003). In this way, freeze tolerance 

strategies also involve a form of dehydration stress. 

In contrast, tissues that exhibit freezing avoidance survive freezing temperatures by deep 

supercooling. Deep supercooling is a process that retains cellular water in a liquid phase at low, 

subfreezing temperatures by compartmentalizing heterogeneous ice nucleating substances and/or 

water (Burke and Stushnoff 1979). The phenomena have been termed “deep” supercooling to 

distinguish it from the small amount of supercooling (-1 to -4°C) that often occurs before 

extracellular ice nucleation in plants. Supercooled cellular water is thermodynamically 

metastable and becomes increasingly likely to form ice by a heterogeneous ice nucleating event 
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as temperature decrease towards -40°C. If a heterogeneous freezing event does not occur, water 

will self-nucleate and homogenously freeze at approximately -40°C (Fletcher 1970, Quamme et 

al. 1995). 

Both freeze tolerance and freeze avoidance adaptations aim to prevent the formation of 

intracellular ice because it will lethally injure cells, which leads to death of that tissue (Burke et 

al. 1976). A plant that survives in freezing temperatures by preventing intracellular ice is cold 

hardy or has cold hardiness. In woody species, it is common for different tissues (e.g., bark 

versus xylem and buds) within the same plant to use mechanisms from either category when 

exposed to freezing temperatures (Sakai and Larcher 1987). Deep supercooling is discussed in 

more detail in the following section because it is the adaptation grapevine buds use to survive 

freeze injury. 

 

Understanding and measuring deep supercooling 

The ability for woody plant tissue to avoid freezing by deep supercooling has been 

described and contemplated since the early 1900s (Scarth and Levitt 1937, Wiegand 1906). Deep 

supercooling has been observed in xylem ray parenchyma cells of deciduous hardwoods (George 

et al. 1974, George and Burke 1977a, Pierquet et al. 1977, Quamme 1976) and overwintering 

reproductive buds of many woody perennials (George and Burke 1977b, Ishikawa and Sakai 

1981, Pierquet et al. 1977). While the supercooling of water and avoidance of freeze injury are 

common features of xylem tissues and buds, these two tissues respond differently to freezing 

temperature stress and so are often discussed separately. Deep supercooling in xylem tissues is 

reviewed by Wisniewski (1995) and in buds is reviewed by Quamme (1995). This review is 

confined to the deep supercooling in buds. 
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There is consensus that two conditions are necessary for tissues to deep supercool: (a) the 

bud tissues must be free of heterogeneous nucleating agents; and (b) ice must be prevented from 

propagating through the bud axis into the supercooled flowers or apical meristem (Wisniewski et 

al. 2014). Regarding the first condition, heterogeneous nucleators are substances that act as a 

template to make it easier for water molecules to begin to take on a crystalline arrangement, 

referred to as an ice nucleus (Chen et al. 2006, Franks and Jones 1985). Once a core of water 

molecules has formed an ice nucleus, they act as a catalyst to induce the freezing of the 

surrounding water molecules. Heterogeneous nucleators can be extrinsic or intrinsic, the former 

representing a foreign substance while the latter representing a natural component of the plant 

(Ashworth 1992). Previous research suggests that deep supercooling tissues prevent ice 

nucleation by excluding heterogenous nucleators (Wisniewski and Arora 2000) and/or restricting 

the activity of heterogeneous nucleators (Kasuga et al. 2006). Regarding the second condition, 

many dormant buds have a zone of adapted tissue that creates an ice barrier. Some proposed 

models for preventing ice propagation by the ice barrier include decreased pore structure 

(Ashworth and Abeles 1984), high amounts of impermeable, suberin-based molecules (Chalker-

Scott 1992), and/or increased dehydration in the tissue at the base of the bud (Quamme 1978). It 

is likely that the nature of ice nucleation barriers differs among species and tissues that deep 

supercool. Understanding the role and source of heterogeneous nucleators as well as 

development of ice barriers in plants is extremely important because it could guide development 

of methods for regulating their activity and, in turn, limiting freezing injury to deep supercooling 

plants (Wisniewski and Fuller, 1999). However, despite many studies of deep supercooling in 

numerous species, it is not known how buds maintain a supercooled state or how freezing of 

supercooled buds is initiated (Quamme 1995). 
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The critical nucleating temperature for supercooled water can be determined by 

differential thermal analysis (DTA), which measures the latent heat released by water in tissues 

as they freeze (Quamme et al. 1982). Differential thermal analysis has demonstrated two distinct 

freezing events occur when buds freeze (Burke et al. 1976). The first freezing event, referred to 

as the high temperature exotherm (HTE), corresponds to extracellular ice formation (between -5 

and -10 °C) and is not considered injurious. The HTE is followed by one or more freezing 

events, referred to as the low temperature exotherm(s) (LTE), which correspond with freezing of 

supercooled water within shoot primordium and/or flower(s) of the bud. The low temperature 

exotherm has been correlated with lethal injury in a tissue (Andrews et al. 1984, Quamme 1986). 

A standard DTA method has been developed for determining the extent of grapevine bud 

deep supercooling (Mills et al. 2006). This method uses a programmable freezer to lower 

temperatures at a pre-determined, slow rate. Excised buds are loaded onto thermoelectric 

modules (TEMs) that generate an electrical signal when heated by the exothermic reaction of 

water freezing. Thermocouples are used to simultaneously measure ambient air temperature. The 

temperature where HTE and (lethal) LTEs occurred can then be determined by plotting the 

electrical signal from TEMs across temperature measured by thermocouples.  

Grapevine buds are compound and contain primary, secondary, and tertiary buds, each of 

which may contain an apical meristem and flowers. Up to three LTEs are detected below the 

HTE, which are thought to correspond to the freezing of each bud type (Andrews et al. 1984, 

Pierquet and Stushnoff 1980, Quamme 1986, Wolf and Pool 1987). The LTEs occur at 

progressively lower temperature and are progressively smaller in size. Therefore, the signal size 

of the LTE is thought to be related to bud size. 
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Seasonal changes of cold hardiness 

A plant’s cold hardiness (e.g., ability for a bud to deep supercool) changes on a seasonal 

basis. The progression of bud cold hardiness in woody species can be separated into three 

phases: acclimation, maintenance, and deacclimation (Wisniewski et al. 2003). Plants have 

evolved to synchronize bud cold hardiness with the annual rhythm of seasons in order to survive 

in climates where freezing occurs. 

In fall, active growth stops in response to decreasing daylength and, in some cases, 

decreasing ambient temperature (Fennell and Hoover 1991, Tanino et al. 2010, Wake and 

Fennell 2000). This process of growth cessation is a prerequisite for initiation of bud cold 

hardiness (Fuchigami et al. 1971, Weiser 1970). Once bud cold hardiness mechanisms are 

established, buds acclimate (LTEs occur at lower temperatures) mainly in response to decreasing 

temperature or the combination of decreasing temperature and short days (Schnabel and Wample 

1987). The change in LTE is associated with a change in internal water balance and external 

water loss (Ishikawa and Sakai 1981, Johnston 1922). After buds have acclimated, the cold 

hardiness maintenance phase begins. This generally spans throughout winter when low freezing 

temperatures commonly occur. Buds deacclimate in spring in response to increasing temperature.  

Seasonal cold hardiness changes are dependent on dormancy mechanisms, among other 

factors. Buds do not deacclimate during endodormancy. The physiological rationale for this is 

not well understood but several known endodormancy conditions are non-conducive to 

deacclimation biochemistry, including: symplastic-isolation of shoot meristems due to down-

regulated cell-to-cell communication (Paul et al. 2014, Rinne et al. 2011); reduced water content 

and water mobility (low free to bound water ratio, Fennell and Line 2001; lower aquaporin 

activity/expression, Yooyongwech et al. 2008); and high levels of accumulated abscisic acid 
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(Tanino 2004). Buds are physiologically primed for deacclimation in ecodormancy. Buds will 

deacclimate under conducive temperatures (Kalberer et al. 2006). In this way, the timing of 

dormancy transitions is an important factor related to the potential for freeze injury risks 

throughout winter (Kovaleski et al. 2018a). 
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Abstract 

 

Cold-climate interspecific hybrid grapevines (CCIHG) selected for their superior mid-winter cold 

hardiness have expanded grape production to cold-climate regions. However, extreme weather 

events, such as polar vortexes, and high frequency of fall and spring freezes often result in yield 

and vine losses. The main objective of this study was to evaluate changes in bud cold hardiness of 

five CCIHG cultivars grown in the upper Midwest in order to identify relative risk for freeze 

damage throughout the dormant period, and to adapt a bud cold hardiness prediction model to 

CCIHG cultivars grown in cold-climate regions. Bud cold hardiness was evaluated biweekly 

throughout the dormant period by measuring lethal temperatures for buds using differential 

thermal analysis (DTA). CCIHG cultivars in our study had an early acclimation response with 

increased levels of cold hardiness before the occurrence of freezing temperatures. Maximum levels 

of hardiness (-28 to -30°C) were observed both years in February, however deeper levels of 

freezing stress resistance, probably attained by freeze dehydration, were not detected using DTA. 

CCIHG cultivars had a rapid deacclimation response that was accelerated with additional chilling 

accumulation during spring. The reparametrizing of a discrete-dynamic cold hardiness prediction 

model by expanding the range of ecodormant threshold temperatures for CCIHG resulted in 

predictions with an average RMSE = 1.01. Although CCIHG cultivars have superior mid-winter 

bud cold hardiness, fast deacclimation responses increase the risk of freeze damage during spring, 

thus this trait should be evaluated for future CCIHG cultivar release. The development of tools, 

such as the discrete-dynamic cold hardiness prediction model for CCIHG cultivars, will aid 

growers in decision-making to minimize damage, as well as yield and vine losses. 
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Introduction 

 

Extreme low temperature is the most significant constraint for grape production in cold-

climate regions. Freeze injury to buds, canes, cordons, and trunks limits yields and increases 

production costs due to the additional retraining and replacing of damaged vines (Zabadal et al. 

2007). Thus, grapevine genotypes with superior cold hardiness are essential for a successful 

viticulture industry in cold-climate regions. 

Cold-climate interspecific hybrid grapevines (CCIHG) have genetic backgrounds that 

include Vitis aestivalis, V. labrusca, V. riparia, and V. rupestris, and V. vinifera (Atucha et al. 

2018, Smiley and Cochran 2016). The development of CCIHG cultivars has combined high fruit 

quality traits of V. vinifera with the superior mid-winter cold hardiness traits found in wild Vitis 

species, which has propelled the development of a $539.2 million viticulture industry in cold-

climate regions, such as the US Midwest (Dami et al. 2005, Luby and Fennell 2006, Tuck et al. 

2017). However, extreme and erratic weather events continue to result in substantial freeze 

damage to CCIHG and, in turn, economic losses. Some recent examples of devastating freezing 

events that led to unprecedented crop and vine losses include: the Easter freeze of 2007, 

Mother’s Day freeze of 2010, the “killer frost” of 2012, and the polar vortex event of 2014 

(Dami and Lewis 2014, Wisniewski et al. 2017). The Easter freeze of 2007 alone was estimated 

to be nearly $1 billion in economic losses to small fruit crop growers, including grapes, across 21 

states (Warmund et al. 2008). Most recently, in 2019, the polar vortex split, in which a portion of 

the polar vortex separated and traveled southward and resulted in record-setting cold 

temperatures in many cold-climate regions of the United States (“National Centers for 

Environmental Information” 2020). The economic consequences of these extreme weather 



 

 

25 

25 

events highlight the need for more information on CCIHG cold hardiness dynamics to more 

specifically identify: 1) periods of high risk, 2) the extent of variability among CCIHG cultivars, 

and 3) potential risk-mitigation practices. 

Previous studies have described a U-shaped pattern of grapevine bud cold hardiness that 

spans the duration of the dormant period (Ferguson et al. 2014, 2011, Londo and Kovaleski 

2017, Mills et al. 2006). This pattern begins with acclimation (gain of cold hardiness) in the fall, 

continues with maintenance of cold hardiness throughout winter, and ends with deacclimation 

(loss of cold hardiness) in the spring. While this general pattern of seasonal response has been 

described extensively, there is substantial variability in grapevine cold hardiness across years, 

genotypes, climates, and cultural practices (Ferguson et al. 2014, Grant and Dami 2015, Londo 

and Kovaleski 2017, Pierquet and Stushnoff 1980, Williams et al. 1994). The use of explanatory 

models, such as the one developed by Londo and Kovaleski (2017), characterizes the 

relationship between cold hardiness and temperature fluctuations during the dormant season by 

genotype.  

While characterizing grapevine cold hardiness changes in response to temperature 

fluctuations across the dormant period is critical to understand how genotypes will behave in 

different growing conditions, the need for information on short-term changes in cold hardiness is 

critical for protection decision making by growers. However, routine assessment of bud cold 

hardiness is a time-intensive process that requires specialized equipment. One approach to this is 

the use of discrete-dynamic modelling where continual changes to a system are modeled using 

arbitrary incremental time steps, such as hours, days, etc.  A discrete-dynamic model developed 

by Ferguson et al. (Ferguson et al. 2014, 2011) predicts daily changes of cold hardiness for 

twenty-one V. vinifera cultivars and two V. labrusca cultivars using daily maximum and 
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minimum temperatures and cultivar-specific parameters. However, this model was developed 

using cold hardiness data collected in Washington State from primarily V. vinifera genotypes. 

Therefore, in order to extend its utility to CCIHG and the cold-climate regions where they are 

mostly grown, this model must be reparametrized for these genotypes and evaluated using cold 

hardiness data collected in these additional relevant growing regions. 

 The main objective of this study is to evaluate changes in bud cold hardiness of five 

CCIHG cultivars to identify relative risk for freeze damage throughout the dormant period. The 

secondary objective is to optimize and evaluate a bud cold hardiness prediction model for the 

same five CCIHG cultivars grown in a cold-climate region. This information will contribute to 

cultivar selection for particular regions and inform designs for future research into the 

physiological and mechanistic processes of grapevine cold hardiness. In addition, this work will 

promote the testing and refinement of predictive models with independent sets of data and will 

strengthen grapevine bud cold hardiness protection decision making in cold-climate regions. 

 

Materials and Methods 

 

Site description. This study was conducted over two winters, 2017-2018 (Year 1) and 2018-

2019 (Year 2), in a vineyard at the West Madison Agricultural Research Station in Verona, WI 

(lat. 43° 03’ 37” N, long. 89° 31’ 54” W). The vineyard is in U.S. Department of Agriculture 

Plant Hardiness Zone 5a (USDA, 2019), and has deep silt Griswold loam soil with 2 to 6% 

slopes (“Web Soil Survey - USDA NRCS” 2020). 
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Vineyard design and vine material. The vineyard was established with one-year-old bare root 

vines. In 2008, Brianna (BR), Frontenac (FR), La Crescent (LC), and Marquette (MQ) were 

planted and grown on a vertical shoot positioned trellis system with double trunks trained into 

unilateral cordons one meter above ground. In 2011, Petite Pearl (PP) was planted and trained to 

a high cordon trellis system with double trunks trained into unilateral cordons 1.5 meters above 

ground. All vines were spur-pruned to approximately 45 nodes per vine and all cultivars were 

thinned to 20 shoots per meter-length of trellis.   The vineyard is arranged as a randomized 

complete block design with four replications. Each block includes two rows of vines with six, 

four-vine panels per row. At the time of the study, seven of the twelve panels within each block 

contained cultivars that were not included in this study. Rows are oriented north-south with 3.4 

meters between rows and 2.1 meters between vines for a total density of 1398 vines/ha (566 

vines/acre). 

 

Weather Data. Hourly average, daily maximum, and daily minimum air temperature data were 

collected from September 1 to April 30, using a Network for Environment and Weather 

Applications (“NEWA” 2020) participating station (Model MK-III SP running IP-100 software; 

Rainwise, Trenton, ME) located onsite, 2 m above ground level (lat. 43° 3' 39.6'' N, long. 89° 32' 

2.4'' W, and elevation at 330 m). 

 

Bud collection. Buds were collected in the morning using similar methods as described in Mills 

et al. (2006), Ferguson et al. (Ferguson et al. 2014), and Londo and Kovaleski (2017). Buds from 

node positions four to seven were sampled (4 buds per vine) from canes with green phloem and 

xylem. Buds were sampled evenly across vineyard blocks and across vines within vineyard 
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blocks (16 vines total), approximately biweekly 15 times in Year 1 and 14 times in Year 2. 

Canes were cut several centimeters away from the bud. Buds were collected in plastics bags, 

stored on ice during transportation, and processed immediately upon returning to the lab. 

 

Differential Thermal Analysis (DTA). The DTA equipment used in this study was the same as 

described by Villouta et al. (2020). Thermoelectric modules (TEMs) (model HP-127-1.4-1.5-74 

and model SP-254-1.0-1.3, TE Technology, Traverse City, MI) were used to detect freezing 

exothermic reactions. TEMs were placed in individual hinged tin-plated steel containers lined 

with 5 mm thick open-cell foam pieces to reduce effects of freezing chamber air turbulence. 

Eleven TEM units were evenly spaced and attached to each of four 30x30 cm perforated 

aluminum sheet pieces (hereafter called “trays”) with the leads of each tray wired to a single 24-

pin D-sub connector. A copper-constantan (Type T) thermocouple (22 AWG) was positioned on 

each tray to monitor temperature in proximity to the TEM units. Trays were positioned vertically 

in a Tenney Model T2C programmable freezing chamber (Thermal Product Solutions, New 

Columbia, PA) and connected to a Keithley 2700-DAQ-40 multimeter data acquisition system 

(Keithley Instruments, Cleveland, OH). TEM voltage and thermocouple temperature readings 

were collected at 6-second intervals via a Keithley add-in in Microsoft Excel (Microsoft Corp., 

Redmond, WA). The effect of freezing chamber fan turbulence on the TEM units was minimized 

by covering trays with 13 mm open-cell foam sheets and by installing a removable piece of 

perforated, corrugated cardboard across the top of the chamber’s interior to function as a damper. 

To prepare samples for DTA, nodes were pruned out of the canes. Buds, including the 

bud cushion, were excised from the node using a razor blade. Five buds were arranged with the 

cut surface up (i.e., bud on bottom) on a small piece of aluminum foil (Reynolds Consumer 
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Products, Lake Forest, IL). Cut surfaces of the buds were covered with a piece of moistened 

Kimwipe (Kimberly Clark, Roswell, GA) to provide an extrinsic ice nucleator source and to 

prevent dehydration prior to bud freezing. The aluminum foil was folded into a packet containing 

the five buds. Each single aluminum foil packet was randomly assigned to a TEM chamber.  

