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Abstract  
 
 
This research venture presents three distinctive studies, employing non-structural carbohydrate 
(NSC) measurements as an effective tool to evaluate plant responses under varied environmental 
conditions. 
 
Chapter One focuses on how the rate of drought development impacts energy reserves and the 
recovery process in Grenache, a cultivar. The research studied fast-developing drought (FDD) 
and slow-developing drought (SDD). FDD, characterized by rapid stomatal closure and high 
abscisic acid (ABA) accumulation, showed negligible stem priming for recovery. However, SDD 
exhibited gradual stomatal closure, lower ABA accumulation, and changes preparing the stem for 
recovery, including xylem sap acidification and sugar accumulation. Both drought types showed 
similar trends concerning stomatal conductance recovery, yet displayed different sensitivities to 
xylem ABA. Total NSC content in plant stems was affected differently by FDD and SDD. FDD 
didn't significantly alter total carbohydrate content, whereas SDD led to an increase during 
stress, which normalized post-recovery. FDD resulted in a higher stem starch content during 
drought and post-rehydration, with no significant change in soluble sugar accumulation. SDD 
plants accumulated slightly more starch and significantly more soluble sugars, which returned to 
pre-stress levels swiftly after rehydration. This study indicates plants' unique adaptability to 
long-term drought and highlights the need for accurately reflecting field conditions when 
studying plant responses to drought. 
 
Chapter Two investigates the impact of extended smoke exposure on NSC reserves in trees under 
natural field conditions. The study analyzed a comprehensive regional dataset and detailed 
spatiotemporal satellite data. Results showed that mid-growth season smoke exposure could 
transiently deplete plants' NSC reserves, while exposure later in the growth cycle could disrupt 
the vital carbohydrate reserve buildup, leading to a prolonged reduction in reserves. This 
introduces an unrecognized risk to plant health and ecosystem stability, threatening both 
agricultural and natural environments on a regional scale. 
 
Chapter Three explores climate change implications on almond orchard phenology and the 
subsequent land suitability for almond farming. This study utilized historical climate data, a 
model incorporating daily minimum/maximum temperatures and NSC dynamics in twigs, and 
CMIP6 climate predictions. Analysis under two climate change scenarios projected that land 
suitable for almond farming could remain largely stable over the next three decades. However, 
under the unchanged emission scenario, the suitable land could see a reduction ranging from 
50% to 95% by the century's end, aligning with a shift in bloom time. This signifies the critical 
role of climate change in shaping almond production's future, emphasizing the need for 
sustainable agricultural land management, ensuring long-term food security and economic 
stability amidst evolving climate conditions. 
 
In conclusion, the research presents valuable insights into plants' adaptability and resilience 
under different environmental stressors. It demonstrates the importance of NSC measurements in 
understanding these responses, opening avenues for future research and effective adaptation 
strategies in the face of changing environmental conditions. It also underscores the pressing need 
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to address the risks and challenges posed by climate change and other anthropogenic factors to 
ensure sustainable agricultural practices and ecosystem stability. 
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Introduction 
 

The future of our planet is critically dependent on understanding the complex interplay of natural 

systems in the face of escalating climate change. One crucial component of this intricate network is plants, 

who hold a pivotal role in the world's ecosystems and agriculture. As plants brace for an uncertain future 

characterized by intensified abiotic stressors such as drought, pollution, and temperature fluctuations, their 

resilience becomes increasingly important to study. This is particularly true for perennial species that bear 

the cumulative impact of recurring environmental challenges, as this could profoundly affect their 

productivity and survival. 

A key component in plants' defense strategy against these stressors is their carbohydrate reserves. 

Serving as a plant's primary insurance policy, carbohydrates ensure immediate survival, future growth, and 

fecundity. These reserves, primarily composed of soluble sugars and starch, fuel current growth and 

metabolic activities. However, the role of carbohydrates transcends being just temporary energy reserves. 

They offer a reliable energy source for plants to utilize when external conditions are unfavorable or during 

prolonged periods of asynchronous carbohydrate supply, such as day-night cycles or seasonal changes. 

They also prove indispensable during longer-term environmental changes. For instance, under severe 

drought conditions, photosynthetic activity can halt, forcing plants to rely heavily on their carbohydrate 

reserves. Furthermore, they serve as a safety net, facilitating the restoration of vital functions following 

periods of stress, such as aiding the recovery of the plant's hydraulic system and ensure the regrowth of 

leaves or roots once stress conditions have subsided. Similarly, during the dormant winter months, these 

reserves are crucial for supporting essential functions and preparing the plant for the imminent growing 

season. 

Given this pivotal role of carbohydrates, an understanding of their function and dynamics under 

various stress scenarios is fundamental to predict future plant dynamics and resilience. In this thesis, I will 

embark on a multiscale exploration of how carbohydrates help plants withstand a range of stressors, from 

drought and smoke exposure at the individual and regional level to the wider implications of climate change 
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on blooming patterns. My research presents a comprehensive view of the potential use of carbohydrate 

analysis for evaluating the stress response capacity of perennial plants. This investigation has been made 

possible through advancements in high-throughput carbohydrate analysis in woody tissue, notably the 

creation of a near-infrared (NIR) predictive model. This model enables spectral analysis of starch and sugar 

content in woody plants, offering a promising tool for understanding and assessing plant resilience to 

environmental stressors. This investigation will not only enhance our understanding of plant function under 

stress but also provide valuable insights into the future of plant dynamics in an era of changing climate. By 

unraveling these mechanisms, we can be better equipped to devise strategies that safeguard the resilience 

and productivity of our plant ecosystems and agricultural landscapes. My thesis is composed of three 

distinct yet interconnected chapters: (1) an exploration of plant-level responses to water stress, focusing on 

a single seasonal time scale; (2) a study of regional-level responses in the California Central Valley, 

assessing multi-year reactions to smoke pollution generated by wildfires; and (3) an examination of the 

impact of a warming climate on bloom shifts in almond trees. These chapters together aim to provide a 

comprehensive perspective on the interaction between plant physiology and various environmental 

stressors. (Citations included in Ch.1-3) 

Ch. 1 Impact of drought progression rate on stress response and recovery in Vitis vinifera 

 

Deciphering plant resilience against abiotic stressors like drought is limited, largely because 

research to date has primarily focused on elucidating the tactics plants utilize to resist stress and minimize 

irreversible harm and less so on the recovery process. In response to extreme drought, plants frequently 

suspend photosynthetic activity, shifting their reliance to carbohydrate reserves. In a scenario where 

reserves are already strained due to diminished photosynthesis, it's crucial for plants to strategize effectively 

to combat and recover from intensifying drought conditions. They face the considerable task of striking a 

balance between sustaining current metabolic processes and preserving sufficient resources for ensuring 

future functional recovery. This task becomes increasingly complex when considering the temporal 
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dynamics of stress, which include factors such as intensity, rate, and duration which can influence both the 

trajectory of drought progression and the ensuing plant recovery process. 

 The rate of drought progression can profoundly influence not only the total amount of nonstructural 

carbohydrates (NSCs), but also their distribution and composition. For instance, a rapid drought onset 

leading to reduced xylem sap pH could stimulate the accumulation of soluble sugars in the apoplast. These 

sugars, acting as osmolytes, generate a gradient crucial for refilling embolized conduits – a 'stem priming' 

process vital for recovery. Alternatively, a slower drought progression could require more gradual 

adjustments in carbohydrate metabolism and other physiological functions. Strategies like the gradual 

reestablishment of pre-stress functions might be necessary to afford adequate time for repairing drought-

inflicted damage. This could involve delaying the reopening of stomata after tension alleviation, thereby 

limiting transpirational demand and allowing more time for the slow, osmotically driven removal of 

embolisms. Therefore, the race of drought development can considerably impact the path and extent of 

plant recovery. In this chapter, our primary objective was to grasp how the rate of stress development 

affects energy reserves and influences the recovery process, underlining the need for further studies 

into how plants fine-tune their responses to varying drought progression scenarios. 

 

Ch.2 Assessing the Impacts of Prolonged Fires on Carbohydrate Reserves in Trees 

 

An emerging, substantial, yet frequently overlooked hazard to crucial ecological processes is the 

escalating frequency of wildfires, especially prevalent in California. The wildfire season in this region 

typically aligns with the onset of fall, from May to September, a period that coincides with the peak 

accumulation of carbohydrates in trees. These fires not only wreak havoc directly through burns but also 

generate a significant amount of smoke that can linger in the atmosphere for weeks, if not months. This 

lingering smoke is loaded with harmful chemicals, including carbon monoxide and ozone. These pollutants 

can obstruct photosynthesis, curbing the tree's capacity to produce energy and accumulate carbohydrates. 

Moreover, the smoke modifies the intensity and quality of light reaching the trees, posing an additional 
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challenge to photosynthetic efficiency. In this chapter, we present the repercussions of these alterations 

on the formation of carbohydrate reserves prior to dormancy in response to mid and late season fires 

in three major nut species (almond, walnut and pistachio) and the iconic California oak species (live 

oak).   

The decline in carbohydrate reserves could further disrupt flowering dynamics, influencing the 

timing and quality of bloom. This impact could cascade down to affect the tree's reproductive success and 

overall health. Our study leverages a unique opportunity to evaluate the effect of prolonged wildfire smoke 

on NSC reserves in four major tree species, both in natural and orchard environments. By integrating a 

long-term NSC dataset from the 'Carbohydrate Observatory' with the expansive and continuous monitoring 

provided by satellite aerosol detection (MODIS), we explore the consequences of sustained smoke exposure 

on trees' carbon reserves. Specifically, we analyze changes in NSC concentrations over time, comparing 

periods before and after smoke exposure. Our hypothesis is that prolonged exposure to high-intensity smoke 

depletes NSC reserves due to its inhibitory impact on photosynthetic activity. 

