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2023+ Background Plants have adapted to survive seasonal life-threatening frost and drought. However, the
timing and frequency of such events are impacted by climate change, jeopardizing plant survival. Understanding
better the strategies of survival to dehydration stress is therefore timely and can be enhanced by the cross-fertil-
ization of research between disciplines (ecology, physiology), models (woody, herbaceous species) and types of

stress (drought, frost).

* Scope We build upon the ‘growth—stress survival’ trade-off, which underpins the identification of global plant
strategies across environments along a ‘fast-slow’ economics spectrum. Although phenological adaptations such
as dormancy are crucial to survive stress, plant global strategies along the fast—slow economic spectrum rarely
integrate growth variations across seasons. We argue that the growth—stress survival trade-off can be a useful
framework to identify convergent plant ecophysiological strategies to survive both frost and drought. We review
evidence that reduced physiological activity, embolism resistance and dehydration tolerance of meristematic tis-
sues are interdependent strategies that determine thresholds of mortality among plants under severe frost and
drought. We show that complete dormancy, i.e. programmed growth cessation, before stress occurrence, minim-
izes water flows and maximizes dehydration tolerance during seasonal life-threatening stresses. We propose that
incomplete dormancy, i.e. the programmed reduction of growth potential during the harshest seasons, could be
an overlooked but major adaptation across plants. Quantifying stress survival in a range of non-dormant versus
winter- or summer-dormant plants, should reveal to what extent incomplete to complete dormancy could represent

a proxy for dehydration tolerance and stress survival.

e Conclusions Our review of the strategies involved in dehydration stress survival suggests that winter and
summer dormancy are insufficiently acknowledged as plant ecological strategies. Incorporating a seasonal fast—
slow economics spectrum into global plant strategies improves our understanding of plant resilience to seasonal
stress and refines our prevision of plant adaptation to extreme climatic events.

Key words: Dehydration tolerance, dormancy, growth—stress survival trade-off, embolism resistance, mortality
threshold, phenology, fast—slow economics spectrum, seasonality, strategy, drought survival, frost survival.

INTRODUCTION

In their natural environments, living organisms have adapted to
biotic and abiotic stresses that impact their growth, reproduc-
tion, survival and overall fitness (Grime, 2001). However, the
current and predicted climate change is likely to expose organ-
isms to more intense and less predictable heat, drought, frost and
other stresses, thus jeopardizing their survival (Ummenhofer and
Meehl, 2017). Consequently, many organisms already experi-
ence or will soon experience extreme environmental conditions
outside their current tolerance range (Botero et al., 2015). It is
therefore crucial to improve our knowledge of the stress survival

strategies of plants to anticipate and manage the impacts of cli-
mate change on ecosystems. Comparative approaches can help
identify convergent research avenues on processes and trade-
offs underlying stress survival (Taborsky et al., 2021).

Firstly, a major and convergent ecological pattern in the plant
kingdom is the generally observed negative relationship between
growth and stress survival (see Glossary, Box 1). This relation-
ship has been well documented for plants facing various abiotic
stresses, including drought and frost stress (Grime, 1977; Grubb,
1998). The extent to which a species can combine growth and
resilience to stress remains an ongoing question that merits fur-
ther investigation, especially under climate change (Doerner,
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2020). We here discuss the relationship between stress survival
and growth, which is usually assessed as the maximum annual
growth potential in optimal conditions (Perez-Harguindeguy
et al., 2013). We show the generality of this relationship across
various model species to understand plant survival strategies.
Furthermore, we propose extending the scope of these global
strategies by including phenological adaptations allowing plants
to tolerate seasonal stress, such as seasonal dormancy. Doing so,
growth should also be assessed, but not only as the maximum
annual growth potential and not as the actual plant growth (or
growth reduction) during the most stressful season (Grubb, 1998).
We propose to assess growth as the reduced growth potential (and
not absolute growth) during the same most stressful season (see
Box 1) since we demonstrate that the anticipated reduction in sea-
sonal growth potential (relative to the maximum annual growth
potential) may be a key strategy for survival of dehydrative stress.

