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� Background Dormancy in higher plants is an adaptive response enabling plant survival during the harshest sea-
sons and has been more explored in woody species than in herbaceous species. Nevertheless, winter and summer
shoot meristem dormancy are adaptive strategies that could play a major role in enhancing seasonal stress tolerance
and resilience of widespread herbaceous plant communities.
� Scope This review outlines the symmetrical aspects of winter and summer dormancy in order to better understand
plant adaptation to severe stress, and highlight research priorities in a changing climate. Seasonal dormancy is a
good model to explore the growth–stress survival trade-off and unravel the relationships between growth potential
and stress hardiness. Although photoperiod and temperature are known to play a crucial, though reversed, role in
the induction and release of both types of dormancy, the thresholds and combined effects of these environmental
factors remain to be identified. The biochemical compounds involved in induction or release in winter dormancy
(abscisic acid, ethylene, sugars, cytokinins and gibberellins) could be a priority research focus for summer dor-
mancy. To address these research priorities, herbaceous species, being more tractable than woody species, are excel-
lent model plants for which both summer and winter dormancy have been clearly identified.
� Conclusions Summer and winter dormancy, although responding to inverse conditions, share many characteris-
tics. This analogous nature can facilitate research as well as lead to insight into plant adaptations to extreme
conditions and the evolution of phenological patterns of species and communities under climate change. The devel-
opment of phenotypes showing reduced winter and/or enhanced summer dormancy may be expected and could im-
prove adaptation to less predictable environmental stresses correlated with future climates. To this end, it is
suggested to explore the inter- and intraspecific genotypic variability of dormancy and its plasticity according to en-
vironmental conditions to contribute to predicting and mitigating global warming.

Key words: Summer dormancy, winter dormancy, perennial herbaceous species, drought, frost, dehydration toler-
ance, survival, hormones, induction, climate change.

INTRODUCTION

Importance of seasonal dormancy

Dormancy in higher plants is an adaptive response, evolved in
the species’ origin environment, enabling survival during sea-
sons when environmental conditions are most threatening
(Vegis, 1964). Among these adaptations, seed dormancy, which
provides a mechanism for plants to delay germination until con-
ditions are optimal for the survival of the next generation, has
been extensively reviewed (Finch-Savage and Leubner-
Metzger, 2006; Finkelstein et al., 2008; Graeber et al., 2012).
With regard to dormancy in vegetative tissues, this ability to
cease meristem activity and render it insensitive to growth-
promoting signals is a feature of the perennial lifestyle in plants
(Rohde and Bhalerao, 2007). Most of the research on this issue
has dealt with bud dormancy since the activity–dormancy cycle
is an important adaptive trait ensuring survival for most tree
species native to temperate and boreal regions (van der Schoot
et al., 2014) and it reflects adaptation to prevailing climatic
conditions (Cooke et al., 2012).

In contrast, dormancy responses in herbaceous species, key
adaptations to survive the harshest seasonal stresses, have been
less explored. Winter dormancy (also referred to as autumn dor-
mancy) and summer dormancy are both adaptive strategies of
herbaceous perennials allowing them to persist under seasonal,
severe stress through the tolerance of key organs to dehydration
induced by water deficit, heat or frost (Castonguay et al., 2006;
Volaire and Norton, 2006; Anderson et al., 2010). These adap-
tive responses during the periods of intense stress contribute to
the persistence and thus to the agricultural importance of many
species, e.g. potato (Solanum tuberosum L.) (Muthoni et al.,
2014), alfalfa syn. lucerne (Medicago sativa L.) (Castonguay
et al., 2006) or phalaris (Phalaris aquatica L.) (Culvenor,
2009). In the context of climate change, it is timely to question
the nature and role of these adaptive strategies since plant phen-
ology is affected by temperature increase and climate change
patterns (Hansen et al., 2006; Campoy et al., 2011; IPCC,
2014). The earlier onset of leaf unfolding and flowering has al-
ready been documented in dormancy-expressing tree species in
Europe (Menzel et al., 2006; Campoy et al., 2011), indicating
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earlier breaking of winter dormancy. Warming winter tempera-
tures (Cayan et al., 2001) may inhibit winter dormancy as the
required low temperatures for dormancy induction may no lon-
ger be reached. Similarly, even if dormancy induction is
achieved, the shortened winters may impede or alter dormancy
breaking because there may be insufficient chilling requirement
for release (Campoy et al., 2011; Pagter et al., 2015; Chuine
et al., 2016). This effect on the phenology of winter dormant
plants may lead to a decline in the expression of the winter dor-
mancy trait associated with reduced overwintering, i.e. lower
ability to survive winter conditions (Charrier et al., 2015).
Likewise, in herbaceous species, future climate projections sug-
gest that cold acclimation will occur later (Rapacz et al., 2014)
and, although higher temperatures reduce the risk of plant ex-
posure to frost, the effects of a warmer winter may jeopardize
freezing tolerance and overwintering ability especially in the
case of extreme events (such as spring frosts), which are pre-
dicted to increase in frequency and amplitude (Rapacz et al.,
2014). Conversely, summer dormancy may become a progres-
sively valuable trait to survive higher overall temperatures, tem-
perature extremes and droughts (Meehl and Tebaldi, 2004;
IPCC, 2014; Balachowski et al., 2016).