 

Ch.3 Impacts of Historical and Projected Climate Change on Bloom Timing in California’s Almond 

Orchards 

 

Extreme events like droughts and wildfires are escalating at an unparalleled rate, reshaping the 

plant landscape dramatically. As sessile beings, plants find themselves in a precarious position and must 

adapt to these evolving conditions or face displacement by more adaptable species. For economically 

valuable crop plants, these changes pose a substantial threat to productivity. A failure to adapt could lead 

not only to a decrease in crop yield, but also potentially to a complete loss of certain crop varieties. The 

blooming period represents a particularly vulnerable time for plants, as the precise timing of this process 

plays a critical role in plant survival and reproduction. A particularly intriguing role of carbohydrates is 

their signaling function, crucial for perennials. These carbohydrate stores can act as signals that prompt 

plants to emerge from dormancy and initiate the process of blooming. This function is of utmost importance 
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in trees, where the timing of bloom significantly influences their survival and reproduction. An early bloom 

might expose them to the risks of late frosts, which can damage their delicate flowers, while a delayed 

bloom can miss peak pollinator activity, compromising their reproduction and productivity. 

 Furthermore, in the face of a rapidly changing environment, agricultural systems across the globe 

are grappling with escalating pressure. There's an urgent need to not only sustain but also enhance crop 

productivity, paradoxically, on a land base that is either shrinking or remaining constant. This dynamic is 

intensified by the burgeoning global population, which directly translates into increased demand for food, 

even as arable land is repurposed for urbanization or compromised by soil degradation. As we strive to 

boost productivity per unit of land, it's vital to recognize that the effects of climate change could potentially 

render certain lands unfit for production in the future. Alterations in temperature patterns, precipitation, and 

growing seasons, coupled with increased incidences of extreme weather events, could significantly impact 

the land's ability to support crops. Crops traditionally grown in specific regions might no longer thrive under 

changing climatic conditions, forcing agricultural systems to adapt either by transitioning to new crop 

varieties or completely altering their agronomic practices. In worst-case scenarios, productive lands could 

become entirely infertile, leading to decreased food production and posing a significant threat to food 

security. Therefore, as we look to the future, it's not merely about improving productivity within the current 

constraints but also understanding how we can adapt what we grow to changing conditions. 

 Here we employ a model integrating daily minimum and maximum temperatures, 

carbohydrate dynamics, and CMIP6 scenarios. Our objective is to delve into the future of the Central 

Valley's agricultural landscape, specifically focusing on how land suitable for productive bloom might 

transform in response to these evolving conditions. By employing this integrative approach, we seek to 

explore and predict how the Central Valley – California’s agricultural heartland - might adapt and shift 

under different climate change trajectories outlined by the CMIP6 scenarios. We aim to provide insights 

into the resilience and adaptability of this region under future climatic uncertainties, highlighting the 

implications for agricultural productivity and sustainability. 
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Ch. 1 Do the ends justify the means? Impact of drought progression rate on stress response and 

recovery in Vitis vinifera  
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 3) Agroinnova - Centre of competence for innovation in the agro-environmental field, Largo Paolo Braccini 

2, 10095 Grugliasco (Italy) 

§-* equal contribution authors 

 

Published in Physiologia Plantarum on 22 October 2021 

 

Abstract 

Plants are frequently exposed to prolonged and intense drought events. To survive, species must implement 

strategies to overcome progressive drought while maintaining sufficient resources to sustain the recovery 

of function. Our objective was to understand how stress rate development modulates energy reserves and 

affects the recovery process. 

Grenache Vitis vinifera cultivar was exposed to either fast developing drought (within few days; FDD), 

typical of pot experiments, or slow developing drought (few weeks, SDD), more typical for natural 

conditions. 

FDD was characterized by fast (2-3 days) stomatal closure in response to increased stress level, high ABA 

accumulation in xylem sap (>400 µg/L) without the substantial changes associated with stem priming for 

recovery (no accumulation of sugar or drop in xylem sap pH). In contrast, SDD was characterized by 
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gradual stomatal closure, low ABA accumulation (<100 µg/L) and changes that primed the stem for 

recovery (xylem sap acidification from 6 to 5.5 pH and sugar accumulation from 1 to 3 g/L). Despite FDD 

and SDD demonstrating similar trends over time in the recovery of stomatal conductance, they differed in 

sensitivities to xylem ABA. Grenache showed near-isohydric and near-anisohydric behavior depending on 

the rate of drought progression gauging the risk between hydraulic integrity and photosynthetic gain. 

Isohydry observed during FDD could potentially provide protection from large sudden swings in tension 

whilst switching to anisohydry during SDD could prioritize the maintenance of photosynthetic activity over 

hydraulic security that is not threatened by a gradual increase in tension. 

 

Key words: water stress rate, recovery, Abscisic acid, carbohydrates 

 

Introduction 

Over the course of their life, plants experience a wide range of climatic conditions, fluctuations in 

temperature, nutrient and water availability that are often suboptimal and can severely constrain their 

growth and reproductive development (Zeppel et al. 2014, Yuan et al. 2019). Perennial species in particular 

are left increasingly vulnerable to additional abiotic and biotic stressors, greatly limiting productivity (Allen 

et al. 2010). Amongst abiotic stressors drought is the most pervasive; plants recurrently face alternating 

periods of drought, varying in length and intensity, followed by the sudden availability of water often in 

the form of rain. Typically, under natural conditions, slow-developing drought spans weeks if not months 

(Zargar et al. 2011). Initially, the onset of drought leads to a drop-in plant water potential and stomatal 

conductance consequently hindering photosynthesis and impeding growth. Prolonged exposure to stress 

results in xylem embolism formation thus interrupting and/or completely halting water transport, which if 

not ameliorated may culminate in plant death (Tyree and Sperry 1989, Zwieniecki and Secchi 2015). Plant 

stress response strategies emerged to account for drought severity, duration, and frequency typical of their 

respective environments, with the goal of utilizing the sudden burst of water supply to resume physiological 

activity. Therefore, species survival strategies to cope with drought stress cannot just be seen as passive, 
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but rather as proactive preparations for recovery prompted by the sudden availability of water. This novel 

premise stipulates that drought and recovery are not dichotomous and independent but should be considered 

as one interwoven continuous process (Ruehr et al. 2019). 

Processes that lay the foundation for facilitating recovery may be activated alongside conventional 

stress response mechanisms. Given that preparation for recovery is initiated during drought, its course and 

effectiveness may be impacted by features characteristic of temporal stress dynamics such as rate, and 

duration, which may dictate the ultimate success of post-drought recovery (Anderegg et al. 2013). Much of 

our current understanding rests upon studies performed on plants, more than often maintained in pots and 

greenhouses, wherein drought is simulated by an abrupt discontinuity in water supply, which can skew or 

even completely overlook the processes at play during the natural trajectory of drought stress (Romero et 

al. 2017). In nature, stress usually develops gradually over the course of weeks or months as effective soil 

volume per plant is large, while in experimental settings large negative tensions are often achieved in a 

matter of a few days or even hours, thus altering or inhibiting acclimation responses and limiting our ability 

to reliably assess recovery dynamics (Ingrisch and Bahn 2018). In order to survive, species must be able to 

coordinate an arsenal of multiscale responses, including adjustments to their biochemistry and physiology 

that can concurrently address the progressive drought while maintaining sufficient resources to sustain the 

prospective recovery of plant function. These adjustments include changes in levels of stress hormones 

(Daszkowska-Golec and Szarejko 2013), osmolytes and protective chemicals (Blum 2017), xylem sap pH 

(Secchi and Zwieniecki 2012), metabolism of nonstructural carbohydrates (NSC) (Trifilo et al. 2017, 

Tomasella et al. 2019), and expression of genes (Cramer et al. 2007). Therefore, the length and severity of 

stress incurred by plants can have downstream ramifications on the degree and path of recovery. How and 

which aspects of stem biochemistry and whole plant physiology are affected by the rate of drought stress 

progression and how these changes impact recovery remains an open question.   

Mounting evidence points to the linkage between NSC metabolism and a plant’s capacity to cope 

and recover from drought stress (O'Brien et al. 2014, Schwalm et al. 2017, Trugman et al. 2018, Pratt et al. 

2021). Amidst periods of water scarcity, during which stomatal closure prevents photosynthetic carbon 
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uptake (McDowell et al. 2008, McDowell et al. 2011), stored NSC can act as a buffer providing carbon to 

maintain basic metabolism and defense processes (McDowell and Sevanto 2010, Sala et al. 2012). Drought 

affects not only the total carbohydrates amount, but also the allocation and composition of NSCs, all of 

which can be linked to concurrent changes in xylem sap chemistry (Savi et al. 2016, Tomasella et al. 2017, 

Ivanov et al. 2019). Specifically, in some species, a drop in xylem sap pH induces an accumulation of 

soluble sugars in the apoplast that can promote recovery by serving as osmolytes generating a gradient to 

refill embolized conduits; processes that are associated with ‘stem priming’ for recovery (Secchi and 

Zwieniecki 2012, Pagliarani et al. 2019, Tomasella et al. 2021). Given that sugar depletion is expected 

during prolonged drought stress, rapid recovery of plant photosynthetic capacity might be a crucial 

adaptation that would confer plants with a competitive advantage.  However, a gradual reinstatement of 

pre-stress functions may be necessary to afford sufficient time to repair drought stress related damage. For 

example, delaying stomatal opening despite tension alleviation may reduce transpirational demand and 

provide additional time for the slow osmotically driven removal of embolism to occur. In this respect, ABA-

mediated control of stomatal aperture may be more important over passive turgor and water potential-driven 

responses. Thus, the objective of this study was to understand how plants use their time under stress to 

modulate their energy reserves (mostly carbohydrate supply) and xylem chemistry (pH and ABA content) 

to enhance recovery processes. 

