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Plant responses to drought and heat stress have been extensively studied, whereas post-stress recovery, which is

fundamental to understanding stress resilience, has received much less attention. Here, we present a conceptual stress-

recovery framework with respect to hydraulic and metabolic functioning in woody plants. We further synthesize results

from controlled experimental studies following heat or drought events and highlight underlying mechanisms that drive

post-stress recovery. We �nd that the pace of recovery di�ers among physiological processes. Leaf water potential and

abscisic acid concentration typically recover within few days upon rewetting, while leaf gas exchange-related variables

lag behind. Under increased drought severity as indicated by a loss in xylem hydraulic conductance, the time for stomatal

conductance recovery increases markedly. Following heat stress release, a similar delay in leaf gas exchange recovery

has been observed, but the reasons are most likely a slow reversal of photosynthetic impairment and other temperature-

related leaf damages, which typically manifest at temperatures above 40 ◦C. Based thereon, we suggest that recovery of

gas exchange is fast following mild stress, while recovery is slow and reliant on the e�ciency of repair and regrowth when

stress results in functional impairment and damage to critical plant processes. We further propose that increasing stress

severity, particular after critical stress levels have been reached, increases the carbon cost involved in reestablishing

functionality. This concept can guide future experimental research and provides a base for modeling post-stress recovery

of carbon and water relations in trees.

Keywords: carbon allocation, hydraulic conductance, non-structural carbohydrates, post-drought, post-heat, recovery, stress

legacy, trees, xylem embolism.

Introduction

Recent climate extremes have increased our awareness of

stress-induced forest decline (Choat et al. 2018). Droughts

combined with high temperatures and large evaporative

demand—so-called hot or global-change-type droughts—are

thought to be the main causes responsible for observed

increases in tree mortality globally (Allen et al. 2015). Such

drought-induced mortality is often facilitated by pest and

pathogen attacks or compounding drought events (Anderegg

et al. 2015a). Further, if drought frequency increases and

the time between stressful periods decreases, recovery rate

might determine survival (Schwalm et al. 2017). For example,

Anderegg et al. (2015b) analyzed radial growth data from

several forest sites across the globe and detected a clear trend

of incomplete stem-growth recovery persisting for years after an

extreme drought. Because most of our experimental research to

date has focused on the stress event per se, we know little about

stress-recovery dynamics and underlying mechanisms. This is

an oversight since recovery trajectories can provide relevant

information on stress impacts and stress resilience (Ingrisch

and Bahn 2018).

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Our physiological understanding of forest and woody plant

recovery following extreme hot and dry weather events is

limited, because (i) we are missing detailed and long-term

observations, (ii) studies of extremes in natural systems are

often opportunistic (e.g., Ciais et al. 2005) and (iii) post-event

weather conditions may in�uence the recovery progress (Li et al.

2016, He et al. 2018). For example, growth in Douglas-�r trees

was shown to be suppressed years after an extreme heatwave,

but it was not possible with �eld data to di�erentiate the addi-

tional impacts of the drier than usual conditions in the following

year (Sergent et al. 2014). Hence, in �eld observations, we

cannot easily tease apart the impact of an extreme heatwave

from the e�ect of subsequent conditions. To discern the impacts

of current (recovery) from antecedent (stress) conditions, and

to evaluate recovery from various possible stress responses, we

need a better understanding of the underlying mechanisms. A

promising route to take is studying post-stress recovery of plant

physiology under controlled conditions. This can provide the

necessary mechanistic understanding to interpret �eld obser-

vations and ultimately to incorporate recovery processes into

vegetation models.

Fundamental plant physiological processes are re�ected in

carbon (C) and water relations, which are sensitive to heat and

drought stress. Plant C and water dynamics are tightly coupled at

the leaf level via stomata, which are closely regulated to main-

tain hydraulic integrity, while optimizing C uptake (Tyree and

Zimmermann 2002). Photosynthesis, C allocation and growth

interact with other metabolic processes and are in turn sensitive

to changes in environmental conditions and the hydraulic state

of plants. Hence, stress severity and other extrinsic and intrinsic

factors will determine whether hydraulic and metabolic changes

persist or whether they can be reversed upon stress release

(see Gessler et al. 2017).

In this review we devise a stress-recovery framework linking

physiological stress impacts to recovery rate and success. To

guide the framework, we review and synthesize controlled

experimental studies that address post-heat (high temperature

and large evaporative demand) and post-drought recovery

dynamics in juvenile woody plants, and we discuss the underly-

ing mechanisms of hydraulic and metabolic recovery at the plant

and leaf level. In order to address the limitation of experiments

being mainly conducted on non-mature plants, experimental

�ndings are compared to studies on mature stands and modeling

concepts are introduced. Finally, we propose future research

topics along the lines of the suggested conceptual approach.