To face these new challenges and help predict species re-
sponses to a changing climate, this review aims to outline and
compare the basic aspects of winter and summer dormancy in
herbaceous perennials which, in contrast to woody species,
have been reported to exhibit both types of dormancy. It will
focus on the eco-physiology of dormancy characteristics under
stresses imposed by seasonal conditions, induction and release
factors, and the relationships between dormancy and stress tol-
erance. The biochemical regulation of winter dormancy has al-
ready been reviewed in woody species (Arora et al., 2003;
Olsen, 2006, 2010; Aragoncillo et al., 2008) and in herbaceous
species (Horvath et al., 2003; Anderson et al., 2010). However,
summer dormancy is still little explored, and this review aims
to identify the known generic biochemical drivers in winter dor-
mancy as a research priority to better understand summer dor-
mancy. Although overwintering in many ornamental
herbaceous species (Orchidaceae, Gentianeae, Chrysanthemum
spp. L., etc.) has been extensively explored, the research goal is
often to modulate bud break for flower production in controlled
conditions and thus to analyse the effects of vernalization on
the subsequent flowering stage (Sumitomo et al., 2008;
Takahashi et al., 2014; Samarakoon et al., 2015). Moreover, for
these species, the research aim is rarely to understand the role
of winter dormancy for winter frost survival in situ. These
model plants will therefore not be extensively reviewed here.
Overall, this comparative study aims to identify the extent of
which summer and winter dormancy are analogous strategies to
climatically symmetrical conditions in order to explore and
underline generic ecophysiological issues applicable to both
seasonal dormancy types. Moreover, neither genetic nor epigen-
etic control will be considered since we are still lacking the
basis of biochemical regulation in summer dormant species.
Finally, this review also aims to contribute to the identification
of future research directions that are required to understand the
mechanisms driving phenological shifts and their consequence
on ecosystem structure and functions (Wolkovich et al., 2014).

Types of dormancy

Dormancy is generally defined as ‘a temporary suspension of
visible growth of any plant structure containing a meristem’
(Lang et al., 1987), and is subsequently divided it into three
sub-groups endo-, para- and ecodormancy, with endodormancy,
inhibition of growth by internal bud signals; paradormancy, in-
hibition of growth by signals from distal organs; and ecodor-
mancy, inhibition of growth by temporary unfavourable
environmental conditions. However, this typology is controver-
sial since growth within meristems is not readily visible and
dormancy is the inability to resume growth not exclusively the
absence of growth, which led to a more precise definition of
endodormancy as ‘the inability to initiate growth from meri-
stems under favourable conditions’ (Rohde and Bhalerao,
2007). It was also underlined that any meristem waiting for the
right sprouting conditions (e.g. rain or temperature) would be
categorized as eco-dormant although ready and able to grow
(Volaire and Norton, 2006). In the case of summer dormancy,
these authors then proposed a more stringent categorization ac-
cording to which, under full summer irrigation, complete sum-
mer dormancy is associated with growth cessation and induced
dehydration of meristems, while incomplete dormancy is de-
tected when meristem (and then leaf) growth rate is partially
reduced. Likewise, it was shown that reducing the signals caus-
ing paradormancy could also result in incomplete growth inhib-
ition (Horvath, 1999; Horvath and Anderson, 2002). In
agreement with Rohde and Bhalerao (2007), under endo- or
complete dormancy, shoot meristem growth should be inhibited
even under favourable growing conditions. However, despite
these shortcomings, the aforementioned definition and categor-
ization remain the standard in the literature. Both categoriza-
tions (endo-/para- and complete/incomplete dormancy) will be
used in this review. Eco-dormancy (or quiescence, according to
Considine and Considine, 2016), will not be addressed due to
the specified drawback. In agreement with the terminology de-
veloped to characterize seed dormancy, the notions of faculta-
tive or obligate dormancy associated with the intensity of
response to environmental cues, although poorly defined, are
starting to be applied to winter and summer dormancy of vege-
tative tissues in herbaceous species (Vaughton and Ramsey,
2001; Newell et al., 2015). Conversely, the notion of dormancy
depth, which has not been reported for summer dormant species
so far, will not be discussed in this review.

Winter dormancy

In areas with harsh winters, winter dormancy is a common
persistence strategy for both herbaceous and woody plants.
Notable examples of species that express winter dormancy for
survival are alfalfa, Medicago sativa L. (Castonguay et al.,
2006); leafy spurge, Euphorbia esula L. (Chao et al., 2007); po-
tato, Solanum tuberosum L. (Muthoni et al., 2014); lily, Lilium
spp. L. (Kim et al., 1994); tulip, Tulipa spp. L. (Kamenetsky
et al., 2003); strawberry, Fragaria spp. L. (Zhang et al., 2012);
and onion, Allium cepa L. (Benkeblia and Selselet-Attou,
1999). However, the expression of dormancy varies greatly be-
tween and within species, and exhibits considerable genotype
by environment interaction (Brummer et al., 2000; Muthoni
et al., 2014).
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In regions where plants express winter dormancy, the pre-
dominant stresses include freezing temperatures, soil heaving
and ice encasement (Castonguay et al., 2006; Muthoni et al.,
2014; Pembleton and Sathish, 2014). Freezing temperatures in-
duce dehydration, which disrupts the plant’s water status and
causes potentially lethal osmotic and oxidative stress
(Pembleton and Sathish, 2014). Soil heaving, the uplift of soil
caused by repetitive freezing and thawing, can lead to the ex-
posure of resting organs to cold temperatures with little or no
insulation from the soil (Castonguay et al., 2006) as well as
damage to organs, e.g. roots, subjected to the physical
stresses of soil heaving. Ice encasement can hinder or halt gas
exchange, creating anaerobic conditions and injurious levels
of CO2 (Castonguay et al., 2006; Muthoni et al., 2014).
These stresses can lead to tissue damage and potentially plant
death.

