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In autumn, the buds of extratropical trees are in a state of endodormancy, since

regardless of the prevailing environmental conditions, growth cannot be

activated in these buds because the dormancy is caused by physiological

factors in the buds. In natural conditions the growth-arresting physiological

factors are removed by prolonged exposure to low chilling temperatures. This

phenomenon is a key adaptive trait, for it prevents ‘false spring’, i.e., untimely bud

burst during mild spells in autumn and winter, which would lead to cold damage

during subsequent cold periods. Traditionally, endodormancy and the chilling

requirement have been important in practical horticulture, as cultivars with low

and high chilling requirements have been bred for locations in warm and cool

climates, respectively. More recently, endodormancy and the chilling

requirement have become major research themes in climate change studies

where climatic change impacts are assessed by means of process-based tree

phenology models. The dormancy phenomenon has been studied thoroughly at

the whole-tree level for a hundred years, and several genes and genetic

pathways involved have recently been identified in tree species such as hybrid

aspen, apple, and pear. There is an urgent need, however, to integrate molecular

physiological studies with modelling studies so as to understand the impact of

climate change on the regulation of dormancy. To that end, we shall provide an

overview of bud endodormancy research.
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Introduction

Buds of extratropical trees can be dormant for various reasons.

On the basis of the factor causing the prevention of bud burst, three

types of bud dormancy are often discerned (Fuchigami et al., 1982;

Hänninen, 2016). First, in winter and early spring the buds remain

dormant due to unfavourable environmental conditions, typically

low air temperatures. This dormancy category is called

ecodormancy (Lang et al., 1987), synonymous to quiescence

(Fuchigami et al., 1982). Thus, while an ecodormant bud is not

growing, being dormant from the perspective of growth, it has

acquired the competence to grow and therefore has the potential to

undergo bud burst. The onset of subsequent growth, however, is

suppressed by unfavourable environmental factors. Second, in late

summer, buds in less apical positions are often prevented from bud

burst by hormonal regulation caused by the more apical buds. This

phenomenon is referred to as paradormancy (Lang et al., 1987).

Third, in autumn and early winter the buds of extratropical trees

remain dormant due to physiological conditions inside the bud.

This phenomenon is referred to as endodormancy (Lang et al.,

1987), synonymous to rest (Fuchigami et al., 1982). Thus the major

difference between the endo- and ecodormant bud is related to the

competence to grow, which is lacking in endodormant but present

in ecodormant buds. As a rule, the growth-arresting conditions are

removed by prolonged exposure to low chilling temperatures,

although other drivers, most importantly photoperiod, may also

have an effect (Basler and Körner, 2012; Cooke et al., 2012; Vitasse

and Basler, 2013; Singh et al., 2017; but see also Zohner et al., 2016).

The phenomena of endodormancy and the chilling requirement

of its release have been known for more than a hundred years

(Coville, 1920), but they are now more topical than ever before.

Endodormancy and the chilling requirement prevent an untimely

bud burst and growth onset in autumn and winter (‘false spring’), and

for that reason they combine to form a key adaptive trait, which

synchronizes the annual cycle of extratropical trees with the seasonal

climate prevailing at the native growing sites of these trees (Sarvas,

1974; Murray et al., 1989; Hänninen, 2016). Whether or not this

synchronization will also be retained under the climatic warming is a

topical scientific question with important ecological, environmental,

and economic implications (Vitasse et al., 2011; Chuine et al., 2016;

Zhang H. et al., 2022). In recent decades, considerable insight into the

genetic pathways regulating endodormancy and its release has been

gained through studies of model trees such as Populus, apple and

pear. In this minireview we briefly summarize how the research on

endodormancy in buds of extratropical trees has evolved into its

current state of the art, reaching into the molecular depths of plant

life at one end of its spectrum and into the large-scale global

ecological issues at the other.
‘Chilled to be forced’ – the classical
black-box approach to endodormancy

The quotation in the section title, taken from the title of

Baumgarten et al. (2021), describes the classical approach to
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endodormancy and its release (Coville, 1920). The existence of

endodormancy and the chilling requirement are inferred from the

observed change in the response of the plants to growth-promoting

high-temperature forcing conditions caused by prolonged exposure

to chilling conditions before the regrowth test in the forcing

conditions. With only short periods of chilling or none at all,

there is either no bud burst seen or the bud burst takes an

exceptionally long period of forcing (= a high value of Days to

Bud Burst, DBB). With successively longer durations of the chilling

treatment, the Bud Burst Percentage, BB%, increases and/or the

DBB decreases in the forcing conditions. The chilling requirement,

Dt, i.e., the duration of chilling required for endodormancy release,

is inferred from the BB% and/or DBB curves plotted against the

duration of chilling (Hänninen et al., 2019).