Secondly, as drought and frost are abiotic stresses, both of
which decrease the availability of water to plant cells (Pearce,
2001; Verslues et al., 2006), the strategies of dehydration avoid-
ance and tolerance of plants subjected to either severe drought or
freezing involve convergent physiological adaptations (Verslues
et al., 2006; Lata and Prasad, 2011; Nakashima et al., 2014).
Hence, solute accumulations, osmotic adjustment and modifi-
cation of the properties of cell walls help plants to tolerate the
dehydration induced by low water potential. These protective
mechanisms for preventing or repairing cell damage are ob-
served under various dehydrative stresses and for many species
(Close, 1997; Hare et al., 1998; Krasensky and Jonak, 2012).
Thus, a plant facing a primary stress (e.g. drought) can acquire
the benefit of the ability to face a secondary abiotic or biotic
stress (e.g. frost), i.e. have cross-stress tolerance (Liu et al.,
2021). Cross-stress tolerance has been recently described in trees
(Charrier et al., 2021), crops (Pushpavalli et al., 2020), grasses
(Kong and Henry, 2016, 2019) and some resurrection plant spe-
cies with double tolerance, able to recover after complete desic-
cation and be freezing-tolerant (Ferndndez-Marin et al., 2020).
Consequently, in this review we highlight that the relationship
between growth and stress survival can be better understood
when considering the convergent physiological mechanisms en-
suring plant survival, namely the strategies related to dehydra-
tion tolerance under severe summer drought and winter frost.
These mechanisms should be common among vascular plant
species living in climates where severe summer drought and/
or winter frost are the most limiting factors and life-threatening
at given seasons. We focus here on seasonal dormancy, which
minimizes water flows and maximizes dehydration tolerance in
many plant species, both in winter and summer.

At the crossroads of ecological and physiological approaches,
this viewpoint argues that seasonal dormancy is a key strategy
illustrating the relationship between growth potential and stress
survival. (Complete) dormancy is a programmed inability to
grow (Box 1). Incomplete dormancy (Box 1) can be defined as
a programmed reduction in growth potential during the most
stressful season (Volaire and Norton, 2006). We argue that this
little-explored phenological adaptation could underpin a con-
tinuum of dehydration tolerance and resilience ability of plants
living in bioclimatic areas with severe seasonal frost or drought.
Moreover, assessing the intra- and inter-specific variability of
incomplete dormancy could highlight whether and which plant
species anticipate periodic seasonal stresses.

THE GROWTH-STRESS SURVIVAL TRADE-OFF
UNDERPINS THE FAST-SLOW CONTINUUM OF PLANT
STRATEGIES

A generalized fast—slow continuum should include seasonality

The trade-off between growth, or more generally any physio-
logical activity related to fitness (growth, development, repro-
duction) and stress survival, usually and hereafter called the
‘egrowth—survival trade-off’, is a central tenet in ecology across
all types of organisms (Grime, 1974; Sibly and Calow, 1989;
Turbill ef al., 2011). This trade-off underpins the identification
of global plant ecological strategies along a plant economics
spectrum, reflecting a gradient of resource use (Reich, 2014).
This gradient ranges from slow growth strategies associated
with a high survival capacity and energy/carbon conservation in
plants of species usually living in low-resource environments,
to fast growth strategies associated with a high resource ac-
quisition capacity but at the expense of poor stress survival, in
plants of species usually living in richer environments (Grime,
2001; Wright et al., 2010). Accordingly, the survival probability
of any species/population should be predictable by its position
along the fast—slow plant economics spectrum in a given envir-
onment (Reich, 2014).

Here we illustrate that this fast—slow continuum is under-
pinned by the growth—survival trade-off. At the fast end of the
continuum, highly productive and resource-acquisitive spe-
cies (Fig. 1A), such as annual crop species (Claeys and Inze,
2013), are usually dehydration-sensitive and poorly adapted
to severe drought and frost stresses. By contrast, species with
lower growth rates are more dehydration-tolerant and survive
notably better in response to severe stress. The slowest end
of the spectrum (Fig. 1A) can be exemplified by resurrec-
tion plants, which are among the most resource-conservative
and slow-growing herbaceous species, with long life spans
(Tebele et al., 2021). They can survive months or even years
of desiccation, i.e. <30% water content while maintaining
tissue moisture levels in equilibrium with ambient atmos-
pheric humidity (Zhang and Bartels, 2018), illustrating the
negative relationship between desiccation tolerance and
growth (Alpert, 2006).