As sessile organisms subjected to a wide range of constantly changing environmental conditions, 

plants’ survival depends on their capacity to integrate information about their surroundings, gauge potential 

trade-offs and adjust their physiology accordingly, all the while optimizing resources especially under water 

stress. Therefore, mechanisms that regulate gas exchange and restrict water loss are imperative for adapting 

and thriving in these conditions. While duration and magnitude are defining features of drought, the rate of 

stress progression is seldom considered despite its potential importance for the acclimation of plants to 

stress and their subsequent recovery. Therefore, we hypothesized that a slow developing drought (SDD) 

would permit the time for changes in the xylem sap chemistry to prime the stem for recovery while delaying 

stomatal opening. A fast-developing drought (FDD) would be limited to prioritizing the conservation of 
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water by shutting stomata without the changes associated with stem priming. Given that stomatal behavior 

can have large implications for NSC and water-loss dynamics, we tested our hypothesis on Vitis vinifera 

cultivar Grenache purported to be near-isohydric (Shelden et al. 2017). We evaluated stress responses and 

recovery by analyzing both physiological and chemical parameters in response to fast and natural timing of 

drought occurrence, thus investigating the specific drought response strategies. 

 

Materials and methods 

Plant materials and experimental set up 

Vitis vinifera cv Grenache cuttings were provided by the nursery Vivai Cooperativi Rauscedo-San Giorgio 

della Richinvelda (PN), Italy. These commercially available plants are typically grafted on rootstock 1130P 

(V. berlandieri cv. Resseguier nr. 2 × V. rupestris cv. Du Lot.). In this study, we refer to the plants simply 

as Grenache. 

Two-year-old grapevines were grown in a greenhouse under partially controlled climatic conditions. 

Temperature and relative humidity were maintained along the experiment in the range of 22–31°C and 40-

80%, respectively (daily average temperature and relative humidity are reported in Table S1). Natural 

daylight was supplemented, when necessary, with light from metal halogen lamps to maintain a minimum 

of 500–600 mmol photons m-2 s-1 during a 12-h-light/12-h-dark cycle. Each plant grew in a 4‐L pot filled 

with a substrate composed of sandy‐loam soil/expanded clay/peat mixture (2:1:1 by weight). A total of 25 

grafted grapevines with 1-5 branches per plant were used in this study. At the beginning of the experiment 

Grenache plants had an average length of 87.05 ± 11.8 cm (as measured from the graft union) and were 

characterized by the same phenological phase, with at least 10 fully expanded leaves at the scion thus 

assuring its photosynthetic independence. Furthermore, the plants remained in a vegetative phenological 

state through the extent of the experiment.  

The 25 grapevines were further divided in 3 groups: 10 plants were exposed to SDD treatment, 10 plants 

to a FDD and the remaining 5 grapevines were kept as controls (CTR), these plants were irrigated to field 

capacity every morning during the whole experimental period. The SDD was achieved by progressively 
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reducing the amount of water provided to the plants along the experiment (20% less of water used every 

day), while the FDD was induced by interrupting irrigation (Fig. S1). The daily water loss for both FDD 

and SDD is shown in Fig. S2. In both treatments, water stress was imposed until stem water potential 

reached an average level of -2 MPa. Once water stress levels were reached, the grapevines were re-watered 

in the morning up to field capacity and for the following ten days (REC). 

Xylem sap and stem tissues were collected from the treated (SDD, FDD and REC) and control plants (CTR) 

throughout the experiment duration and the samples were stored for further chemical analyses. 

Physiological parameters (stem water potential, stomatal conductance and photosynthesis) were monitored 

during the entire experiment (i.e. from the start of the stress treatments until full recovery of physiological 

functions) in both droughted and control plants. Since sampling for the biochemical properties of xylem 

sap was destructive, we randomly removed at least three lateral branches per treatment (one branch per 

plant) on every sampling date. Sample pooling was every 6 days for FDD, encompassing three periods 

(FD1–FD3), and every 12 days for SDD, encompassing four periods (SD1-SD4). During recovery, stem 

water potential recovered within one day for both treatments so pooling was done for day one (FR1, SR1) 

and then for the remaining recovery period (FR2, SR2).  

 

Measurement of leaf gas exchange and xylem pressure 

Stomatal conductance (gs) and net photosynthesis (An) were measured on fully expanded leaves exposed to 

direct sunlight, using a portable infrared gas analyzer (ADC-LCPro+ system, The Analytical Development 

Company Ltd, Hoddesdon, UK). Measurements were performed using a 6.25 cm2 leaf chamber equipped 

with artificial irradiation (1200 µmol photon m-2 s-1), set with a chamber temperature of 25°C to avoid 

overheating. CO2 values were maintained at greenhouse conditions (400-450 ppm). Leaf gas exchange was 

monitored daily (between 10:00 am and 12:00 pm) on three to five plants in each treatment (one leaf per 

plant) for the whole duration of the experimental trial. Meanwhile every 2-3 days three leaves per treatment 

(each from different plants) were collected for xylem pressure measurements (stem water potential). 
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Xylem pressure measurements were performed on fully expanded non-transpiring leaves. Prior to taking 

the measurements, leaves were placed in humidified aluminum foil-wrapped plastic bags for 20 minutes 

before excision. After excision, leaves were allowed to equilibrate for an additional 15 minutes and water 

potential was measured using a Scholander-type pressure chamber (Soil Moisture Equipment Corp., Santa 

Barbara, CA, USA). 

 

Sap and stem sampling procedure 

Xylem sap was collected from treated (SDD, FDD and REC) and control (CTR) plants, according to a 

previously described method (Secchi and Zwieniecki 2012). Briefly, a branch was attached through a plastic 

tube to a syringe needle. The needle was threaded through a rubber cork to a vacuum chamber, with the 

needle tip placed in a 1.5-mL plastic tube. After a vacuum suction was generated, pieces of stem were 

consecutively cut from the top, allowing liquid from open vessels to be sucked out of the stem and collected 

in the tube. Sap samples were stored at -20°C until analyses of pH and NSC content were conducted. 

The stems sampled for sap collection were cut in small sections using a fresh razor blade and microwaved 

at 700 W for 3 min to stop enzymatic activities. Samples were then oven-dried at 70 °C for 24 h, ground to 

fine powder (particle size < 0.15 mm) using a tissue lyser system (TissueLyser II, Qiagen), and kept for 

further analyses (starch and soluble sugar content) at room temperature. 

 

Measurements of pH and soluble carbohydrates in xylem sap 

Variations in xylem sap pH during SDD and FDD and along recovery period in comparison to control 

plants were evaluated using a micro pH electrode (PerpHect® ROSS®, Thermo Fischer Scientific, 

Waltham, MA USA). Non-structural carbohydrates (NSC) content in xylem sap samples was quantified 

following the anthrone-sulfuric acid assay described by Leyva et al. (2008) with the modifications indicated 

in Secchi and Zwieniecki (2012). In short, 50 µL samples were mixed with 150 µL of anthrone in sulfuric 

acid (0.1%, w/v) in a 96-well micro-plate (iMark Microplate Absorbance Reader, BioRad). The plate was 

cooled on ice for 10 minutes, heated at 100 °C for 10 minutes, and then equilibrated to room temperature 
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for 10 minutes. A glucose standard curve was used to compare the colorimetric response of the samples, 

whose absorbance was read at 620 nm. Soluble carbohydrates concentration was expressed as g L-1 of 

glucose. 

 

Analysis of soluble sugars and starch concentration in stem samples 

25 ± 4 mg of powdered sample materials were transferred into a 1.5 mL Eppendorf test tube. To extract 

soluble sugars, 1 mL of 0.2 M sodium acetate buffer solution (pH= 5.5) was added to each sample, vortexed 

and incubated at 70°C for 10 minutes. The NSC were quantified following the procedure described above 

and the sugar concentration was expressed as mg g-1 dry weight. For starch analyses, the remaining pellet 

was exposed to 100°C for 10 minutes and submitted to enzymatic digestion for 4 h at 37°C in 0.2 M sodium 

acetate buffer (pH = 5.5) with 0.7 U of amylase and 7 U of amyloglucosidase. Once the digestion was 

completed, samples were centrifuged for 5 minutes at 21000 g, and the supernatant was diluted 1:20 and 

quantified using the method described above for determining soluble carbohydrates content. 