In some studies, only the BB% has been addressed (Erez and

Lavee, 1971; Erez and Couvillon, 1987). In some other studies, only

the DBB has been looked at (Myking and Heide, 1995). In those

studies, the criterion for the Dt has mostly been set on the basis of the

levelling off of the decline of the DBB curve with increased duration

of chilling: the chilling requirement is considered to have been met

when additional chilling does not cause considerable reduction of the

DBB any longer (Worrall and Mergen, 1967). Sarvas (1974)

determined the chilling requirement on the basis of the BB% only.

However, he used a relatively short forcing time (21 days), thus

excluding all potential bud burst observations with DBB > 21days. In

this way, DBB was implicitly addressed in Sarvas (1974) method also.

Recently, Zhang R. et al. (2022, Zhang et al., 2023) set a criterion for

both BB% and DBB, thus obtaining two candidate values for Dt. As
both criteria are required to be met in their method, the final value of

the chilling requirement is determined as equal to the higher one of

the two obtained candidate values of Dt. Nevertheless, whichever
definition of the Dt is used, the classical approach described above is

essentially a black-box one, for it makes use of no observations or

measurements of the growth-arresting physiological and molecular

conditions or their removal inside the buds per se. In other words, the

invisible endodormancy release that has taken place in the buds

under the chilling conditions by the time of the transfer to the forcing

conditions is determined on the basis of the implications of the

endodormancy release for the occurrence and timing of the visible

bud burst in the forcing conditions.

In most chilling-forcing experiments, the chilling treatments

have been conducted either outdoors under naturally fluctuating

autumn and winter temperature conditions or in growth chambers

under one constant temperature. These methods have been helpful

for testing the existence of endodormancy (Zhang et al., 2021) as

well as comparing the chilling requirements of tree species,

provenances and cultivars (Leinonen, 1996a; Gao et al., 2012),

and especially for identifying the components of the genetic

pathways and molecular events (see below) that regulate the

dormancy release and facilitate bud burst. Comparisons of

chilling requirements have been especially important for breeding

horticultural crop cultivars: cultivars with a low chilling

requirement are needed in geographical locations with mild

winters, whereas cultivars with a higher chilling requirement are

suitable for cooler climates (Erez, 2000).
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Process-based phenology modelling
– quantifying the effects of chilling in
global change studies

Since the 1970s, endodormancy and chilling have been

addressed in process-based models of tree spring phenology

(Chuine et al., 2013; Hänninen, 2016). In addition to effects of

chilling on endodormancy release, these models also address the

effects of high temperatures on ecodormancy release, thus

predicting the timing of spring phenological events such as leaf-

out of leaf buds and the flowering of flower buds (Figure 1). Today,

process-based tree spring phenology models are major tools in

global change studies where the ecological effects of climatic change

are evaluated (Wang et al., 2020; Zheng et al., 2021). This is because

changes in phenology have several important implications at the

ecosystem level, such as changes in the cycling of nutrients, carbon,

and water, or changes in the trees’ relationships with herbivores

(Kramer and Hänninen, 2009; Richardson et al., 2009; Senior

et al., 2020).

In process-based models, the effects of chilling on

endodormancy release have been addressed by examining the

accumulation of chilling units (Chuine et al., 2013) or, to use a

less well-known but physiologically more accurate wording, by

calculating the rate and state of the endodormancy release

(synonymous to the rate and state of rest break, Hänninen, 2016).

Various rules, fixed a priori, have often been applied to the
Frontiers in Plant Physiology 03
response. In the simplest case, i.e., the threshold model, it has

been assumed that all temperatures below a given threshold,

typically +5°C, are equally effective in endodormancy release

(Cannell and Smith, 1983). So, at any hour with the air

temperature below +5°C (or on any day with the daily mean

temperature below +5°C), one chilling unit (CU) is accumulated.