The DTA protocol used a temperature ramp from room temperature to 4 °C over one-

hour, a one-hour hold, ramp to 0 °C over one-hour, a one-hour hold, ramp to -44 °C over 11-

hours, a 30-minute hold, and then a finishing ramp back to 4 °C over two-hours. The resulting 

cooling rate was -0.067 °C per minute (or -4 °C per hour). One TEM chamber on each tray was 

left empty to document baseline background electrical noise. Heat is released with the freezing 

of each supercooled meristem in the grape compound bud, and this release is referred to as a low 

temperature exotherm (LTE). A single compound grapevine bud contains primary, secondary, 

and tertiary meristems. In this experimental setup, a TEM will occasionally record a large peak 

followed by one or two smaller peaks. The larger peak relates to the freezing of the primary 

meristem, while the smaller peaks correspond to the freezing of the secondary and tertiary 

meristems, a reflection of their smaller size and lower water content. Frequently, these peaks are 

undiscernible. In a given set of DTA run results, up to five bud LTEs were identified and 

documented for each TEM, corresponding to the freezing of the primary meristems. As only 

obvious peaks were identified in this way, occasionally fewer than five peaks were documented 

for some TEMs.  

In Year 1, DTA was performed 15 times, approximately biweekly from November 2 to 

April 30 (40 buds per sampling date per cultivar). In Year 2, DTA was performed 14 times, 

approximately biweekly from September 26 to April 16 (30 buds per sampling date per cultivar). 
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Additional DTA runs were performed as part of a temperature conditioning experiment 

following an extreme cold weather event in late January 2019. Buds were sampled from all 

cultivars (16 buds per cultivar) on February 12, 2019, less than two weeks after the extreme low 

temperatures. Excised and prepared buds were conditioned in the TEM chambers. The protocol 

used a temperature ramp from room temperature to 4 °C over one hour, a one-hour hold, ramp to 

0 °C over one-hour, a one-hour hold, ramp to -33 °C over 33-hours (-1 °C/hour), a 30-minute 

hold, a ramp to -10 °C over 6 hours, ramp to 0 °C over 5 hours, ramp to 4 °C over 2 hours. A 

freezing experiment was then started with the standard DTA protocol, which cools to a minimum 

of -44 °C. 

 

Visual bud injury evaluation. Following the extreme cold weather event in January 2019, an 

additional collection of buds was dissected while visually evaluating freeze injury using an 

Olympus SZX12 microscope with a 1x objective (Olympus Optical Company, Tokyo, Japan). 

Forty buds for each cultivar were collected following the same protocol as for DTA. Before 

dissection, buds were incubated in sealed plastic bags on ice for 24 hours, then at 4 °C for 24 

hours, and finally at room temperature for 24 hours. Sequential cross-sections were cut from the 

buds with a double-edged razor blade until meristems were visible for evaluation. Freezing 

injury was assessed for primary and secondary meristems in each bud. Oxidative browning 

(Goffinet 2004) was rated as present (injured) or absent (not injured). 

 

Statistics. For each DTA run, the temperatures at which 10%, 50%, and 90% of the buds froze 

were determined and referred to respectively as the LT10, LT50, and LT90 temperatures. Two 

models were developed in R (ver. 3.5.2, R Foundation for Statistical Computing, Vienna, 
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Austria), an explanatory regression model (Londo and Kovaleski 2017) and a predictive discrete-

dynamic model (Ferguson et al. 2014, 2011). Symbols and abbreviations used for each model are 

listed in Table 1. Data from both years of the study were used in the evaluation of each model 

(more detail below).  

 

Explanatory Model. An explanatory linear regression model was created in R using multiple 

linear regression and a model selection process based on Londo and Kovaleski (2017). The 

model was used to determine significant differences among cultivars’ seasonal bud cold 

hardiness and their relative responsiveness to temperature fluctuations and time. The explanatory 

variables used were Cultivar, Time, Time2, Year, and a temperature index (sT). Cultivar was 

included as a categorical variable. Time and Time2 were measured in units of days from 

September 6. The temperature index sT describes shifts in temperature during a time period 

preceding cold hardiness measurement by DTA and was calculated using the same formulas 

described by Londo and Kovaleski: 

!! = ! − !"#$% 

$&' =	&(!! 	× 	 |!!|)(
)

(*+
 

$& = +,-.($&') ×	/|$&'| 

where TE is the temperature experienced by the plant and T is the hourly average temperature. 

The base temperature, Tbase, used was 0 °C. The ‘n’ used was 168 and specifies that sT is a sum 

of the temperature variations experienced during the 168 hours (or 7 days) preceding cold 

hardiness measurements by DTA. The square of TE was calculated by multiplying the value of 
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TE by its absolute value in order to keep the sign. A similar tactic is used to calculate the square-

root of $&' to keep the sign.  

Model selection included a forward-backward stepwise procedure with a Bayesian 

Information Criterion (BIC). BIC was chosen to avoid overfitting the model and because there is 

a high number of sampling points. First, a model was selected using data from a single year 

(Year 1), precluding the use of a year term. For this process, the null model included only the 

intercept and the full model included all parameters, as well as interactions. Subsequently, a 

model was selected with the full two-year dataset. This time the null model was the regression 

model previously found, and the full model included the interaction between the terms in the null 

model with year. Using this new regression model, data points with studentized residual ≥ 2 or 

Cook’s distance ≥ 0.002 were ranked as outliers and removed from the dataset. Finally, the 

regression model was re-fit using the non-outlier subset to obtain the final coefficients. 

Dominance analysis was performed to evaluate the relative contribution of each parameter. 

 

Prediction Model. A predictive discrete-dynamic model with 1-day time steps described in 

detail by Ferguson et al. (Ferguson et al. 2014, 2011) was created in R. The model generates 

daily cold hardiness predictions for grapevine buds from September 7 to May 15. A stepwise 

iterative method was used to identify eleven pre-defined cultivar-specific parameters. We 

included four more levels (-1, 0, 1, and 2 °C) for the ecodormant temperature threshold 

parameter, in addition to the five levels (3, 4, 5, 6, and 7 °C) used by Ferguson et al., resulting in 

a total of 2,976,750 parameter combinations (1,323,000 additional combinations, Table 2). The 

model was optimized and evaluated with the same 2-year dataset. The parameter combination 

that minimized the RMSE between predicted and observed LT50 was selected and evaluated for 
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each year. Internal model validity was tested by Pearson correlation analysis of predicted versus 

observed LT50.  

 

Results 

 
Summary of weather conditions. Winter conditions in the two years of this experiment were 

distinctly different; therefore, the results for each year are described separately. The first day that 

air temperatures dropped below 0 °C was October 28 and October 12 for Year 1 and Year 2, 

respectively, and the last day air temperatures dropped below 0 °C was April 29 and April 28 for 

Year 1 and Year 2, respectively. In Year 1, between September 1 and April 30, on 62 days the 

maximum temperature was £ 0 °C (180 days > 0 °C). During the same time period, in Year 2, on 

78 days the maximum temperature was £ 0 °C (164 days > 0 °C). The minimum temperature 

reached during winter of Year 1 was -25.3 °C on January 1. The minimum temperature reached 

during winter of Year 2 was -32.9 °C on two days, January 30 and January 31, and was part of 

the 2019 polar vortex split event. These minimum temperatures in Year 2 were extreme for the 

area. During this event, temperatures in the vineyard dropped below -25 °C for 37 consecutive 

hours. The minimum temperature during this time, -32.9 °C, was reached twice, on the evening 

of January 30 and again in the morning of January 31. 

 

Cold hardiness response of CCIHG. All cultivars exhibited the standard U-shaped cold hardiness 

curve, with acclimation in the fall/early winter and deacclimation in late winter/spring. Figure 1 

illustrates the LT50 response for each cultivar in both years tested. There were slight differences 

among cultivars and years in the LT50 temperature. The timing of minimal LT50 temperatures 

occurred nearly unanimously in mid-February. The exception to this was Brianna in Year 1, which 
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reached its minimal LT50 in late December and had a comparable (+0.3 °C) LT50 in mid-February. 

Frontenac and La Crescent had the overall lowest LT50 values in both years (respectively, -30.6 

and -30.3 °C in Year 1 and -28.4 and -29.7 °C in Year 2). 

There were also differences in the range of temperature between LT10 and LT90 

throughout the dormant season. The general trend was a small difference between LT10 and LT90 

in the fall during acclimation, changing to a wide difference in midwinter, and then returning to a 

small difference in spring during deacclimation. The average LT10-to-LT90 range for all cultivars 

in both years was 3.9 °C. The largest LT10-to-LT90 range was 9.5 °C measured in Brianna on 

December 28 in Year 1. The smallest LT10-to-LT90 range was 1.6 °C measured in Petite Pearl on 

November 15 in Year 1. Across all cultivars, the changes in LT90 mimicked changes in LT50 and 

had a similar magnitude of difference (average of 1.5 °C). In contrast, the changes in LT10 did 

not parallel the changes in LT50 and were also more distant in magnitude (average of 2.3 °C 

difference).  

 

Year 1 (2017-18). All cultivars had LT50 values lower than -20 °C by November 15. Brianna’s 

maximal hardiness (-29.9 °C) occurred in the end of December, while the maximal hardiness for 

Frontenac (-30.6 °C), La Crescent (-30.3 °C), Marquette (-29.3 °C), and Petite Pearl (-28.9 °C) 

occurred in early February. All of the cultivars acclimated through the end of December, 

followed by a period of fluctuating maximal hardiness until the end of February, before 

continuously deacclimating for the remainder of the sampling period. The only exception to this 

pattern was Frontenac, which gained hardiness between February and March. All of the cultivars 

maintained LT50 values lower than the daily minimum air temperatures.  
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Year 2 (2018-19). All the cultivars had LT50 values lower than -20 °C by November 13. The rate 

of acclimation increased after October 12 (Figure 1). Maximal hardiness was measured in the 

end of February for all cultivars: Brianna (-27.1 °C), Frontenac (-28.4 °C), La Crescent (-29.7 

°C), Marquette (-27.8 °C), and Petite Pearl (-27.9 °C). All of the cultivars acclimated rapidly 

through December, then continued with slow acclimation through the first part of February, 

before deacclimating rapidly for the remainder of the sampling period.  

The minimum temperature of -32.9 °C on January 30 and 31, 2019, was 6.3-7.7 °C colder 

than the LT50 measured most recently (January 16) for all of the cultivars. Buds from all cultivars 

tested by DTA on February 1 showed no LTEs. Based on these observations, we expected 

extensive and severe damage in the vineyard. Buds from all cultivars tested by DTA on February 

5 showed the resumption of normal peak patterns. 

 

Visual bud injury evaluation. Following the extreme cold weather event in January 2019, an 

additional collection of buds was dissected to visually evaluate the extent of damage in the 

vineyard. While some damage was observed, it was not as widespread as the most recently 

preceding DTA results had indicated to be likely. A higher rate of injury was visible in primary 

meristems, as compared to secondary meristems. Specifically, meristem injury was in 12.5% 

primary and 5.0% secondary for Brianna, 5% primary and 0% secondary for Frontenac, 10% 

primary and 5.0% secondary for La Crescent, 7.5% primary and 0% secondary for Marquette, 

and 17.5% primary and 2.5% secondary for Petite Pearl.  

 

Explanatory Model. The final multiple linear regression model selected included four 

parameters, six interaction terms, and an intercept. The equation selected was: 
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LTE = 0123,456 + $& + !,89' + !,89 + $&: !,89' + $&: !,89 + $&: 0123,456

+ 0123,456: !,89 + 0123,456: !,89' + !,89: ;956 

 

Estimates were calculated separately for each cultivar and year dataset separately (Table 3). 

Parameters with estimates that vary across cultivar interacted with the Cultivar parameter (sT, 

Time2, Time). The Time parameter (in days) is the only parameter that varies between years, as 

detected by the Time x Year interaction. The overall model selected had a p-value < 0.0001 

(2.2x10-16) and adjusted-R2 = 89.5%. The temperature index parameter, sT, had an interaction 

with cultivar but not with year. Groupings for the significant differences between the estimates 

for sT, Time, and Time2 are listed in Table 3. In addition, overall dominance analysis showed sT 

had the largest relative contribution (50.1%), followed by Time2 (18.0%), and then Time (16.4%) 

(Table 4).  

 

Prediction Model. Collectively, the optimized model parameters predicted LT50 values with an 

overall r2 = 0.97 (r2Year 1 = 0.95 and r2Year 2 = 0.98) and RMSE = 1.01 °C (RMSEYear 1 = 1.11 and 

RMSEYear 2 = 0.91). For all cultivars, r2 ≥ 0.93 by internal validity test, while RMSE varied from 

0.65 °C for Brianna in Year 2 to 1.30 °C for La Crescent in Year 1. The optimized model 

parameters for all cultivars and both years predicted LT50 values with an overall bias = 3.13´10-4 

(biasYear 1 = 0.21 and biasYear 2 = -0.21). In general, the model slightly underpredicted LT50 values 

in Year 1 and slightly overpredicted LT50 values in Year 2. Individual cultivar parameters are 

listed in Table 5 and performance is illustrated in Figure 2 and 3. 
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Discussion 

 
This is the first study to report continuous, time series-based bud cold hardiness 

measurements for CCIHG cultivars grown in a cold-climate region. The main objective of this 

study was to evaluate changes in bud cold hardiness of CCIHG cultivars during the dormant 

period, with the goal of identifying periods of higher risk of incurring freeze damage. Bud cold 

hardiness patterns observed in CCIHG had a similar U-shaped as those previously reported for V. 

vinifera and wild North American species (Cragin et al. 2017, Fennell 2004, Grant and Dami 

2015, Kovács et al. 2003, Mills et al. 2006, Pool et al. 1990, Wolf and Cook 1992). However, 

CCIHG cultivars present noteworthy differences within the classic U-shaped pattern.  

 

Acclimation 

The CCIHG cultivars in this study acclimated before experiencing freezing temperatures. 

During Year 1, these cultivars had LT50 values ranging from -16.7 to -18.6 °C within 5 days of 

the first frost. During Year 2, these cultivars had LT50 values ranging from -10.7 to -14.0 °C on 

the day of the first frost (Figure 1). This is consistent with reports that gradually decreasing 

daylengths and photoperiods less than 13 hours promote cold acclimation in V. labrusca and V. 

riparia, while these phenomena do not promote acclimation in V. vinifera (Fennell 2004, Fennell 

and Hoover 1991, Wake and Fennell 2000). It is possible that the synergistic effect of shorter 

photoperiod and cooler, but not freezing, temperatures during the late summer and early fall in 

our study area promote faster acclimation rates in CCIHG cultivars than in other areas with 

warmer falls. In Wisconsin, the fast acclimation rate of CCIHG, plus the low incidence of hard 

freeze events (<-2.2 °C) before mid-October (“Freeze Maps - MRCC” 2020), result in a 

relatively low risk of freeze damage during fall for these cultivars.  
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Midwinter cold hardiness  

The lowest LT50 values for these CCIHG cultivars ranged from -28.9 to -30.6 °C in Year 

1 and -27.1 to -29.7 °C in Year 2 and were recorded in both years during midwinter (Figure 1). 

This is comparable to bud cold hardiness levels reported for wild Vitis species in northern North 

America, including V. labrusca, V. riparia, and V. aestivalis, that are able to withstand 

temperatures as low as -35 °C (Fennell 2004, Keller 2020, Londo and Kovaleski 2017). This is 

not surprising given that CCIHG cultivars include wild Vitis species in their complex genetic 

background (Maul et al. 2021), and that the focus of CCIHG breeding programs is to release 

cultivars to be grown in regions where mid-winter temperatures regularly reach -25 °C and 

colder.  

On January 30 and 31, 2019, minimum temperatures were lower than the LT50 measured 

for all cultivars (most recently tested on January 16), when a polar vortex brought record low 

temperature across the US Midwest region (“NOAA Online Weather Data” 2020). Temperatures 

at our study site reached -32.9 °C twice within 48 hours and remained below -25 °C for 37 

consecutive hours, including 15 hours below -30 °C. No LTEs were detected from the DTA 

performed the day after the lowest temperature was recorded (vertical dotted line in Figure 1), 

which led us to believe buds had been damaged in the field when the temperature was lower than 

their supercooling capacity. However, there was only 10.5% and 2.5% damage in primary 

meristems and secondary meristems, respectively found in bud dissections performed on a subset 

of the buds. It is possible that the long exposure to temperatures below -30 °C resulted in freeze 

dehydration of the buds, lowering the water content inside the buds, thus leading to an increase 

in freezing stress resistance. This phenomenon has been described by Kasuga et al. (2020) in 
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interspecific hybrid grapes grown in northern Japan. In that study, buds conditioned to -15 °C for 

12 hours experienced partial dehydration of primordial cells, as revealed by cryo-scanning 

electron microscopy, resulting in a lowering of the buds’ median freezing temperature (Kasuga et 

al. 2020). Similarly, DTA-based studies of V. riparia buds did not produce LTEs following 

prolonged exposure to extreme cold conditions and low relative humidity, which may indicate 

the loss of all freezable water (Pierquet and Stushnoff 1980, Pierquet et al. 1977). In our 

conditioning experiments conducted less than two weeks after the extreme low temperature 

event, no LTEs were detected in the DTA performed after the conditioning protocol and no 

visual symptoms of freezing damage were observed in bud dissections after allowing expression 

of damage symptoms (data not shown). DTA is widely used in the scientific community to assess 

cold hardiness of grape buds. However, its exclusive use to monitor changes in bud freezing 

stress resistance of existing and future releases of CCIHG cultivars adapted to cold-climate 

regions may underestimate their true cold hardiness potential due to their buds’ ability to 

partially dehydrate when exposed to prolonged and extreme cold temperature conditions (e.g., 15 

hours below -30 °C). Future studies aiming to quantify the full extent of grapevine midwinter 

cold hardiness should include controlled freezing tests and visual evaluation of freeze damage in 

buds (e.g., oxidative browning or water-soaked appearance) to complement DTA (Villouta et al. 

2020).  

 

Deacclimation 

Grapevines in our study began deacclimating in early February 2018 and March 2019, 

and from this point, buds lost hardiness (Figure 1). One exception to this general trend was in 

Year 1 when buds deacclimated in early January but then reacclimated by the time of the first 
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hardiness evaluation in February (Figure 1). Although many factors can affect deacclimation 

dynamics (Kalberer et al. 2006), the completion of endodormancy appears to be a key factor 

influencing the onset of deacclimation (Ferguson et al. 2014, 2011). The fulfilment of chilling 

requirements marks the transition from endo- to ecodormancy (Lang et al. 1987), and is 

considered to happen in V. riparia, V. vinifera, V. labrusca and some interspecific hybrids after 

exposure to 750-1000 chilling hours (Londo and Johnson 2014). In our study, vines experienced 

750 chilling hours by February and January in Year 1 and Year 2, respectively. The attainment of 

1000 chilling hours by late March in both years coincided with the onset of deacclimation. 