Winter dormancy in herbaceous perennials (Fig. 1) is marked
by (1) the decrease or cessation of growth (Castonguay et al.,
2006; Horvath, 2009); (2) senescence of above-ground foliage
(Horvath et al., 2003; Anderson et al., 2005; Muthoni et al.,
2014); (3) possible preceding development of resting organs
(also referred to as dormant or storage organs, e.g. crown, tuber,
bulb and corm) (Vegis, 1964; Kim et al., 1994); and (4) reduc-
tion of metabolic activity (Anderson et al., 2005; Aksenova
et al., 2013). As a result, a major effect of winter dormancy is
the inhibition against precocious sprouting when unseasonal

favourable conditions occur, which could be detrimental to the
plant’s survival following the return of seasonal unfavourable
conditions (Chao et al., 2007). The enhancement of frost and
dehydration resistance was also suggested to be associated with
winter dormancy (Havranek and Tranquillini, 1995) since it is
correlated with greater winter survival (Weishaar et al., 2005).
However, other studies suggest that this superior survival is
possibly due to higher winter hardiness and not winter dor-
mancy both in alfalfa and in switchgrass (Castonguay et al.,
2006; Sarath et al., 2014). In alfalfa, dormancy is often associ-
ated with slower regrowth and less growth through late summer
and early autumn (Castonguay et al., 2006). Conversely, winter
dormant cultivars have been found to be more summer drought
resistant, which, during water-limiting conditions, leads to
higher forage yields than non-dormant cultivars (Pembleton
and Sathish, 2014). Winter dormant cultivars are also more tol-
erant of ice encasement (lower metabolic rates slowing CO2

production and accumulation) and have deeper-set crowns serv-
ing to protect against ice heaving (Castonguay et al., 2006;
Aksenova et al., 2013).

In addition, winter dormancy in tuber and bulb species con-
fers greater protection against pathogens (Aksenova et al.,
2013). Indeed, the benefits of dormancy are variable depending
on the species and environmental conditions experienced, but
would be most valuable for plants subjected to predictably
cold, dry winter climates.
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FIG. 1. Diagram of the annual induction and release cycle of winter dormancy in a herbaceous perennial species and the associated variations in phytohormone and
molecule concentrations. ABA, abscisic acid; CK, cytokinin; GA, gibberellin.
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Summer dormancy

Summer dormancy in herbaceous perennials has mainly been
observed in plant geophytes from semi-arid Mediterranean-type
climatic regions with mild winters and predictably long, dry
and hot summers (Norton et al., 2009). Among the few Poaceae
species known to express summer dormancy, bulbous blue-
grass, Poa bulbosa L. (Ofir, 1986); bulbous barley, Hordeum
bulbosum L. (Ofir, 1976); cocksfoot, Dactylis glomerata L.
(Volaire et al., 2009) as well as ornamental species such as
Hyacinthus spp. Tourn. (Nowak and Rudnicki, 1993) or
Gladiolus spp. L. (Cohat, 1993) have been the most studied
species. Yet, as with winter dormancy, the expression of dor-
mancy varies greatly between and within species, and exhibits
considerable genotype by environment interaction (Vaughton
and Ramsey, 2001; Volaire and Norton, 2006; Norton et al.,
2009). In addition, the grass Southern rush, Lyginia barbata
R.Br., is the only species reported to exhibit summer dormancy
in root apices (Shane et al., 2009, 2010). Presently, and to the
best of our knowledge, no woody species have been clearly re-
ported to be summer dormant apart from blackbrush (Coleoyne
ramosissima Torr.), a shrub species from the Nevada desert,
USA that was shown to exhibit either complete (obligatory) or
facultative summer dormancy according to the ecotype’s origin
site (Lei, 2005). This lack of known summer dormant woody
plants may be due to use of different terminology. The abscis-
sion of leaves during summer by deciduous woody plants is

generally seen as a drought stress response (Kozlowski, 1976),
although this may be a potential indicator of summer dormancy
in species that abscise annually during the summer months.
These species warrant further research for the expression of
summer dormancy-like characteristics such as the inability to
initiate growth under favourable conditions. However, the sum-
mer dormancy trait cannot be expected when plants arrest their
development to survive but regrow opportunistically after any
pulse of rainfall in arid areas (Pugnaire et al., 1996).

As summarized by Volaire and Norton (2006), summer dor-
mancy in herbaceous perennials (Fig. 2) is characterized by:
(1) cessation or reduction of leaf meristem growth; (2) senes-
cence of most or all above-ground herbage; (3) possible dehy-
dration of the bases of the youngest leaves at the base of
vegetative tillers; and (4) possible preceding formation of rest-
ing organs in the form of swollen basal internodes (corm/tuber)
or swollen leaf bases (such as bulbs).

Summer dormancy is correlated with improving survival dur-
ing long and severe summer dry conditions typical of semi-arid
and arid Mediterranean climates where the dry season is typic-
ally 4 months or longer (Norton et al., 2006a, b, 2012). In con-
trast, obligate dormancy (complete or endodormancy) was
found disadvantageous when environmental conditions were
unpredictable (Vaughton and Ramsey, 2001). However, dehy-
dration avoidance, dehydration tolerance and summer dor-
mancy are drought resistance traits that are often confused
(Norton et al., 2009) and, although frequently expressed
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FIG. 2. Diagram of the annual induction and release cycle of summer dormancy in a herbaceous perennial species and the associated variations in phytohormone and
molecule concentrations. ABA, abscisic acid.
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together, they are independent phenomena (Volaire and Norton,
2006). In addition, dormant plants require continuous access to
water, even if only in small amounts typically accessed via a
deep root system, otherwise desiccation and death invariably
occur (Nie and Norton, 2009).