 

HPLC-MS/MS analysis of sap abscisic acid (ABA) content 

ABA concentration was quantified following the method described by Siciliano et al. (2015) with minor 

changes. Xylem sap samples were centrifuged at 13000 g and 4°C for 5 minutes. From the obtained 

supernatant, a total volume of 50 µL for each sample was collected in a 1 mL amber glass vial containing 

an appropriate glass insert (Supelco, Sigma-Aldrich) for small sample volumes and analyzed by HPLC-

MS/MS. High Performance Liquid Chromatography was carried out using a 1260 Agilent Technologies 

(Waldbronn, Germany) system equipped with a binary pump and a vacuum degasser. Sample aliquots (20 

μL) were injected on a Luna C18 (150 × 2 mm i.d., 3 μm Phenomenex, Torrance, CA) and ABA was eluted 

in isocratic conditions of 65:35 (H2O:CH3CN v/v acidified with HCOOH 0.1%) under a flow of 200 μL 

min-1 for 5 minutes. Using an electrospray (ESI) ion source operating in negative ion mode, samples were 

introduced into a triple-quadruple mass spectrometer (Varian 310-MS TQ Mass Spectrometer). Analyses 

were conducted in MRM mode using two transitions: 263>153 (CE 12V) for quantification, 263>219 (CE 
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12V) for monitoring, with 2 mbar of Argon (Ar) as collision gas. The external standard method was applied 

to quantify ABA concentration in target samples. In detail, a standard curve was generated using an original 

ABA standard (Sigma Aldrich, St Louis, MO, USA; purity 98.5%), with concentrations ranging from 10 to 

500 µg L-1. The detection (LOD) and quantification (LOQ) limits were calculated based on the standard 

deviation of the response (σ) and slope of the calibration curve (S) ratio in accordance with the ICH 

Harmonized Tripartite Guideline expressed as: LOD=3.3σ/S; LOQ=10σ/S. Calculated final values were as 

follows: LOD = 0.87 ng mL-1; LOQ = 2.90 ng mL-1. 

 

Statistical analyses 

Significant differences among treatments were analyzed by applying a one‐way analysis of variance. Fisher 

LSD significant difference post-hoc test was used for separating means when analysis of variance results 

was significant (P < 0.05). The SPSS statistical software package (v24.0, SPSS Inc., Cary, NC) was used 

to run the statistical analyses, and Sigma Plot software (Systat Software Inc., San Jose, CA) was used to 

create figures. 

 

Results 

Physiological Changes in Response to SDD, FDD and Recovery 

Using two distinct methods to impose drought onto potted plants: (1) an immediate interruption of irrigation 

resulting in fast developing drought (FDD) and (2) a constant reduction in available water resulting in slow-

developing drought (SDD), we successfully implemented two rates of drought progression allowing us to 

test the proposed hypotheses. Grenache plants exposed to SDD reached the stress level of approximately -

2 MPa in 44 days (ψ stem: -2.06 ± 0.40 MPa), while in FDD water stress was achieved within 18 days (ψ 

stem: -1.85 ± 0.07 MPa; Fig. 1a). The rate of water stress progression was significantly different between 

treatments and was ~0.09 and ~0.025 (MPa day-1) respectively for FDD and SDD (Fig. 1a). Stomatal 

conductance (gs) progressively decreased during SDD treatment, while it seemed to collapse within 1 day 

in FDD treatment (Fig. 1c). The response of gs to xylem pressure was different between the two treatments; 
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in the SDD treatment plants gradually shut stomata in response to increment of stress level and remain 

partially open even at -1 MPa, while in FDD stomata closure occurred at the onset of low stress around -

0.6 MPa (Fig. 2a). Post-rewatering, water potential recovered within the first day in both treatments (Fig. 

1b). Recovery of gs was much slower than that of water potential but was not significantly affected by 

treatment (Fig. 1d). Recovery of gs expressed as a response to water potential revealed no relationship (Fig. 

2b).    

As expected, net photosynthesis and stomatal conductance were well correlated; a constant reduction of net 

photosynthesis was in fact coupled with a progressive reduction of gs (Fig. S3a). Rewatering completely 

restored photosynthetic activity to pre-stress measurements after stomata were fully open (Fig. S3b).    

At the end of the treatments, well irrigated plants were longer than the stressed ones (165.67 ± 15.04 cm 

versus 107 ± 5.3 cm and 132.25 ± 11.32 cm, respectively for SDD and FDD treatments). The plants exposed 

to SDD at the end of experiment showed a 23% of stem length increment, while Grenache exposed to FDD 

were about 52% longer than plants at the beginning of experiment (Fig. 3). Moreover, SDD grapevines 

grew only the first 13 days from the beginning of the stress. 

 

Biochemical Changes in xylem sap in Response to Stresses and Recovery 

Xylem sap ABA increased with the increment of drought level for both stresses (Figs. 4b and S4b), however 

ABA was highly accumulated at the end of FDD treatment (FD3, Fig. 4b). The ABA accumulation to 60-

90 �g/L forced complete stomatal closure (Fig. 1c), but ABA continued accumulation under FDD treatment 

and reached values 10 times higher than those under SDD conditions. During the recovery phase, xylem 

pressure recovered within one day, however ABA concentrations during the few hours and 1 day post 

recovery (R1, Fig. 4b) remained high at the level of FDD and SDD under drought. Drop in ABA content 

did not occur until 8-10 days post rehydration. At that time, ABA concentration decreased to pre-stress 

values in both treatments (R2, Figs. 4b and S4b). 

During FDD and SDD, the response of ABA to stomatal conductance was well correlated in both drought 

treatments; FDD: R2 = 0.98 P < 0.001, SDD: R2 = 0.92 P < 0.001 (Fig. 5). The ABA concentration increased 
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significantly in the xylem sap of the stems while gs decreased and a maximum level of ABA was reached 

when stomata were closed.  

Fast developing drought did not significantly affect the pH of xylem sap. Sap acidification was observed 

after one day of relief from slow developing drought (Fig. S4). Xylem sap pH changed from of 5.92 ± 0.042 

in control plants to 5.46 ± 0.12 in recovered plants (Fig. 4c). The acidification of xylem sap occurred in 

parallel with a significant increase in soluble carbohydrate content (from 0.51 ± 0.079 g L-1 in control plants 

to 3.82 ± 1.16 g L-1 in recovered plants; Fig. 4d). The total amount of carbohydrates in the sap returned to 

pre-stress levels after 10 days of rehydration (0.44 ± 0.056 g L-1), when pH values were higher and 

overlapping those of irrigated plants (pH: 5.75 ± 0.053; Fig. 4d). During the drought experiments, sugar 

concentration was low and not correlated with pH values (Fig. 6). However, Grenache SDD stressed plants 

showed high carbohydrate content only at lower pH values during the first day of recovery (SR1) that was 

significantly different from the rest of the measurements (Fig. 6).  

 

Biochemical Changes in stem tissues in Response to Stresses and Recovery 

Drought treatments affected differently the total NSC contents in the stems; plants exposed to FDD 

treatment did not modify the total carbohydrates (starch plus soluble sugars) content in stem tissues during 

both stress and recovery (Figs. 7a and S5). However, plants exposed to SDD showed an increase of total 

NCS content during stress and the values returned to pre-stress levels when water was alleviated, with sugar 

concentration overlapping those of well-watered grapevines, (SDD: 94.32 ± 26.40, 157.97 ± 19.55 and 

105.23 ± 2.75 mg g-1 of total sugars respectively for well-watered, SD4 stress and recovered plants; Fig. 

7a). 

In details, the FDD treatment increased the content of starch in the stems during the drought imposition 

(FD3, 1.5-fold more than controls) and after one day of rewatering (2.2-fold more, Fig. 7b), while the 

accumulation of soluble sugars did not change over the experiment (Fig. 7c). Plants from SDD treatment 

accumulated slightly more starch compared to well-watered conditions (Fig. 7b) and significantly more 
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soluble sugars (1.7-fold more). Interestingly, during the recovery phase stem sugars in SDD plant return to 

pre-stress level within one day (Fig. 7c). 

 

Discussion 

 The two methods adopted to impose drought on potted grapevines were chosen to simulate the fast 

water potential decline, rates of ~0.09 (MPa day-1), typical of most drought experiments conducted on 

potted plants (Griesser et al. 2015) and the gradual decline, rates of ~0.025 (MPa day-1), more typical of 

drought under field and natural conditions (Romero et al. 2017). We found significant differences between 

the fast and slow rates of drought progression, among the measured water stress related physiological 

responses including stomatal conductance, xylem sap ABA concentration, xylem sap pH, and soluble sugar 

concentrations in xylem sap, as well as modifications in the content of stem carbohydrates. Furthermore, 

we observed that not only was each drought rate accompanied by distinct xylem biochemical changes but 

in addition, the respective changes also set the precedent for their corresponding recovery. However, we 

also observed similarities between the two treatments particularly in the trajectory of water potential and gs 

during the recovery. Taken together, our findings suggest that the evaluation of plant response to stress 

should be analyzed in the context of plant water potential, while the subsequent response to recovery from 

stress should be evaluated in the context of time, as xylem pressure immediately returned to pre-stress levels 

in both treatments. Moreover, our findings can be analyzed in the context of the impact of drought 

progression rate on protective strategy (isohydric vs anisohydric behavior) and the subsequent recovery 

process.  

A binomial method of classification, isohydric and anisohydric (Schultz 2003), has been used to 

explain differences in stomatal behavior between Vitis vinifera varieties in response to water stress. 

However, this classification should not be decisive (Hochberg et al. 2018), and recently it has been shown 

that isohydric and anisohydric behavior is not constitutive for a characteristic variety but rather it is 

environmentally dependent (Martorell et al. 2015). In general, anisohydric plants, withstand a wide 

variation of water potential but promote photosynthetic gains, thus maintaining higher stomatal aperture 
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and exhibiting substantial reduction in xylem pressure (Coupel-Ledru et al. 2017). In contrast, isohydric 

plants should limit water potential variation to protect hydraulic integrity at the cost of photosynthetic 

output and are more exposed to carbon starvation risk when compared to anisohydric plants, due to the 

prompt stomatal closure in the case of water stress (Tardieu and Simonneau 1998). Grenache is typically 

considered to show near-isohydric response. Indeed, when exposed to FDD, Grenache shut stomata in a 

step-like manner in response to small drops in water potential (within 0 to -0.6 MPa) in a manner to the 

typical isohydric stomatal behaviors. However, Grenache’s isohydric behavior disappeared under the SDD 

treatment. Such dual response contradicts popular approaches that ascribe species or varieties' dominant 

adaptive stomatal responses to be inherent and independent of environmental conditions (Dal Santo et al. 