However, in unpublished data on chilling requirements for these CCIHG cultivars collected by 

our research group, endodormancy was complete when 400-500 chilling hours had been 

accumulated, which typically occurs November - mid December in our region. Potential for 

deacclimation could begin as early as December for CCIHG cultivars grown in Wisconsin. 

However, deacclimation does not occur during this point in ecodormancy until vines are exposed 

to temperatures above freezing.  

We also observed an increase in the deacclimation rate from late March throughout April 

in both years. In Year 1, deacclimation rates increased from 0.12-0.14 °C/day to 0.26-0.83 

°C/day during this time period. In Year 2, deacclimation rates increased from 0.38-0.53 °C/day 

to 0.46-0.63 °C/day. Kovaleski et al. (2018b) established that grapevine bud deacclimation rate 

increases in a logistic relationship as more chilling is accumulated. During the deacclimation 

period from late March through April, air temperatures were between 0-7.2 °C about 37% and 

55% of the time for Year 1 and Year 2, respectively. This additional chilling accumulated during 

ecodormancy likely increases deacclimation potential, meaning deacclimation responses happen 

at cool temperatures above 0 °C. 
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Cultivar differences 

Cultivar differences in cold hardiness responsiveness can be compared using the 

explanatory model because Cultivar was a significant parameter in the final model (Table 3). 

Cultivar-specific estimates for a particular parameter quantify differences in aspects of cold 

hardiness responsiveness across cultivars. Overall, Petite Pearl and Brianna bud cold hardiness 

had relatively low levels of responsiveness to temperature fluctuations, compared to La Crescent, 

the cultivar with the highest responsiveness, and to Marquette and Frontenac, which had 

moderate responses to temperature fluctuation, reflected in their respective sT estimates (Table 

3). In terms of acclimation and deacclimation responses, La Crescent and Brianna had relatively 

fast responses, reflected in their high Time and Time2 estimate values, while Petite Pearl and 

Frontenac had slow acclimation and deacclimation responses, compared to the other cultivars 

(Table 3).  

  

Grape bud cold hardiness prediction 

The secondary objective of this study was to test and adapt the discrete-dynamic cold 

hardiness prediction model developed by Ferguson et al. (Ferguson et al. 2014, 2011) for CCIHG 

cultivars grown in cold-climate regions. The ecodormant temperature thresholds above 2 °C in 

the original version of the model limited the accurate estimation of deacclimation during late 

winter and early spring for the CCIHG cultivars, and thus over-predicted cold hardiness once 

deacclimation began. Reparametrizing the model with an expanded range for the ecodormant 

temperature threshold parameter (including -1, 0, 1, and 2 °C) was critical to improve the 

performance of the prediction model (Figure 2 and 3). The warmest ecodormant temperature 
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threshold parametrized was for Brianna and Frontenac (1 °C), the coldest was for Marquette (-1 

°C), and an intermediate threshold for La Crescent and Petite Pearl (0 °C). Lower ecodormant 

temperature thresholds than those used by Ferguson et al. allowed the model to accurately 

calculate deacclimation during cool spring temperatures (Figure 2). Deacclimation at lower 

temperatures in preparation for bud break could be an important ecological adaptation by 

CCIHG to maximize their use of shorter growing seasons. However, it also increases the risk of 

freezing damage for CCIHG buds throughout spring. After reparametrizing with an expanded 

range of ecodormant temperature thresholds, the overall performance of the predictive model had 

a RMSE = 1.01 °C, r2 = 97%, and bias = 3.13´10-4. While these are exceptional model statistics 

that provide evidence for the possibility to adapt the discrete-dynamic cold hardiness prediction 

model for CCIHG cultivars, our results are partially a consequence of the limited number of 

years in our dataset. This model requires further optimization and testing for CCIHG using 

longer-term cold hardiness datasets collected in the future.  

 

Conclusion 

 
This is the first study to evaluate continuous changes in bud cold hardiness for CCIHG 

grown in a cold-climate region. These CCIHG cultivars had an early acclimation response during 

fall, with increased levels of cold hardiness before the occurrence of freezing temperatures, 

which reflects the decreased risk of freezing damage during the fall in regions with similar fall 

conditions to southern Wisconsin. Although these CCIHG cultivars maintained deep levels of 

cold hardiness throughout midwinter, the higher frequency of extreme weather events due to 

climate change may increase the risk of freezing damage during midwinter. The highest risk of 

freezing damage to CCIHG is during spring, due to the rapid deacclimation response once air 
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temperatures rise above freezing. This trait should be considered when evaluating future releases 

of CCHIG cultivars for cold-climate regions. 

Following an extreme cold weather event during our study, we observed a cold hardiness 

response that presumably leveraged the mechanisms of both deep supercooling and freeze 

dehydration, which allowed these hybrids to achieve a deeper level of freeze stress resistance 

than previously evaluated. Further research to provide direct or further supporting evidence of 

the physiological mechanism underlying this interplay between deep supercooling and freeze 

dehydration will provide critical information for the breeding of new CCIHG cultivars. 

Finally, our predictive model demonstrates that the discrete-dynamic model can be 

reparametrized to predict CCIHG cultivars’ cold hardiness in a cold-climate region. This model 

and the CCIHG-specific parameters will be a useful tool in the prediction of CCIHG cold 

hardiness responses to variable climate scenarios and for the evaluation of new sites before 

planting vineyards, as well as providing assistance to growers in decision-making to minimize 

yield and vine losses based on freeze damage risk.  
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Tables 

 

Table 1. Symbols, abbreviations, and units of measurement used in explanatory and predictive 
models. 

 
Abbreviation Definition Unit 
B Bias or mean error °C 
EDB  Ecodormancy boundary, accumulation of chilling degree 

days required to transition from endo- to ecodormancy 
°C 

Hc, initial  Initial cold hardiness °C  
Hc, max Maximum hardiness (most hardy condition) °C  
Hc, min Minimum hardiness (least hardy condition) °C  
ka, eco Acclimation rate during ecodormancy °C/°C  
ka, endo  Acclimation rate during endodormancy  °C/°C  
kd, eco  Deacclimation rate during ecodormancy °C/°C  
kd, endo Deacclimation rate during endodormancy °C/°C  
LT10 Temperature lethal to 10% of buds sampled °C 
LT50 Temperature lethal to 50% of buds sampled °C  
LT90 Temperature lethal to 90% of buds sampled °C 
RMSE Root mean square error °C 
Tth, eco Threshold temperature to calculate degree days during 

ecodormancy relevant to changes in hardiness 
°C 

Tth, endo Threshold temperature to calculate degree days during 
endodormancy relevant to changes in hardiness 

°C  

θ Theta exponent in deacclimation logistic equation  dimensionless  
sT Sigma-T, temperature index in the explanatory model °C 
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Table 2. Parameter levels tested in all combinations stepwise for five cold-climate interspecific 
hybrid grapevine cultivars to minimize root mean square error (RMSE): endodormant 
temperature threshold (Tth,endo), ecodormant temperature threshold (Tth,eco), 
endodormant acclimation rate (ka,endo), ecodormant acclimation rate (ka,eco), 
endodormant deacclimation rate (kd,endo), ecodormant deacclimation rate (kd,eco), theta 
exponent in deacclimation logistic equation (q), and ecodormancy boundary (EDB). A 
total of 2,976,750 combinations were tested per cultivar and for two years (2017-18 and 
2018-19). 

 

 
Tth,endo 

(°C) 

Tth,eco 

(°C) 

ka,endo 

(°C/°C) 

ka,eco 

(°C/°C) 

kd,endo 

(°C/°C) 

kd,eco 

(°C/°C) 
q 

EDB 

(°C) 

Start 9.0 -1.0 0.04 0.02 0.02 0.04 1.0 -300 

Stop 15.0 7.0 0.16 0.10 0.10 0.20 7.0 -800 

Step 1.0 1.0 0.02 0.02 0.02 0.02 2.0 100 

n 7 9a 7 5 5 9 5b 6 
a Levels for Tth,eco started at -1.0 as compared to 3.0 in Ferguson et al. (2014). 
b q = 1.5 was also tested. 
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Table 3. Estimates for parameters and interactions for the explanatory linear regression model describing low temperature exotherms 
for five cold-climate interspecific hybrid grapevine cultivars during two years using the temperature index (sT), Time (days), 
and Time2 (days2) as parameters. Parameters separated by a colon represent interactions between two parameters. Different 
letters within a column denote statistical differences between cultivars using a t-test with α = 0.05. 

 

Cultivar Intercept sT Time2 Time Interaction 
sT:Time2 

Interaction 
sT:Time 

Year 1 (2017-18) 
Brianna -3.4968 ± 0.9976 a 0.0154 ± 0.0032 c 0.0013 ± 0.0001 a -0.3523 ± 0.0169 a 

1.03´10-6  
± 1.60´10-7 

-1.90´10-4  
± 4.06´10-5 

Frontenac -5.9346 ± 0.9943 b 0.0169 ± 0.0032 bc 0.0010 ± 0.0001 c -0.2964 ± 0.0170 bc 
La Crescent -5.7240 ± 1.0104 b 0.0218 ± 0.0032 a 0.0011 ± 0.0001 b -0.3127 ± 0.0173 b 
Marquette -5.8606 ± 1.0065 b 0.0184 ± 0.0032 b 0.0011 ± 0.0001 b -0.3054 ± 0.0171 bc 
Petite Pearl -6.6509 ± 1.0174 b 0.0144 ± 0.0032 c 0.0010 ± 0.0001 c -0.2838 ± 0.0174 c 

Year 2 (2018-19) 
Brianna -4.6544 ± 0.9601 a 0.0154 ± 0.0032 c 0.0013 ± 0.0001 a -0.3369 ± 0.0168 a 

1.03´10-6  
± 1.60´10-7 

-1.90´10-4  
± 4.06´10-5 

Frontenac -7.5035 ± 0.9555 bc 0.0169 ± 0.0032 bc 0.0010 ± 0.0001 c -0.2810 ± 0.0168 bc 
La Crescent -6.7422 ± 0.9679 b 0.0218 ± 0.0032 a 0.0011 ± 0.0001 b -0.2973 ± 0.0171 b 
Marquette -8.0404 ± 0.9654 c 0.0184 ± 0.0032 b 0.0011 ± 0.0001 b -0.2899 ± 0.0169 bc 
Petite Pearl -7.6518 ± 0.9822 bc 0.0144 ± 0.0032 c 0.0010 ± 0.0001 c -0.2683 ± 0.0172 c 
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Table 4. Relative contribution of parameters in the explanatory linear regression model 
calculated using dominance analysis. The temperature index is represented by sT. 
Parameters separated by a colon represent interactions between two parameters. 

 

Relative importance: 
sT  50.1% Time2:Year  0.7% Cultivar  0.3% 

Time2  18.0% Time2:Cultivar  0.6% sT:Time  0.3% 
Time  16.4% sT:Cultivar  0.5% Cultivar:Year  0.2% 

Year  1.8% sT:Time2  0.4%  
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Table 5. Parameter value combinations that minimize root mean square error (RMSE) after reparametrizing the predictive discrete-
dynamic model to simulate bud cold hardiness for five cold-climate interspecific hybrid grapevine cultivars. Cold hardiness 
(Hc) predictions begin at Hc, initial, which is the earliest median low temperature exotherm (LT50) observed. Predictions are 
bound by lower (Hc, max) and upper (Hc, min) limits. Hc, max is the lowest LT50 observed, while Hc, min is highest LT50 observed. 
Other parameters include: endodormant temperature threshold (Tth,endo), ecodormant temperature threshold (Tth,eco), 
endodormant acclimation rate (ka,endo), ecodormant acclimation rate (ka,eco), endodormant deacclimation rate (kd,endo), 
ecodormant deacclimation rate (kd,eco), theta exponent in deacclimation logistic equation (q), and ecodormancy boundary 
(EDB). 

 

Cultivar Tth, endo 
(°C) 

Tth, eco 
(°C) 

ka, endo 
(°C/°C) 

kd, endo 
(°C/°C) 

ka, eco 
(°C/°C) 

kd, eco 
(°C/°C) q EDB 

(°C) 
Hc, initial 

(°C) 
Hc, max 
(°C) 

Hc, min 
(°C) 

Brianna 9 1 0.10 0.02 0.10 0.16 7 -600 -11.0 -29.9 -9.0 
Frontenac 12 1 0.08 0.06 0.10 0.20 1.5 -300 -10.5 -30.6 -10.5 
La Crescent 11 0 0.08 0.06 0.10 0.14 3 -600 -9.6 -30.3 -9.6 
Marquette 13 -1 0.06 0.06 0.04 0.10 7 -600 -11.5 -29.3 -10.2 
Petite Pearl 15 0 0.04 0.08 0.10 0.18 1 -600 -11.4 -28.9 -11.4 
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Figures 

 
Figure 1. Median low temperature exotherm (LT50) trends plotted for five cold-climate 

interspecific hybrid grapevine cultivars, with daily maximum (red line) and minimum 
(blue line) temperatures for 2017-18 and 2018-19. Vertical dotted line identifies the 
date (February 1, 2019) that buds tested with differential thermal analysis showed no 
low temperature exotherms. 
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Figure 2. See caption on the follow page.   
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Figure 2. Predicted bud cold hardiness (black, dashed lines) and observed median low 
temperature exotherm (LT50) values (colored lines and circles) plotted for five cold-
climate interspecific hybrid grapevine cultivars, with daily maximum and minimum 
temperature ranges for 2017-18 and 2018-19 (gray shaded area). Predictions were 
generated using the Ferguson et al. (2011, 2014) model reparametrized for each 
cultivar.  
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Figure 3. Comparison between predicted and observed bud cold hardiness, expressed as median 

low temperature exotherm (LT50) for five cold-climate interspecific hybrid grapevine 
cultivars, including r2, bias (B), and sample size (n) for each cultivar and year. 
Predictions were generated using the Ferguson et al. (2011, 2014) model 
reparametrized for each cultivar. 
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Chapter 3: The effect of ambient temperature and chill unit accumulation on deacclimation 

kinetics 

 

Abstract 

 

Woody perennials develop cold hardiness mechanisms in the fall and lose cold hardiness 

mechanisms in the spring in order to survive freezing winter temperatures. Acquiring and losing 

cold hardiness are referred to as acclimation and deacclimation, respectively. Previous studies 

have demonstrated deacclimation responses increase as ambient temperatures increase and 

between endodormancy and ecodormancy. However, the progression of increasing deacclimation 

responses across a range of temperatures and throughout the transition from endo- to 

ecodormancy is not well described. Climate change predictions, such as warmer winters, erratic 

and extreme winter weather events, and late spring frosts could also disrupt optimal timing of 

deacclimation. More detailed descriptions of the factors regulating deacclimation are necessary 

to understand the risks plants may face under climate change scenarios. In this study, we aimed 

to describe temporal relationships between deacclimation responses and chill unit accumulation 

at various temperatures. We also aimed to test a quantitative method to determine bud dormancy 

status using an assessment of deacclimation potential (Ydeacc). We evaluated cold hardiness loss 

and budbreak under multiple temperature conditions at multiple levels of chill unit accumulation 

using differential thermal analysis (DTA) and bud forcing assays. Deacclimation responses 

increased continuously following logistic trends as chill unit accumulation increased. The 

cumulative chill unit range where Ydeacc increased, overlapped with the transition from endo- to 

ecodormancy. Therefore, deacclimation potential provides an objective and quantitative method 



 

 

57 

for describing dormancy transitions. Deacclimation responses also increased following a 

nonlinear trend as ambient temperature increased. There are optimal temperatures where 

deacclimation rates increased but below and above these temperatures, changes in deacclimation 

rates diminished. This information will contribute to a clearer understanding of when and how 

deacclimation might contribute to increased risks by freezing injury. In addition, our descriptions 

of factors effecting deacclimation could inform improvements to models predicting cold 

hardiness, dormancy transitions, and phenological development. 

 

Introduction 

 

Perennial plants in temperate climates synchronize development, maintenance, and loss 

of cold hardiness mechanisms with the annual rhythm of seasonally occurring freezing 

temperatures in order to survive freezing temperatures (Hänninen and Kramer 2007, Levitt 

1980). Properly timed acclimation (e.g., gaining cold hardiness) and deacclimation (e.g., losing 

cold hardiness) is essential for plants to minimize freeze injury risks while also maximizing 

opportunities for growth. Early deacclimation increases the risk of freeze injury whereas late 

deacclimation delays growth resumption and leads to lost opportunity for growth resources 

(Hanninen 2013). However, climate change predictions, such as warmer winters overall, erratic 

and extreme winter weather events, and late spring frosts could disrupt the timing of 

deacclimation and, as a consequence, increase freeze injury risks (Gu et al. 2008, IPCC 2014, 

Pagter and Arora 2013). 

Ambient temperature is a major factor driving deacclimation (Arora and Taulavuori 

2016). In general, deacclimation responses increase as ambient temperatures increase (Kalberer 
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et al. 2006). However, deacclimation cannot be predicted solely based on temperature because 

deacclimation is also influenced by the dormancy status of a plant (Ferguson et al. 2014, Ögren 

2001, Taulavuori et al. 2004, Vitasse et al. 2014b, Vyse et al. 2019). Dormancy is defined as the 

suspension of visible growth and development in meristem containing structures, such as buds 

(Lang 1987). There are three main categories of dormancy, which are divided based on the 

mechanism associated with growth cessation, including: para-, endo- and ecodormancy (Lang et 

al. 1987). Of particular relevance to deacclimation are endodormancy and ecodormancy. During 

endodormancy, the signals suspending growth originate from within the meristem itself. Buds 

overcome endodormancy and transition to ecodormancy upon prolonged exposure to low, non-

freezing temperatures, a process referred to as chill unit accumulation (Coville 1920, Junttila and 

Hänninen 2012, Londo and Johnson 2014). During ecodormancy, growth is suspended due to 

unfavorable environmental conditions, which means growth and development resumes upon the 

return of suitable conditions. Buds are resistant to deacclimation during endodormancy whereas 

buds are considered “physiologically primed” for deacclimation during ecodormancy (Arora and 

Rowland 2011, Arora and Taulavuori 2016, Kalberer et al. 2006, Litzow and Pellett 1980, Wolf 

and Cook 1992). Therefore, descriptions of a deacclimation responses require an understanding 

of dormancy status in addition to considering the effects of ambient temperatures.  

How dormancy status effects on deacclimation responses is not well understood. 