As with winter dormancy, this adaptation protects against
premature sprouting when unseasonal favourable conditions
occur. The decreased metabolic activity during dormancy re-
duces water consumption, thus ensuring dehydration avoidance
(Volaire, 2005). Senescence of mature foliage also allows for
better water conservation by reducing moisture loss though
leaves. Furthermore, it allows nutrients from older leaves to be
reused in developing leaves (Volaire, 2005). Summer dormant
plants have elevated levels of dehydrins (proteins that are also
found in desiccated embryos) and fructans (polymers of fruc-
tose), which help maintain cell membrane integrity during a
drought and facilitate autumn regrowth (Volaire et al., 2001;
Volaire, 2002).

FACTORS IN MERISTEM DORMANCY

INDUCTION

Environmental drivers

In winter dormant plants, photoperiod and temperature are cru-
cial environmental signals for flowering and dormancy regula-
tion, which were proposed to be linked based on multiple
shared genes between these two processes in herbaceous peren-
nials (Horvath, 2009; Sarath et al., 2014). The perception of
changing daylength and temperatures signals the production of
various phytohormones (Sorce et al., 2000; Horvath et al.,
2003; Chao et al., 2007; Aksenova et al., 2013), which in turn
act as growth inhibitors, growth stimulators or inhibitors to one
another. The detection of a short photoperiod involves phyto-
chrome A (PHYA), which appears to then interact with or
through signalling pathways of abscisic acid (ABA) and ethyl-
ene (Chao et al., 2007), two phytohormones involved in dor-
mancy induction. As with dormancy depth and length, the
extent to which these environmental signals regulate dormancy
induction, maintenance and release varies greatly between and
within species, and exhibits considerable genotype by environ-
ment interaction (Brummer et al., 2000; Chao et al., 2007;
Zhang et al., 2012). In general, short daylengths and/or decreas-
ing, low temperatures are required for herbaceous perennials to
enter winter dormancy (Heide, 2001; Suttle, 2004b; Zhang
et al., 2012). For instance, in leafy spurge, endodormancy was
initiated by a combination of a photoperiod decrease from 16 to
8 h and a reduction of temperatures from 27 to 10 �C over 12
weeks (Do�gramacı et al., 2015). In this species, the exposure to
dehydration also induced a transition from para- to endodor-
mancy in buds (Do�gramacı et al., 2011).

Photoperiod and temperature are also the main abiotic factors
that control summer dormancy induction (Laude, 1953).
Conversely and symmetrically with winter dormancy, summer
dormancy in vegetative organs develops under increasing day-
length and temperature at the end of spring (Volaire et al.,
2009). The critical photoperiod for summer dormancy induction
at an optimal temperature (22/17 �C day/night) was between 11
and 12 h for P. bulbosa (Ofir and Kigel, 1999), a 13 h 30 min
photoperiod for D. glomerata (Volaire et al., 2009) and a 16 h

photoperiod for H. bulbosum, while an 8 h photoperiod pro-
vided a non-inductive environment in most studies. Moreover,
induction is potentiated during early winter since it is enhanced
by pre-exposure to short days alone or in combination with low
temperatures in P. bulbosa (Ofir and Dorenfield, 1992; Volaire
et al., 2009; Norton et al., 2012). As in winter dormancy, ver-
nalization is another potential species-dependent induction fac-
tor since vernalization was required for flowering and enhanced
dormancy induction in H. bulbosum L. (Ofir and Koller, 1974).
Other species-dependent factors may be required or involved in
induction. Intraspecific variations in the onset of summer dor-
mancy were associated with origin site aridity in different popu-
lations of P. bulbosa (Ofir and Kigel, 2003). Moreover, water
deficit was shown to be an induction factor for P. bulbosa L.
(Ofir and Kigel, 2006), though this is not consistently found to
be the case (Volaire et al., 2009). Volaire et al. (2009) sug-
gested that variance in plants (age, level of selection, i.e. land-
race or bred, local climate genetic adaptations, etc.) might have
influenced these contradictory findings. These environmental
factors signal phytohormonal and chemical signals within the
plant.

General biochemical regulation

Abscisic acid. In winter dormant species, ABA is a stress re-
sponse plant hormone that is the principal dormancy-inducing
and maintaining agent in perennial buds and seeds (Horvath
et al., 2003; Chao et al., 2007; Campoy et al., 2011; Muthoni
et al., 2014). In winter dormant, herbaceous perennials, ele-
vated levels of ABA at the end of spring or early autumn induce
the suppression of meristem growth and initiate senescence
(Horvath et al., 2003). Exogenously applied ABA was shown
to promote tuber formation in potatoes, though this is believed
to be a secondary effect arising from its inhibition of stolon
elongation (Xu, 1998). Moreover, no link was found between
ABA and resting organ growth in lilies (Kim et al., 1994).
Following endodormancy induction, sustained synthesis and ac-
tion of endogenous ABA is necessary for winter dormancy
maintenance, though synthesis, and thus ABA concentration,
declines with dormancy progression (Horvath et al., 2008;
Aksenova et al., 2013). Exogenous ABA was found to restore
dormancy in potato tubers and lily bulbs treated with fluridone
to break dormancy (Kim et al., 1994; Suttle and Hultstrand,
1994). Yet, sensitivity to ABA was found to be dependent on
temperature and resting organ maturity, indicating that the cor-
rect environmental signals, not just hormone presence, are
required for dormancy induction.

Regarding summer dormancy, ABA was shown to play a
role in dormancy induction in P. bulbosa L. (Ofir and Kigel,
1998). ABA was applied under non-inductive photoperiodic
conditions, resulting in bulb development and cessation of
shoot activity, which in turn caused the termination of leaf
emergence and tillering, started leaf senescence and finally
induced bulb dormancy. However, a later study showed no
clear association between dormancy induction and ABA in P.
bulbosa L., D. glomerata L. ‘Kasbah’ and Lolium arundina-
ceum Schreb. cv. ‘Flecha’. Poa bulbosa L., a desiccation-
tolerant species, did, however, show higher concentrations of
ABA in summer than D. glomerata L. and L. arundinaceum
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Schreb. (Volaire et al., 2009). Although more summer dormant
than L. arundinaceum Schreb., D. glomerata L. ‘Kasbah’ had
similar concentrations of ABA. These results suggest a closer
relationship between ABA concentration and the level of desic-
cation tolerance than to the level of summer dormancy in these
species.