Stress-recovery framework

Recovery success of di�erent physiological processes over

time is typically measured relative to a control treatment or

to pre-stress conditions and generally falls into three broad

categories: partial, complete and compensatory recovery

(Xu et al. 2010). Complete recovery can occur with and

without repair mechanisms involved. Physiological processes

that were down-regulated during stress, but without damage of

the underlying tissue or supply pathways, may be simply reacti-

vated. An example of this scenario is instantaneous recovery of

stomatal conductance (gs) or enzyme activity after minor water

limitation. In contrast, if stress resulted in tissue damage, energy

and C need to be diverted from other biological pathways,

which may reduce growth or other functionalities. Under this

scenario, partial recovery is most likely and damaged tissues

may often not be fully restored. Compensatory recovery is when

stress-induced reductions are recompensed by investments into

alternative processes and tissues. Recompensing processes can

be found at di�erent levels, including shifts between stomatal

and mesophyll conductance (Cano et al. 2014), a prolonged

leaf longevity (Arend et al. 2016) or allocation to roots at

the cost of shoot growth (Poorter et al. 2012). In some cases,

overcompensation even occurs, as has been shown in previously

drought-stressed trees growing taller than control trees

(O’Brien et al. 2017).

Stress severity and the underlying physiological processes

determine if stress-impacts are quickly reversible or if perma-

nent damage occurs (Miyashita et al. 2005). If stress is too

severe or the recovery strategy of the plant is not appropriate,

feedback loops (or vicious circles) may occur. For example,

substantial leaf shedding decreases the ability for C assimilation

for prolonged periods after stress release (Ruehr et al. 2016),

which often occurs in combination with non-reversible losses

in hydraulic conductance (LC) and hence manifest internal

water limitation (Blackman et al. 2009). The longer periods

of decreased photosynthesis are, the more important the avail-

ability of non-structural carbohydrate (NSC) reserves becomes.

Our proposed stress-recovery framework links plant hydraulic

and metabolic stress responses to recovery pace and suc-

cess (Figure 1). We postulate that speci�c changes in plant

physiology during drought or heat stress can indicate recovery

trajectories and propose a set of stress-recovery indicators: gs,

down-regulation of photosystem II (PSII), loss of conductance in

xylem (LCx) and outside-xylem (LCox) tissues, decrease in NSC

levels and visible tissue damage/senescence. Using these, three

phases of stress occurrence that relate to di�erent recovery

trajectories can be distinguished, as follows.:

Mild stress—fast recovery

Drought stress, including both soil and atmospheric drought,

increases hydraulic tension, which a�ects gs �rst, but as long

as gs does not decline for an extended time below critical

levels (i.e., near stomatal closure) and LC does not occur,

responses should be fast and completely reversible (Figure 1a).

Under heat stress conditions, reductions in gs are typically less

pronounced (Ameye et al. 2012) than under drought and initial

decreases in PSII due to high temperatures (T) should be quickly
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Post-stress recovery dynamics in trees 1287

Figure 1. Conceptual framework of post-stress recovery in woody plants during one vegetation period. The pace and success of hydraulic and
metabolic recovery is determined by stress impacts on physiological indicators including tissue vitality/senescence, stomatal conductance (gs), loss
of hydraulic conductance in xylem (LCx, particular under drought) and outside-xylem (LCox), functioning of PSII and NSC. (a) Mild stress is fully
reversible and increases in ψ and turgor (in�uenced through osmotic potential and NSC) allow stomata to reopen and photosynthesis to increase
instantaneously. (b) Moderate stress causes functional impairment (Srep) and reversal involves active repair mechanisms. (c) Severe stress results in
structural damage (Sdmg) and recovery will be slow and dependent on regrowth of lost and damaged tissues, which may restore functionality in the
long-term. Repair and regrowth are supported by available NSC.

reversible, as long as critical T have not been reached (Hüve

et al. 2011). Stress-related reductions of C income can result

from reduced gs, temperature-limited photosynthesis and/or

increased respiration rates, but should be restricted to the stress

period. In summary, mild stress characterized by low intensity

and duration should result in fast recovery rates.

Moderate stress—delayed recovery

Exposure to higher T (>40 ◦C) can cause PSII inhibition and

results in tissue necrosis (Hüve et al. 2011; Curtis et al. 2014),

which typically delays recovery. Under progressing drought,

photosynthetic impairment evolves near stomata closure, typi-

cally characterized by a sudden increase in sub-stomatal CO2

concentrations (Ci; Flexas and Medrano 2002). In addition,

despite closed stomata, if plants continue to desiccate hydraulic

impairment develops (Meinzer et al. 2009; Li et al. 2016). The

LC typically begins in roots and leaves, and initial LC in leaves

is dominated by outside-xylem limitations (LCox, i.e., down-

regulation of aquaporins and cell shrinkage; see Charra-Vaskou

et al. 2012; Sco�oni et al. 2017). We characterize the degree

of stress that is needed to reach such impairment by a threshold,

Srep, that is species- or plant-type speci�c (see Figure 1b).

We can assume that LCox and/or photosynthetic impairment

are reversible, and hence complete recovery occurs with delay.

Recovery from such conditions involves repair mechanisms that

should be associated with increased C costs, which we express

as a decrease of NSC, following recent observations (Yang et

al. 2016; Tri�lò et al. 2017).