Distinguishing the effects of dormancy status from the effects of ambient temperature on 

deacclimation is complicated by the fact that mechanisms regulating dormancy are also directly 

influenced by temperature. More thorough descriptions of the role of dormancy status and 

temperature in regulating deacclimation are necessary to better understand seasonal rhythms of 

deacclimation kinetics. 
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Deacclimation potential (Ydeacc) is a rate ratio that quantifies deacclimation responses in 

proportions relative to the maximum observed response (Kovaleski et al. 2018a). Considering 

dormancy status is a factor regulating deacclimation responses, deacclimation potential can be 

used to assess dormancy status. Dormancy status is traditionally assessed via bud forcing assays 

that observe percent budbreak and time to (50%) budbreak under favorable growth conditions. 

However, deacclimation potential does not rely on an arbitrary assumption, such as the threshold 

time to 50% budbreak. Deacclimation potential also quantifies a bud growth phenotype that 

proceeds externally visible bud growth, which is the observation necessary for bud forcing 

assays. This highlights an important association between deacclimation potential and results 

from bud forcing assays, that is visible bud growth is only apparent after a bud has deacclimated 

(Ferguson et al. 2014, Salazar-Gutiérrez et al. 2014). Therefore, a quantitative assessment tool 

such as deacclimation potential could be an advantageous alternative to bud forcing assays for 

describing dormancy transitions. 

The main objective of this study was to evaluate the effect of chill unit accumulation and 

temperature on dormancy status, deacclimation responses, and budbreak in five interspecific 

hybrid grapevine cultivars grown in a cold-climate region. In addition, we aim to test a method 

that uses deacclimation potential to quantify the contribution of chill unit accumulation to 

dormancy transitions. This information will contribute to a clearer understanding of when and 

how climactic conditions might contribute to increased risks by freezing injury. In addition, a 

more thorough description of factors that effect deacclimation could inform improvements to 

models predicting cold hardiness, dormancy transitions, and phenological development. 
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Materials and Methods 

 

Site description. This study was conducted during two winter seasons, 2018-2019 (Year 1), and 

2019-2020 (Year 2) in a vineyard at the West Madison Agricultural Research Station in Verona, 

WI (lat. 43° 03’ 37” N, long. 89° 31’ 54” W). The vineyard is in U.S. Department of Agriculture 

Plant Hardiness Zone 5a (USDA, 2019).  

 

Weather data. Weather data were collected from September 1 to April 30 using a Network for 

Environment and Weather Applications (NEWA; http://www.newa.cornell.edu/) participating 

station (Model MK-III SP running IP-100 software; Rainwise, Trenton, ME). Hourly weather 

data were used to compute chill units using the North Carolina (‘NC’) model (Shaltout and 

Unrath 1983). Cumulative number of chill units was calculated using different start dates for 

each season. First, the cumulative chill was calculated starting from September 1. Second, the 

time after September 1 with the most negative number of chill units was identified and 

cumulative chill was re-calculated with this as the start date for computing chill unit 

accumulation. These dates were September 21, 2018, and October 2, 2019. 

 

Bud sampling. The vineyard is arranged as a randomized complete block design with four 

replications. Each block is comprised of two rows of vines that include six, four-vine panels per 

row. A maximum of 10 buds per vine were sampled for deacclimation experiments and bud 

forcing assays from node positions three to ~ten. Buds were sampled evenly across vineyard 

blocks and vines within vineyard blocks (16 vines total for each cultivar). Canes were cut several 

centimeters away from the bud. Buds were collected in plastics bags, stored on ice during 
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transportation, and prepped immediately upon returning to the lab. Sample frequency for bud 

forcing assays and deacclimation experiments in each year are listed in Table 1. 

 

Bud forcing assays. For each bud forcing assay, 25 single-node cuttings were placed in square 

8-cm pots that were arranged in plastic seedling trays filled with deionized water. The trays were 

maintained at 22±1.5 °C with a 16-hour photoperiod using LED fixtures (Model: HY-MD-D169-

S, Roleandro, Shenzhen, China). The LED fixtures include blue (460-465 nm) and red (620-740 

nm) lights with 150 µmol m-2s-1 photon flux. The growth stage of the bud on each single-node 

cutting was evaluated every day for up to 60 days, and the date of budbreak was recorded. 

Budbreak was defined as stage 3 (wooly bud) of the modified E-L system (Coombe 1995). Buds 

that had no visible change by the end of the assay were dissected with a razor blade to determine 

if the bud was viable (green) or dead (brown). Dead buds were removed from the sample used 

for data analysis. 

Similar bud forcing assays were conducted in 2019-20 but under four different forcing 

temperatures conditions (10, 15, 20, 25 °C). Photoperiod and light intensity were the same as in 

2018-19. Buds were evaluated daily for up to 120 days and the date of budbreak was recorded. 

Budbreak was defined as stage 3 (wooly bud) in the modified E-L system (Coombe 1995).  

 

Deacclimation experiments. Canes were cut into single-node cuttings and cuttings were 

randomized across vines and blocks. The randomized cuttings were then grouped into bundles, 

wrapped at either end of the bundle with moist paper towels, and sealed in a plastic bag. The 

bagged bundles were placed in growth chambers programmed to a constant 0, 7, 10, 14, 15, 20, 

21, and 25 °C. Within each year, deacclimation experiments were a full factorial design, where 
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all combinations of factors were tested at once. However, not all cultivars or temperatures were 

included in each season’s experiments (Table 1). 

 

Cold hardiness evaluation. Differential thermal analysis (DTA) was used to estimate the cold 

hardiness of individual buds by measuring their low temperature exotherms (LTE) (Mills et al. 

2006). The DTA equipment and sample preparation used in this study was the same as described 

in Chapter 2. To summarize, the equipment used includes four trays with thermoelectric modules 

(TEMs) (model HP-127-1.4-1.5-74 and model SP-254-1.0-1.3, TE Technology, Traverse City, 

MI) to detect exothermic freezing reactions. A copper-constantan (Type T) thermocouple (22 

AWG) was positioned on each tray to monitor temperature. Trays with TEMs and thermocouples 

were loaded in a Tenney Model T2C programmable freezing chamber (Thermal Product 

Solutions, New Columbia, PA) connected to a Keithley 2700-DAQ-40 multimeter data 

acquisition system (Keithley Instruments, Cleveland, OH). TEM voltage and thermocouple 

temperature readings were collected at 6- or 15-second intervals via a Keithley add-in for 

Microsoft Excel (Microsoft Corp., Redmond, WA) or Keithley KickStart software.  

Each DTA included 15 buds per storage temperature treatment per cultivar. To prepare 

samples for DTA, buds including the bud cushion were excised from the cane. The cut surface of 

the bud was covered with a piece of Kimwipe (Kimberly Clark, Roswell, GA) moistened with 

water to provide an extrinsic ice nucleator source and to prevent dehydration prior to bud 

freezing. A group of five buds from the same cultivar and temperature treatment was wrapped in 

aluminum foil and placed on a TEM. The trays were cooled to 4 °C and conditioned for an hour, 

cooled to 0 °C and conditioned for an hour, then cooled to -44 °C at a rate of -4 °C per hour. 

Intervals between DTA for deacclimation experiment are listed in Table 1. 
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Bud forcing data analysis. All data analysis was performed using R (ver. 4.0.5; R Core Team 

2021). The relationship between chill unit accumulation and budburst rate was visualized for 

each cultivar by plotting days to budbreak as box-and-whisker plots for each level of chill unit 

accumulation. A smoothed line was then fit using the “loess” method of non-parametric 

regression. Chilling requirements were classified as fulfilled when the fitted regression line 

crossed 28 days, i.e., 50% of buds reached budbreak within 28 days of exposure to bud forcing 

assay conditions (Londo and Johnson 2014). 

 

Deacclimation data analysis. Individual deacclimation rates (kdeacc) were calculated using linear 

regression for each temperature and chill unit accumulation as factors (regression results 

including slopes are available in Appendix A). The regression models were allowed to have 

varying intercepts for each level of temperature and chill. In addition, data points that had a 

studentized residual ≥ 3.0 were considered outliers and removed from the data set, and each 

regression model was re-fit without these outliers (Cook 1977). Rates from each model were 

used for analysis of the effects of chill unit accumulation, the effects of temperature, and the 

combined effects of chill unit accumulation and temperature. 

 

Effects of chill unit accumulation. The deacclimation rate at each chill unit accumulation were 

transformed to a percentage ratio, by normalizing to the mean of the two highest rates. This was 

done separately for each temperature treatment (!!"#$$(&) [
(!"#$$,(',(#))	*	(!"#$$(',(#)+,)

+ ]$ )	× 100. 

The resulting ratio is referred to as deacclimation potential (Ydeacc). Predictions for Ydeacc across 
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the chill continuum were estimated as a logistic curve using the nls() function with the port 

algorithm, following the equation,  

Ψ!"#$$ =	 ,
,*"[.×(0123455+01 $)]  , 

where b and c are parameters estimated by the model and Chill is the chill unit accumulation at 

each prediction. The parameter c is the inflection point of the logistic curve and the parameter b 

estimates the steepness of the curve.  

To calculate critical chill quantities along the deacclimation potential curve, we applied a 

mathematical procedure that has been used in other disciplines studying phenomena also 

described by logistic curves (Deshpande and Jia 2020, McDowall and Dampney 2006). These 

chill quantities are referred to as chill threshold (chillthr), chill saturation (chillsat), and active chill 

range. A conceptual illustration and the relevant equations for each of these estimates are 

described in Figure 1. Briefly, the line tangent to Ydeacc at its inflection point is fit (this is a 

straight line with a slope based on the first derivative of Ydeacc at parameter b and parameter c). 

Chillthr is the point where that tangent line is equal to no deacclimation potential (Ydeacc = 0). 

Chillsat is the point that tangent line is equal to maximum deacclimation potential (Ydeacc = 

100%). The active chill range is the difference between chillthr and chillsat. 

 

Effects of temperature. Deacclimation rates were analyzed for temperature effects at each level 

of chill unit accumulation separately. The effect of temperature, referred to as relative thermal 

contribution (Hdeacc), was tested for nonlinearity by fitting a linear, quadratic and cubic model 

with deacclimation rate as the response variable and temperature (°C) as the explanatory 

variable. A likelihood ratio test was used to compare the linear model with second- and third-
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degree polynomials. The effect of temperature was also estimated as a logistic curve. To do this, 

Hdeacc was estimated using the nls() function with the port algorithm, following the equation, 

H!"#$$ = , + (!"#$$,(#)
,*"[7×(01'+013)]  , 

where a, g, and h are estimated parameters and T is the temperature in °C. The parameter a is the 

lower limit of the logistic curve, the parameter c is the inflection point of the logistic curve and 

the parameter b estimates the steepness of the curve at the inflection point. 

 

Combined effects of chill unit accumulation and temperature. The combined effect of chill 

unit accumulation and temperature were estimated by a combined logistic curve using the nls() 

function with the port algorithm, following the equation, 

!!"#$$(&,./011) = Ψ!"#$$ × H!"#$$ = ,
,*"[.×(0123455+01 $)] × ., +

(!"#$$,(#)
,*"[7×(01'+013)]/		, 

where Ydeacc and Hdeacc are equal to the equations previously described. This combined model 

estimated all parameters (b, c, a, g, and h) based on Chill and T (°C) inputs.  

The fits of all non-linear curves were tested using Effron’s pseudo-R2 with the Rsq() 

function in the soilphysics library. A linear model was used with the complete LTE data set to 

evaluate the accuracy of the combined model’s deacclimation predictions. In this model, change 

in LTE (∆LTE) is a function of the temperature (T) that a bud was stored at, the quantity of chill 

units accumulated (Chill) before exposure to deacclimation temperatures, and the duration of 

exposure to deacclimation temperatures (time). The temperature and chill unit accumulation 

effects are incorporated in the combined model and represented within kdeacc. Considering 

predictions were accurate, the β associated with kdeacc was expected to be 1 (∆123(&,./011) =

4 × !!"#$$ × 5678), meaning there is 1 unit change in ∆LTE for every 1-unit change in kdeacc.  
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Results 

 

Bud forcing assays. The time to 50% budbreak decreased as chill units accumulated (Figure 2). 

For cultivars included in both years, the chill requirements were lower in Year 1 than in Year 2 

according to 50% budbreak within 28 days. Chill requirements ranged from 674-761 (‘NC’) in 

Year 1 and from 428-602 (‘NC’) in Year 2. 

 For budbreak assays that included multiple forcing temperature treatments, days to 50% 

budbreak decreased for all temperatures as chill units accumulated (Figure 3). At low chill, buds 

incubated at warmer temperatures reached 50% budbreak faster than buds incubated at cooler 

temperatures. As chill increased, warmer temperatures generally still reached 50% budbreak in 

fewer days but the difference was smaller across temperatures. 

 

Linear regression for deacclimation rates. Deacclimation responses were linear across time at 

all temperatures regardless of how much chill had accumulated (Supplemental Table in 

Appendix A). After outliers were removed from multiple linear regression analysis, ≥84% of the 

observations were kept for each cultivar in both years. The minimum portion of observations 

kept for each year were 97.6% in Year 1, and 86% in Year 2.  

The deacclimation slopes for a given temperature increased as chill units accumulated. 

However, deacclimation rates for experiments at chill unit accumulation >~1100 (‘NC’) were 

slightly lower than the maximum deacclimation rate previously measured. Higher temperatures 

produced higher deacclimation rates as compared to lower temperatures, regardless of chill unit 

accumulation. There were two deviations from this trend. First, deacclimation rates were 

similarly small for 0, 7, and 14°C at 689 (‘NC’), or low cumulative chill, in Year 1. Second, 
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deacclimation rates were comparable for all temperatures tested (10, 15, 20, and 25°C) at 1289 

(‘NC’), or high cumulative chill, in Year 2.  

 

Effects of chill unit accumulation (Ydeacc). Deacclimation rates continuously increased as chill 

units accumulated. The continuum of deacclimation rates was quantified using a rate ratio, 

referred to as deacclimation potential (Ydeacc), by normalizing deacclimation rates across chill 

unit accumulation to an average of the two highest deacclimation rates. Psuedo-R2 values for 

Ydeacc models were between 0.51 and 0.62 in Year 1 and between 0.79 and 0.98 in Year 2 (Table 

2). Deacclimation potential followed a logistic curve as chill units accumulated when asymptotic 

bounds at 0 and 100 were used as inputs for initial and final deacclimation potential, respectively 

(Figure 4). The period where deacclimation potential increased correlated with chilling 

requirements estimated by bud forcing assays (Figure 2). 

Three critical chill quantities were calculated based on Ydeacc models, including chill 

threshold (chillthr), chill saturation (chillsat), and active chill range. There were similar portions of 

Ydeacc that correlated with chillthr, chillsat, and active chill range for all cultivars in both years (e, f, 

g in Table 3). In terms of absolute chill units, chillthr and chillsat varied between years, while 

active chill range did not (b, c, d in Table 3). For cultivars that were included in both years of the 

study, values for chillthr in Year 1 were similar to the chillsat values in Year 2. Inflection points 

for Ydeacc curves (parameter c) also varied between years than across cultivars (Table 2). 

Inflection points were estimated as 746-890 in Year 1 and as 493-618 in Year 2. 

 

Effects of temperature (Hdeacc). We observed a nonlinear relationship between temperature and 

deacclimation responses (Figure 5) as well as growth responses (Figure 3). This relationship is 
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referred to as relative thermal contribution (Hdeacc). Cultivars were pooled to evaluate the Hdeacc 

because they followed similar trends even though the magnitude of deacclimation rates varied 

among cultivars. Based on likelihood ratios tests, all linear parameters were significant for 

describing the Hdeacc, but quadratic and cubic parameters were significant at higher chill unit 

accumulation levels. Relative thermal contribution (Hdeacc) was also fit as a logistic curve that 

estimated three parameters. The y-intercept for Hdeacc curves (parameter a) were nonzero at all 

levels of chill except 1289 in Year 2, which is likely due to the absence of data for temperatures 

<10 °C in Year 2. In the logistic model, both the inflection points (parameter h) and the steepness 

(parameter g) of Hdeacc were lower as chill unit accumulation increased. The logistic curve was 

used in the model for combined effect of chill and temperature because it had the highest fitness 

of all the temperature effect models (Table 4). 

 

Combined model for effects of chill unit accumulation and temperature. Estimates for the 

combined chill unit accumulation and temperature effects model are listed in Table 5. The 

Pseudo-R2 for all cultivars ranged from 0.815-0.854 in Year 1 and 0.848-0.984 in Year 2. 

Statistics based on the linear model used to test the accuracy of the combined effects model are 

listed in Table 6, including the regression coefficient (β), R2, absolute sample size (N), and 

proportion of total observations (n).  

 

Discussion 

 

Dormancy, cold hardiness, and budbreak are complex processes dependent on both 

physiological and environmental factors. Plants synchronize the development and maintenance 
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of dormancy, changes in cold hardiness, and timing of budbreak with the annual rhythm of 

seasons in order to survive in temperate climates. The main objective of this study was to 

evaluate the effect of chill unit accumulation and temperature on dormancy status, deacclimation 

responses, and budbreak in five interspecific hybrid grapevine cultivars grown in a cold-climate 

region. In addition, this study aimed to validate a method for quantifying the contribution of chill 

unit accumulation to dormancy transitions.  

 

Effects of chill unit accumulation 

We observed deacclimation responses that increased continuously as chill units 

accumulated. This continuum of responses is different from the typical characterization of 

deacclimation responses across winter, which describe a singular “switch” from no response to a 

full response corresponding with dormancy status. Those descriptions are based on previous 

studies, which have clearly demonstrated buds are resistant to deacclimation during 

endodormancy, whereas buds are “physiologically primed” for deacclimation during 

ecodormancy (Arora and Taulavuori 2016, Kalberer et al. 2006, Litzow and Pellett 1980, Wolf 

and Cook 1992). However, there are few studies that have evaluated deacclimation at multiple 

times throughout the entire dormant period (Kovaleski et al. 2018a). Therefore, descriptions of 

how deacclimation responses change throughout the entire dormant period have not been 

possible. The continuum of increasing deacclimation responses we observed provides evidence 

that an endo- versus ecodormant categorization for deacclimation is oversimplified. 

We quantified the continuum of increasing deacclimation responses as deacclimation 

potential (Ydeacc, %) (Kovaleski et al. 2018a), which represents the potential to deacclimate at 

any temperature based on the amount of chill units that have accumulated. Deacclimation 
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potential increased as chill units accumulated following a logistic curve that can be divided into 

three phases (Figure 4). During the first phase, deacclimation potential is stable at zero potential, 

meaning deacclimation does not occur at any temperature. This is followed by a phase where 

deacclimation potential increases rapidly, meaning deacclimation rates become increasingly 

large as chill accumulates. In the final phase, changes in deacclimation potential slow down and 

deacclimation potential plateaus at 100% potential. At this point, additional chill unit 

accumulation does not contribute to larger deacclimation responses. When this pattern is plotted 

across cumulative chill, deacclimation potential represents the degree of cold hardiness loss that 

can occur based on chill.  