Ecological strategies of the fast—slow plant economics spec-
trum have been described based on integrative plant functional
traits (Wright et al., 2004) that are usually measured under the
expected least limiting conditions. Doing so, traits reflect the
strategies underlying the maximum annual growth potential
(e.g. usually measured during the peak of vegetation growth),
a key component of plant fitness, and allow reliable compari-
sons between species/populations living in environments with
contrasting conditions and stress intensities. However, these
conditions may poorly describe the temporal variations and ad-
justments in plant responses to seasonally fluctuating conditions
(Volaire et al., 2020). Yet most species show seasonal activity
and alternate periods of active growth (resource acquisition)
and periods of restricted growth (resource conservation) when-
ever the environmental conditions are limiting. For example,
some resurrection plants are desiccation-sensitive at certain
times while desiccation-tolerant at others (Farrant et al., 2009).
Likewise, some plant species can reduce their metabolic rates,
becoming quiescent under unpredictable stress while recovering
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F1G. 1. The growth-stress survival trade-off (blue lines) and the fast-slow continuum of strategies in plant species—adapted from (Sibly and Calow, 1989): (A)

exemplified by dehydration-sensitive, dehydration-tolerant and desiccation-tolerant species/populations along a global fast—slow continuum irrespective of sea-

sonality but usually measured during the most favourable season; and (B) for three types (1-3) of dehydration-tolerant species or populations, along a seasonal

fast—slow continuum shown to illustrate the suggested relationship between levels of incomplete seasonal dormancy (reduction of seasonal growth potentials) and

frost or drought survival. The open red star symbols show the theoretical position of a given dehydration-tolerant plant along the global fast—slow continuum. The

closed red star symbols show the actual position of the same plant along the seasonal fast—slow continuum when considering the real seasonal growth potential. In
case of no dormancy (3), open and closed red star symbols align.

when the conditions become favourable again (Velappan et al.,
2017). Moreover, species with a seasonal dormancy periodic-
ally anticipate the incoming stress and ‘know when not to grow’
(Bielenberg, 2011), although at given seasons only (Fig. 1B).
This raises the following question: is the reduction of seasonal
growth potential during the most life-threatening seasons (Box
1, Fig. 1B) as, or even more, meaningful than the maximum an-
nual growth potential to describe plant strategy and overall adap-
tation to seasonal stress? In this paper we propose that seasonal
dormancy, whether complete or incomplete, be considered a key
strategy to refine the fast—slow continuum economics spectrum
by adding a temporal dimension to it (Grubb, 1998), and we
suggest a methodology to do so.

Seasonal dormancy is a key strategy to refine the fast—slow
continuum

Dormancy is an adaptive response, enabling survival
during seasons when environmental conditions are most
life-threatening (Vegis, 1964), such as winter in extratrop-
ical regions and summer in the Mediterranean and semi-arid
regions. Regardless of the season, complete dormancy is as-
sociated with a loss of access to growth-promoting signals,
generally induced by photoperiodic and thermal cues, resulting
in decreased metabolic and cellular activities in anticipation
of forthcoming stresses such as frost or drought (Horvath et
al., 2003; Gillespie and Volaire, 2017). Dormancy can be re-
garded as a prolonged ‘gearing down’ strategy (Grubb, 1998)
without possible rapid regrowth when conditions become

briefly favourable to physiological activity. Thus, dormancy re-
lease requires a prolonged exposure to particular environmental
conditions.

Notwithstanding the diversity of adaptive mechanisms to
cope with frost and drought, which both generate tissue de-
hydration (Verslues et al., 2006; Kong and Henry, 2018), we
propose a unique framework to describe them (Fig. 2). Among
the strategies of dehydration avoidance and tolerance shared by
most vascular plant species, complete dormancy facilitates sur-
vival of the highest dehydration risk, either during winter or
summer due to a programmed inability of meristems to grow,
despite possible suitable transitionary environmental condi-
tions (Lang, 1996).

If winter dormancy is a widespread strategy in extratropical
woody and herbaceous species, summer dormancy is a common
strategy among herbaceous perennials in Mediterranean and
semi-arid areas (Gillespie and Volaire, 2017). In tropical tree
species, slow-growing habits (Oliveira et al., 2021) and drought
deciduousness (Vargas et al., 2021) confer a high resilience to
drought, suggesting there may be some level of incomplete dor-
mancy during the stress period. Interestingly, summer dormancy
has rarely been identified in woody species (Lei, 2005), con-
trary to winter dormancy. Both summer and winter dormancy
are yet also common in many animal species (Wilsterman et al.,
2021), suggesting that dormancy may be a strategy shared by
most living organisms to survive stress.