Ethylene. Ethylene is another plant hormone involved in winter
dormancy induction in leafy spurge and potato (Horvath et al.,
2003; Suttle, 2004b; Chao et al., 2007; Aksenova et al., 2013;
Muthoni et al., 2014). However, studies show contradictory re-
sults concerning its role in dormancy maintenance and release
(Aksenova et al., 2013). In potato, ethylene has been shown ei-
ther to hasten or to delay sprouting: short exposure resulted in
premature termination of tuber dormancy, while long or con-
tinuous exposure inhibited sprout growth (Suttle, 2004b). This
incoherence between results may be attributed to different spe-
cies, genotypes or ethylene levels (Aksenova et al., 2013).
Studies showed that ethylene levels were highest at endodor-
mancy induction and dropped rapidly afterwards (Horvath
et al., 2008; Aksenova et al., 2013); this spike is thought to be
required for the induction of ABA, thus indirectly prolonging
dormancy in herbaceous species (Chao et al., 2007; Horvath,
2009). However, this does not indicate a direct connection be-
tween ethylene and dormancy maintenance or length. Ethylene,
along with ABA, also plays a role in plant senescence (Horvath
et al., 2003; Chao et al., 2007). Moreover, ethylene is known to
reduce the level of the growth promoter gibberellin (GA), thus
antagonizing growth (Do�gramacı et al., 2010). Overall, the role
ethylene plays in winter dormancy is not fully understood
(Chao et al., 2007; Aksenova et al., 2013), and whether it plays
a role in summer dormancy has yet to be studied.

Gibberellins. In summer dormant plants, GAs enhanced dor-
mancy induction only in vernalized plants exposed to photoin-
ductive conditions (long days) in H. bulbosum L., but did not
appear to be a driving factor in dormancy induction (Ofir,
1976). It was proposed that another factor other than GAs initi-
ated induction while GAs might stimulate the sensitivity to this
factor and bulb initiation. Gibberellin though, is generally con-
sidered a growth stimulator and therefore would not be likely to
be involved in dormancy induction. Conversely, GA is associ-
ated with dormancy release in winter dormant plants. This will
be further discussed below.

Sugars. In leafy spurge, sugar signalling influences the mainten-
ance of winter paradormancy, and potentially the transition be-
tween para- and endodormancy (Chao et al., 2007) via sugar
and phytohormone ‘cross-talking’ (Anderson et al., 2005).
Sugars, such as glucose and sucrose, act as growth inhibitors by
antagonizing the perception of GA, an ABA antagonist
(Horvath, 1999; Chao et al., 2006), and increasing ABA per-
ception (Horvath et al., 2003). Sugars from photosynthesizing
leaves show direct growth inhibition in paradormant, under-
ground buds (Horvath et al., 2003). The conversion of starch to
sucrose also coincides with the transition between para- and
endodormancy (Chao et al., 2007), although the direct link be-
tween this transition and sugar levels has not been fully studied.
Moreover, winter dormant plants accumulate higher sugar con-
centrations in their roots and crowns, with higher concentra-
tions in more dormant plants [e.g. alfalfa (Haagenson et al.,

2003; Weishaar et al., 2005) and lily (J�asik and Klerk, 2006)].
In potato, increased sugar concentrations saw a decrease in GA
levels, a decrease in stolon length and an increase in tuber
growth (Xu, 1998). No change in ABA levels was detected, but
sugar concentrations may influence ABA sensitivity as seen
with leafy spurge. This evidence suggests that sugar concentra-
tion plays an important role in growth inhibition and tuber de-
velopment through its influence on phytohormones, potentially
acting as a nutrient and a signal molecule at the same time
(Sonnewald and Sonnewald, 2014). It might also be noted that
higher sugar concentrations may also be the result of dehydra-
tion/cold stress, and the subsequent impact on ABA and GA
signalling may be part of the signalling mechanism for dor-
mancy induction.

As in winter dormancy, the increase in sugars with the de-
cline of carbohydrates is an early indicator of summer dor-
mancy induction (Volaire, 2005). However, no studies have
been conducted to investigate whether sugar levels play a role
in the induction, maintenance or release of dormancy.

Other compounds

Brassinosteroids (BRs), steroid hormones and growth regula-
tors, are cited in multiple reviews as factors in winter dormancy
(Horvath et al., 2003; Chao et al., 2007; Aksenova et al., 2013),
yet there are few studies on BRs, and most concern potato
tubers (Suttle, 2004b; Aksenova et al., 2013). They have been
attributed to extending endodormancy in potato tubers
(Korableva et al., 2002), but breaking dormancy and germin-
ation in seeds (Koornneef et al., 2002; Finkelstein et al., 2008).
There have also been no studies conducted on BRs in summer
dormant plants.