2016).  

Some previous studies have reported switching between iso- and anisohydric behavior even within 

the same cultivar (Franks et al. 2007, Chaves et al. 2010, Rogiers et al. 2012, Zhang et al. 2012), but the 

circumstances promoting this behavioral ambiguity in response to drought remained unclear (Domec and 

Johnson 2012, Klein 2014). Considering stress development dynamics may reconcile the apparent 

inconsistencies and provide insight into the benefits that come from a shifting strategy that adjusts along a 

stress continuum as opposed to being constrained to an archetypal response. Isohydricity may be a 

beneficial response under FDD regimes when sudden unanticipated deviations from typical transpirational 

demand risk exposure to tensions that can endanger xylem functionality (Tyree and Sperry 1988) or 

accelerate senescence. Under SDD conditions a near-anisohydric response can dominate, as a slow buildup 

of tension affords plants the time and security to better acclimate under the reduced risk of sudden hydraulic 

failure, all the while preserving photosynthetic activity. In this study, Grenache exemplifies such flexibility 

by modulating stomatal conductance in accordance with drought length and rate. Thus, we suggest that iso- 

and anisohydric behaviors bound an array of facultative behaviors imposed by different rates and length of 

drought stress that permit plants to shift priorities and coordinate responses to optimize the tradeoff between 

carbon gain and hydraulic function, and analysis of stomatal response to water stress should account for the 

rate of stress development.  
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 Xylem sap ABA and pH have been shown to mediate stomatal closure and linked to aniso- and 

isohydric behavior (Davies et al. 2002, Sharp and Davies 2009, Marusig and Tombesi 2020). In fact, both 

strategies are often associated with different degrees of ABA concentration and sensitivity (Coupel-Ledru 

et al. 2017). Under FDD, following a moderate decrease in water potential, a steep decline in stomatal 

conductance was observed along with a large and sudden increase of ABA concentration in xylem sap. 

Maximum ABA levels were achieved following complete stomatal closure, which may explain the high 

post stomatal-closure foliar ABA accumulations observed in previous studies (Tombesi et al. 2015, Frioni 

et al. 2020). Under SDD, the increase of ABA concentration was very slow and reached levels 10 times 

lower than those under the FDD treatment. While the maximum level of ABA stood in stark contrast 

between the two treatments, in both cases ABA progressively increased at the onset of drought concurrent 

to the decline in gs with complete stomatal closure occurring under similar ABA concentrations (60-80 

�g/L). The high accumulation of xylem ABA observed under FDD conditions but not under SDD 

conditions is a surprising observation suggesting that ABA production by roots in response to stress may 

be related not to stress severity but to rate of its occurrence. In addition, the excessive increase in ABA 

concentration observed in the FDD treatment might suggest lower sensitivity of stomata to ABA 

concentration under sudden drought (see slight shift in response of gs to ABA in Fig. 5 inset). This might 

indicate that ABA sensitivity is not an intrinsic varietal property but can be associated with the rate of water 

stress development. Therefore, ABA sensitivity may not be the best indicator to differentiate between 

iso/anisohydricity given that stress rate progression might alter ABA sensitivity and patterns of 

accumulation. We think that this notion is a novel concept that should be further explored as previous 

studies have found that experimental conditions influence stomatal behavior and apparent sensitivity to 

ABA (Lavoie-Lamoureux et al. 2017, Martinez-Vilalta and Garcia-Forner 2017).  

Moreover, the ABA concentration in the xylem sap and plant sensitivity acquired during stress may 

also play an important part in recovery from stress. There is an increasing appreciation for the fact that the 

recovery of water potential does not result in immediate stomatal opening (Blackman et al. 2009, Martorell 

et al. 2014) and delay is often observed. Such time-lag may be an evolved trait that provides additional time 



 
 

20 

for the restoration of hydraulic plant capacity (Martorell et al. 2014, Pagliarani et al. 2019). This delay has 

been associated with lingering ABA concentrations post-tension-release (Lovisolo et al. 2008, Brodribb 

and McAdam 2013). Indeed, in the present study we observed the presence of lingering ABA following 

rehydration. One might expect that gas exchange recovery from fast induced stress would be hastened by 

the quick improvement in water potential. Surprisingly, the recovery of leaf gas exchange was slow and not 

related to the recovery of water potential in both drying regimes despite levels of lingering ABA being 

drastically lower in SDD than in FDD. It can be speculated that recovery in Grenache might be linked to 

its sensitivity to ABA and xylem sap pH acclimation. Photosynthetic recovery is an important competitive 

advantage of any species; thus, the observed delay can be seen as a disadvantageous behavior. However, 

this delay might be necessary to assure that xylem transport capacity is restored to its maximum prior to an 

increase in transpiration demand. It is imperative to reconsider the way we represent recovery from 

assessing it in terms of water potential to looking at it from the perspective of time passing. 

Although in this study we did not assess hydraulic losses due to tension, applied stress was shown 

to cause embolism in grapevine (Brodersen et al. 2013, Pratt et al. 2020, Brodersen et al. 2018, Tombesi et 

al. 2014). Furthermore, it has been shown that recovery processes resulting in the restoration of hydraulic 

capacity require both energy and time to utilize the sudden occurrence of high water potential (Salleo et al. 

2004, Secchi and Zwieniecki 2016, Savi et al. 2016, Trifilò et al. 2017). As drought decreases 

photosynthetic output and growth, consequently it is thought that the NSC storage pool may initially 

increase due to a reduction in sink activities but subsequently decrease due the expenditure required to 

maintain metabolic activity (Trifilo et al. 2017). It might be expected that such behavior would be more 

pronounced in SDD as a slow decrease in plant water potential would allow more time between the halting 

of growth and total stomata shutdown, while in FDD both growth and stomata shutdown may occur almost 

simultaneously and no accumulation should be detected. Grenache indeed increased soluble sugar and 

starch contents under SDD conditions and did not change sugar content under FDD conditions even if an 

increased in starch level was observed. It is assumed that the restoration of xylem functional capacity post 

stress-exposure requires a pH driven accumulation of sugars in xylem sap, which creates an osmotic 
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gradient that stimulates embolism recovery (Salleo et al. 2004, Secchi and Zwieniecki 2016). Such 

dependency has been previously observed and further supports the notion that under natural drought 

conditions the pH of xylem sap stimulates an efflux of soluble sugars to the xylem (Secchi et al. 2017). 

Interestingly, during SDD, this accumulation of sugar in sap was imperceptible; however, during recovery 

there was a significant increase which was associated with a drop in pH (Fig. 4). Nevertheless, this increase 

only persisted for a few days. In FDD no significant changes in xylem sap soluble sugar levels were detected 

and no relationship between sap pH and SC concentration was present. This differential response between 

SDD and FDD may suggest that SDD results in physiological preparations aimed at reinstating their 

hydraulic system while FDD (most likely not a realistic drought treatment) can result in artifactual 

responses that may not facilitate full physiological recovery. Taken together, it seems that the length and 

rate of drought stress affects xylem sap soluble sugar concentration such that longer and slower stress 

stimulates processes associated with recovery from embolism, while fast stress progression may hinder 

physiological preparations for recovery.  

 

Conclusions (consult schematics presented Fig. 8) 

● In the case of Grenache isohydric and anisohydric behavior are facultative responses that can be 

linked to the rate of drought progression with isohydric behavior protecting plants from a sudden 

increase in tension, while anisohydric response can be linked to a more gradual tension increase 

that promotes maintenance of photosynthetic activity. 

● Stress progression rate affects xylem sap ABA concentration and sensitivity of stomata to ABA 

with high concentrations and lower sensitivity observed in FDD and low concentrations and high 

sensitivity in SDD.  

● Post-stress recovery occurs in two phases: (1) fast (hours) recovery of water potential and (2) slow 

(days) yet continuous recovery of stomatal conductance. Recovery rate was independent from the 

stress progression rate and could be linked to lingering ABA concentrations in xylem sap and 

respective sensitivities. 
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● Concentration of stem NSC was minimally affected by stress progression rates. However, xylem 

sap soluble sugar content increased in SDD in correspondence to lower pH, suggesting that slow 

developing stress might prime plants for restoring hydraulic capacity.   

● The differential response between FDD and SDD, reflected in levels of xylem sap ABA 

concentration, pH and NSC underlines the importance of applying a drying method that best 

simulates the timing of naturally occurring drought within the studied system.  However, the 

similarities in the major recovery parameters (water potential and gs) suggest the method of stress 

application is less important the rate of drought recovery although the nuances may be different.    
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Figures 

 

Fig. 1. Temporal dynamics of stem water potential (xylem pressure; a-b) and stomatal conductance (gs; 

c-d) during fast developing drought (FDD) and slow developing drought (SDD), and during recovery 

respectively from FFD and SDD. Each circle represents a plant. 
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Fig. 2. Stomatal conductance (gs) in relation to xylem pressure in Grenache plants during (a) fast 

developing drought (FDD) and slow developing drought (SDD) and during (b) recovery from FDD and 

SDD. Data were fitted with the four-parameter logistic curves (dose-response curve; black and green 

lines for respectively SDD and FDD treatment; for more details see Secchi and Zwieniecki, 2014. 