Severe stress—impaired recovery

If the stress dosage is further increasing, non-reversible tissue

damage develops. Continued high temperature stress will result

in persisting leaf damages, while desiccation will ultimately

result in massive LC in both outside-xylem and xylem tissues.

This stress level is characterized by a second threshold, Sdmg

(Figure 1c). As outlined above, complete recovery is unlikely

under these circumstances or occurs only slowly via regrowth,

provided that the apical and cambial meristematic tissues are

still functioning (Brodribb et al. 2010; Li et al. 2016). This

rebuilding of damaged tissue places demands on internal C

resources. During these situations, NSC levels maintained during

stress might be critical to provide su�cient energy and C for

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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1288 Ruehr et al.

repair and regrowth in the long term. However, plants may die if

C resources are not adequate, or if subsequent droughts and/or

additional stressors appear.

Stress-recovery mechanisms

Di�erent mechanisms have to be considered to explain the

recovery of metabolic and hydraulic functions. Following

drought release, rehydration �rst increases water potential (ψ)

and restores cell turgor, which is essential to most metabolic

processes. Thus, pre-dawn (ψpd) and midday leaf water

potential (ψmd) recover typically within several hours up to

a few days following re-watering (Blackman et al. 2009; Posch

and Bennett 2009; Brodribb et al. 2010) alongside fast changes

in gene expressions (Meyer et al. 2014) and down-regulation

of abscisic acid (ABA; Liang and Zhang 1999; Loewenstein

and Pallardy 2002; Brodribb and McAdam 2013; Torres-Ruiz

et al. 2015a; Skelton et al. 2017). This evidenced fast increase

in ψ post-drought is based on water transport via remaining

intact xylem conduits. It is typically not related to the recovery

of hydraulic conductance or leaf gas exchange, which usually

lags behind. Although high T stress has di�erent damaging

e�ects than drought, a similar delay in leaf gas exchange

recovery has been observed (Ameye et al. 2012; Duarte et al.

2016). In the following, we discuss these short- and medium-

term physiological responses in more detail. In addition, we

report recovery times of di�erent physiological variables from

controlled experimental studies. It should be noted that we are

not explicitly investigating feedback loops that may occur via

leaf senescence or reduced growth at the plant or community

level, but mainly focus on physiological responses to either

drought or heat stress at the tissue level.

Post-drought recovery

Following drought release, the often-observed initial fast rehy-

dration is accompanied by a much slower recovery of leaf gas

exchange and associated variables (Figure 2a). Considering the

e�ect of drought severity on recovery times, indicates that with

increasing drought stress (here drought-induced minimum ψ)

recovery of gs becomes delayed. To put this in context of our

framework, we should highlight the underlying processes of

this delay. Separating the studies along our criterion of mild

versus moderate/severe stress was possible for LCx as stress

indicator (not enough data for the other indicators, see Table

S1 available as Supplementary Data at Tree Physiology Online).

We found that gs recovered quickly following mild drought (no

LCx, 4 days), but at more critical stress levels (LCx of 42%

on average, n = 19), gs recovery took more than �ve times

longer (Welch’s t-test, t = −5.3, P < 0.01, Figure 3b). Note

that this recovery length presents an underestimation because

the post-stress observation period was in 60% of the studies

too short to observe complete recovery. Next, we will address

Figure 2. Post-drought and post-heat recovery duration of ABA, leaf
water potential (preferentially ψpd), leaf hydraulic conductance (K leaf ),
stomatal conductance (gs), net photosynthesis (An) and PSII perfor-
mance in woody plants. Data have been synthesized from controlled
experimental studies (see Table 1) and for ABA additional studies were
included (Liang and Zhang 1999; Loewenstein and Pallardy 2002;
Brodribb and McAdam 2013; Torres-Ruiz et al. 2015a; Skelton et al.
2017). In case complete recovery has not been observed, the maxi-
mum post-stress observation period is assigned as recovery duration.
Numbers beside indicate the number of experimental studies and the
number of woody plant species (in parentheses). Gray diamonds are
averages. In four studies in which ψpd has not been reported, ψmd or ψx

was used in the analysis, and missing gs was substituted by transpiration
data and missing PSII measurements were substituted by Jmax. Note that
a thorough analysis based on stress severity is challenged by the small
number of species/studies, but see Figure 3.

reasons for a hydraulic limitation of leaf level gas exchange

during recovery and further discuss the in�uence of metabolic

feedback mechanisms.

Hydraulic limitations Stomatal pores of woody plants pro-

gressively close during drought when turgor in stomatal guard

cells declines, caused by a combination of falling leaf ψ and

a rising concentration of ABA. Due to continued evaporative

water loss after stomatal closure, ψ continues to decline and

LC develops (Tyree and Sperry 1989; Meinzer et al. 2009;

Choat et al. 2018). Because hydraulic sensitivities di�er among

plant functional types (PFTs), species and plant organs, LC

occurs at di�erent ψ thresholds (Tyree and Zimmermann 2002;

Meinzer and McCulloh 2013). Distal organs such as roots and

leaves tend to be more vulnerable than stems (Bartlett et al.