This quantifies the momentary (hourly, daily) rate of

endodormancy release. The state of endodormancy release at the

end of any given hour (day) is obtained by means of numerical

integration, i.e., by summing the hourly (daily) rate values (Chuine

et al., 2013; Hänninen, 2016). Endodormancy is predicted to be

released when the accumulated CU sum attains a given critical

genotype-specific value. In addition to the threshold model, some

other a priori fixed forms of the chilling response have been used in

process-based spring phenology models. These include the range

model, where chilling units are accumulated at a constant rate in the

temperature range between a lower and an upper threshold

temperature (Lin et al., 2022), and the triangular model, where

the response is bell-shaped between the lower and the upper

threshold temperatures (Sarvas, 1974; Figure 1).

The technique for experimentally determining the chilling

response of endodormancy release is straightforward: the chilling-

forcing experiment described in the previous section is repeated in

several constant chilling temperatures (Sarvas, 1974). In that way

the chilling requirement, Dt, is obtained for several temperatures,

and the rate of endodormancy release (rate of chill accumulation) is

obtained for each temperature as the reciprocal of Dt: the less time is
FIGURE 1

Rationale of the process-based tree spring phenology models. The models address both the chilling effects of endodormancy release (the blue bell-
shaped air temperature response at the bottom of the figure) and the forcing effects (effects of high temperatures) on ecodormancy release (the red
sigmoidal air temperature response at the top of the figure). The predicted status of endodormancy release affects the rate of ecodormancy release:
in the absence of sufficient accumulated chilling, ecodormancy release either does not progress at all or progresses at a lower rate than predicted
on the basis of the sigmoidal forcing temperature response alone. In the Hänninen-Kramer (HK) modelling framework (Hänninen, 1990; Kramer,
1994a; Kramer, 1994b; Hänninen and Kramer, 2007; Hänninen, 2016; Zhang et al., 2023), an explicit sub-model is introduced for a theoretical
variable ‘ontogenetic competence’, Co, for transferring the growth-arresting effects of endodormancy on ecodormancy release (the small box in the
middle of the figure).
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needed for endodormancy release, the higher the rate of

endodormancy release. Lastly, the obtained values of the rate of

endodormancy release are plotted against the experimental

temperature applied (Sarvas, 1974; Campbell and Sugano, 1975;

Hänninen et al., 2019; Zhang R. et al. 2022, Zhang et al., 2023).

However, though the experimental technique for determining the

chilling response of endodormancy release is straightforward, it is

laborious and time-consuming. This is evidently the reason why the

chilling response of endodormancy has usually not been

determined experimentally. Rather, the response has mostly been

determined either a priori (Cannell and Smith, 1983; Murray et al.,

1989), or by means of inverse modelling, meaning that the values of

all model parameters (not only the ones related to chilling effects)

are estimated by fitting the model statistically to observational long-

term phenological and air temperature records (Kramer, 1994a;

Kramer, 1994b; Chuine et al., 1998; Wang et al., 2020; Luedeling

et al., 2021, Zhang H. et al., 2022). In the absence of explicit

experimental data, the use of inverse modelling has been seen as

necessary even though it is known to be prone to produce

biologically unrealistic models (Hänninen et al., 2019).
Genes and blocked plasmodesmata –
opening the black box

In recent years, considerable progress has been made in

identifying genetic components that regulate dormancy, its release,

and bud burst (Figure 2; Singh et al., 2017; Singh et al., 2018; Tylewicz

et al., 2018; Azeez et al., 2021; Falavigna et al., 2021; Yang et al., 2021;

Yang et al., 2023). By using model trees such as Populus, apple, and

pear, time-course analysis of global gene expression has been able to

identify patterns of genes whose expression in the buds changes

during the transition from dormancy to dormancy release and

subsequent bud burst (Vimont et al., 2020). These analyses,

combined with proteomic, metabolic and hormonal analyses of
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buds, have led to identification of hundreds of genes, metabolites

and hormones whose change is temporally associated with the

transition from endodormancy to ecodormancy change and bud

burst (Beauvieux et al., 2019). Only in a few cases, however, has any

functional analysis been performed to check whether such changes,

may they be in gene expression or hormonal levels, actually

contribute functionally to the release of dormancy or to bud burst

or whether they represent processes that could be unrelated to

dormancy but simply share a common temporal regulation. As a

result, conclusions regarding the role of specific genes or hormones in

phenology, unless and until functionally validated, should be treated

with caution. However, on the basis of functional data using gain and

loss of function approaches, the role of plant hormone ABA in

dormancy regulation is now well established, with ABA response

being essential for short-day-induced bud dormancy (Tylewicz et al.,

2018; Yang et al., 2023). Moreover, transcription factors acting

downstream of ABA, e.g., tree orthologs of SVP (SHORT

VEGETATIVE PHASE), a floral repressor, have been implicated in

these processes in several species (Singh et al., 2018; Falavigna et al.,

2021). Downstream of ABA-SVP, considerable attention has been

paid to the dynamic control of plasmodesmata (PDs), the

intercellular channels, by hormonal and environmental factors.