Parameters that describe curves for the two stressed populations are statistically different (FDD-EC50gs 

= -0.645 MPa and SDD-EC50gs = -0.777 MPa; Paternoster t test, P<0.005) 
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Fig. 3. Temporal plant growth during fast developing drought (FDD; green circles) and slow developing 

drought (SDD; black circles). White circles denote well-irrigated grapevine plants (CTR). One-way 

ANOVA tests suggest significant differences among the periods of experiment duration (days) and among 

the three treatments (P<0.05). Among time, letters denote homogeneous groups based on the Fisher LSD 

method (upper-case letters, differences among well-irrigated plants; lower-case letters, differences 

among SDD plants and green letters, differences among FDD plants). Asterisks denote significant 

differences among treatments on the same date. Data are mean values and bars are SE (control: n = 5; 

SDD and FDD: n = 10). 
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Fig. 4. (a) Xylem pressure, (b) abscisic acid (ABA) concentration, (c) pH values and (d) soluble sugar 

content measured from xylem sap collected from plants exposed to a fast-developing drought (FDD; 

green bars) and to a slow developing drought (SDD; black bars). White bars indicate average values 

measured in well-irrigated plants (CTR). One-way ANOVA test suggests significant differences during 

the imposition of the stresses (P < 0.05). Letters denote homogeneous groups based on the Fisher LSD 

method. Asterisks denote significant differences in SDD and in FDD groups; data are mean values and 

bars are SE (n = 3).  
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Fig. 5. Relationship between stomatal conductance (gs) and abscisic acid (ABA) content in xylem sap 

during fast developing drought (FDD, green circles) and slow developing drought (SDD; black circles). 

Insets depict stomatal conductance (gs) vs ABA represented with log scale values. Green lines represent 

the curves obtained for FDD and black lines for SDD treatment. Data are mean values and bars are SE 

(n = 3).  
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Fig. 6. Xylem soluble sugar content related to pH values during fast developing drought (FDD; green 

circles) and slow developing drought (SDD; black circles). Data are mean values and bars are SE (n = 

3). 
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Fig. 7. (a) Total carbohydrates (starch plus soluble sugars), (b) starch content and (c) soluble sugars 

content measured from stem tissues collected from plants exposed respectively to a fast-developing 
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drought (FDD; green bars) and to a slow-developing drought (SDD; black bars). White bars indicate 

average values measured in well-irrigated plants (CTR). One-way ANOVA test suggests significant 

differences during the imposition of the stresses (P < 0.05). Letters denote homogeneous groups based 

on the Fisher LSD method. Asterisks denote significant differences in SDD and in FDD groups; data are 

mean values and bars are SE (n = 3).  
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Fig. 8. Schematic illustration of grapevine behaviors under fast-developing drought (FDD; on the left) 

and slow-developing drought (SDD; on the right) and under recovery from both stresses. Green (FDD) 

and black (SDD) arrows indicate increasing or decreasing concentration of the measured parameters. 

Dotted arrows connect the effects derived from exposing plants to the two different rates of stress and 

the final consequences on recovery. For the details, please refer to the text. 
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Abstract 

The global incidence of megafires is on the rise, leading to extensive areas being shrouded in dense smoke 

for prolonged periods, spanning days or even weeks. By integrating a comprehensive, long-term regional 

dataset with detailed spatiotemporal satellite data, we present compelling evidence of the pronounced 

impact of heavy smoke plumes. Our findings show that if smoke occurs during the mid-growing season, it 

causes a temporary decrease in non-structural carbohydrate stores in plants. Moreover, if smoke disrupts 

the recovery of these stores before dormancy, it leads to a sustained decline that can impact the entire 

dormancy period. Our results highlight a previously unrecognized threat that could significantly affect plant 

health and ecosystem stability at a regional level in both agricultural and natural environments. 

 

Main 

Recent years have borne witness to an unprecedented increase in the extent and severity of wildfire activity. 

Perhaps, nowhere has this growing trend been more salient than in California, where 2020 marked the 

largest and most destructive wildfire season in the state’s recorded history, scorching over 1.5 million 

hectares of land and enshrouding California in smoke. Wildfire smoke deposits a suite of hazardous 

compounds, including but not limited to, particulate matter, carbon monoxide, ozone, and aerosol pollutants 

into the environment that can linger in the atmosphere for days, weeks, or even months 1. These smoke 

pollutants not only compromise air quality, which has been linked to a variety of adverse health effects in 

humans, but they also substantially alter the way sunlight interacts with the environment, upon which plants 



 
 

41 

depend 2. Considering that plants rely on light to conduct photosynthesis, any perturbances to the light 

regime can potentially hamper or amplify photosynthesis, thereby impacting plant growth, long-term 

productivity and survival 3,4. In particular, smoke particles can both decrease total solar radiation and 

enhance diffuse radiation. This dual action may lead to a rise in ecosystem productivity through the "diffuse 

radiation fertilization" effect at low smoke intensity levels 5,6, while potentially reducing productivity due 

to a decline in total solar radiation at high smoke levels 7,8 or atmospheric pollutants. Despite the potential 

consequences, the impacts of long-term natural smoke exposure on plants have been understudied. 

Conducting broad-scale experiments involving long-term smoke exposure is not feasible, emphasizing the 

importance of leveraging large natural events to gain a more comprehensive understanding of smoke's 

impact on plant life.  

Plants' response to smoke exposure can be influenced by multiple factors and affect various plant functions. 

Since a plant's energy reserves, such as non-structural carbohydrates (NSC), form an integral link between 

photosynthesis and diverse functions like growth, development, defense, phenology, and metabolism, 

investigating the dynamics of NSC storage can offer valuable insights into the effects of smoke on plants. 

In all plants, stores are needed to compensate for periods of asynchrony between carbon production and 

usage, such as day/night cycles, when current assimilate is inadequate to fulfill immediate needs of the 

plant. In perennial plants, substantial NSC storage is crucial for sustaining extended periods of supply-

demand imbalance, such as seasonal dormancy and stress events like droughts or pathogen outbreaks. 

Consequently, these plants may become highly susceptible to negative consequences if their NSC reserves 

are impacted by smoke exposure. We have a unique opportunity to assess the impact of prolonged wildfire 

smoke on NSC reserves in four major tree species, both in natural and orchard environments, by coupling 

a long-term NSC dataset (‘Carbohydrate Observatory’; https://zlab-carb-observatory.herokuapp.com/) with 

the wide coverage and continuous monitoring offered by satellite aerosol detection (MODIS). In this study, 

we explore the effects of prolonged smoke exposure on trees' carbon reserves by analyzing the 

concentration of NSC stores over time, comparing periods before and after smoke exposure. We 
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hypothesized that prolonged exposure to high intensity smoke reduces NSC stores due to its impact 

on photosynthetic activity. 

Aerosol Optical Depth (AOD) is a measure of the amount of atmospheric aerosols, such as dust, smoke, 

and pollution, that is present in a column of air. Specifically, AOD is a measure of the extent to which 

aerosols prevent the transmission of light through the atmosphere. To assess the intensity of the wildfire 

smoke in California's Central Valley (CV), we created a 20-year timeseries comprising of monthly average 

AOD data. On average, the yearly AOD level is approximately 0.151. However, both September 2020 and 

August 2021 stand out as anomalies, recording exceptionally high mean optical depth values of 0.598 (Fig. 

1a). These increased Aerosol Optical Depth (AOD) values coincided with a surge in burned areas 

surrounding the Central Valley (CV). (Fig. 1b). The topographical features of the CV, combined with the 

location of the fires around it, led to persistent large-scale smoke plumes blanketing the valley (Fig. 1d) 

throughout September 2020 and August 2021 making them the most smoke-polluted months in the last 20 

years (Fig. 1a). 

Our historical data, which spans three years (2018-2022), includes NSC concentrations in twigs of three 

major Californian horticultural species—Prunus dulcis (almond; accounting for 80% of global almond 

production), Pistacia vera (pistachio;70%), and Juglans regia (walnut; 30%)—as well as one iconic, 

endemic species, Quercus lobata (oak), all of which are present in the CV. This dataset allows us to examine 

the impact of the natural smoke exposure "experiment". We analyzed the NSC content for four consecutive 

months—September, October, November, and December—for two years prior to the anomalous fires (2018 

and 2019) and the 2020 and 2021 and post anomalous fires in 2022. Interestingly, we observed a marked 

difference in the effects of smoke exposure in August compared to those in September. Specifically, we 

found no immediate impact of AOD on the concurrent levels of NSC (Fig. 2; farm-level, non-standardized 

data for each species is presented SI Fig 1 to 4) following August smoke, with the exception of bark soluble 

sugar content. This exception may indicate a reduced capacity for acquiring stores due to an immediate 

local decreased supply of photosynthates. During the smoke event of September 2020 (Fig. 3; please see SI 

Fig 5 to 8 for farm-level, non-standardized data for each species), we also did not identify any immediate 
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effect on carbohydrate reserves. However, while we did not detect any immediate influence on the 

carbohydrate reserves, soluble sugar levels in October were significantly corelated with September AOD 

in both bark and wood. This trend continued into November with the addition of a significant reduction of 

starch levels in wood. By December, the impact of AOD on stores was evident in both the starch content of 

wood and bark, as well as in the soluble sugar content found in wood (Fig. 3).  