2016), and LC in roots and leaves can develop earlier during

drought. Such limitations to water transport typically manifest

within the xylem, LCx, mainly via air embolisms and cell wall

Tree Physiology Volume 39, 2019
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Post-stress recovery dynamics in trees 1289

Figure 3. Duration of stomatal conductance (gs) recovery (complete and partial recovery) related to stress intensities in woody plants.
(a) The relationship of stress-induced minimum leaf water potential and gs recovery duration following drought (26 species) and heat stress
(3 species); solid colors and connecting lines indicate di�erent drought intensities experienced by the same plant species within the same study.
The intermittant gray horizontal line indicates the average time during which drought recovery has been observed. (b) gs recovery duration
separated into mild drought (no loss of xylem conductance) and moderate to severe drought (LCx of 10–80%; 42% ± 6 on average). Data on
drought-induced xylem LC are reported in Table S1 available as Supplementary Data at Tree Physiology Online. Note that missing gs was substituted
by transpiration data.

collapse (Brodribb and Cochard 2009; Zhang et al. 2016), but

also outside the xylem, LCox, in extra-xylary tissues via down-

regulation of aquaporins and cell shrinkage (Sack et al. 2016).

Here we focus on LCox in leaves, which have been more

intensively investigated than roots (Cuneo et al. 2016). Leaf

xylary cell wall collapse and outside-xylem limitations have

been found to dominate the initial decline in leaf hydraulic

conductance (K leaf ; Charra-Vaskou et al. 2012; Zhang et al.

2016) up to the turgor loss point (Sco�oni et al. 2017).

During recovery, these losses in LCox typically quickly reverse

via cell rehydration and active metabolic processes, including

upregulation of aquaporins (Laur and Hacke 2014). Several

studies have found a relatively fast (within 1–5 days) reversal

of K leaf from mild to moderate drought (Blackman et al. 2009;

Brodribb and Cochard 2009; Chen et al. 2010; Torres-Ruiz et

al. 2015a). This shows that initial losses in K leaf , which can be

attributed largely to LCox, are, in accordance with our framework,

fully reversible (Figure 1a). However, if the turgor loss point has

been exceeded and xylem embolisms develop, K leaf recovery

should be delayed (Sco�oni et al. 2012) and the time for

hydraulic recovery increases (Lo Gullo et al. 2003; Blackman

et al. 2009; Brodribb and Cochard 2009).

With increasing hydraulic tension, the accumulation of xylem

embolisms in leaves, branches, stems and roots is inevitable.

Whether or not these damages to the water transport system of

plants can be reversed after re-wetting has not yet been com-

pletely solved. Re�lling of embolized xylem conduits is known

to be physically possible when transpiration ceases and xylem

tensions are close to zero (Clearwater and Goldstein 2005).

However, re�lling may also occur when the xylem is under

tension, but the practical evidence is still heavily debated (for

detailed reviews see Clearwater and Goldstein 2005; Brodersen

and McElrone 2013). A possible mechanism of re�lling under

tension could involve osmotic pressure, generated by sugar

release from living parenchyma cells (Nardini et al. 2011), which

are more abundant in the wood of angiosperms than conifers.

Despite such di�erences, a recent meta-analysis could not

detect altered recovery performance between angiosperms and

conifers (Yin and Bauerle 2017) post-drought. Together with

increasing experimental evidence, this suggests that embolism

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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re�lling might be less common than previously assumed (Choat

et al. 2015, 2018; Creek et al. 2018).

A much slower mechanism for regaining hydraulic conduc-

tance is by growing new sapwood. This strategy indicates that a

critical stress level has been exceeded and development of new

xylem will depend on available C resources (Figure 1b and c).

Regaining hydraulic conductance via regrowth has for instance

been observed in gymnosperms (Callitris sp.) after extreme

drought conditions, when stem LCx reached >80% and trees

slowly recovered transpiration and Kplant (whole-plant hydraulic

conductance) alongside basal stem growth (Brodribb et al.

2010). The rate of basal area increment correlated well to Kplant,

which slowly recovered by 0.5% per day. Regrowth has also

been shown to be important in deciduous trees when drought

caused >90% LCx in aboveground woody tissue and 100%

leaf mortality (Yanyuan et al. 2010; Li et al. 2016). Because

regrowth is a comparatively slow process, the emerging LC and

gs recovery trajectories are relatively �at (Blackman et al. 2009;

Brodribb et al. 2010), as indicated by our framework following

moderate to severe stress (Figure 1b and c).

Metabolic processes Stomatal closure is a main cause of

reduced photosynthesis (An) during drought stress, and An rates

recover quickly after mild drought (Arend et al. 2016; Birami et

al. 2018). However, with progressing drought when gs declines

below 0.05 mol m−2 s−1 (Flexas and Medrano 2002), photo-

chemical and biochemical impairment can develop (Limousin et

al. 2010) additionally to hydraulic and metabolic constraints.