Closure of PDs is associated with and essential for the

establishment of dormancy, whereas their opening is associated

with dormancy release in a number of tree species, e.g., populus,

birch, and peach (Rinne and van der Schoot, 2003; Rinne et al, 2011;

Tylewicz et al., 2018; Singh et al., 2019; Zhao et al., 2023). The

dynamic control of PDs with closure during dormancy prevents the

movement of growth regulators, e.g., tree orthologs of FT

(FLOWERING LOCUS T), to the shoot apical meristem, whereas

their opening restores intercellular communication to induce

competence to respond to these growth promoters such as FT, but

possibly also GA (Rinne et al., 2011). Additionally, dormancy and its

release are associated withmassive change in the gene expression, and

these transcriptional changes may be enabled by chromatin-based
FIGURE 2

A schematic representation of key molecular events during the switch from the endodormant to the ecodormant state induced by prolonged
exposure to low temperature and the subsequent bud burst induced by progressively warmer temperatures in the spring. Plasmodesmata (PDs) are
closed in endodormant buds, and a prolonged low-temperature treatment presumably reduces the abscissic acid (ABA) levels (and/or sensitivity to
ABA) and increases the Gibberellic acid (GA) levels, which could contribute to the switch to ecodormancy. Simultaneously, there is a reduction of
cold hardiness prior to budburst. This description of the key events is not exhaustive, and more details can be found in the reviews by Singh et al.
(2017) and Yang et al. (2021).
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master regulators acting on global scales, as shown earlier for poplar,

cherry, and kiwifruit (Conde et al., 2017; Voogd et al., 2022).
Endodormancy and other phenomena
of the annual cycle – relationships to
cold hardiness

As explained in the preceding sections, endodormancy is

defined by observations of bud burst at the whole-tree level, but

the phenomenon has its roots in other phenomena occurring at the

cellular and molecular levels. For this reason, it is no wonder that

endodormancy is related to other whole-tree phenomena of the

annual cycle, especially to the cold hardiness of trees (Hänninen,

2016), which may partly share their physiological and molecular

basis with endodormancy. Numerous empirical studies over several

decades have shown that the air temperature response of

acclimation/deacclimation changes during dormancy and

subsequent bud burst (Edgerton, 1954; Proebsting, 1963). For

instance, a given air temperature causing acclimation at an early

phase of endodormancy may even cause deacclimation at a later

phase (Leinonen et al., 1995). This phenomenon has been addressed

for several decades in integrated cold hardiness models using a

process-based spring phenology model as a sub-model (Winter,

1973; Kobayashi et al., 1983; Kellomäki et al., 1992; Kellomäki et al.,

1995; Leinonen, 1996b; Charrier et al., 2018). In those models, the

dormancy phase is used for explaining the changes of the responses

of acclimation and deacclimation to environmental factors, most

importantly the air temperature and photoperiod.

Recently, Kovaleski (2022) introduced an alternative to the

prevalent approach of the integrated cold hardiness models in his

spring phenology model by modelling the prevailing cold hardiness

first. Cold hardiness is then taken for a measure of the ecodormancy

status, and bud burst is predicted to occur when the cold hardiness

attains the species-specific threshold value corresponding to bud

burst. Together with the previous integrated cold hardiness models,

Kovaleski (2022) study shows that the two whole-tree traits of

dormancy status and cold hardiness correlate with each other. This

suggests that they could share the same physiological and molecular

basis, at least partially. Without detailed molecular studies, however,

it is impossible to tell if one of the traits is the cause and the other the

effect of if they are just simultaneous manifestations of the basic

physiological and molecular phenomena.