The phase where deacclimation potential increased overlapped the completion of 

endodormancy as estimated by bud forcing assays. Specifically, the chill requirement estimated 

by bud forcing assays was slightly lower than the chill quantity where the deacclimation 

potential curve reached its inflection point (Ydeacc = 50%). An exception to this was Frontenac 

and Marquette in Year 2, where chilling requirement estimated by bud forcing was roughly equal 

to the chill quantity where deacclimation potential began to increase (between the first and 

second phases of deacclimation potential). Compared to the traditional method, bud forcing 

assays, deacclimation potential is an advantageous tool for estimating the endo- to ecodormancy 

transition and for estimating the contribution of chill units to dormancy release. Deacclimation 

potential provides a quantitative assessment for dormancy status that avoids arbitrary 

assumptions inherent in bud forcing assays (i.e., the threshold number of days to reach 50% 

budbreak). Deacclimation potential also quantifies a phenotype that proceeds visually observable 

growth. Since budbreak occurs after cold hardiness mechanisms are lost (Ferguson et al. 2014, 

Kovaleski et al. 2018a, Salazar-Gutiérrez et al. 2014), the amount of time needed to reach 
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budbreak in forcing assays is a combination of the time needed to fully deacclimate and the time 

needed for deacclimated buds to visibly grow. In other words, results from bud forcing assays 

are confounded by deacclimation potential. For all of these reasons, deacclimation potential is a 

useful tool for quantifying dormancy status. 

Deacclimation potential along with the parameters, chill threshold (chillthr), chill 

saturation (chillsat), and active chill range can be used to determine how chilling temperatures 

contribute to overcoming endodormancy. There were similar portions of Ydeacc that correlated 

with chillthr, chillsat, and active chill range for all cultivars in both years (e, f, g in Table 3), which 

suggests these parameters identify a consistent phenological status. In terms of absolute chill 

units, chillthr and chillsat varied between years, while active chill range did not (b, c, d in Table 3). 

This annual variation provides evidence that the sub-model estimating chill units is not capturing 

all of the factors contributing to changes in deacclimation potential and, consequently, dormancy 

transitions. Even though chilling temperatures are one of the most important environmental 

factors that regulate dormancy transitions and subsequent phenological development, chill 

models provide fairly rough mathematical approximations of temperature efficiency toward 

overcoming endodormancy (Fadón et al. 2020). Variation in chillthr, chillsat, and active chill 

range could be used in to identify the most effective temperatures that contribute to changes in 

deacclimation potential and, therefore, dormancy transitions. As a result, Ydeacc, chillthr, chillsat, 

and active chill range introduce a valuable opportunity to improve chill models and accordingly, 

phenology models. 

 

Effects of temperature 
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Deacclimation rates were greater at higher temperatures as compared to lower 

temperatures. We refer to this relationship as relative thermal contribution (Hdeacc). Relative 

thermal contribution followed a nonlinear trend as temperature increased (Figure 5). A similar 

pattern across temperature was observed in time to budbreak (Figure 3). We used a logistic curve 

to describe the relative thermal contribution because a minimum response is reached as 

temperatures decrease and a maximum response is reached as temperatures increase (Chuine 

2000, Guak and Neilsen 2013, Kovaleski et al. 2018a). While we generally observed greater 

deacclimation rates at higher temperatures as compared to lower temperatures, the logistic 

relationship accurately captures the range where higher temperatures contribute diminishing 

increases in deacclimation response. The range where increases in deacclimation rates 

diminished varied across cultivars but was approximately 10-15 °C and greater. In contrast to a 

nonlinear relationship, previous literature has used a linear relationship to model the effect of 

temperature on deacclimation (Ferguson et al. 2014, Lecomte et al. 2003) as well as the effect of 

temperature on plant development (Cannell and Smith 1983, Clark and Thompson 2010, 

Linkosalo et al. 2000, Richardson et al. 2018). That choice has been criticized for many years but 

has been acceptable because there are often only slight departures from linearity within the range 

of temperatures that many models are concerned with (Arnold 1959). However, the departure 

from linearity is significant below the minimum and above the optimum temperatures that 

stimulate plant development and deacclimation. In addition, the choice between linearity and 

nonlinearity influences how temperature should be integrated into models. A linear relationship 

implies temperature can be integrated as a change quantity (∆T), as is often done (Buermann et 

al. 2018, Ettinger et al. 2020). However, a nonlinear relationship between growth and 

temperature implies that temperature must be integrated into models in absolute quantities in 
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order to delineate varying contribution towards a response. Therefore, it is important to 

recognize the nonlinear relationship between temperature and deacclimation in order to continue 

deepening our understanding of interdependent factors regulating deacclimation and improve 

growth and development models. 

We observed deacclimation at low temperatures, as low as 0 °C, which was the minimum 

temperature treatment included in our study. Also, a y-intercept (parameter a) was estimated in 

logistic Hdeacc models in order predict deacclimation at 0 °C. To our knowledge, no previous 

studies that examined deacclimation in grapevine have reported deacclimation at 0 °C. The 

lowest base temperature parametrized in a cold hardiness prediction model for 23 grapevine 

genotypes grown in Washington was 3 °C (Ferguson et al. 2014). In addition, deacclimation was 

reported at temperatures as low as 2 °C for four grapevine species grown in New York 

(Kovaleski et al. 2018a). Neither of these studies included the cold-climate interspecific hybrid 

cultivars that were featured in our study. In addition, we have demonstrated in a previous study 

that low base temperatures (-1 to 1 °C) provided the best fits when we reparametrized the 

Ferguson et al. (2014) cold hardiness prediction model for use with cold-climate interspecific 

hybrid cultivars (Chapter 2). Accordingly, it is possible that deacclimation at low temperature is 

a genetically specific trait. While this has been the case, several previous deacclimation studies 

did not include low temperature treatments in their experimental designs (Arora et al. 2004, 

Cragin et al. 2017, Slater et al. 1991). Future studies that examine deacclimation and budbreak, 

in any type of temperate woody plant, should include low temperatures in their experimental 

designs to determine the range of plants with a propensity to deacclimate at low temperatures. 

Ultimately, deacclimation at low temperatures demonstrates the importance for integrating 

possible low temperature contributions toward growth when modeling phenology.  
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Combined effects of chill unit accumulation and temperature 

Deacclimation responses are conditional on both chill unit accumulation and temperature. 

The following descriptions of the combined effects of chill accumulation and temperature are 

illustrated in Figure 6. Deacclimation responses increased at all temperatures as chill units 

accumulated until deacclimation potential reached its maximum, at which point additional chill 

unit accumulation did not contribute to changes in deacclimation responses. Therefore, low (i.e., 

chilling) temperatures that occur in spring are not changing the nature of deacclimation 

responses but are instead directly contributing to deacclimation. The differences in deacclimation 

rates across temperature were small at low chill unit accumulation. As chill units accumulated, 

deacclimation rates increased at all temperatures but there were larger increases at high 

temperatures as compared to low temperatures. In general, changes in deacclimation rates at a 

given temperature were relative to the maximum rate for that temperature and correspond to 

increases in deacclimation potential. Therefore, deacclimation potential evenly regulates 

deacclimation rates for all temperatures. Based on the nonlinear relationship between 

temperature and deacclimation, there are different but proportional increases in deacclimation 

rates across temperature as chill accumulates. 

 We observed an exception to this trend during our low chill, high temperature treatments, 

which triggered disproportionately large deacclimation responses (top left panel in Figure 5). It is 

possible that the long duration of a high temperature treatment overcame growth suppression 

effects associated with endodormancy in place of chill unit accumulation. Previous studies 

observed deacclimation responses and fewer number of days to budbreak after buds were treated 

with hot water (Tanino et al. 1989, Wisniewski et al. 1997, Wolf and Cook 1992). It is generally 
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understood that sublethal stresses are capable of breaking endodormancy even though the 

specific actions of stress are unclear. While the hot water treatments used in previous studies 

were much greater than the high temperature treatments in our study, the duration of their 

treatments was short (1 or 2 hours) as compared to ours (24-120 hours). Both the degree and 

duration are important aspects for impact of temperature on dormant buds (Arora and Taulavuori 

2016). Consequently, the long duration of our high temperature treatment may have prompted a 

stress response similar to those observed in previous studies, which ultimately led to an 

inconsistent deacclimation response.  

Apart from this exception, the model that combines chilling accumulation and 

temperature effects accurately represents the overall changes in deacclimation rates. The linear 

model used to test the combined effects model’s accuracy had a regression coefficient (β) 

ranging from 0.824 to 1.006 across all cultivars in both years (Table 6). This is exceptional 

considering a β=1 would indicate there is 1 unit change in ∆LTE for every 1-unit change in 

kdeacc. The low R2 values associated with the 2018-19 models indicates that there was a wide 

range of LTEs throughout the deacclimation experiments. However, the model still accurately 

represented the kinetics for changes in deacclimation rates since the regression coefficients are 

near one. Therefore, the individual effects of chill unit accumulation and temperature on 

deacclimation can be combined into a single model that quantifies deacclimation kinetics 

throughout the dormant period and can guide improvements to models predicting cold hardiness 

fluctuations and phenological development in woody perennials.  

 

Conclusion 
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Descriptions of the mechanisms by which plants deacclimate, the factors regulating 

deacclimation, and seasonal rhythm of deacclimation kinetics are necessary to understand the 

freeze injury risks that perennial plants face in climates where freezing temperatures occur. In 

this study, we have described the effects of two factors, chill unit accumulation and temperature, 

on deacclimation responses. Regarding the effect of chill, deacclimation responses increased 

continuously as chill units accumulated rather than categorically based on dormancy status. This 

continuum of deacclimation responses was quantified as a rate ratio, referred to as deacclimation 

potential (Ydeacc). Future studies aiming to describe dormancy transitions and chilling 

requirements should include assessment of deacclimation potential in their experimental designs 

because it provides an advantageous alternative to bud forcing assays for quantifying dormancy 

transitions. Most importantly, deacclimation potential quantifies a bud growth phenotype that 

proceeds externally visible bud growth, which is the observation that is necessary in bud forcing 

assays. In addition, deacclimation potential characterizes a chill range where bud growth 

responses continuously increase until they reach their maximum potential, which introduces an 

opportunity to identify the most effective temperatures that contribute to dormancy transition and 

thereby improve chill models. Regarding the effect of temperature, deacclimation rates increased 

along a nonlinear trend, referred to as the relative thermal contribution (Hdeacc), as temperatures 

increase. Relative thermal contribution demonstrates that temperature, as a variable in predictive 

models, needs to be integrated in total units rather than units of change (∆T). Furthermore, 

deacclimation occurred at low temperatures (as low as 0 °C), which has not been observed in 

grapevine before. Future studies are necessary to evaluate the potential for deacclimation at low 

temperatures in other woody plants. This could inform adjustments to base temperatures in 

models predicting phenological development for plants that deacclimate at low temperatures. 
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Finally, we have demonstrated that the effects of chill unit accumulation and temperature can be 

combined in a predictive model that accurately describes changes in deacclimation responses 

across the dormant period. This deacclimation model can guide development of new cold 

hardiness prediction models or improvements to existing models. 
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Tables 

 
Table 1. Summary of deacclimation experiments and bud forcing assays, including cultivars that 

were included in 2018-19 and 2019-20. For deacclimation experiments: length specifies 
the number of days buds were conditioned in treatment temperatures; interval specifies 
the average number of days between DTA runs. For both experiments, repetitions (n) 
specify the number of experiments performed each year. In each year, experiments 
were full factorial design. 

 
Year 2018-19 2019-20 

Cultivars 
Frontenac, 
Marquette, 
Petite Pearl 

Brianna, 
Frontenac, 

La Crescent, 
Marquette, 
Petite Pearl 

Deacclimation 

Temperatures (°C) 0, 7, 14, 21 10, 15, 20, 25 

Length (days) 5 up to 13 

Interval (days) 1.33 ~4 

Repetitions (n) 5 3 

Bud forcing 

Repetitions at 
22 °C (n) 7 8 

Repetitions at 
10, 15, 20, 25 °C (n) NA 3 
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Table 2. Parameters estimated for the deacclimation potential (Ydeacc) model using the nls() 
function, including parameter b (steepness of curve), parameter c (inflection point), and 
Pseudo-R2 (fit of the nonlinear curve). Estimates were calculated separately for each 
cultivar and between years. Parameter c is represented in units of chill accumulation. 

 
Deacclimation Potential (Ydeacc) 

Cultivar b c Pseudo-R2 
2018-19 

Frontenac -12.583 878.704 0.816 
Marquette -23.474 737.323 0.489 
Petite Pearl -7.262 819.018 0.622 

2019-20 

Brianna -6.479 559.116 0.977 
Frontenac -8.434 617.557 0.940 
La Crescent -7.000 589.817 0.926 
Marquette -8.000 558.346 0.895 
Petite Pearl -5.046 493.341 0.785 
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Table 3. Calculations for critical chill quantities, including chillthr, chillsat, and active chill range and the relationship with 
deacclimation potential (Ydeacc). Chill quantities are listed in ‘North Carolina’ (NC) chill units and were calculated separately 
for each cultivar and between years. 

 

Cultivar 

slope at 
inflection 

pointa 
chillthr 

(NC chill-units)b 
chillsat 

(NC chill-units)c 
active chill range 
(NC chill-units)d 

Ydeacc at 
chillthr (%)e 

Ydeacc at 
chillsat (%)f 

Ydeacc within 
active chill 
range (%)g 

2018-19 

Frontenac 0.0036 739 1018 279 10.2 86.5 76.3 
Marquette 0.0080 675 800 126 11.0 87.2 76.2 
Petite Pearl 0.0022 593 1045 451 8.8 85.4 76.6 

2019-20 

Brianna 0.0029 387 732 345 8.4 85.1 76.7 
Frontenac 0.0034 471 764 293 9.3 85.8 76.5 
La Crescent 0.0030 421 758 337 8.7 85.3 76.6 
Marquette 0.0036 419 698 279 9.1 85.6 76.5 
Petite Pearl 0.0026 298 689 391 7.3 84.4 77.1 

 
a Slope of the line tangent to Ydeacc inflection point. 
b Chill quantity where line tangent to Ydeacc inflection point equals zero deacclimation potential (Ydeacc = 0%). 
c Chill quantity where line tangent to Ydeacc inflection point equals maximum deacclimation potential (Ydeacc = 100%). 
d Difference between chillsat and chillthr. 
e Percent Ydeacc that corresponds with chillthr. 
f Percent Ydeacc that corresponds with chillsat. 
g Proportion of Ydeacc within chillthr and chillsat. 
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Table 4. Statistical fit and logistic parameters for relative thermal contribution (Hdeacc) models 
calculated at each level of chill with cultivars pooled. Linear, quadratic, cubic are based 
on R2 whereas logistic is based on Effron’s Pseudo-R2. The logistic model parameters 
were calculated using the nls() function including parameter a (y-intercept), parameter 
g (steepness of curve), parameter h (inflection point). Parameter h is represented in 
units of temperature (°C). 

 
Relative Thermal Contribution (Hdeacc) 

    Linear Quadratic Cubic Logistic 
Cultivar Chill Fit Fit Fit Fit a g h 

2018-19 

pooled 

689 0.38 0.44 0.43 0.57 0.079 -9.971 21.016 
776 0.65 0.63 0.60 0.67 0.183 -2.229 18.244 
972 0.79 0.82 0.80 0.86 0.286 -3.177 16.830 

1023 0.90 0.93 0.93 0.95 0.623 -2.957 16.186 
1357 0.82 0.91 0.93 0.92 0.205 -1.722 9.064 

2019-20 

pooled 
527 0.65 0.65 0.63 0.68 0.238 -4.217 23.389 

1057 0.46 0.44 0.41 0.50 0.143 -1.400 10.358 
1289 0.19 0.17 0.13 0.23 0.000 -1.000 9.412 
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Table 5. Parameters estimated for the model with combined chill unit accumulation effects and 
temperature effects using the nls() function. Chill unit accumulation effects are 
represented by parameter b (steepness of curve) and parameter c (inflection point). 
Temperature effects are represented by parameter a (y-intercept), parameter g 
(steepness of curve), and parameter h (inflection point). Fitness of the model is reported 
using Effron’s Pseudo-R2. 

 
Combined Effect for Chill Unit Accumulation and Temperature 

Cultivar b c a g h Pseudo-R2 
2018-19 

Frontenac -14.576 815.248 0.388 -1.872 17.021 0.815 
Marquette -10.837 707.790 0.266 -2.569 13.107 0.854 
Petite Pearl -8.179 793.095 0.505 -2.364 16.848 0.837 

2019-20 

Brianna -3.367 623.331 0.619 -2.596 16.196 0.984 
Frontenac -6.870 634.702 0.000 -5.685 7.511 0.943 
La Crescent -6.000 594.643 0.000 -2.104 6.531 0.924 
Marquette -6.000 560.566 0.388 -1.128 12.000 0.893 
Petite Pearl -2.629 476.848 0.294 -1.786 11.000 0.848 
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Table 6. Linear model for evaluating accuracy of the model with combined chill unit 
accumulation effects (Ydeacc) and temperature effects, following the formula:  

∆"#$(",$%&'') = & × ()*+,, × )*+,, 
where β is the regression coefficient, R2 is coefficient of determination, N is the number 
of LTEs included in the model, n is the percent of LTEs included after removing 
outliers. Estimates were calculated separately for each cultivar and between years. 

 
Cultivar & R2 N (LTEs) n (%) 

2018-19 

Frontenac 0.891 0.231 1429 0.995 
Marquette 1.006 0.335 1446 0.999 
Petite Pearl 0.824 0.249 1386 0.996 

2019-20 

Brianna 0.915 0.849 613 0.997 
Frontenac 0.932 0.872 635 0.989 
La Crescent 0.987 0.825 613 0.998 
Marquette 0.983 0.833 592 0.998 
Petite Pearl 0.978 0.812 594 0.992 
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Figures 

 
 
Figure 1. Conceptual diagram for the relationship between Ydeacc curve, chillthr, chillsat, and 

active chill range. The slope of the tangent line at Ydeacc inflection point (chillc) is 
equal to the first derivative of Ydeacc at chillc, following the equation: 

()Y!"#$$),%&'' -,%&''-, =
./

(0×,)), 
* 

where parameter b and parameter c are estimated by the nls() model. Chillthr is equal to 
chill where the line tangent to the inflection point is equal to 0 and chillsat is equal to 
chill where the line tangent to the inflection point is equal to 100. The difference 
between chillsat and chillthr is the active chill range. 