Complete dormancy is the strategy exhibited, for instance,
by herbaceous plants that rely on underground perennating
organs (tubers, rhizomes, bulbs, ...) to survive periods of
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unfavourable conditions (Lubbe et al., 2021). However, dor-
mancy can be regarded in many cases as a cryptic strategy
(Albert et al., 2019) that may be difficult to detect and monitor.
So far, the only method is to measure meristem growth
under favourable conditions, i.e. under additional summer
water supply for summer dormancy (Laude, 1953) and high
temperature for winter dormancy (Campoy et al., 2011).
Following this method in experimental conditions, recent
studies (Bristiel et al., 2017; Keep et al., 2021) demonstrated

Plant responses
under increasing
dehydration stress

A

STRESS
SURVIVAL

Growth
cessation

a strong continuous trade-off between seasonal growth poten-
tial and stress survival in European populations of Dactylis
glomerata and Lolium perenne (Fig. 3). Mediterranean popu-
lations of these two perennial grasses exhibited the highest
and lowest growth potential in winter and summer, respect-
ively. Consequently, they had a low and high survival rate to
winter frost and summer drought, respectively (Fig. 3). The
opposite pattern was observed for populations of these species
originating from northern European areas.

Desiccation
tolerance
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Dehydration
tolerance

STRESS
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Dehydration
avoidance

Embolism
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Moderate

Severe Dehydration

High tissue water content

Low tissue water content
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FiG. 2. Convergent plant adaptive strategies under increasing dehydration stress (due to drought or frost). The strategy of tissue dehydration avoidance (green)

decreases as dehydration stress increases and underpins stress resistance (growth maintenance). As stress increases in severity, growth ceases, and stress survival is

increasingly supported by dehydration tolerance (pale yellow), particularly in specific organs such as buds and meristems when plants exhibit a dormancy strategy

(dark yellow). Dehydration tolerance is associated with increasing embolism resistance (blue) and decreasing tissue water content. The strategy of desiccation

tolerance confers survival to the most severe stress (drought and frost) but does not imply hydraulic adaptations during the stress and therefore, no embolism re-
sistance. Adapted from Volaire (2018).
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FiG. 3. Three hundred and eighty-five European populations of the perennial ryegrass Lolium perenne express a continuous trade-off between growth potential

and stress survival, in summer and winter. Red symbols, Mediterranean populations; blue symbols, temperate populations; green symbols, northern populations.

Growth potential was measured in wet summer (A) and mild winter (B) environments, showing a gradient of incomplete seasonal dormancy that differs between

summer and winter conditions (brown arrows). Plant stress survival was measured in dry summer (A) and cold winter (B) environments in three common gardens
along a latitudinal gradient between western France and northern Germany (Keep et al., 2021). *** significant correlation (P<0.001).
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Considering that incomplete dormancy should be mainly
cryptic, it is possible that programmed seasonal reduction of
growth potential could have remained largely unnoticed so far
(Fig. 1B) and be considered as quiescence. We propose here that
this endogenously controlled and anticipated seasonal reduction
of growth potential, i.e. levels of incomplete dormancy (Box 1)
could be included as a modality of the dormancy strategy (Fig.
2). Hence, we propose in the following that, as for species with
complete dormancy, the relative seasonal growth potential, i.e.
the reduced growth potential of incompletely dormant species
measured during the usually life-threatening season (Fig. 1B)
relative to the maximum annual growth potential, should be
negatively correlated with dehydration stress survival.

PHYSIOLOGY OF THE ‘GROWTH-STRESS SURVIVAL
TRADE-OFF

In the light of ecological strategies, it is logical that growing
slowly, either permanently in a chronically harsh environment
or as a response to an anticipated or accidental threatening
stress, is the general cost to pay for ensuring survival. It never-
theless requires maintaining core physiological activity, albeit
at a low rate, to prevent death caused by a shortage of energy
(carbon starvation) and/or water supply (dehydration). The
downregulation of metabolic activity contributes to adjusting
the metabolism to cope with stress and reach basal metabolic
rates compatible with self-maintenance while saving carbon re-
serves for ‘better days’ (Asami et al., 2018). Under extended
periods of drought-impairing photosynthesis, plants may in-
deed face a carbon reserve depletion, known as carbon star-
vation (McDowell et al., 2008). However, the role of carbon
supply, notably to minimize cellular dehydration by osmotic
adjustment, strongly interacts with plant water content and
flows since drought-associated mortality originates from a
whole-plant water-relation backbone (McDowell et al., 2022).
The understanding of plant survival to drought and frost has
therefore recently focused on hydraulic adaptations, for which
recent advances raise comparative questions across multiple
plant growth forms and types of stress. Here we review the

249

physiological thresholds associated with survival versus mor-
tality in a large range of species under severe drought and frost.
We demonstrate that these adaptations may be better under-
stood when considering seasonal growth regulations at the
whole plant level, exemplified by the dormancy strategy.