Auxins are cited as growth inhibitors that influence para- and
endodormancy (Horvath et al., 2003; Anderson et al., 2005;
Chao et al., 2007; Baba et al., 2011). Conversely, other papers
report that experiments do not indicate a role for auxins in dor-
mancy, though these hormones probably influence the subse-
quent sprout growth (Wiltshire and Cobb, 1996; Sorce et al.,
2000; Suttle, 2004b; Aksenova et al., 2013; Muthoni et al.,
2014). Result incoherence may be due to different species cited:
potato tubers (Wiltshire and Cobb, 1996; Sorce et al., 2000;
Muthoni et al. 2014), pea (Pisum sativum L.) (Horvath et al.,
2003) and arabidopsis (Horvath et al., 2003). Potato tubers ap-
pear to respond differently to auxins compared with other herb-
aceous species such as strawberry, Fragaria � ananassa Duch.
(Zhang et al., 2012). Although auxins have been implicated in
the dormancy process in woody species (Chao et al., 2007;
Baba et al., 2011), whether they act as a growth stimulator, in-
hibitor or a dormancy driver in winter dormant, herbaceous
plants has yet to be elucidated (Sonnewald and Sonnewald,
2014). The role of auxins in summer dormancy, as with BR and
ethylene, has yet to be studied.

Jasmonic acid (JA) and associated compounds are phytohor-
mones and growth regulators previously implicated as factors
in winter dormancy regulation (Del Pozo et al., 2005; Horvath
et al., 2008; Ladyzhenskaya and Korablyova, 2011); however,
existing research regarding their role in winter dormancy is
contradictory (Aksenova et al., 2013). For summer dormancy,
JA positively influenced tuber formation in Pterostylis
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sanguinea D.L. Jones & M. Clements, an Australian summer
dormant orchid, and a symbiotic relationship between JA and
sugar was proposed (Debeljak et al., 2002). Nonetheless, this
does not necessarily link them to summer dormancy induction.
The role of JA in both winter and summer dormancy needs fur-
ther research.

FACTORS IN MERISTEM DORMANCY RELEASE

Dormancy release, or the resumption of growth competence
following dormancy, is less studied than dormancy induction
(Considine and Considine, 2016).

Environmental drivers

In winter dormancy, low temperatures enhance the initiation
of endodormancy, but extended periods of cold result in its re-
lease (Benkeblia and Selselet-Attou, 1999; Chao et al., 2007;
Horvath, 2009). Increasing photoperiods have also been impli-
cated as influencing dormancy release in herbaceous, temperate
perennials (Heide, 2001; Sønsteby and Heide, 2006). In potato
tubers, other genotype-dependent factors have been shown to
hasten or break dormancy such as extreme temperatures
(>35 �C), greater diurnal temperature variation and high CO2

concentrations or low oxygen levels (Muthoni et al., 2014).
Intraspecific variability between genotypes, such as different
chilling requirements among Calopogon tuberosus Britton,
Sterns & Poggenb. (Orchidaceaes) populations (Kauth et al.,
2011), often results from varying environmental conditions at
origin sites.

Symmetrically with winter dormancy and as extended peri-
ods of extreme temperatures are generally required to release
buds from endodormancy (Anderson et al., 2010), high tem-
peratures facilitate the release of summer dormancy at the end
of summer (Volaire and Norton, 2006). In P. bulbosa L., the
gradual release of dormancy is facilitated by relatively high
temperatures (decreased inhibition by these high temperatures)
at the end of the summer, while sprouting of the dormant buds
is accelerated once the lower temperatures characteristic of
early autumn recommence (Ofir, 1986). Mirroring winter dor-
mancy, this pattern may be a classic transition between endo-
dormancy and ecodormancy where sufficient heat units need to
accumulate to bring about release of endodormancy, but growth
of these competent meristems is still inhibited by temporary un-
favourable environmental conditions.

General biochemical regulation

Cytokinins. Cytokinins (CKs) are phytohormone regulators that
control the transition between winter dormancy release, onset
of bud growth and organ senescence (Wiltshire and Cobb,
1996; Chao et al., 2007; Aksenova et al., 2013; Suttle et al.,
2014). CK inactivity results in dormancy extension, while
enhanced CK activity results in dormancy shortening
(Aksenova et al., 2013). During winter dormancy, CK levels
and sensitivity to CKs is low, but it increases as dormancy de-
clines (Suttle, 2004b; Aksenova et al., 2013; Muthoni et al.,
2014). However, CK metabolism does not consistently change
with this increase of sensitivity, which suggests a change in CK

perception and/or the signal transduction pathway with dor-
mancy state (Suttle, 2004b). CK has been well studied in winter
dormant plants and has been demonstrated as a primary regula-
tor for dormancy release. The effects of CK on summer dor-
mant plants have yet to be explored.

Gibberellins. Studies on the role of GAs in winter dormancy
show contradictory results. Discrepancies appear to be between
exogenous and endogenous GA as well as between species.
Exogenous GA has long been used to break dormancy and pro-
mote sprouting both experimentally and as an approved com-
mercial treatment in both herbaceous (Claassens and
Vreugdenhil, 2000; Suttle, 2004b) and woody species,
described as a ‘potent inducer of bud burst of fully dormant
buds’ in Populus (Rinne et al., 2011). However, results are
highly species dependent. Application of exogenous GA was
able to break dormancy and induce sprouting in dormant potato
and leafy spurge buds, but could not do so in ironweed
(Vernonia baldwini Torr.) (Shafer and Monson, 1958; Suttle,
2004b; Rentzsch et al., 2012). Endogenous GA levels change
with the dormancy cycle: rapidly decreasing upon endodor-
mancy induction, remaining low during dormancy and increas-
ing nearing dormancy release and onset of sprouting (Claassens
and Vreugdenhil, 2000; Horvath et al., 2006). Yet, this is prob-
ably a result, not a driver, of dormancy. The study of Suttle
(2004a) did not support a role for endogenous GA in potato
tuber dormancy release, suggesting that it was more correlated
with successive bud growth. Similarly, Hartmann et al. (2011)
found that GA was not sufficient to break dormancy in the ab-
sence of CK, but was able to induce sprouting. Both endogen-
ous and exogenous GA have been shown to block tuber
formation under tuberizing conditions (e.g. short photoperiods),
but under non-tuberizing conditions (e.g. long photoperiods)
tuber formation could be induced by blocking GA synthesis
(Claassens and Vreugdenhil, 2000). After tuber formation, how-
ever, GA had no effect on growth (Vreugdenhil and Sergeeva,
1999). In potato and leafy spurge, studies showed that GAs
reduced sucrose content and overcame sugar inhibition of
growth (Vreugdenhil and Sergeeva, 1999; Anderson et al.,
2005; Chao et al., 2006), but whether this is related to dor-
mancy release remains unclear. These results support a role for
both endogenous and exogenous GA in antagonizing tuber for-
mation and promoting sprout growth, but show that the role of
exogenous GA in dormancy release varies with species.