Because C uptake is minimal, the regeneration of Rubisco and

synthesis of adenosine triphosphate becomes strongly limited,

and NSC reserves may decline (Adams et al. 2017). This critical

stress level, Srep, concurs with an increase in Ci because CO2

is no longer used as a substrate for photosynthesis. Hence,

following the release from moderate to severe drought stress,

both metabolic repair and regaining hydraulic functioning are

prerequisites for photosynthetic recovery (Figure 1b and c).

A possible divergence between hydraulic and metabolic

recovery becomes apparent when analyzing the results of

experimental studies that observed gs and An recovery patterns

post-drought. While the average recovery duration of leaf

level gs and An does apparently not di�er much (Figure 2a),

comparing the ratio of full versus partial recovery, we �nd that

complete recovery of An has been more frequently observed

(85%) than complete recovery of gs (55%). The preferential

recovery of An over gs increases intrinsic water-use-e�ciency

(WUE = An/gs) and has been observed in a few tree species

from temperate and semi-arid biomes, including temperate

Fagus sylvatica (Galle and Feller 2007), Mediterranean Aleppo

pine (Birami et al. 2018) and drought-adapted Eucalypt species

(Cano et al. 2014; Martorell et al. 2014; Creek et al. 2018).

The underlying mechanisms of increased WUE are most likely

preferred recovery of mesophyll conductance (gm; Flexas et al.

2008; Cano et al. 2014), enhanced biochemical capacity (Cano

et al. 2014) and a faster repair of photosynthetic than hydraulic

damage (e.g., Galle and Feller 2007; Posch and Bennett 2009;

Creek et al. 2018). We can hypothesize that a faster recovery

of An has the advantage of supporting increased metabolic

demands, which in turn may facilitate hydraulic recovery.

Post-heat recovery

Following heat release, most of the analyzed experimental

studies (Table 1) show a delayed recovery of gs, An and

PSII (Figure 2b)—similar to observations under post-drought.

However, since the number of published studies is relatively

low (n = 7), we refrain from a detailed di�erentiation of

recovery pace based on heat stress impacts, but discuss critical

T thresholds, heat exposure and related metabolic responses.

We will further focus on the following question: is delayed leaf

gas exchange caused by heat-induced hydraulic impairment,

similar to post-drought, or by a feedback mechanism from down-

regulated photosynthesis and other metabolic processes?

Hydraulic limitations The few studies on high T responses

of plant hydraulics indicate that hydraulic conductance might

not be critically a�ected during conditions of su�cient water

supply (Way et al. 2013; McCulloh et al. 2016). An increase in

hydraulic conductance with increasing T, as observed (Way et

al. 2013), can mitigate leaf T stress by evaporative cooling.

However, under combined heat stress and increased vapor

pressure de�cit (VPD), ψpd and ψmd have been found to decline

to a modest degree (Duarte et al. 2016; Drake et al. 2018),

but apparently without implications for hydraulic integrity (e.g.,

no change in K leaf , Drake et al. 2018). However, at much higher

T (>45 ◦C) membranes and living tissues can become severely

damaged (Teskey et al. 2015; Birami et al. 2018) and LCox in

leaves and roots should develop. In addition, if heat stress is

accompanied by drought, drying accelerates and LC becomes

likely. Under these extreme conditions, hydraulic impairment may

contribute to a delayed recovery of leaf gas exchange.

Metabolic processes The impact of high T on the C

metabolism of plants can be more obvious because photo-

synthetic and respiratory enzymes and biological membranes

respond directly to T changes. There is evidence that the

heat-induced down-regulation of An caused by increases in

photorespiration and reduced activity of Rubisco and PSII is

quickly reversible below 40 ◦C (mild stress). However, if T

rises above 40 ◦C, longer lasting or permanent impairment

of the photosynthetic apparatus via degradation of Rubisco,

damage to PSII and thylakoid membranes may develop (Hüve

et al. 2011; Teskey et al. 2015). In addition, the degradation of

photosynthetic and respiratory capacity may manifest at high T

due to increased �uidity and leakiness of cell and organelle

membranes (Hazel 1995), and a continued exposure can

Tree Physiology Volume 39, 2019
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cause permanent damage to leaf tissues including leaf necrosis

(Colombo and Timmer 1992; Hüve et al. 2011).

The thermotolerance of leaf metabolism can provide a marker

to identify when critical stress thresholds are passed. Recently

it has been shown that the critical leaf T at which PSII becomes

disrupted (Tcrit) occurs between 41.5 and 50.8 ◦C globally,

with higher T tolerance in warmer climates (O’Sullivan et al.