Defining physiological thresholds for plant survival to frost and
drought

With the exception of resurrection plants, which can survive
desiccation (Fig. 2), maintaining water supply is essential
for most plant species. Under highly negative water poten-
tial, water flow may be interrupted by the embolization of the
xylem, i.e. gas formation and spreading within and across
xylem conducting elements. Various types of stress, including
drought and frost, can induce the breakage of the water column
by embolism, interrupting water transport and potentially af-
fecting the viability of above-ground distal organs during se-
vere stress (Charrier et al., 2021). Hence, embolism resistance,
and therefore water transport capacity, has long been viewed
as a key trait for stress survival (Fig. 4), although the relative
importance of this strategy depends on plant growth forms. The
high levels of embolism (>50 or 90 % according to studies)
that can be reached during extreme drought and heat events can
result in a lack of recovery of plant functioning and/or meri-
stem reactivation once the stress is released (Urli et al., 2013;
Hammond and Adams, 2019). Embolism resistance is often es-
timated by water potential leading to 50 or 90 % embolism (P,
or P ). Plants present a large variation in P, from —1 MPa
for hygrophilous species such as Populus to almost —19 MPa
for Callitris tuberculata, which is adapted to extreme droughts
and reaches the physical limit of water transport (Larter et al.,
2017). The range of variation of P,, within temperate grasses
(=0.7 to =7.5 MPa) is similar to that found in woody angio-
sperm species from the same biogeographical areas (Lens et
al., 2016).

The resistance to embolism is enhanced by many strategies
allowing the control of water potential decline (Choat et al.,
2018), such as the maintenance of sufficient water uptake

Dehydration stress duration & intensity

Stress onset or
dormancy induction

Growth - metabolic activity

Water transport capacity

Meristem dehydration

o
>

Stress release or
dormancy release

Minifmum High dehydration tolerance
recovery 3
threshold Survival

tolerance

Low dehydration tolerance
Desiccation

F1G. 4. Main processes determining plant survival or death from the onset to the cessation of a drought or cold period. Seasonal dormancy triggers the adaptive

processes before the onset of the stress (or even with no subsequent stress occurring), therefore inducing the dehydration of some key plant tissues and reinforcing

their dehydration tolerance. The reduction of growth and metabolic activity is the first process associated with the induction of dormancy and/or dehydration stress.

As dehydration stress increases, the minimum recovery threshold or no-return point (yellow star) depends on plant maintenance of water transport capacity and

dehydration tolerance in the surviving organs, which are often meristematic tissues. This figure is relevant for major plant species with some level of dehydration
tolerance but does not apply to desiccation-tolerant plant species.
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through deep rooting (Chitra-Tarak et al., 2021), the control
of transpiration (Martin-StPaul et al., 2017; Duursma et al.,
2019) or hydraulic vulnerability segmentation (Charrier et al.,
2016). These adaptations align with the growth—stress survival
trade-off since the reduction of metabolic activity and leaf
shedding (Martin-StPaul et al., 2013; Charrier et al., 2016) con-
tribute to minimizing growth and water flows and hence reduce
the risk of embolism (Oliveira et al., 2021; Vargas et al., 2021).

Water transport is also affected by frost stress due to freeze—
thaw cycles. In this case, embolism is generated by propagating
air bubbles entrapped in an ice lattice during sap thawing.
Air—water contact surfaces are likely to be displaced by the
extremely low water potential at the liquid—solid interface,
~—1 MPa below the freezing point (Hansen and Beck, 1988).
Vulnerability to freeze—thaw embolism is generally correl-
ated with the mean diameter of the xylem conduits, with wider
vessels containing more dissolved gas that would form larger
bubbles on freezing being the most vulnerable to embolism on
thawing (Charrier et al., 2014). Trade-offs between freezing
tolerance and growth rate have been reported (Koehler ef al.,
2012;Yin et al., 2022) and are notably illustrated in the case of
dormant overwintering plants with low metabolic activity and
therefore minimal embolism (see next section).