 
*This equation is a reduced form of the first derivative specifically at chillc. The full 
derivative equation for the slope of a line tangent to any point of Ydeacc is:  

)Y!"#$$
),%&'' - = −,(/	×	(34 ,%&''	.	34 ,) × (/	×	( %

$&'(()
56	7	*(*	×	(-. $&'((	/	-. $)81
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Figure 2. Days to budbreak across chill unit accumulation. Each box-and-whisker represents one 

bud forcing assay with 25 single-node cuttings, which are colored based on chill. A 
trend line fit was with “loess” method of non-parametric regression (grey curves). 
Chill requirements based on a 28-day threshold are labeled (intersecting, black, dashed 
lines). Assays were concluded after 60 days (horizontal, grey, dashed lines). Assays 
where less than 50% of buds grew are labeled (colored triangles). The active chill 
range based on deacclimation potential (Ydeacc) models is represented by shaded grey 
rectangles.  
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Figure 3. Days to budbreak in forcing conditions at four temperatures across three amounts of 

chill unit accumulation (separated by column) in 2019-20. A trend line was fit with 
“loess” method of non-parametric regression (grey curves). The horizontal grey, 
dashed line designates 28 days. 
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Figure 4. Deacclimation potential (Ydeacc) model predictions (black curves) and observed 

deacclimation potential at different temperatures (colored points) plotted across chill 
unit accumulation. Deacclimation potential at 0%, 50%, and 100% are indicated by 
horizontal, grey, dashed lines. The active chill range is represented by the grey shaded 
rectangles. 
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Figure 5. Relative thermal contribution (Hdeacc) model prediction (colored curves) and observed 

deacclimation rate (black symbols) plotted across temperature. Predictions for each 
year are separated by column. Predictions for each level of chill unit accumulation are 
separated by row and chill unit accumulation is labeled inside the panel. 
Deacclimation rate minimum (0°C/day) is indicated by horizontal, grey, dashed lines. 
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Figure 6. See caption on following page. 
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Figure 6. Predicted deacclimation rates (colored surface) plotted with observed deacclimation 
rates (black points). The difference between predicted and observed deacclimation rate 
is represented by vertical black lines. Predictions were calculated using the model that 
combined chill unit accumulation effects and temperature effects. 
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Chapter 4: Dormancy completion in cold-climate hybrid grapevines: considering the role 

of freezing temperatures and contextual implications of cold hardiness evaluation 

 

Abstract 

 

Dormancy is an essential adaptation for woody perennials like grapevine (Vitis spp.) to survive 

in temperate climates. Prolonged exposure to chilling temperatures gradually overcomes growth 

inhibiting mechanisms associated with dormancy. Chilling is often considered to be cool, above 

freezing temperatures and chilling requirements are defined as the duration of chilling hours 

needed for endodormancy completion. The aims of this study were (1) determine the 

contribution of freezing temperatures towards endodormancy completion and (2) to determine 

chilling requirements for five cold-climate hybrid grapevine cultivars. To address these aims, we 

evaluated endodormancy completion using two criteria: time to budbreak and percent budbreak. 

These criteria were measured in buds exposed to three different chill treatments, including field-

based chill, experimental chill at constant 5°C, and experimental chill fluctuating diurnally from 

6.5 to -3.5°C. We also measured cold hardiness changes under field conditions to contrast with 

budbreak criteria. For cold-climate hybrid grapevine cultivars in this study, freezing 

temperatures were effective in promoting endodormancy completion. However, many chill 

models do not include chill unit calculations for freezing temperatures. Therefore, chill models 

will need to be adapted to include freezing temperatures in order to accurately estimate chill 

requirements and characterize endodormancy completion. Furthermore, we observed budbreak at 

a similar number of days and within the endodormancy threshold for buds exposed to different 

chill treatments, while their cold hardiness levels differed by approximately twofold (i.e., buds in 
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the field were twice as cold hardy as buds in constant chill). This contextual evidence provided 

by cold hardiness evaluation contradicts the traditional interpretation of dormancy assessed by 

bud forcing assay. Therefore, estimated chill requirements reported in this study do not represent 

an absolute chill requirement that is transferrable across regions or from year-to-year. Instead, 

estimated chill requirements likely represent a combination of traits involved in both dormancy 

status and deacclimation capacity. Future research that characterizes dormancy transitions should 

complement bud forcing assays with cold hardiness evaluation to guide interpretation of results. 
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Introduction 

 

To survive in temperate climates, grapevines (Vitis spp.) must harmonize bud growth and 

bud dormancy with the annual rhythm of seasons (Chuine and Régnière 2017, Lang 1987, 

Weiser 1970). There are two sequential dormancy phases that occur during winter, 

endodormancy and ecodormancy, which are separated based on internal (endo-) versus 

environmental (eco-) mechanisms inhibiting growth (Lang et al. 1987). Endodormancy is 

initiated in the fall and buds gradually overcome endodormancy through prolonged exposure to 

cool (i.e., chilling) temperatures (Coville 1920). Different genotypes are known to require 

specific amounts of chilling temperature to fully overcome endodormancy (Samish 1954). Once 

the chilling requirement is “fulfilled”, buds are ecodormant and have the capacity to grow but 

fail to do so because of unfavorable environmental conditions. With enough time in warm 

temperatures, ecodormant buds will resume growth and development. 

If chilling requirements are not fulfilled during winter, budbreak synchronicity, shoot 

number, cluster number, and fruit ripening are all thought to be negatively impacted (Dokoozlian 

1999, Dokoozlian et al. 1995, Lavee and May 1997). However, buds also gain the capacity to 

lose cold hardiness, i.e., deacclimate, once chilling requirements are fulfilled (Arora and 

Taulavuori 2016). When buds deacclimate in response to unseasonal, warm winter weather they 

are more vulnerable to freezing injury. In horticultural production settings, both genetic 

adaptations and environmental conditions are often modified, which increases the likelihood for 

insufficient chilling or early fulfillment of chilling requirements (Winkler et al. 1974). Cold-

climate grapevine cultivars have complex genetic backgrounds and consequently exhibit diverse 

phenotypes (Atucha et al. 2018). In addition, cold-climate grapevine cultivars have propelled 
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production industries in new growing regions that regularly experience very low winter 

temperatures, extreme winter weather, and late spring frosts (Tuck et al. 2017). Thus, 

phenotyping chilling requirements for cold-climate cultivars will provide insights into winter 

survival, spring phenology, summer productivity and guide improvement of relevant 

management practices. 

There are two important challenges to defining chilling requirements. One is the 

generally limited understanding of chilling perception and related mechanisms in dormant 

woody perennials (Fadón et al. 2020). The second is the lack of validated molecular markers or 

non-destructive physiological markers to define dormancy status (Cooke et al. 2012). Therefore, 

studies that focus on phenology modeling, relating temperature to phenological events such as 

budbreak, have been the main source of information regarding the most effective temperature 

range to overcome dormancy (Chuine and Régnière 2017). A typical approach in these studies 

involves artificially conditioning dormant samples in chilling temperatures at progressively 

longer intervals. At each interval, a set of samples are removed from the chilling treatment for 

analysis via bud forcing assays. Visual observation of percent budbreak and time to (50%) 

budbreak under favorable growing conditions are the primary criteria measured in bud forcing 

assays.  

It is important to note that buds lose their cold hardiness before budbreak occurs 

(Kovaleski et al. 2018a) and the time it takes to lose cold hardiness is determined by 

deacclimation rate (Kalberer et al. 2006). This means observations made in bud forcing assays 

are dependent on a bud’s cold hardiness and deacclimation rate. Despite this, the standard 

dormancy assessment procedure through bud forcing assays does not include cold hardiness or 

deacclimation evaluation.  
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Based on previous phenology research, chill models have been developed to quantify 

effective chilling temperatures as chill units (Fishman et al. 1987b, 1987a, Richardson et al. 

1974, Shaltout and Unrath 1983, Weinberger 1950). Each model calculates chill units for 

different ranges of temperatures that are thought to contribute to endodormancy completion. 

Many models calculate varying magnitudes of chill units for each chilling temperature. Chill 

requirements are reported as cumulative chill, which is the summation of chill units across time. 

Chill models are often calibrated for specific species, cultivars, and/or production regions 

(Seeley 1996). 

In grapevine, optimum chilling temperatures for dormancy completion and deacclimation 

are thought to be between 0 and 7.2°C but there is likely variation among cultivars in the most 

effective chill temperatures (Cragin et al. 2017, Dokoozlian 1999, Weaver and Iwasaki 1977, 

Weaver et al. 1961). There is also evidence that temperatures outside of this range contribute to 

chill requirements for some cultivars (Cragin et al. 2017). Furthermore, chill requirements are 

thought to vary highly across species and between genotypes (Anzanello et al. 2018, Londo and 

Johnson 2014). Therefore, the objectives of this research were (1) test the contribution of 

freezing temperatures towards meeting the chilling requirement for endodormancy completion 

and (2) to determine chilling requirements for five cold-climate hybrid grapevine cultivars. 

 

Materials and Methods 

 

Site description. This study was conducted throughout two winter seasons, 2018-2019 and 

2019-2020 in a vineyard at the West Madison Agricultural Research Station in Verona, WI (lat. 
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43° 03’ 37” N, long. 89° 31’ 54” W). The vineyard is in U.S. Department of Agriculture Plant 

Hardiness Zone 5a (USDA, 2019).  

 

Weather data. Weather data were collected from September 1 to April 30 using a Network for 

Environment and Weather Applications (NEWA; http://www.newa.cornell.edu/) participating 

station (Model MK-III SP running IP-100 software; Rainwise, Trenton, ME). Hourly weather 

data were used to compute chill units using the ‘North Carolina’ model (Shaltout and Unrath 

1983). Cumulative chill was calculated in two steps to determine the start date for each season 

(Richardson et al. 1974). First, the cumulative chill was calculated starting from September 1. 

The time with the most negative chill was identified and cumulative chill was re-calculated with 

this as the start date (i.e., new date for 0 chill unit accumulation). For each season, these dates 

were (1) September 21, 2018, and (2) October 2, 2019. 

 

Vineyard design and sampling plant material. The vineyard is arranged as a randomized 

complete block design with four replications. Each block is comprised of two rows of vines that 

include six, four-vine panels per row. Buds from node positions three to ten (at most) were 

sampled (maximum of 10 buds per vine) from canes with green phloem and xylem. Buds were 

sampled evenly across vineyard blocks and vines within vineyard blocks (16 vines total for each 

cultivar). Canes were cut several centimeters away from the bud. Buds were collected in plastics 

bags, stored on ice during transportation, and prepped immediately upon returning to the lab.  

 

Chill treatments. Buds were conditioned under three chill treatments, including (1) field-based 

chill, (2) constant experimental chill and (3) fluctuating experimental chill. There was no 
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manipulation introduced for the field chill treatment. Buds were exposed to seasonal varying air 

temperatures. The constant chill treatment held temperatures at 5±0.5°C. The fluctuating chill 

treatment included 6 hours at -3.5±0.5°C, ramped up to 6.5°C over 1-hour, maintained 6.5±0.5°C 

for 16 hours, then ramped down to -3.5°C over 1-hour. This cycle repeated every 24-hours. 

 Buds were sampled for experimental chill treatments on October 11, 2018 and October 

15, 2019. Canes were cut into single-node cuttings and randomized across vines and blocks. The 

randomized cuttings were then grouped into bundles, wrapped at either end of the bundle with 

moist paper towels, and sealed in a plastic bag. The bagged bundles were placed in dark growth 

chambers programmed for the constant and fluctuating chill treatments. 

 

Bud forcing assays. For each bud forcing assay, 25 single-node cuttings were placed in square 

8-cm pots that were arranged in plastic seedling trays filled with deionized water. The trays were 

maintained at 22±1.5 °C with a 16-hour photoperiod using LED fixtures (Model: HY-MD-D169-

S, Roleandro, Shenzhen, China). The LED fixtures include blue (460-465 nm) and red (620-740 

nm) lights with 150 µmol m-2s-1 photon flux. The growth stage of the bud on each single-node 

cutting was evaluated daily for up to 60 days, and the date of budbreak was recorded. Budbreak 

was defined as stage 3 (wooly bud) of the modified E-L system (Coombe 1995). Buds that had 

no visible change by the end of the assay were dissected with a razor blade to determine if the 

bud was viable (green) or dead (brown). Dead buds were removed from the sample size for data 

analysis. 

 

Cold hardiness evaluation. Differential thermal analysis (DTA) was used to estimate the cold 

hardiness of individual buds by measuring their low temperature exotherms (LTE) (Mills et al. 
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2006). The DTA equipment and sample preparation used in this study was the same as described 

in Chapter 2. To summarize, the equipment used includes thermoelectric modules (TEMs) 

(model HP-127-1.4-1.5-74 and model SP-254-1.0-1.3, TE Technology, Traverse City, MI) to 

detect exothermic freezing reactions. A copper-constantan (Type T) thermocouple (22 AWG) 

was positioned in proximity to the TEM units to monitor temperature. Trays with TEMs and 

thermocouples were loaded in a Tenney Model T2C programmable freezing chamber (Thermal 

Product Solutions, New Columbia, PA) connected to a Keithley 2700-DAQ-40 multimeter data 

acquisition system (Keithley Instruments, Cleveland, OH). TEM voltage and thermocouple 

temperature readings were collected at 6- or 15-second intervals via a Keithley add-in for 

Microsoft Excel (Microsoft Corp., Redmond, WA) or Keithley KickStart software.  

Each DTA included 30 buds per cultivar. To prepare samples for DTA, buds including 

the bud cushion were excised from the cane. The cut surface of the bud was covered with a 

moistened piece of Kimwipe (Kimberly Clark, Roswell, GA) to provide an extrinsic ice 

nucleator source and to prevent dehydration prior to bud freezing. A group of five buds were 

wrapped in aluminum foil and placed on a TEM. The trays were cooled to 4 °C and conditioned 

for an hour, cooled to 0 °C and conditioned for an hour, then cooled to -44 °C at a rate of -4 °C 

per hour. DTA was performed approximately biweekly between October and April. 

 

Data analysis. All data analysis was performed using R (ver. 4.0.5; R Core Team 2021). The 

Kaplan-Meier method with “survival curves” was used to compare budbreak between cultivars 

and chill treatments (Camargo Alvarez et al. 2018, Cragin et al. 2017, Londo and Johnson 2014). 

Survival curves represent the probability that budbreak will occur based on chill unit 

accumulation in each chill treatment. Statistical differences among survival curves were 
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evaluated by estimated marginal means analysis and complementary log–log models that were fit 

using the glm() function. The response variable was days to budbreak and the explanatory 

variable included cultivar, chill treatment, chill duration, year, and interactions. Collectively, 

there are 235 separate survival curves across all cultivars and all treatments. Therefore, we 

present a visualized summary of budbreak using box-and-whisker plots.  

To define chill requirements, a third-degree polynomial for chill unit accumulation was 

fit using linear regression and days to budbreak as a response variable. Chilling requirements 

were considered fulfilled when the fitted regression line crossed 28 days, i.e., 50% of buds 

reached budbreak within 28 days of exposure to bud forcing assay conditions (Londo and 

Johnson 2014). 

There were bud forcing assays where no viable buds grew within the timeframe of the 

assay (right-censored observations). The most that can be said about (unobserved) budbreak in 

these assays is that time to budbreak was greater than 60 days. There were also bud forcing 

assays where some viable buds grew but cumulative budbreak was less than 50%. Observations 

in these assays were included in Kaplan-Meier analysis. However, assays where less than 50% of 

viable buds grew were excluded from datasets used to estimate chill requirements by linear 

regression. 

 

Results 

 

Days to budbreak decreased (Figure 1) and percent budbreak increased (Panel 1 in Figure 2) as 

buds were exposed to longer chill duration in all chill treatments. Accordingly, all chill 

treatments were able to overcome endodormancy for each cultivar (based on 50% budbreak 
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within 28 days). However, estimated chill requirements were different among cultivars and 

across chill treatments. 

 

Differences across chill treatments. Estimated chill requirements were different across the chill 

treatments (Table 1). In general, chill requirements were lowest for field chill, intermediate for 

fluctuating chill, and highest for constant chill. A similar pattern across chill treatments was 

observed in the minimum amount of chill need to reach 100% budbreak (field < fluctuating < 

constant, Figure 2). Field chill was also more effective at promoting budbreak than both 

experimental chill treatments (Panel 2 in Figure 2 and Figure 3). Between experimental chill 

treatments, the fluctuating chill (diurnal fluctuation between -3.5 and 6.5 °C) increased the 

probability of budbreak more than the constant chill (5°C). 

 

Differences across cultivars. Overall, Petite Pearl had the lowest chill requirements and 

Frontenac had the highest chill requirements, while Brianna, La Crescent, and Marquette had 

intermediate chill requirements. Based on estimated marginal means analysis, Petite Pearl buds 

reached budbreak most often, even at low levels of cumulative chill. In contrast, Frontenac 

required high levels of cumulative chill in order to reach budbreak within the timeframe of the 

bud forcing assay. 

 

Cold hardiness evaluation. Cold hardiness for each cultivar followed the standard U-shaped 

curve, with acclimation in the fall and early winter, maintenance of cold hardiness throughout 

winter, and deacclimation in late winter/ and spring (Panel 2 in Figure 4). Buds overcame 

endodormancy at approximately the end of the acclimation period (endodormancy completion 
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dates in Table 2; cold hardiness pattern in Panel 2 of Figure 4). After this point, the median cold 

hardiness (LT50) curve fluctuates throughout winter. However, buds maintained a deep level of 

cold hardiness until early March when consistent deacclimation began. 

 

Summary of winter weather. Some chilling occurred in the field before buds were sampled to 

initiate experimental chill treatments. Therefore, cumulative chill for experimental chill 

treatments were adjusted to include this portion of field-based chill (183 chill units in 2018-19 

and 180 chill units in 2019-20). Coincidentally, the first date ambient temperatures were below 

0°C occurred on October 12 in both 2018 and 2019.  

 

Discussion 

 

Dormancy is an essential phenological stage for woody perennials to survive in cool, temperate 

climates. The objectives in this study were (1) evaluate the contribution of freezing temperature 

towards chill unit accumulation and subsequent dormancy completion and (2) estimate chill 

requirements for five cold-climate hybrid grapevine cultivars. While not defined in our original 

objectives, we also contrasted bud forcing results related to our objectives with cold hardiness 

evaluation and a recently described dormancy assessment using deacclimation kinetics (Chapter 

3 in this thesis). 

 

Dormancy completion varied based on temperature range of chill treatment 

Bud dormancy responses were different across the three chill treatments. Based on 

percent budbreak and survival curve analysis, buds in the field have the highest likelihood of 
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reaching budbreak, followed by fluctuating chill, and lastly constant chill (Panel 2 in Figure 2). 