2017). The onset of Tcrit (or T50 as used by others, Curtis

et al. 2014; Drake et al. 2018) refers to the critical stress

value, Srep, which indicates that photosynthetic recovery will

be delayed and dependent on repair mechanisms (Curtis et

al. 2014). At ∼10 ◦C above Tcrit, respiration rates start to

decline, re�ecting loss of mitochondrial function and beginning

tissue death (O’Sullivan et al. 2017). However, several factors

may in�uence the thermotolerance of tissues during heatwaves

including preconditioning through a priori synthesis of heat

shock proteins (Teskey et al. 2015), emissions of volatile

organic compounds (Brunetti et al. 2014; Sharkey and Monson

2017), leaf cooling (Birami et al. 2018; Drake et al. 2018) and

heat exposure time (Colombo and Timmer 1992).

Leaf cooling and heat exposure are critical factors that need

further consideration. Under conditions of well-water supply,

leaf cooling is su�cient to prevent leaves from heating above air

T (Drake et al. 2018). However, when water supply becomes

limiting stomata close and leaves can heat up. A 2–3 ◦C increase

in leaf T between well-watered and water-limited trees during

a heatwave can trigger substantial damage and delays gas

exchange recovery (Birami et al. 2018). Heat exposure or heat

dosage is another important aspect determining heat impacts.

There is clear evidence that the same damage to leaf tissues

can manifest at lower T but longer exposure (e.g., 50% needle

damage from 50 min at 46 ◦C or from 10 min at 50 ◦C; Colombo

and Timmer 1992). In the stress-recovery studies synthesized

here, the length and the frequency of the heatwaves di�ered

strongly (Table 1). After a single heatwave of 4 days (Tmax

c. 43–44 ◦C), An recovered immediately in Eucalyptus trees

(Drake et al. 2018), while following three heatwaves of 7 days

each (Tmax c. 47–52
◦C), An recovery took ∼4 days in loblolly

pine and much longer in northern red oak (Ameye et al. 2012).

Delayed recovery was even more pronounced following three

heatwaves of 14 days each (Tmax c. 38–43 ◦C), when An did

not recover in Douglas-�r seedlings within 2 months (Duarte et

al. 2016). In both studies in which delayed An recovery has

been reported, heat stress resulted in an impairment of the

photosynthetic apparatus (Ameye et al. 2012; Duarte et al.

2016). This shows that post-heat recovery depends on stress

impacts, which are mainly triggered by heat dosage, leaf T

thresholds and T preconditioning.

After critical T levels have been passed, leaf gas exchange

recovery is closely linked to the repair of photosynthetic and

metabolic processes (Ameye et al. 2012; Duarte et al. 2016;

Birami et al. 2018). This observation, together with an absence

of hydraulic impairment (Duarte et al. 2016; Drake et al.

2018), indicates that An and gs recovery is largely metabol-

ically limited. The most probable scenario is that the repair

of the photosynthetic machinery and other cell and organelle

membranes is constrained by reduced energy, carbohydrate

(Birami et al. 2018) and/or nutrient availability (Gessler et al.

2017). Moreover, other metabolic processes, such as leaf sugar

accumulation, caused by impaired phloem loading or low sink

activities can pose additional limitations (Fatichi et al. 2014).

Repair and growth post-stress

Recovery from moderate and severe stress involves energy

demanding repair processes. However, C assimilation is initially

low following stress release, therefore remobilization of plant

C resources, particular NSCs, and its allocation via phloem

transport is a critical process during recovery. The few studies

that have investigated post-drought carbohydrate concentra-

tions report NSC fractions to decline in leaves (Chen et al.

2010; Hagedorn et al. 2016; Yang et al. 2016), roots (Yang

et al. 2016) and woody stems (Tomasella et al. 2017). These

observations are in accordance to NSCs being consumed post-

drought to support repair and regrowth. Such a clear pattern,

does not always emerge, and di�erent responses among tissues

and NSC compounds have been found (Galiano et al. 2017;

Yan et al. 2017; P�ug et al. 2018). These di�erences could

be species-speci�c, a result of the di�erent stress intensities

applied and their implications for phloem transport or the timing

when NSCs are measured post-stress. Next we will discuss

experimental evidence and possible underlying mechanisms that

determine C availability for repair and regrowth post-stress. We

will mainly focus on drought recovery, as very little information

exists on growth and NSC levels post-heat.

Energy and C supply from NSCs and other C storage com-

pounds should be particularly critical in plants that have been

severely damaged (Figure 1) and is for example required to

produce new leaves after drought-induced senescence (Newell

et al. 2002; Sala et al. 2012). In addition, readily available NSCs

might contribute to recover hydraulic function and could be

involved in the re�lling of embolized conduits (Clearwater and

Goldstein 2005; Brodersen and McElrone 2013; Tomasella et al.

2017) or support the rebuilding of new functional xylem tissue.

However, direct evidence for the role of NSCs during recovery

is still scarce. More evidence has been collected for NSC

dynamics during drought and persisting long-term droughts

are frequently associated with lower NSC levels (in particular

non-osmotic starch) and larger declines in roots than shoots

(Adams et al. 2017; Yan et al. 2017), because phloem transport

might be impaired (Ruehr et al. 2009). Similar observations

of NSC dynamics have been made during heat stress when C

uptake was reduced (Birami et al. 2018). Such stress-induced

reductions in NSCs and other C reserve compounds (e.g., lipids)
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Post-stress recovery dynamics in trees 1295

may limit post-stress repair processes (Tri�lò et al. 2017; Birami

et al. 2018).