Although embolism occurs under various stresses (drought,
heat, cold), empirical data do not support a universal relation-
ship between the loss of water supply capacity and stress sur-
vival, e.g. a high embolism can be observed without entailing
mortality both in plants under extreme stress (Hammond and
Adams, 2019) and in overwintering plants (Mayr et al., 2003).
Interestingly, water pools in plant tissues are a more relevant in-
dicator of drought-induced mortality than water transport cap-
acity (Sapes et al., 2019; Lamacque et al., 2020; Mantova et al.,
2021). It is increasingly recognized that the dehydration toler-
ance of surviving organs under drought, i.e. the meristematic
tissues such as shoot apical meristem buds, underground buds
of perennating organs or vascular cambium in trees (Hammond
et al., 2021; Mantova et al., 2021), could represent a common
and crucial factor to ensure survival across plants subjected
to severe drought or frost. In particular, the requirements for
water transport and the level of water storage is thus expected
to be minimal for dormant perennial species, whether herb-
aceous (Gillespie and Volaire, 2017) or woody (Wolfe et al.,
2016), in which most leaves are shed before the stress. Overall,
water transport capacity and cellular dehydration tolerance may
therefore interact to define the ‘no return’ point (Fig. 4). Across
organisms and types of dehydration stress, state variables in
surviving organs (e.g. water and solute contents) and flow vari-
ables (e.g. hydraulic conductivity) should be complementary to
define minimal physiological thresholds according to species,
population and dormancy.

Dormancy minimizes water flows and maximizes dehydration
tolerance

Dehydration can be triggered by a lack of water and any
factor disrupting water transport, such as vessel embolism
caused by frost. Dormancy plays an important role in toler-
ance to dehydration caused by drought or frost (Vitasse et al.,
2014; Gillespie and Volaire, 2017). Most dormant organs, i.e.

seeds (Kleinwéchter et al., 2014), buds in winter (Chuine and
Regniere, 2017) or buds in summer (Volaire ef al., 2001), exhibit
minimal developmental and metabolic activities involving the
upregulation of many compounds that protect the cells against
dehydration, such as heat-shock proteins, late embryogenesis
abundant (LEA) proteins, and some soluble carbohydrates.

Dormancy can also be regarded as a prerequisite to avoid
embolism (Savage and Chuine, 2021). If living cells of meri-
stems, phloem and xylem parenchyma are prone to frost
damage, xylem conduits are prone to embolism triggered
by drought and frost (Cochard and Tyree, 1990; Sperry and
Sullivan, 1992). Therefore, reduced cellular and metabolic ac-
tivities during stressful seasons translate into reduced sap flows,
water savings, and thus reduced tension, thereby limiting em-
bolism risks. Both buds and the vascular system undergo major
transformations during the life-threatening season, which are
necessary to endure dehydration during these seasons (Savage
and Chuine, 2021). Noticeably, all communication pathways
undergo transformation to limit and tolerate dehydration
(Wisniewski ef al., 2014). The symplastic pathway in all living
cells, including sieve elements of the phloem, is shut down by
the accumulation of a -glucan called callose in the plasmo-
desmata. This shutdown decreases the concentrations of water
and also oxygen, nutrients and other molecules (e.g. hormones,
transcription factors), and is responsible for the decreased
metabolic and physiological activity (Rinne and Schoot, 2003).
Water transport in the apoplast is limited by small intracel-
lular spaces (Quamme et al., 1995). Expression of aquaporins
is downregulated, minimizing water movement between the
symplast and the apoplast (Yooyongwech et al., 2008). Finally,
and most importantly, water transport in the xylem is disrupted
at the junction between the bud and the twig, which minim-
izes any exchange through the vascular tissue and/or embolism
spread into the bud (Savage and Chuine, 2021).

These protective mechanisms are likely to play a role in
all dormant plants, and should be particularly investigated in
summer-dormant herbaceous species, which rely on meristems
protected by layers of senescent sheath bases, usually at the
ground surface or below, with minimal water flows to facili-
tate survival of severe heat and drought (Gillespie and Volaire,
2017). Indeed, we propose that research conducted on winter
dormancy and frost survival could guide that on summer dor-
mancy and drought survival, notably in the case of incomplete
dormancy.

ASSESSING RELATIVE SEASONAL GROWTH
POTENTIAL TO BETTER UNDERSTAND STRESS
SURVIVAL

In the context of increasingly frequent extreme climatic events,
including drought and frost, we urge more integrative research
between ecological and physiological approaches to better
understand major commonalities among plants that allow them
to face a range of dehydration stresses. In particular, we argue
that research on ecological strategies should account for not
only spatial adaptations across environments but also seasonal
adaptations within environments over seasons. We propose to
test the scope of a generalized fast—slow continuum at the sea-
sonal level. To do so, the main challenge is to evaluate/test the
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generality of the correlation between reduced seasonal growth
potential and dehydration tolerance of plants under severe sea-
sonal stress.