Our findings indicate that the effect of dense smoke during the mid-growing season (August) on tree 

reserves is transient, affecting only soluble sugars in the transport tissue (bark). However, the presence of 

dense smoke during the accumulation of reserves for dormancy (September) has a persistent and dynamic 

impact. Initially, we observed a reduction in soluble sugar content in October and November across both 

bark and wood. This was followed by a shift in December, where the decline was noticed in both starch and 

sugar content, but exclusively in the wood. This study unveils a first-of-its-kind relationship between the 

prolonged exposure of trees to smoke and the subsequent reduction in their non-structural carbohydrate 

(NSC) reserves. It provides evidence that smoke exposure during mid-growth is transient, allowing plants 

to recover before entering dormancy. However, when there's a lack of photosynthate replenishment prior to 

dormancy, the impacts can be long-lasting. It is difficult to assess the direct cause of the reduced stores in 

twigs following smoke exposure. This reduction may be related to a decrease in photosynthetic supply, 

which could stem from several factors: the direct impact of smoke on photosynthetic activity via a reduction 

in net radiation, changes in light quality (such as increased scattering of red light and attenuation of blue 

light), or the direct impact of smoke particles on leaf health. To evaluate possibility of the direct impact of 

smoke exposure on access to CO2, we analyzed the δ13C values of all four species on pooled samples from 

2019 and 2020 for September, October and December (Fig. 4). Simultaneous pairwise comparisons using 

Tukey’s HSD test revealed that the δ13C values of all four species (P. dulcis, Q. lobata, P. vera and J. regia) 

were significantly higher in 2020 compared to 2019 (t(67) = -9.723, p < .0001, Fig. 4). Our findings indicate 

that in 2020, plants demonstrated reduced discrimination for 13C, suggesting that the decline in NSC content 

may be primarily attributed to the impact of smoke on net photosynthesis. This effect may arise from 

decreased stomatal activity, characterized by reduced duration or aperture of stomatal opening, or 
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alternatively, from a potential simultaneous decline in metabolic activity 9. Smoke pollutants, such as ozone 

(O3), can negatively impact photosynthesis by causing oxidative damage to plant cells and reducing 

photosynthetic efficiency10. Additionally, alterations in the blue/red light ratio have been associated with 

reduced stomatal opening 11.Nevertheless, other factors cannot be ruled out, such as the direct clogging of 

stomata by soot particles or the influence of smoke exposure on plant water status and subsequent changes 

in soil moisture levels. 

The analysis of megafires' impact on perennial plants presented here demonstrates a reduction in energy 

stores across all studied species, providing unequivocal evidence that high persistent levels of smoke have 

a negative impact on plant photosynthetic activity. These findings present a novel, yet unrealized threat to 

agricultural and natural ecosystems related to the impairment of plants’ intrinsic capacity to accumulate 

adequate reserves prior to dormancy, following exposure to severe smoke. As levels of NSC stored can be 

linked to species phenology 12, the following year’s productivity 13 and ultimately survival 14,15. The 

observed impact may not be limited to temperate climatic zones alone, as the levels of smoke detected in 

this study (monthly average AOD = 0.6) were similar to those observed in Amazonia 16; however, no 

analysis of NSC reserves was conducted. It is crucial to acknowledge that the reported impacts were only 

detected by comparing NSC stores over several years across a large geographical area, utilizing hundreds 

of measurements underlining the importance and necessity of long-term, large-scale observations for 

understanding such ecological effects. 

 

Materials Methods 

Study area 

Non-structural carbohydrate and aerosol optical depth data was gathered from 673 farms and 12 oak sites 

within California’s Central valley, an area encompassing 47,000 km2. Its Mediterranean climate means that 

the warmest and driest periods coincide during the summer and are conducive to wildfires. In fact, the 

greatest risk of severe fires occurs toward the end of summer and into fall, from July to October, with 

activity peaking in September 17. 
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Satellite Aerosol Optical Depth data 

The dataset considered for this study was limited to the Central Valley (CV). The datasets considered for 

this study, were retrieved from MODIS instrument onboard the Terra platform which overpasses the study 

area twice a day. We employed the Aerosol Optical Depth (AOD) spectral band at 470 μm product from the 

Multi-angle Implementation of Atmospheric Correction (MAIC) (Collection 6 Level 2) combined from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) Terra and aqua. The collection has a 1km spatial 

resolution and a has a quality assurance confidence screened level-2 pixel-level data. To estimate smoke 

levels, daily AOD over land were averaged monthly for each pixel in CV and then averaged that over CV. 

MODIS AOD retrievals are limited to cloud-free pixels, and errors in cloud screening may impact the AOD 

estimate. The MODIS aerosol cloud mask uses the standard deviation of reflectance in sets of pixels to 

remove cloudy pixels, which increase spatial variability. 

 

Non-structural carbohydrates (NSC) 

Non-structural carbohydrate contents were analyzed in Prunus dulcis (almond), Pistacia vera (pistachio), 

Juglans regia (walnut), and Quercus Lobata (oak). Briefly ~ 10 cm twig samples were collected at monthly 

intervals from several hundred locations across CV. The samples were then separated into bark and wood 

tissues, oven-dried, ground and analyzed for the NSC content (soluble sugars and starch) using the anthrone 

method (Leyva et al. 2008). Non-structural carbohydrate data is publicly accessible at (https://zlab-carb-

observatory.herokuapp.com/). 

 

Carbon- isotope abundance (δ13C) 

13C isotope analysis was conducted on 2-5 mg of NSC samples using a PDZ Europa ANCA-GSL elemental 

analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). 

δ13C are expressed relative to the international standards VPDB (Vienna Pee Dee Belemnite). 
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Statistical analysis 

We performed all our statistical analysis using the R programming language 18 .Timeseries anomaly 

detection was conducted using R package 'anomalize' 19 using an anomaly sensitivity of a = .025. The 

timeseries analysis consisted of decomposing and analyzing the remainders using the Generalized Extreme 

Studentized Deviate Test to detect outliers. Furthermore, to facilitate the creation of a comprehensive graph 

inclusive of all species, we standardized the non-structural carbohydrate (NSC) data for each species, taking 

into account monthly variations across each year this was followed by a correlation analysis of AOD and 

standardized NSC was performed using R package 'rstatix' 20. Finally, for the analysis of Carbon- isotope 

abundance (δ13C) a best-fit model was generated and an analysis of variance (ANOVA) applied followed 

by the use of the R package ‘emmeans’ 21 to test whether each species differed significantly between the 

years 2019 and 2020 with a post hoc contrast analysis. 

 

Data availability  
Non-structural carbohydrate data is publicly accessible at (https://zlab-carb-observatory.herokuapp.com/).  
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Fig 1. Temporal and spatial analysis of the impact of wildfires on the air quality of California Central 

Valley. a) A time series analysis of monthly average aerosol optical depth (AOD) values at 470 nm in 

California's Central Valley over a 20-year period. The analysis aimed to detect anomalous patterns in the 

data, which could indicate changes in the amount of aerosols present in the atmosphere. Anomalies are 

highlighted in the plot by the red circles, indicating significant deviations from the expected trend at an 

anomaly sensitivity of a = .025. b) The total annual burned area in California (2000-2022). c) The 

distribution of the wildfire activity indicated by red markings around the Central Valley; data retrieved 

from NASA’s Fire information for Resource Management System (FIRMS) and the Cal Fire database 

(2022) 22 d) Average monthly values of Aerosol Optical Depth (AOD) across the Central Valley e) Visual 

MODIS representations of the severity and extent of the smoke plumes in California . The images 

correspond to dates marked by the peak monthly values for Aerosol Optical Depth (AOD). The smoke 

is observable as feather-like masses appearing in shades of white and off-white. 
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Fig 2. Standardized non-structural carbohydrates (NSC) in four consecutive months plotted against average 

aerosol optical depth (AOD) in August of the respective year (2018, 2019, 2021 & 2022). The NSC is 

divided into two components: starch and sugar, and the values are shown for both bark and wood tissues. 

For every month and NSC type, the linear correlations between standardized NSC and AOD from the four-

year analysis period are represented by the solid black line, the gray band represents the 95% confidence 

interval (n = 16; each respective Pearson’s Correlation p-value are displayed in each panel). 
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Fig. 3. Standardized non-structural carbohydrates (NSC) in four consecutive months plotted against average 

aerosol optical depth (AOD) in September of the respective year (2018,2019,2020 & 2022). The NSC is 

divided into two components: starch and sugar, and the values are shown for both bark and wood tissues. 

For every month and NSC type, the linear correlations between standardized NSC and AOD from the four-

year analysis period are represented by the solid black line, the gray band represents the 95% confidence 

interval (n = 16; each respective Pearson’s Correlation p-value are displayed in each panel) 
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Fig 4. Relative abundance δ13C in total non-structural carbohydrates for four tree species during the 

months of September, October, and December in the years 2019 and 2020. The gray band represents the 

average monthly aerosol optical depth (AOD) for each respective month.  
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Supplementary Information 

 

 

Figure S1. Prunus dulcis non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in August of the respective year (2018, 2019, 2021 & 2022). The 

NSC is divided into two components: starch and sugar, and the values are shown for both bark and wood 

tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-year 

analysis period are represented by the solid line, the gray band represents the 95% confidence interval (n = 

403, 326, 317, 324 and 280 for Aug, Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 
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Figure S2. Quercus lobata non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in August of the respective year (2018, 2019, 2021 & 2022). The 

NSC is divided into two components: starch and sugar, and the values are shown for both bark and wood 

tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-year 

analysis period are represented by the solid line, the gray band represents the 95% confidence interval (n = 

21, 30, 22, 15 and 13 for Aug, Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 

 

P = 0.028 * P < 0.001 *** P = 0.027 * P = 0.797 ns

P = 0.944 ns P = 0.023 * P = 0.676 ns P = 0.879 ns

P = 0.093 ns P = 0.543 ns P = 0.686 ns P = 0.120 ns

P = 0.019 * P = 0.296 ns P = 0.082 ns

P = 0.141 ns P = 0.056 ns P = 0.198 ns

Starch Sugar Starch Sugar

Aug

Sep

Oct

Nov

Dec

0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00

0

25

50

75

100

0

20

40

60

0

20

40

60

0

20

40

60

0

25

50

75

Bark Wood

August AOD470 nm

N
S
C
m
g 
g−
1  
D
W

Q. lobata



 
 