The same pattern is illustrated in estimated chill requirements based on time to budbreak (Table 

1). Chill requirements were lowest for field chill, followed by fluctuating chill, and were highest 

for experimental chill (across columns with different colors; Figure 1). Discrepancies in the 

number of chill units required to overcome endodormancy across chill treatments are in part due 

to limitations in chill models that define temperature ranges that contribute effective chill. Most 

chill models (e.g., Erez et al. 1990, Fishman et al. 1987a, 1987b, Richardson et al. 1974) do not 

calculate chill units for freezing temperatures or calculate small chill units for freezing 

temperatures. The ‘North Carolina’ model (Shaltout and Unrath 1983), reported throughout this 

study, calculates less than 0.5 chill units for temperatures between -1.1 and 1.6 °C and zero chill 

units for temperatures less than -1.1°C. During the time from initiation of chill unit accumulation 

and endodormancy completion, buds were exposed to ambient temperatures below -1.1°C for 

~24% of time in the field and ~33% of the time in fluctuating experimental chill. More 

specifically, for the time below -1.1 in the field, temperatures were also occasionally lower than 

the fluctuating chill treatment (less than -3≈58%; -3.5 to -1.1≈42%). In contrast, no time in the 

constant chill conditions were below 0°C. Previous studies have demonstrated freezing 

temperatures promote endodormancy completion in other crops, including apple (Guak and 

Neilsen 2013), black currant (Rose and Cameron 2009), grapevine (‘Chardonnay’, Cragin et al. 

2017), and sweet cherry (Guak and Neilsen 2013, Mahmood et al. 2000). 

Freezing temperatures might stimulate mechanisms that promote endodormancy 

completion. Some research suggests grapevine endodormancy release involves molecular 

mechanisms that resemble oxidative stress conditions, i.e., increased calcium signaling, hypoxia, 

and altered ABA and ethylene metabolism (Halaly et al. 2008, Keilin et al. 2007, Meitha et al. 
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2015, Ophir et al. 2009, Pang et al. 2007, Zheng et al. 2015). Previous studies have observed 

endodormancy release after treating endodormant buds with sublethal heat shock or hydrogen 

cyanamide (Halaly et al. 2008, Ophir et al. 2009, Or et al. 2002). Both treatments were 

characterized by increased levels stress-related enzyme transcripts. These conditions also 

impaired mitochondrial function thereby leading to increased glycolysis and fermentation, both 

of which may be involved in activating downstream genes that regulate endodormancy release. 

Other research suggests that endodormancy release may occur after opening symplastic cell-to-

cell communication and restoring the supply of growth-promoting signals in the shoot apical 

meristem (van der Schoot and Rinne 2011). Prolonged exposure to chilling temperature opened 

plasmodesmata by removing 1,3-β-d-glucan plugs at plasmodesmata in birch and hybrid aspen 

(Rinne et al. 2011). In addition to the hydrogen cyanamide treatment effects described above, 

hydrogen cyanamide also activated the expression of 1,3-β-d-glucanase, which may breakdown 

glucan plugs at plasmodesmata and subsequently promote endodormancy release (Pérez et al. 

2009). Freezing temperatures and/or chill treatments that include freeze-thaw cycling are forms 

of sublethal stress that may lead to endodormancy release by stimulating stress conditions similar 

to those described above (Gusta and Wisniewski 2013). This may even occur more effectively 

under freezing conditions than under cool but above freezing conditions (Arora 2018). Therefore, 

it possible that not only are chill units for freezing temperatures unaccounted for in chill models 

but also chilling at freezing temperatures is more effective than at above freezing temperatures. 

 

Comparing cold hardiness and bud forcing assays 

Budbreak can only happen after buds have lost their cold hardiness (Ferguson et al. 2014, 

Kovaleski et al. 2018a, Salazar-Gutiérrez et al. 2014) and the time it takes for a bud to lose cold 
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hardiness is determined by deacclimation rate (Kalberer et al. 2006). Therefore, the time to 

budbreak is a function of both a bud’s initial cold hardiness status and its deacclimation rate. We 

have previously described a positive correlation between deacclimation rates and the transition 

from endo- to ecodormancy (Chapter 3 in this thesis). Based on this, changes in deacclimation 

rates during the dormant period can be used to quantitively assess transitions from endo- to 

ecodormancy (Kovaleski et al. 2018a).  

While evaluating buds in field-based chill and constant experimental chill, we compared 

results from bud forcing assays with deacclimation rates and cold hardiness. By late November, 

the average days to 50% budbreak was near or below the 28-day endodormancy threshold for 

both field-based chill and constant experimental chill (average for each year listed in Table 3; 

individual cultivar differences labeled in Panel 1 of Figure 4). A reasonable interpretation of 

these data would conclude that the buds in both treatments have completed endodormancy since 

they similarly reached 50% budbreak within dormancy threshold. However, buds in each 

treatment had very different levels of cold hardiness at the start of the bud forcing assays. When 

buds were sampled to begin experimental chill, the average LT50 across cultivars was -12.5 °C 

and -14.2 °C in 2018-19 and 2019-20 respectively (Table 3). Endodormant buds held at constant 

low temperatures do not gain cold hardiness but actually lose cold hardiness slowly (~ 0–0.1 

°C/day; Chapter 3 of this thesis). Therefore, as buds were moved from the constant chill 

treatment into bud forcing conditions, they were as cold hardy or less cold hardy than when they 

were sampled to begin chill treatments. In contrast, buds that received field-based chill gained 

cold hardiness throughout October and December. By late-November, the average LT50 across 

cultivars was -24.0 °C and -23.1 °C in 2018-19 and 2019-20 respectively (Table 3). This means 

buds with field-based chill were approximately twice as cold hardy as buds with constant 
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experimental chill (LT50 for individual cultivars labeled in Panel 2 of Figure 4). Taking into 

consideration that buds deacclimate before growing, the buds in each chill treatment have 

deacclimated at different rates in order to reach budbreak at a similar time. 

This example highlights an important discrepancy between dormancy assessed by bud 

forcing assays versus cold hardiness/deacclimation. That is, buds in each chill treatment similarly 

reached 50% budbreak within the defined dormancy threshold. Concurrently, buds in each chill 

treatment had cold hardiness that was different by twofold (i.e., buds in the field were twice as 

cold hardy as buds in constant chill). According to bud forcing assays, buds in both treatments 

had completed the transition from endo- to ecodormancy. Whereas according to cold hardiness 

and deacclimation rates, buds in the field-based chill treatment were twice as advanced into the 

transition from endo- to ecodormancy. 

This example also has implications for chill model optimization and chill requirements 

estimation. Cumulative chill was different for each chill treatment in late November, the time 

period described in the example above (Panel 3 in Figure 4). The constant experimental chill had 

accumulated more chill units than the field-based chill (~500 and ~375 additional chill units in 

2018-19 and 2019-20 respectively). Likewise, chilling requirements were estimated higher for 

experimental constant chill as compared to field-based chill (Figure 1). Based on the bud forcing 

assay dormancy assessment, a future research objective might aim to adjust the range of 

temperatures that confer chill units and/or adjust the relative magnitude of chill units at specific 

temperatures. However, based on the cold hardiness dormancy assessment, chill model 

adjustments would need to be even more severe. Therefore, an accurate assessment of dormancy 

status will be essential to advance research objectives aiming to optimize or calibrate chill 

models and define chill requirements.  
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Estimated chill requirement variation 

Defining chill requirements for cold-climate hybrid cultivars was a primary objective in 

this study. Chill requirements for grapevine are thought to vary among Vitis species and cultivars 

(Londo and Johnson 2014). Since hybrid cultivars have complex genetic backgrounds that 

include several different species (Atucha et al. 2018), we believed it was important to phenotype 

cultivar-specific chill requirements. However, estimated chill requirements varied across 

treatments and between years. This is likely due shortcomings in the chill model (e.g., neglecting 

chill unit calculations for freezing temperatures) and the confounding effect of cold hardiness on 

budbreak assays for dormancy assessment that are described above. Therefore, estimated chill 

requirements reported in this study do not represent an absolute chill requirement that is 

transferrable across regions or from year-to-year. Instead, estimated chill requirements likely 

represent a combination of traits involved in both dormancy status and deacclimation capacity. 

 

Conclusion 

 

Research that characterizes when dormancy transitions occur can improve our 

understanding of the factors regulating dormancy and concomitant development. This, in turn, 

can be used to improve models predicting cold hardiness changes throughout winter and 

phenological development in spring. Accurate chill models and dormancy release assessments 

are fundamental to advance these research objectives. In this study, we observed higher increases 

in budbreak probability and greater decreases in time to budbreak for chill treatments that 

included below freezing temperatures as compared to constant above freezing temperatures. 



 

 

111 

Adjustments to chill models will be needed to integrate chill unit calculations at freezing 

temperatures for cold-climate hybrid grapevine cultivars. Furthermore, cold hardiness evaluation 

provided underlying contextual evidence that bud forcing assays are not an appropriate 

methodology to evaluate endodormancy completion. We observed budbreak within the 

endodormancy threshold for two chill treatments, but cold hardiness levels differed by 

approximately twofold (i.e., buds in the field were twice as cold hardy as buds in constant chill). 

Consequently, the interpretation of endodormancy completion is not aligned between bud forcing 

assays and deacclimation potential. Future research aiming to characterize dormancy transitions 

should complement bud forcing assays with cold hardiness evaluation to guide interpretation of 

results. 
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Tables 

Table 1. Estimated chill requirements to overcome endodormancy for five hybrid grapevine 
cultivars in three chill treatments and in two years. Chill treatments include field-based 
chill (field), experimental chill at constant 5°C (constant), and experimental chill 
fluctuating daily from -3.5 to 6.5°C (fluctuating). Chill requirements are based on 50% 
budbreak within 28-days. Ranks are ordered numerically (1=lowest, 5=highest). Range 
is difference between the maximum and minimum chill requirements within a chill 
treatment. 

 

Chill treatment Cultivar Chill requirement 
('North Carolina') 

Rank within 
chill treatment 

Range within 
chill treatment 

2018-19 

field-based 

Brianna 690 2 

111 
Frontenac 771 4 
La Crescent 741 3 
Marquette 679 1 
Petite Pearl 790 5 

constant  
(5°C) 

Brianna 1093 3 

513 
Frontenac 1284 5 
La Crescent 1136 4 
Marquette 961 2 
Petite Pearl 771 1 

2019-20 

field-based 

Brianna 508 2 

204 
Frontenac 637 5 
La Crescent 571 4 
Marquette 531 3 
Petite Pearl 433 1 

constant  
(5°C) 

Brianna 1148 5 

449 
Frontenac 1014 3 
La Crescent 1074 4 
Marquette 952 2 
Petite Pearl 699 1 

fluctuating 
(-3.5 to 6.5°C) 

Brianna 853 4 

365 
Frontenac 996 5 
La Crescent 852 3 
Marquette 845 2 
Petite Pearl 631 1 
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Table 2. Estimated date of endodormancy completion for five hybrid grapevine cultivars under 
field-based chill in two years. Endodormancy completion is based on 50% budbreak 
within 28-days. 

 
 2018-19 2019-20 
Brianna November 18 November 18 
Frontenac November 30 November 28 
La Crescent November 24 November 23 
Marquette November 16 November 19 
Petite Pearl November 30 November 12 
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Table 3. Contrasting (1) time to budbreak, (2) cold hardiness evaluation, and (3) chill unit 
accumulation in two chill treatments averaged across five hybrid grapevine cultivars. 
Chill treatments include field-based chill (field), experimental chill at constant 5°C 
(constant). 

  
A: constant chill B: field chill 

2018-19 
average time to 50% budbreak (days) 21.3 25.4 
average cold hardiness (°C) ≥ -12.5 -24.0 
chill accumulation ('North Carolina') 1257.0 742.0 

2019-20 
average time to 50% budbreak (days) 29.6 27.6 
average cold hardiness (°C) ≥ -14.2 -23.1 
chill accumulation ('North Carolina') 899.0 527.0 
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Figures 

 
Figure 1. See caption on next page.
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Figure 1. Time to budbreak for five hybrid grapevine cultivars under three chill treatments 
during two years. Buds were conditioned in field-based chill (field; blue columns), 
experimental chill at constant 5°C (constant; red columns), and experimental chill 
fluctuating daily from -3.5 to 6.5°C (fluctuating; yellow column). Each box-and-
whisker represents one bud forcing assay with 25 single-node cuttings, which are 
colored based on a continuous chill scale. A trend line fit was with a cubic linear 
regression (grey curves). Chill requirements based on a 28-day threshold are identified 
(intersecting, red, dashed lines) and labeled (number along internal x-axis). Assays 
were concluded after 60 days (horizontal, grey, dashed lines). Assays where less than 
50% of buds grew are labeled (colored triangles). 
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Figure 2. See caption on the following page. 
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Figure 2. (1) Cumulative budbreak and (2) budbreak probability calculated by estimated 
marginal means analysis for five hybrid grapevine cultivars and three chill treatments 
in 2019-20. Buds were conditioned in field-based chill (field), experimental chill at 
constant 5°C (constant), and experimental chill fluctuating daily from -3.5 to 6.5°C 
(fluctuating). (1) Cumulative budbreak is represented by colored lines that make 1-day 
“steps” based on daily observation for up to 60 days. Each chill treatment is sorted into 
columns based on the approximate chill units (‘North Carolina’) at the time of the 
assay. Only “field” chill occurs in the “200” column because experimental chill 
treatments were initiated at that time. Grey, dashed lines at zero (0%) and maximum 
(100%) budbreak. Grey, dotted line at 28 days for a visual reference to days to 
budbreak criteria. (2) Budbreak probability is represented by colored bars. Lowercase 
letters within a panel designate statistical difference using 95% confidence interval and 
Tukey HSD with significance level ⍺=0.05. 
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Figure 3. Budbreak probability calculated by estimated marginal means analysis for five hybrid 

grapevine cultivars in two chill treatments and in two years. Budbreak probability is 
represented by colored bars for both chill treatments including field-based chill (field; 
blue) and experimental chill at constant 5°C (constant; red). Lowercase letters within a 
panel designate statistical difference using 95% confidence interval and Tukey HSD 
with significance level ⍺=0.05. 
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Figure 4. See caption on the following page.  
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Figure 4. Contrasting (1) time to budbreak, (2) cold hardiness evaluation, and (3) chill unit 
accumulation for five hybrid grapevine cultivars in two chill treatments during two 
years. Chill treatments include field-based chill (field; blue), experimental chill at 
constant 5°C (constant; red). (1) Median time to budbreak is labeled in each panel. 
Box-and-whisker illustrates 25% and 75% quantiles (bottom and top of boxes) as well 
as minimum and maximum observations (whiskers). (2) Cold hardiness at points A 
(constant) and B (field) are labeled in the lower right corner of each panel. Seasonal 
cold hardiness changes are represented by black lines and box-and-whiskers. Daily 
maximum and minimum temperatures are represented by the grey ribbon. Vertical 
dashed, grey lines indicate the date experimental chill started (left) and date of 
contrasting data (right). (3) Cumulative chill on the date of contrasting data in ‘North 
Carolina’ chill-units for each year. 
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Chapter 5: General conclusions 

 
Cold hardiness and dormancy adaptations are among the most important traits that define 

plant geographical distribution and prevent freeze injury-related economic losses in cultivated 

crops. Cold hardiness and dormancy in woody plants, such as grapevine, are complex and 

dynamic processes. Descriptions of the mechanisms by which plants develop cold hardiness and 

the factors regulating cold hardiness changes are necessary to understand the freeze injury risks 

that grapevines face, especially in cold-climate growing regions. Furthermore, characterization 

of dormancy transitions can improve our understanding of the factors regulating dormancy and 

concomitant development. Despite the importance of these processes, we have a fairly basic 

understanding of cold hardiness, dormancy, and to what extent they are interdependent. This 

dissertation explored cold hardiness and dormancy in five cold-climate hybrid grapevine 

cultivars as described in the following studies. 

In our first study, we used seasonal cold hardiness data in multiple years to characterize 

cold hardiness patterns with an explanatory model and predicted daily cold hardiness changes 

with a predictive model. We determined temperature is an important factor that regulates hybrid 

grapevine cold hardiness changes, and it seems cultivars respond to temperature signals at 

varying degrees. We calculated highly accurate cold hardiness predictions after we 

reparametrized a prediction model for each cold-climate hybrid grapevine cultivar. Future 

research could further optimize and test the prediction model for cold-climate hybrid cultivars 

and new or other important hybrid cultivars through continued collection of longitudinal cold 

hardiness datasets. Compared to the studies that originally developed the predictive model, 

ecodormant temperature threshold (Teco,th), needed additional, lower levels to improve prediction 

accuracy for hybrids during spring deacclimation. Deacclimation at low temperatures in 
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preparation for budbreak could be an important ecological trait for cold-climate hybrids to 

maximize their use of shorter growing seasons. However, it simultaneously increases the risk of 

freeze injury and crop loss during spring. During this study, we also observed a unique cold 

hardiness response to extreme winter weather conditions during the polar vortex in January 2019. 

The response presumably leveraged mechanisms related to both deep supercooling and freeze 

dehydration, which allowed hybrids to achieve a deeper level of freeze injury resistance than 

previously evaluated. Future research that explores the physiological mechanism underlying the 

interplay between deep supercooling and freeze dehydration could provide critical information 

regarding deep supercooling species survival in extreme winter conditions. 

In our deacclimation study, we described the effects of two factors, chill unit 

accumulation and temperature, on deacclimation responses. Deacclimation responses increased 

continuously as chill units accumulated rather than categorically based on dormancy status. This 

continuum of deacclimation responses was quantified as a rate ratio, referred to as deacclimation 

potential (Ydeacc). Deacclimation potential quantifies a bud growth phenotype that proceeds 

externally visible bud growth, which is the observation that is necessary in bud forcing assays. 

Future studies aiming to describe dormancy transitions and chilling requirements should include 

assessment of deacclimation potential in their experimental designs because it provides an 

advantageous alternative to bud forcing assays for quantifying dormancy transitions. 

Furthermore, deacclimation potential characterizes a chill range where bud growth responses 

continuously increase until they reach their maximum potential. This introduces an opportunity 

to identify the most effective temperatures that contribute to dormancy transition and thereby 

improve chill models. Deacclimation rates also increased along a logistic trend as temperatures 

increase, referred to as the relative thermal contribution (Hdeacc). Relative thermal contribution 
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demonstrates that temperature, as a variable in predictive models, needs to be integrated in total 

units rather than units of change (∆T). Furthermore, deacclimation occurred at low temperatures 

(as low as 0 °C), which has not been reported for grapevine before. Future studies are necessary 

to evaluate the potential for deacclimation at low temperatures in other woody plants. This could 

inform adjustments to base temperatures in models predicting phenological development for 

plants that deacclimate at low temperatures. We also demonstrated that the effects of chill unit 

accumulation and ambient temperature can be combined in a predictive model that accurately 

describes changes in deacclimation responses across the dormant period. This deacclimation 

model can guide development of new cold hardiness prediction models or improvements to 

existing models. 