Assessing the occurrence of seasonal dormancy is a meth-
odological challenge that requires measuring the decrease
in potential metabolic activity during the expected period
of dormancy compared with a stage when the plants are not
dormant. We propose comparing the seasonal growth poten-
tial measured during the most life-threatening season and the
maximum annual growth potential measured during the most
favourable season in order to calculate an index of relative
seasonal reduction of growth potential (Box 1, Fig. 5). Doing
so implies relaxing the stress (by water supply or during a
wet summer, by experimental warming or during mild win-
ters) to enable measurement of plant growth potential when
the conditions are usually highly stressful and limiting for
growth (Fig. 5). The growth potential can be measured at the
whole-plant or organ level (production of above-ground bio-
mass, leaf extension, increase in plant size, biovolume, or
total leaf area, etc.), depending on the species and the con-
text (experimental garden, field, controlled conditions) and
during the relevant period of the growing season. Moreover,
stress survival (plant mortality, loss of plant cover) should be
measured under harsh environmental conditions. Species or
populations originating from climates with life-threatening
seasons, having the lowest growth potential (in summer or
winter depending on the least favourable season), relative to

Seasonal
slow-fast continuum

General
slow-fast continuum

1 4

4

A Growth

Maximum
annual
growth potential
Seasonal
growth potential

|
| |

sp1 sp2 sp3 sp4

sp1 sp2 sp3 sp4

Growth potential in the
most favourable season

Growth potential in the
least favourable season

Measured under maximum
growth conditions

® In natura

® [n common gardens

® In normal seasons

Measured under relieving
the most limiting factor

their maximum annual growth potential during the most fa-
vourable season (usually spring), should exhibit the greatest
dehydration tolerance under severe seasonal dehydration
stress (Fig. 5). Measuring seasonal levels of complete and in-
complete dormancy requires growing plants in environments
suitable for dormancy induction, notably regarding tempera-
ture and daylength (Cooke et al., 2012; Maurya and Bhalerao,
2017). For instance, complete summer dormancy of the per-
ennial grass Dactylis glomerata could only be induced (and
thus revealed) when winter and spring temperatures reached
a defined threshold (Shihan et al., 2022) while daylength
was not limiting throughout most of Europe for summer
dormancy expression. Ideally, growth patterns should be as-
sessed at the provenance sites of the species/population and
measured on plants artificially heated (winter) or irrigated
(summer). Common gardens comparing a range of species
or populations of various origins could be useful to analyse
the variation of seasonal growth potential and dormancy ex-
pression along environmental gradients representative of the
ecological niche of the species (Keep et al., 2021).

CONCLUSIONS

Surviving stress implies a drastic reduction of physiological
activity. Seasonal dormancy represents one of the most ef-
ficient strategies to survive stress, especially dehydration
stress occurring at the same period every year. By comparing

Seasonal
growth — stress survival trade-off
hypothesis

Increasing
stress survival?

sp1

Dehydration tolerance
in the least favourable season

Relative seasonal growth potential

A Growth

Maximum annual growth potential

e In unusual seasons, e.g. mild winter, wet summer
e In controlled conditions, winter heating/summer irrigation
e In common gardens with suitable daylength & temperatures

FiG. 5. Testing the correlation between seasonal growth potential and dehydration tolerance. This figure provides a methodology illustrated by the documented
phenological patterns of a range of herbaceous species: spl, e.g. temperate populations with no summer dormancy of Dactylis glomerata, Lolium perenne or
Medicago sativa; sp2, e.g. Mediterranean populations with some level of summer dormancy of Festuca arundinacea or D. glomerata; sp3, e.g. Festuca rubra, with
low annual growth potential and no summer dormancy; sp4, e.g. semi-arid summer dormant populations of D. glomerata (Volaire, 2008; Bristiel et al., 2017; Keep
et al., 2021). Species or populations originating from climates with life-threatening seasons, having the lowest growth potential (in summer or winter depending
on the least favourable season), relative to their maximum annual growth potential during the most favourable season (usually spring), should exhibit the greatest
dehydration tolerance under severe seasonal dehydration stress. Dehydration tolerance should be determined by the minimum water content thresholds in meri-
stematic tissues and water transport capacity (embolism resistance), allowing plant survival and growth recovery after stress release.
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ecological and physiological approaches, this viewpoint under-
lines a unique framework of common strategies for herbaceous
and woody species under winter frost or/and summer drought,
and thus raises three major points.