To identify patterns of NSC dynamics post-stress, we need

to consider that NSCs ful�ll roles other than purely metabolic

C supply. Soluble sugars, typically the largest fraction of NSCs

(Hartmann and Trumbore 2016), are important compounds for

plant signaling and osmoregulation especially during drought

conditions. Following rewetting and subsequent recovery of

ψmd, the leaf osmotic potential should increase, while sugar

concentrations may decrease (Salmon et al. 2015). Such a tran-

sition can be gradual, as found in rubber trees recovering from

drought, where leaf proline—an osmoprotectant—decreased

alongside leaf sugar concentrations over several days (Chen et

al. 2010). Hence, sugars not needed to maintain a low osmotic

potential could either be transformed to storage pools (Galiano

et al. 2017) to prepare for future stress events, or could be

allocated to leaves (Zang et al. 2014) and roots (Hagedorn et

al. 2016) for repair and regrowth. Interestingly, these studies

further show that—after photosynthesis had su�ciently recov-

ered—recent assimilates contributed mostly to respiration, an

indication of the important role of recent C for restoring plant

function following mild to moderate drought (Zang et al. 2014;

Hagedorn et al. 2016). In contrast, following severe stress

events and slow An recovery, we may expect NSC and other

storage compounds to be heavily consumed to support repair

and regrowth (Figure 1c).

Under the proposed framework, regrowth of dysfunctional or

lost tissue is a prerequisite to regain full function once persisting

damage has occurred. Fast upregulation of growth could be

particularly critical after functional tissues have been lost. For

instance, stem growth can contribute signi�cantly to hydraulic

recovery via xylem formation (Brodribb et al. 2010). In contrast,

delayed leaf formation can improve the ratio of supporting

xylem to leaf area and thus result in a better sapwood-to-leaf

ratio and higher leaf-speci�c conductance (Chen et al. 2010).

Despite its overall importance in understanding plant recovery

following severe stress, studies reporting growth dynamics post-

stress are relatively scarce, and responses have been reported

from fast, overcompensating to slow growth recovery (Olesinski

et al. 2011; Ruehr et al. 2016; O’Brien et al. 2017). Delayed

growth recovery has been found to be more distinct following

extreme drought episodes. Reductions in root growth (Olesinski

et al. 2011), tree height (Montwé et al. 2014) and tree

diameter (Sergent et al. 2014; Anderegg et al. 2015b) have

been observed in mature trees until growth rates may recover

years later. Such persisting reductions in secondary growth

have also been linked to lagged mortality in mature trees post-

drought (Berdanier and Clark 2016). An underlying mechanism

of declining growth and eventually death could involve the

depletion of NSC resources until C demand exceeds C reserves

and supply, and hence maintenance respiration can no longer

be sustained.

Ways forward: modeling and future research

directions

Post-stress modeling and C cost of recovery

Current regional- and global-scale vegetation models have a

relatively coarse view on C and water dynamics in plants and

are only beginning to describe plant hydraulic processes (Xu et

al. 2016; Kennedy et al. 2019). In addition, these models do not

address stress-related functional impairment and/or irreversible

damage and the recovery of plant metabolic and hydraulic

systems. A recently developed recovery model at the tree scale

links hydraulic damage and leaf loss to tree C gain and illustrates

that both, hydraulic damage and available NSCs impact recovery

rate (Trugman et al. 2018). Under this recovery framework

the dynamics of post-stress NSCs are directly linked to the

degree of hydraulic damage (Figure 4), because damaged trees

must divert C stores to grow new functional xylem, which in

turn restores whole-plant photosynthetic capacity. However, if

NSC levels fall below a certain threshold, trees are unable to

support xylem growth any longer and subsequently cannot meet

respiratory demands and die. Because respiratory demands of

cambium and phloem are lower in smaller trees, they are able

to recover from greater LCx than larger trees. Apart from such

tree size-speci�c di�erences, there is a �xed C cost involved

Figure 4. Relative changes in tree NSC content and duration of recovery
following release from di�erent drought intensities. The NSC dynamics
under increasing loss of xylem conductance (LCx) were derived from
a post-drought recovery model (Trugman et al. 2018) for trees with
a diameter at breast height of 10 cm. The model assumes that
NSCs (here starch) are allocated to support regrowth of drought-
damaged xylem. Note that recovery is instant after mild drought with
no loss of hydraulic conductance (LCx = 0%; open circle). Following
moderate drought (LCx = 20%; light green line), NSC levels can
increase after drought release, because photosynthesis is su�cient
to support regrowth of functional xylem. However, recovery following
severe drought (LCx ≥40%) results in heavy depletion of NSCs, as
reduced photosynthesis is not e�cient to support regrowth of large
xylem areas. If NSC levels are depleted below 10% (intermittant gray
line), recovery is assumed to fail and the tree dies.
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1296 Ruehr et al.