Most importantly, Kovaleski (2022) showed convincingly that

trees with different phylogenetic backgrounds and different cold

hardiness dynamics share an unexpected common feature: in all of

them, the maximum rate of deacclimation (loss of cold hardiness) is

attained with approximately the same amount of accumulated

chilling. This is a major novel finding, if not a breakthrough. In

addition to this intriguing finding, Kovaleski (2022) further showed

that the traditional bud burst-related chilling requirement varies

considerably between the species examined, thus confirming earlier

findings from several decades of research.

While Kovaleski (2022) experimental results provide important

new insight into the seasonality phenomena examined, his
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questions. In particular, he states that (i) a cold hardiness-related

chilling requirement would provide a more realistic picture of the

true dormancy progression than the classical bud burst-related

chilling requirement and (ii) because the cold hardiness-related

chilling requirement is similar in different species, the dormancy

progression, too, is similar. As reviewed above, endodormancy is

defined with reference to the occurrence – or lack of it – of bud

burst under growth-promoting conditions. The fact that Kovaleski

(2022) observed more regularity in the relationship of chilling with

cold hardiness than with bud burst opens up new insights into the

seasonality traits of trees, but in our view that does not warrant a

change of the meaning of an established scientific concept.

Furthermore, what exactly does Kovaleski (2022) mean by stating

that dormancy progression is similar in all trees? For instance, how

is that notion related to the traditional concepts of low-chill and

high-chill cultivars, which are crucial for practical horticulture

(Erez, 2000)? If dormancy progression is similar in both types of

cultivars, what is the difference between them?
Discussion

In the research on bud endodormancy and the chilling

requirement in extratropical trees, two quite different schools

have been involved. On the one hand there is the black-box

whole-tree school, including the process-based modelling

approach, and on the other hand, the mechanistic physiological

and molecular school. The two schools have worked largely in

isolation from each other, even though the need for more co-

operation has been emphasised over the years. Deeper

considerations of the mechanistic basis of the dormancy

phenomena would help the whole-tree modellers to improve the

biological realism of the whole-tree phenological models by

revealing the true causal effects of environmental factors and the

causal relationships between the processes modelled. To that end,

genetic approaches have identified relevant genes, metabolites and

hormones and spatio-temporal changes in the expression of genes,

or metabolites, associated with dormancy regulation. Yet this

information, which is essentially quantitative, has not really

been sufficiently integrated into process-based modelling so far.

By integrating such quantitative molecular information, which

provides mechanistic insight into dormancy and bud burst, with

modelling, one could delineate the effects of factors such as day

length and temperature as well as their interactions in the

regulation of phenological traits. Furthermore, such linking of

the two research traditions would be fruitful not only for process-

based phenological modelling but also for the study of the

molecular mechanisms of dormancy, cold hardiness and

phenology. This is because without links to the operational

models used in assessments of the climate change impact, the

impact of detailed molecular laboratory studies on global change

studies would remain rather limited.

Other types of mathematical phenology models have been

successfully combined with molecular research (Izawa, 2015;

Yeoh et al., 2017; Vimont et al., 2019; Hu et al., 2021; Vimont
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et al., 2021; Satake et al., 2022), suggesting that this should also be

possible in the process-based tree phenology models discussed in

this minireview. A major impediment to such attempts is the need

to translate the mechanistic findings obtained with microscopy and

molecular analyses into the environmental responses included in

the whole-tree models. The Hänninen-Kramer (HK) framework

uses the concept and model variable ‘ontogenetic competence’ to

summarize the growth-arresting physiological and molecular

phenomena into one variable with a value ranging from 0

(absolute endodormancy, no ontogenetic development towards

bud burst under any conditions) to 1 (endodormancy fully

released, ecodormancy attained, ontogenetic development towards

bud burst at the full rate, regulated only by the ambient

temperature) (Hänninen, 1990; Kramer, 1994a; Kramer, 1994b;

Hänninen and Kramer, 2007; Hänninen, 2016; Zhang et al., 2023;

Figure 1). On the basis of this reasoning, we suggest HK modelling

as a potential framework (although others could also be used) for

integrating the two approaches to bud endodormancy research. We

know, for instance, that the opening of plasmodesmata is associated

with dormancy release and that this opening shows a quantitative

relationship with low temperatures. Thus the opening of

plasmodesmata and its links with dormancy release could be

linked to modelling by integrating them into the value assigned to

the ontogenetic competence. Similarly, it would be possible to

address gene expression, which varies quantitatively with

dormancy release (or bud burst), by making use of the model

variable ontogenetic competence.
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