Firstly, we suggest that the seasonally reduced growth po-
tential represents an overlooked adaptation to stress during the
harshest seasons. It is worth testing to what extent seasonal
growth reduction represents a relevant proxy of the level of
plant survival to dehydration stress. The following research
questions are still open: Which species/populations show a
clear and anticipated reduction or cessation of growth poten-
tial? Which level of growth potential reduction and survival
can they reach under extreme stresses? Is the duration of pro-
grammed dormancy across species positively correlated with
greater environmental seasonality, as found within the animal
kingdom (Wilsterman et al., 2021)? Do the thresholds of em-
bolism and dehydration of meristematic tissues triggering plant
mortality vary with the depth of dormancy? These questions
have rarely been addressed, particularly for summer dormancy,
which has been much less explored than winter dormancy.

Secondly, we propose that investigating the relationship be-
tween the global and the seasonal fast—slow economics spectrum
of plants could reveal the contribution of phenological events to
ecological plant strategies. The global and seasonal fast—slow
continuums are expected to align when plants originate from
environments with low seasonality or constant environmental
limiting factors. Conversely, the seasonal fast—slow continuum
may provide a fruitful and complementary characterization of
within-environment strategies for plants undergoing contrasting
seasonal dehydration stress.

Finally, it is worth questioning whether dormancy strategies
can still protect organisms from lethal stress in regions where
climatic conditions move away from their climatic niche.
Indeed, climate change makes the timing, frequency and in-
tensity of stressful conditions less predictable than before and
cues triggering dormancy less reliable, e.g. shifts in experi-
enced photoperiod due to temporal and geographic species
shifts (Ettinger et al., 2021). The timing of dormancy is cued
by air temperature and photoperiod signals that may no longer
align with temperatures as climate change increases (Lubbe
et al., 2021). The possible modifications of dormancy expres-
sion and dormancy timing that have been already observed
(Asse et al., 2018; Beil et al., 2021) may affect the outcome
of the trade-offs between physiological activity and stress sur-
vival probability. Moreover, out-of-season severe stress, e.g.
late spring freezes (Chamberlain et al., 2021), also represent
an increasing risk for plant survival. Climate change can also
affect overwintering organs by altering snow cover depth and
duration, thus modifying the exposure of plants to frost and
then the duration of winter dormancy (Lubbe and Henry, 2020;
Lubbe et al., 2021).

Considering the more frequent occurrence and intensity of
droughts in many areas, summer dormancy may become an
increasingly valuable adaptive strategy (Gillespie and Volaire,
2017; Shihan et al., 2022). Therefore, it is necessary to foster
transdisciplinary collaboration to enhance the cross-fertiliza-
tion of research questions. Investigating common strategies and
processes involved in dehydration stress survival, along with
genetical and evolutionary approaches, could help in under-
standing better plant resilience under severe seasonal abiotic

stress and hence predicting more efficiently the effects of cli-
mate change from organism to ecosystem scales.

BOX 1—GLOSSARY

Stress survival: Ability to survive after growth cessation due to
an environmental factor severely restricting plant functioning
(for the considered species and population), e.g. extreme and
prolonged drought or frost.

Stress resistance: Maintenance of plant growth under an en-
vironmental factor moderately restricting plant functioning (for
the considered species and population), e.g. moderate drought
or cold.

Dehydration tolerance: Strategy allowing plants to tolerate
low tissue level of dehydration (>30% water).

Desiccation tolerance: Strategy allowing plants to tolerate
leaf water content equal to ambient atmospheric humidity and
revive upon rehydration after long periods, e.g. resurrection
plants.

Complete dormancy (sensu stricto dormancy):
Endogenous controlled strategy that stops meristem activity to
render it insensitive to growth-promoting signals in order to en-
hance plant survival during seasons when environmental condi-
tions are most life-threatening.

Incomplete dormancy (sensu lato dormancy): Endogenous
controlled strategy that reduces meristem activity to render it
less sensitive to growth-promoting signals in order to enhance
plant survival during seasons when environmental conditions
are most life-threatening.

Growth potential: Growth rate, relative growth rate, or
biomass production under optimum environmental conditions
(without environmental stress).

Maximum annual growth potential: Growth potential
during the most favourable season (at the ‘peak of vegetation’),
usually under no environmental stress.

Seasonal growth potential: Growth potential during the
most life-threatening seasons (winter and/or summer) when
the stress is experimentally relieved to enable measurement of
growth potential during a season when the conditions are usu-
ally stressful and limiting for growth.

Relative seasonal growth potential: The difference between
maximum annual growth potential and seasonal growth poten-
tial indexed on the maximum annual growth potential. It meas-
ures the relative programmed reduction of growth potential
during the harshest season (incomplete or complete dormancy).
This dormancy is hypothesized in this paper to be correlated
with dehydration tolerance and stress survival in summer and/
or in winter, depending on the environment.
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