Figure 5. Exemplary stress and recovery trajectories related to C costs and measurements of sensitive tissues and processes. (a) Possible scenarios
of plant performance related to the overall plant C cost during intensifying stress and post-stress recovery. (b) Experimental measurements to link
post-stress recovery performance to the C cost of repair and regrowth; magnifying glasses highlight sensitive tissues and processes that should be
assessed for changes in NSC, hydraulic conductance and other damages.

with tissue damage in the model proposed by Trugman et al.

(2018). However, as discussed throughout this review, there is

a wide spectrum of functional impairment and damage severity

that may be less costly than tissue replacement. These are typi-

cally reversible damages (e.g., LCox, photosynthetic impairment,

protein degradation) and the time needed for recovery should

scale with the degree of impairment and repair e�ciency. Thus,

future model development should consider the overall C cost

related to a variety of stress-induced changes in functionality

and increasing costs involved when certain stress levels are

passed (Figure 5a). To put such a concept in mechanistic terms,

the C costs of stress impacts at the tissue level need to be

quanti�ed in relation to recovery strategies and rates.

Future research agenda

In order to achieve a more mechanistic understanding of post-

stress recovery as a platform for model development, we would

like to highlight three promising research directions: (i) the

relationship of individual stress impacts and recovery rates,

(ii) the C cost of stress and recovery and (iii) the impact

of post-event conditions on recovery dynamics. We will dis-

cuss these research suggestions mainly focusing on controlled

experiments, but also highlight the need for manipulative �eld

studies. Combining studies under controlled conditions with �eld

experiments and observations provides a well-founded base for

interpreting complex post-stress recovery dynamics at a mature

tree or forest level.

Based on our suggested framework, three important stress-

recovery indicators are photosynthetic impairment, LC and leaf

vitality (i.e., necrosis or senescence). These stress markers are

not all-inclusive, but will facilitate comparison of stress impacts

and recovery among studies if routinely measured. Considering

heat stress impacts, the degree of photosynthetic impairment

(e.g., inferred from �uorescence parameters or A–Ci curves)

and/or leaf damage should be related to leaf T and heat

dosage. Dealing with drought or combined heat–drought stress,

knowledge on LCox (e.g., estimated from changes in K leaf before

turgor loss) and/or LCx are key. Drought-induced LCx can be

inferred from literature values (e.g., Martin-StPaul et al. 2017) or

directly measured from cut branches (Sperry et al. 1988). The

cutting artifact (i.e., arti�cial increase in embolism when xylem

is cut under tension) remains a lingering problem (Wheeler et

al. 2013) and methods need to be adapted accordingly, in

particular when dealing with long-vesseled species (Torres-Ruiz

et al. 2015b). Here, novel optical techniques can provide helpful

cross-validation (Choat et al. 2015; Brodribb et al. 2016).

Following stress release, the derived stress indicators need to

be linked to recovery rates. Here E, gs or An provide diagnostic

recovery metrics and half-life times (t1/2) inform on recovery

rates (Brodribb and Cochard 2009; Li et al. 2016).

Another research focus is the C cost of stress and recovery

(Figure 5a), which particularly involves understanding C alloca-

tion towards repair and regrowth. To tackle this, experiments

considering tissue respiration alongside changes in C input

(An, Figure 5b), C storage (e.g., NSC, lipids) and biomass

are needed. Cross-comparisons among studies are facilitated

if similar set-ups and methods are used. For instance, tissue

NSC concentrations ought to be measured in accordance to

standardized procedures (Landhäusser et al. 2018). Another

strategy is to quantify changes in basal area increment via

high-resolution dendrometers (accounting for water dynamics),

which informs on structural C investments towards regaining

hydraulic functioning. Root growth dynamics are often neglected

and are challenging to measure, but are de�nitely needed to

complete the picture on C allocation and hydraulic recovery.

With regard to interpreting �eld observations, we need to

understand the in�uence of environmental conditions on recov-

ery performance. For instance, while soil rehydration occurs

Tree Physiology Volume 39, 2019
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Post-stress recovery dynamics in trees 1297

immediately in controlled pot experiments and other abiotic

conditions are favorable, this is rarely the case in natural envi-

ronments. In fact, we know next to nothing about the in�uence

of environmental conditions on recovery success. Besides water

availability, other potential abiotic drivers of recovery rates are

temperature, VPD (Trugman et al. 2018), soil nutrients (Gessler

et al. 2017) and atmospheric [CO2] (Hamerlynck et al. 2000).

The in�uence of these factors on recovery performance has to

be considered via multi-factorial experiments. In the long term,

the mechanistic insights gained from studying stress resilience

in potted seedlings need to be tailored towards an understand-

ing of mature tree and forest responses. Therefore, addressing

both seedling and mature tree recovery under �eld conditions

are necessary follow-up steps. Overall, such experiments are

complex and demand collaborative e�orts between research

labs.

Supplementary Data

Supplementary Data for this article are available at Tree

Physiology Online.
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