PERSPECTIVES

The annual, phenological cycles of winter and summer dormant
perennial herbaceous species are remarkably similar, with the
succession of three seasons of growth followed by a season of
dormancy and reduced metabolic activity in specific organs. In
both cases, this process is mediated by symmetrical, inductive
daylength and temperatures (Figs 1 and 2). In parallel with bud
and seed dormancy, which are similar but not identical phe-
nomena (Dennis, 1996), winter and summer dormancy of meri-
stems in perennial, herbaceous, temperate species are similarly
driven by seasonal cues in order to enhance whole-plant sur-
vival during the harshest season.

This similar pattern allows the identification of a few main
research priorities that are relevant to both types of dormancy
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(Fig. 3; Table 1). These research priorities could be efficiently
addressed in herbaceous species since (1) they are more tract-
able than woody species to carry out experiments (transplant-
ation of adult plants, controlled conditions, etc.) and (2) in
contrast to woody species for which summer dormancy has not
been clearly reported, they represent the only known model
plants for which both summer and winter dormancy have been
clearly identified. Potential model systems for the parallel study
of both types of dormancy should be identified. Ubiquitous
herbaceous species with a large biogeographical distribution
could provide ecotypes originating from hot and dry summer
climates as well as cold winter climates, and thus potentially
exhibiting both seasonal dormancy types. Dactylis glomerata is
a good candidate for the study of dormancy since its ecotypes
are broadly distributed in Europe, North Africa and Asia
(Borrill, 1978; Lumaret, 1988), and exhibit major differences in
growth patterns in response to seasonal variations of photo-
period and temperatures (Eagles, 1967; Treharne and Eagles,
1970; Eagles and Ostgard, 1971). Hence, along this strong cli-
matic gradient, ecotypes exhibit contrasting strategies, from
frost tolerance and winter dormancy in northern ecotypes to
drought tolerance and summer dormancy in Mediterranean eco-
types (Cooper, 1964).

For suitable model plants, the major research priorities are
presented below.

Identification of thresholds of seasonal cues for induction/release
of both dormancy types

Photoperiod and temperature are known to play a crucial,
though reversed, role for the induction and release of both types
of dormancy. However, the thresholds and combined effects of
these environmental factors remain little explored (Norton et al.,
2016). Shifts in plant phenology, at least in woody plants (Fu
et al., 2015; Chuine et al., 2016), are already visible under the ef-
fects of climate change. To understand and predict their impacts
requires the current and potential range of seasonal cues for dor-
mancy induction and release to be defined at the inter- and intra-
specific levels (Fig. 3). Applying these environmental threshold
parameters to existing models of plant growth and development

could provide insights for a future environmental range of adap-
tations of species and populations. It can be hypothesized that
for perennial herbaceous species in the most northern and south-
ern ranges of temperate environments, global warming could
tend to decrease the occurrence of winter dormancy while, in
parallel, summer dormancy could become a more widespread
strategy. Long-term field monitoring and common garden ex-
periments comparing a species such as D. glomerata L., with
populations exhibiting winter dormancy (Scandinavia) and sum-
mer dormancy (Morocco), could provide interesting insights into
potential shifts in plant phenological adaptations.

Such studies would require monitoring the other pheno-
logical stages (flowering, length of growing season, etc.) in par-
allel, since many pre- and post-dormancy effects have been
identified involving, for instance, a trade-off between the maxi-
mization of the growth period and the minimization of the dor-
mancy stage in woody plants (van der Schoot et al., 2014;
Körner et al., 2016).

Analysis of biochemical regulation of dormancy in herbaceous
plants

The comparison of hormonal and biochemical factors associ-
ated with induction and release between summer and winter dor-
mancy is challenging due to the paucity of research on summer
dormancy (Volaire and Norton, 2006). The induction of winter
dormant species is driven or aided by ABA, ethylene and pos-
sibly influenced by sugars, JA, auxins and BRs depending on
species and concentration, and dormancy release is primarily
driven by CKs. Summer dormancy induction and release, in
contrast, are little understood. ABA was shown to influence
summer dormancy imposition (Ofir and Kigel, 1998), yet other
results dispute this (Volaire et al., 2009). Research on GAs also
shows contrasting effects. In winter dormant plants, GA was
associated with dormancy breaking or subsequent growth; in
summer dormant plants, GA was correlated with dormancy in-
duction. It raises the need to explore further the role of GA in
both dormancy types. Summer dormancy research can target as-
pects of winter dormancy already studied. For example, the fac-
tors shown or thought to influence induction or release in winter

TABLE 1. Research status of different dormancy drivers and regulators in herbaceous, temperate, perennial plants

Winter dormancy Summer dormancy

Induction Release Induction Release

Environmental drivers Photoperiod SD LD LD ?
Temperature Decreasing Extended cold Increasing High

General biochemical regulation Abscisic acid (ABA) X ?
Ethylene X ? ?
Sugars X ?
Cytokinins (CKs) X ?
Gibberellins (GAs) ? ?
Brassinosteroids (BRs) ? ? ?
Auxins ? ? ?
Jasmonic acid (JA) ? ? ?