In our dormancy study, we described bud endodormancy completion variability in 

different temperature profiles of three chill treatments. We demonstrated freezing temperatures 

are effectively contributing to endodormancy completion in cold-climate grapevine cultivars. 

Chill models will need adjustments that incorporate chill unit calculations at freezing 

temperatures in order to accurately estimate chill requirements and characterize endodormancy 

completion. We also aimed to define individual chill requirements for each cold-climate cultivar. 

However, cold hardiness evaluation (and consideration of deacclimation potential) provided 

underlying contextual evidence that contradicted standard interpretation of dormancy assessed by 

bud forcing assays. That is, while budbreak occurred after a similar number of forcing days and 

within the endodormancy threshold for buds exposed to different chill treatments, cold hardiness 

levels differed by approximately two times. Consequently, the interpretation of endodormancy 

completion is not aligned between bud forcing assays and deacclimation potential. Estimated 

chill requirements reported in this study do not represent an absolute chill requirement that is 
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transferrable across regions or from year-to-year but rather represent a combination of traits 

involved in both dormancy status and deacclimation capacity. Future research aiming to 

characterize endodormancy completion should complement bud forcing assays with cold 

hardiness evaluation to guide dormancy status interpretations.  

The research presented in this dissertation provides insights into two aspects of cold-

climate hybrid grapevine winter survival, cold hardiness and dormancy, as well as the role 

temperature plays in regulating both. We have shown it is possible to adapt an existing cold 

hardiness prediction model for new cultivars and for cold-climate growing regions. We have also 

verified a quantitative phenotype for both endodormancy completion and cold hardiness loss. 

This provided context to demonstrate chill requirements estimated by bud forcing assays may be 

inaccurate. Collectively, the studies in this thesis provide framework for future research aiming 

to model seasonal cold hardiness changes, spring phenology, or grapevine winter responses to a 

changing climate. 
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Appendix A: Supplemental material – Chapter 3 

Table 1. Linear regression statistics for models used to calculate deacclimation rates. 
Linear models were fit separately for each cultivar and year using chill unit 
accumulation and temperature as factors. 

 
 

Cultivar Chill1 T2 Intercept3 Slope3 Adjusted 
R2 P-value 

2018-19 

Frontenac 

689 0 -20.7±0.7 ***4 0.018±0.251 NS4 

0.7936 < 0.001 

689 7 -20.2±0.7 *** -0.223±0.250 NS 
689 14 -20.0±0.7 *** -0.032±0.260 NS 
689 21 -20.3±0.7 *** 0.331±0.254 . 
776 0 -24.6±0.7 *** 0.009±0.266 NS 
776 7 -24.1±0.7 *** 0.171±0.255 NS 
776 14 -23.9±0.7 *** 0.353±0.260 ** 
776 21 -24.2±0.7 *** 0.722±0.251 *** 
972 0 -25.7±0.7 *** 0.154±0.252 NS 
972 7 -25.2±0.7 *** 0.411±0.252 ** 
972 14 -25.0±0.7 *** 0.679±0.255 *** 
972 21 -25.3±0.7 *** 1.478±0.255 *** 

1023 0 -27.4±0.7 *** 0.747±0.260 *** 
1023 7 -26.8±0.7 *** 1.055±0.261 *** 
1023 14 -26.6±0.7 *** 1.583±0.254 *** 
1023 21 -27.0±0.7 *** 2.212±0.263 *** 
1357 0 -19.2±0.7 *** 0.213±0.251 NS 
1357 7 -18.7±0.7 *** 0.812±0.250 *** 
1357 14 -18.5±0.7 *** 1.338±0.251 *** 
1357 21 -18.9±0.7 *** 1.289±0.249 *** 

Marquette 

689 0 -20.6±0.6 *** -0.023±0.231 NS 

0.8748 < 0.001 

689 7 -20.5±0.6 *** 0.006±0.222 NS 
689 14 -20.6±0.6 *** 0.059±0.226 NS 
689 21 -20.4±0.6 *** 1.432±0.222 *** 
776 0 -25.5±0.6 *** 0.232±0.229 . 
776 7 -25.4±0.6 *** 0.639±0.226 *** 
776 14 -25.5±0.6 *** 0.896±0.231 *** 
776 21 -25.3±0.6 *** 1.362±0.227 *** 
972 0 -26.6±0.6 *** 0.260±0.227 . 
972 7 -26.4±0.6 *** 0.576±0.222 *** 
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Marquette 
(continued) 

972 14 -26.5±0.6 *** 1.413±0.222 *** 

0.8748 < 0.001 

972 21 -26.3±0.6 *** 1.975±0.223 *** 
1023 0 -27.2±0.6 *** 0.423±0.228 *** 
1023 7 -27.1±0.6 *** 0.465±0.227 *** 
1023 14 -27.2±0.6 *** 1.589±0.232 *** 
1023 21 -26.9±0.6 *** 2.197±0.234 *** 
1357 0 -17.5±0.6 *** 0.125±0.224 NS 
1357 7 -17.3±0.6 *** 0.810±0.225 *** 
1357 14 -17.4±0.6 *** 1.646±0.222 *** 
1357 21 -17.2±0.6 *** 1.422±0.222 *** 

Petite Pearl 

689 0 -19.0±0.6 *** -0.184±0.211 NS 

0.8489 < 0.001 

689 7 -19.6±0.6 *** 0.448±0.219 *** 
689 14 -19.0±0.6 *** 0.250±0.212 . 
689 21 -19.1±0.6 *** 0.613±0.217 *** 
776 0 -23.7±0.6 *** 0.163±0.218 NS 
776 7 -24.4±0.6 *** 0.437±0.224 *** 
776 14 -23.8±0.6 *** 0.460±0.222 *** 
776 21 -23.9±0.6 *** 1.002±0.223 *** 
972 0 -25.3±0.6 *** 0.383±0.217 *** 
972 7 -26.0±0.6 *** 0.291±0.220 ** 
972 14 -25.4±0.6 *** 0.836±0.221 *** 
972 21 -25.5±0.6 *** 1.401±0.212 *** 

1023 0 -27.2±0.6 *** 0.642±0.223 *** 
1023 7 -27.9±0.6 *** 0.974±0.212 *** 
1023 14 -27.2±0.6 *** 1.450±0.216 *** 
1023 21 -27.4±0.6 *** 2.378±0.215 *** 
1357 0 -18.7±0.6 *** 0.368±0.231 ** 
1357 7 -19.4±0.6 *** 0.866±0.213 *** 
1357 14 -18.7±0.6 *** 1.511±0.228 *** 
1357 21 -18.9±0.6 *** 1.713±0.228 *** 

Cultivar Chill1 T2 Intercept3 Slope3 Adjusted 
R2 P-value 

2019-20 

Brianna 

527 10 -23.5±0.6 ***4 0.404±0.146 ***4 

0.9212 < 0.001 
527 15 -23.5±0.6 *** 0.540±0.146 *** 
527 20 -23.5±0.6 *** 0.545±0.151 *** 
527 25 -23.4±0.6 *** 0.909±0.157 *** 
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Brianna 
(continued) 

1057 10 -24.9±0.6 *** 0.944±0.081 *** 

0.9212 < 0.001 

1057 15 -24.9±0.6 *** 1.355±0.081 *** 
1057 20 -24.9±0.6 *** 1.630±0.088 *** 
1057 25 -24.8±0.6 *** 1.782±0.100 *** 
1289 10 -19.8±0.6 *** 0.929±0.119 *** 
1289 15 -19.8±0.6 *** 1.436±0.124 *** 
1289 20 -19.9±0.6 *** 1.715±0.163 *** 
1289 25 -19.7±0.6 *** 2.025±0.239 *** 

Frontenac 

527 10 -23.4±0.6 *** 0.026±0.156 NS 

0.9207 < 0.001 

527 15 -23.4±0.6 *** 0.167±0.156 . 
527 20 -23.4±0.6 *** 0.303±0.156 *** 
527 25 -23.4±0.6 *** 0.566±0.151 *** 

1057 10 -26.4±0.6 *** 1.026±0.083 *** 
1057 15 -26.4±0.6 *** 1.276±0.083 *** 
1057 20 -26.4±0.6 *** 1.265±0.082 *** 
1057 25 -26.4±0.6 *** 1.323±0.084 *** 
1289 10 -22.4±0.6 *** 1.190±0.120 *** 
1289 15 -22.4±0.6 *** 1.314±0.120 *** 
1289 20 -22.4±0.6 *** 1.252±0.120 *** 
1289 25 -22.3±0.6 *** 1.258±0.120 *** 

La Crescent 

527 10 -22.8±0.8 *** 0.213±0.189 . 

0.8888 < 0.001 

527 15 -22.8±0.8 *** 0.366±0.189 *** 
527 20 -22.7±0.8 *** 0.472±0.196 *** 
527 25 -22.8±0.8 *** 0.748±0.189 *** 

1057 10 -24.8±0.8 *** 1.143±0.106 *** 
1057 15 -24.7±0.8 *** 1.464±0.106 *** 
1057 20 -24.7±0.8 *** 1.624±0.125 *** 
1057 25 -24.8±0.8 *** 1.688±0.121 *** 
1289 10 -19.0±0.8 *** 1.250±0.152 *** 
1289 15 -18.9±0.8 *** 1.451±0.157 *** 
1289 20 -18.9±0.8 *** 1.345±0.170 *** 
1289 25 -19.0±0.8 *** 1.372±0.163 *** 

Marquette 

527 10 -22.9±0.7 *** 0.261±0.161 ** 

0.9151 < 0.001 

527 15 -22.9±0.7 *** 0.380±0.161 *** 
527 20 -22.8±0.7 *** 0.608±0.180 *** 
527 25 -22.7±0.7 *** 0.778±0.166 *** 

1057 10 -24.4±0.7 *** 1.186±0.087 *** 
1057 15 -24.3±0.7 *** 1.296±0.087 *** 
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Marquette 
(continued) 

1057 20 -24.3±0.7 *** 1.504±0.087 *** 

0.9151 < 0.001 

1057 25 -24.2±0.7 *** 1.545±0.096 *** 
1289 10 -18.2±0.7 *** 1.042±0.123 *** 
1289 15 -18.1±0.7 *** 1.160±0.128 *** 
1289 20 -18.1±0.7 *** 1.304±0.143 *** 
1289 25 -18.0±0.7 *** 1.219±0.143 *** 

Petite Pearl 

527 10 -22.8±0.7 *** 0.331±0.183 *** 

0.8563 < 0.001 

527 15 -22.9±0.7 *** 0.528±0.183 *** 
527 20 -22.9±0.7 *** 0.711±0.183 *** 
527 25 -22.9±0.7 *** 0.940±0.183 *** 

1057 10 -23.4±0.7 *** 0.759±0.095 *** 
1057 15 -23.4±0.7 *** 0.910±0.097 *** 
1057 20 -23.4±0.7 *** 1.060±0.094 *** 
1057 25 -23.5±0.7 *** 1.278±0.099 *** 
1289 10 -20.0±0.7 *** 0.977±0.162 *** 
1289 15 -20.1±0.7 *** 1.096±0.138 *** 
1289 20 -20.0±0.7 *** 1.050±0.139 *** 
1289 25 -20.1±0.7 *** 1.224±0.138 *** 

 
 
a Chill accumulation calculated using the ‘North Carolina’ model (Shaltout and Unrath, 1983). 
b T = temperature (°C) that buds were incubated at during deacclimation experiments. 
c Intercept (°C) and slope (°C/day) and associated standard errors from linear models of 

deacclimation for each level of chill unit accumulation and temperature. 
d Significance designations for estimates from linear models:  

“NS” not significant 
“.” significant at "=0.05 
“*” significant at "=0.01 
“***” significant at "=0.001 
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Appendix B: Imaging callose at plasmodesmata in the apex of dormant bud meristems with 

confocal microscopy 

 

Background 

This project was based on a dormancy model proposed by Rinne and van der Schoot 

(2004) that defines cell-to-cell communication as a key factor in dormancy cycling. Specifically, 

they proposed that endodormancy can be depicted as the state of the meristem in which cell-to-

cell communication via plasmodesmata is suspended by an innate mechanism. During the onset 

of endodormancy, 1,3-β-D-glucan (callose) is deposited, both as an external sphincter ring 

around plasmodesmal entrances and as an internal plasmodesmal plug. The simultaneous 

formation of a ring and a plug stabilizes the plasmodesmal neck region and could also develop a 

hermetic seal as the external sphincter-ring expands inwardly, thereby closing on the internal 

canal-plug. 

We followed a protocol described by Zavaliev and Epel (2014) to stain and image callose 

at plasmodesmata. In comparison to callose associated with other tissues (Furch et al. 2007, 

Zhou et al. 2012), the levels of callose at plasmodesmata are significantly low. Therefore, callose 

detection and quantification at plasmodesmata require higher resolution fluorescent images. 

Consequently, these images also contain high background signal and often include nonspecific 

fluorescence, which are major obstacles in subsequent image analysis. The protocol described by 

Zavaliev and Epel (2014) also includes a procedure for image analysis. However, this project 

focused on steps for sectioning, staining, and imaging. 
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Materials and Methods 

Dormant buds were collected from Frontenac vines following the same methods 

described in Chapters 2-4. Buds were collected for ultramicrotome sectioning in October, 

December, and April and for hand sectioning in November, December, and March. 

 

Ultramicrotome section preparation and staining; fixed sections. The outermost bud scales 

were removed before buds were excised into vials containing fixation solution on ice. Two 

fixation solutions were used, including (1) 4% (v/v) glutaraldehyde (Sigma-Aldrich) in 0.1 M 

KPO4 buffer (pH 7.2) and (2) 3% (v/v) paraformaldehyde (Sigma-Aldrich) with 2% (v/v) 

glutaraldehyde in 0.1 M KPO4 buffer (pH 7.2). While samples were on ice with vials loosely 

capped, a vacuum was applied three times for ~5 minutes each time and slowly releasing 

pressure between. A vacuum was applied one more time for ~15 minutes and samples were 

stored overnight under vacuum pressure at 4 °C. The following day, samples were rinsed with 

0.05 KPO4 buffer (pH 7.2). Samples were then dehydrated in a series of solutions with increasing 

ethanol concentration, allowing 24 hours for each ethanol solution. Following dehydration, 

samples were infiltrated gradually with medium-grade LR White (Ted Pella Inc.), also allowing 

24 hours for each increased concentration of LR White. The LR White was polymerized by 

heating samples to 60 °C for 28 hours. Samples were mounted on stubs for longitudinal 

sectioning (2 µm sections) on a Sorvall MT-2 ultramicrotome (Ivan Sorvall). Sections were 

annealed to Fisher Probe-On-Plus slides (Fisher Scientific) and stained with 0.0025% (w/v) 

aniline blue fluorochrome (Biosupplies) in double distilled water for ~1 hour. Slides and sections 

were rinsed with double distilled water and mounted with Citifluor AF1 (EMS). Some sections 

were reserved for staining with 0.05% (w/v) Toluidine Blue O (Sigma Aldrich). 
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Hand section preparation and staining; fresh sections. Stem tissue at the base of the bud was 

pruned away at an angle in order to section longitudinally by cutting from the proximal end 

towards the distal end of the bud. Cutting in this direction seemed to help prevent crushing the 

bud tissue as sections were cut. Buds were cut using a double-sided razor blade while submerged 

in 10 mM 2-deoxy-D-glucose (2-DDG; Fisher Scientific) to limit wound induced callose 

production (Rinne et al. 2005, 2016). Subsequently, the sections were incubated for ~3 hours in 

96% ethanol. Sections were then transferred to double distilled water with 0.01% (v/v) Tween-

20. Sections were placed in a vacuum desiccator and a vacuum was applied twice for ~5 minutes 

each time, slowly releasing pressure afterwards. Sections were then incubated for ~1 hour on a 

slow shaker (~ 20 rpm). Lastly, sections were transferred to glass vials wrapped in aluminum foil 

containing 0.1 M K2HPO4 buffer (pH 12) with 0.01% (w/v) aniline blue and 5 mM 2-DDG. 

Some sections were kept in double distilled water for an unstained control. A vacuum was 

applied again, twice for ~5 minutes each time, slowly releasing pressure afterwards. Sections 

were then incubated for ~5 hours on a shaker (~80 rpm). Sections were mounted in double 

distilled water between two large-size cover glasses for just before imaging. 

 

Imaging with confocal. Sections were imaged using a Zeiss LSM 710 confocal microscope with 

40× water immersion objective. A 405 nm diode laser was used for excitation with 475-525 nm 

band-pass emission filter. The scanning parameters were set to 1,024 × 1,024, 12-bit pixel depth, 

line sequential scanning, scan average 4, and 1× zoom. The laser intensity, detector gain, 

detector off-set, and detector digital gain were configured first using unstained sections. Settings 

were adjusted until the image was dark. These same settings were then used with stained 

sections. 
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Summary 

Dormant buds were successfully fixed and sectioned with the ultramicrotome (Figure 1). 

However, there were high amounts of autofluorescence in the fixed sections (Figure 2). There 

may have also been limited stain penetration on fixed sections. Future work using fixed sections 

could explore other stains, other staining procedures to improve stain penetration, narrower 

band-pass emission filters to minimize autofluorescence, and/or linear unmixing to separate 

autofluorescence. Callose at plasmodesmata was visible in fresh sections (Figure 3). Since the 

sections were not completely flat, z-stack imaging was needed to capture portions of a larger area 

in focus. This could complicate automation of subsequent image analysis. There were varying 

patterns of callose at plasmodesmata for buds sampled in March as compared to buds sampled in 

November and December. Differences between spring and winter samples were not explored in 

detail because this project was interrupted by COVID-19 restrictions. Future work using fresh 

sections will need to standardize the procedure for imaging z-stacks and adapt the image analysis 

protocol described by Zavaliev and Epel (2014) for use with z-stacks. 
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Figures 

 

Figure 1. Fixed, longitudinal sections stained with Toluidine Blue O and imaged with a bright-
field Olympus	BX50	microscope	(Olympus	Optical	Company).	Morphology of entire 
grapevine bud (A). Close-up of primary meristem outlined with by the dashed 
rectangle (B). Arrow identifies the region imaged with confocal microscopy.   



 

 

140 

140 

 
 
Figure 2. Autofluorescence of a fixed section imaged with confocal microscopy.  
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Figure 3. Fresh section stained with aniline blue and imaged with confocal microscopy as a z-

stack. Section was cut from a bud sampled in December. The area where callose at 
plasmodesmata is in focus shifts since the section is not completely flat. Some 
example areas in focus are outlined in pink (A, H, O). 

 