The environmental drivers influencing the induction and release of dormancy are reasonably well studied, including short-day (SD) and long-day (LD) photo-
period and temperature changes or extended durations.

Well-established biochemical regulators influencing the dormancy cycle in a number of model species are indicated with an ‘X’. Drivers and regulators lack-
ing conclusive research are indicated with a ‘?’ under either induction or release depending on their putative role; if unknown, both columns are marked.
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dormancy in herbaceous, temperate, perennial plants (ABA,
ethylene, sugars, CKs and GAs) could be a priority research
focus for summer dormancy. In addition, deciphering the hor-
monal and genetic factors involved in summer and winter dor-
mancy would be an important step in understanding dormancy
dynamics. To this end, as summer and winter dormant popula-
tions of D. glomerata can be crossed, a forward genetic ap-
proach might be fruitful. To complement genetic and genomic
studies, biochemical and functional approaches are crucial to
understand dormancy regulation (R�ıos et al., 2014).

Exploration of the growth–stress survival trade-off

Since the timing of dormancy enables optimal resource re-
allocation to maintain the balance between stress adaptation

and growth (Bjornson et al., 2016), the study of adaptive re-
sponses associated with seasonal dormancy illustrates the clas-
sical growth–stress survival trade-off in both seasons (Sibly and
Calow, 1989; Wright et al., 2010). However, the strength of
this trade-off is unknown since the extent to which dormancy
and stress tolerance can be uncoupled remains little explored
(Wisniewski et al., 2014). The distinction between dormancy
and stress hardiness remains poorly delineated and, in particu-
lar, separating dormancy and acclimation remains difficult, not-
ably in woody perennials (Considine and Considine, 2016).
Moreover, the role of thermo-period in dormancy is somewhat
confounded with acclimation, particularly to water stress such
as freezing or dehydration (Vitasse et al., 2014). Summer dor-
mancy could be an interesting model to address these issues
since it is measured under full irrigation allowing

Dormancy

Growing season

Dormancy induction Dormancy release

Thresholds ? 

Other phenological stages 

Biochemical regulations ? 

Growth–stress survival 
trade-off?

Photoperiod – Temperature 

Global warming

High meristem
dehydration tolerance 

Impacts ?

Low meristem
dehydration tolerance 

FIG. 3. Diagram of the annual phenology of herbaceous, temperate, perennial plants exhibiting either winter or summer dormancy. Research priorities on the eco-
physiology of both types of dormancy in these model species: (1) to identify the thresholds of seasonal cues for induction/release; (2) to better understand biochem-

ical regulations of dormancy; and (3) to explore the growth–stress survival trade-off.
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differentiation of endodormancy and ecodormancy (or quies-
cence), which is triggered by lack of water and is only an op-
portunistic avoidance state (Considine and Considine, 2016).
Conversely, winter dormancy in a species such as alfalfa is
measured through autumn growth reduction, and no clear as-
sessment of dormancy/quiescence has been proposed during the
winter. In any case, parallel to summer dormancy, testing peri-
ods of high temperature in the middle of the winter could be
promising to clarify the dormancy status. This would allow the
identification of the trade-off limits between growth potential
during a season and stress survival ability. Notably in alfalfa, it
was suggested that considerable improvement in both autumn
growth and winter hardiness can be achieved simultaneously
(Brummer et al., 2000).

To investigate this trade-off further, it would be interesting to
explore the occurrence of crossed stress resistance, such as a
higher drought tolerance for winter dormant plants as suggested
with alfalfa (Pembleton and Sathish, 2014) or a possible greater
survival of a counter season (winter) drought on populations
that exhibit dormancy only in summer. Consequently, testing
the potential decoupling between dormancy and stress survival
could also cast a light on the role of seasonal acclimation in de-
hydration tolerance. Finally, unravelling the covariation of plant
productivity and stress resistance can have important implica-
tions for the ecological management of plant communities and
the enhancement of breeding programmes for species of agro-
nomical interest such as D. glomerata.

CONCLUSION

The parallels between summer and winter dormancy confirm
their symmetrical nature as seasonal adaptive strategies and
allow the proposition of research priorities common to both
plant strategies. The comparison of both types of dormancy in
herbaceous plants has limitations since (1) there is an overall
lack of research in these species compared with woody plants;
and (2) the different model plants studied are mainly dicotyle-
dons for winter dormancy and mainly monocotyledons for sum-
mer dormancy. It raises the need to investigate the occurrence
of summer dormancy in a larger range of species, including
woody species. Moreover, phylogenetic information on the co-
occurrence of dormancy, other life history and physiological
traits could provide exciting directions for further research in
plant evolutionary ecology (Shefferson, 2009). In addition, this
review did not include the genetic and molecular processes that
drive the cycle of dormant buds in synchrony with the seasons
since they are largely elusive (van der Schoot et al., 2014).
However, at ecological and ecophysiological levels, the under-
standing of dormancy can help predict the evolution of pheno-
logical patterns of species and communities under climate
change (Volaire et al., 2014). Furthermore, a better knowledge
of the dormancy trait would certainly be useful for ecological
and agricultural roles in locations of increasingly severe, sea-
sonal conditions. Under low and high latitudes, in areas with
strong seasonal contrasting environmental conditions, it may be
worth exploring the inter- and intraspecific genotypic variabil-
ity of plant dormancy and its plasticity across environmental
gradients. It would assist the development of phenotypes with
enhanced dormancy or opportunistic dormancy adaptations that

could improve adaptation to less predictable environmental
stresses associated with future climates (Vaughton and Ramsey,
2001; Newell et al., 2015).
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