56 

 

 

Figure S3. Pistacia vera non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in August of the respective year (2018, 2019, 2021 & 2022). The 

NSC is divided into two components: starch and sugar, and the values are shown for both bark and wood 

tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-year 

analysis period are represented by the solid line, the gray band represents the 95% confidence interval (n = 

288, 199, 199, 150 & 142 for Aug, Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 

  

P < 0.001 *** P = 0.002 ** P = 0.056 ns P = 0.495 ns

P = 0.544 ns P = 0.302 ns P = 0.021 * P = 0.027 *

P = 0.209 ns P = 0.007 ** P < 0.001 **** P = 0.002 **

P = 0.477 ns P < 0.001 **** P = 0.289 ns P < 0.001 ***

P = 0.112 ns P = 0.003 ** P = 0.009 ** P = 0.003 **

Starch Sugar Starch Sugar

Aug

Sep

Oct

Nov

Dec

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

0

50

100

150

0

50

100

0

50

100

150

0

50

100

0

50

100

Bark Wood

September AOD470 nm

N
S
C
m
g 
g−
1  
D
W

P. vera



 
 

57 

 

 

Figure S4. Juglans regia non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in August of the respective year (2018, 2019, 2021 & 2022). The 

NSC is divided into two components: starch and sugar, and the values are shown for both bark and wood 

tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-year 

analysis period are represented by the solid line, the gray band represents the 95% confidence interval (n = 

288, 199, 199, 150 & 142 for Aug, Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 
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Figure S5. Prunus dulcis non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in September of the respective year (2018, 2019, 2020 & 2022). 

The NSC is divided into two components: starch and sugar, and the values are shown for both bark and 

wood tissues. For every month and NSC type, the linear correlations between NSC and AOD from the 

four-year analysis period are represented by the solid line, the gray band represents the 95% confidence 

interval (n = 276, 355, 266 and 241 for Sep, Oct, Nov and December, respectively; each respective 

Pearson’s Correlation p-value is displayed in each panel). 

 

P = 0.013 * P = 0.149 ns P = 0.004 ** P = 0.452 ns

P = 0.460 ns P < 0.001 **** P < 0.001 **** P < 0.001 ****

P = 0.026 * P = 0.125 ns P = 0.393 ns P = 0.371 ns

P = 0.630 ns P = 0.004 ** P < 0.001 *** P = 0.112 ns

Starch Sugar Starch Sugar

Sep

Oct

Nov

Dec

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

0

20

40

60

80

0

25

50

75

100

0

25

50

75

100

0

20

40

60

Bark Wood

September AOD470 nm

N
S
C
m
g 
g−
1  
D
W

P. dulcis



 
 

59 

 

 

Figure S6. Quercus lobata non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in September of the respective year (2018, 2019, 2020 & 2022). 

The NSC is divided into two components: starch and sugar, and the values are shown for both bark and 

wood tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-

year analysis period are represented by the solid line, the gray band represents the 95% confidence interval 

(n = 27, 18, 18 and 14 for Sep, Oct, Nov and December, respectively; each respective Pearson’s Correlation 

p-value is displayed in each panel). 
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Figure S7. Pistacia vera non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in September of the respective year (2018, 2019, 2020 & 2022). 

The NSC is divided into two components: starch and sugar, and the values are shown for both bark and 

wood tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-

year analysis period are represented by the solid line, the gray band represents the 95% confidence interval 

(n = 211, 258, 206 and 175 for Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 
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Figure S8. Juglans regia non-structural carbohydrates (NSC) in four consecutive months plotted against 

aerosol optical depth (AOD) at each site in September of the respective year (2018, 2019, 2020 & 2022). 

The NSC is divided into two components: starch and sugar, and the values are shown for both bark and 

wood tissues. For every month and NSC type, the linear correlations between NSC and AOD from the four-

year analysis period are represented by the solid line, the gray band represents the 95% confidence interval 

(n = 104, 123, 82 and 87 for Sep, Oct, Nov and December, respectively; each respective Pearson’s 

Correlation p-value is displayed in each panel). 
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Abstract 

 

Climate change is expected to impact perennial spring phenology, potentially altering the suitability of land 

for agricultural purposes. In this study, we investigate the effects of climate change on the bloom timing of 

almond orchards, focusing on California, the world's leading region for almond production. By analyzing 

historical climatic data, employing a model that considers daily minimum and maximum temperatures and 

non-structural carbohydrates, and examining various CMIP6 scenarios, we assess the potential impacts of 

climate shifts on plant phenology and, consequently, on land suitability for almond farming. Our findings 

reveal that, within the next 30 years, the land suitable for almond production will not undergo significant 

changes. However, under unchanged emission scenarios, the available land to support almond orchard 

farming could decline between 50% to 95% by the end of the century. This reduction corresponds with an 

early shift in bloom time from the average Day of Year (DOY) 64 observed over the past 40 years to a 

projected earlier bloom between DOY 28-33 by 2100. These results emphasize the critical role climate 

shifts have in shaping future land use strategies for almond production in Central Valley, California. 
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Consequently, understanding and addressing these factors is essential for the sustainable management and 

preservation of agricultural land, ensuring long-term food security and economic stability in the face of a 

rapidly changing climate. 

 

Introduction  

Climatic conditions can significantly impact the spring phenology of woody perennials and consequently 

strongly influence species physiology, fecundity, competitiveness, and survival. A synchronous bloom 

across landscapes in dioecious and self-incompatible species promotes reproductive success, coincides with 

increased pollinator activity, and is crucial to productivity in horticulture. Numerous phenology 

observational studies carried out in seasonal climates have explored the influence of local winter 

temperatures on year-to-year bloom variability and their impact on synchrony 23–25. An iconic example of 

synchronous spring bloom is the annual cherry blossom event in Kyoto City. Although the bloom remains 

synchronous within each year, year-to-year variations in bloom timing, spanning over a month from late 

March to early May, have been documented for over a thousand years. These variations in bloom timing 

have been associated with spring temperatures and have been used to partially reconstruct past climate 

conditions during the blooming period 26,27. Recent phenology observational studies consistently 

demonstrate the significant influence of global warming on bloom timing, typically indicating a shift toward 

earlier blooms in temperate climates 28. However, only a handful of studies specifically associate bloom 

synchrony with increasing global temperatures, often showing decreased synchrony 29. Furthermore, shifts 

in timing and loss of synchrony can have upstream repercussions on land suitability dynamics by enhancing 

or restricting the areas that can sustain or promote species survival or their productivity in the case of 

horticultural systems. Therefore, it is essential to examine the potential impacts of climate change on the 

spring phenology of long-lived, high-input cropping systems in the upcoming years. Predicting climate’s 

effect on bloom time will help address uncertainties associated with new orchard plantation establishment 

and ensure the sustainability of these cropping systems.  
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Winter temperatures throughout the entire period of dormancy affect trees’ spring phenology, not 

just the temperatures experienced in spring. Specifically,  an accumulation of chill hours is necessary to 

initiate a dormancy break in response to spring warming 30,31. The chill requirement of crops has probably 

evolved as a protective mechanism against frost damage after premature blooming, which could occur in 

the rare (less rare considering climate shifts) events of warm winters. Multiple statistical approaches have 

harnessed the strong correlation between bloom and the accumulation of chill and heat hours. Still, in most 

cases, empirical methods can only determine the readiness of trees to bloom, not the exact date 23,32. A more 

recent and mechanical approach to predicting crop bloom times integrated the "dormancy clock" with the 

levels and metabolic activity of nonstructural carbohydrates (NSC), such as sugars and starches, which 

respond to winter temperature. This model predicts bloom time by hourly temperatures from the onset of 

dormancy until bloom 12,33. The model also enables the prediction of bloom times in multiple locations, 

which is crucial in assessing the suitability of an area for horticultural purposes in the future. 

The Central Valley in California, USA, is a significant global almond producer, accounting for 80% 

of the world's almond supply. We postulated that a synchronized bloom of cross-pollinating almond 

varieties would protect almond reproduction from adverse temperature conditions in spring. An early bloom 

could compromise fruit set by late frost exposures that would damage the buds or rains that limit bee 

pollination. Yet, a late bloom can result in pollen inactivity due to exposure to high temperatures (>21°C). 

Hence, we set to analyze the past and future impact of winter temperatures on the bloom timing of almonds 

across the Central Valley. We aimed to evaluate the effects of past climate changes on almond spring 

phenology, and to predict the suitability of the California Central Valley for future almond production by 

CMIP6 scenarios. 

 

Materials and methods 

 

Temperature data 
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First, we needed to determine the spatial and temporal variability in California’s Central Valley winter 

temperatures. We used PRISM gridded four-by-four km daily minimum and maximum temperatures for 

Central Valley, California, focusing on winters ranging from October 15th to April 30th from the fall of 

1981 till the spring of 2022 (PRISM Climate Group, Oregon State University, 

https://prism.oregonstate.edu). Winter average maximum and minimum temperatures were calculated for a 

period as: 
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3; scenarios: SSP5-8.5DTmax, SSP1-2.6 DTmax ).  
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Predicting historic and future bloom dates 

By integrating historical PRISM data with the bloom prediction model12,33 we generated forecasts for the 

Day of the Year (DOY) representing the bloom date within each 4x4 km grid across the Central Valley, over 

a span of 40 years (1982-2022). Furthermore, to anticipate bloom timings for future years, specifically 2050 

and 2100, we applied the bloom model in conjunction with the aforementioned CMIP6 temperature 

adjustments. Moreover, to account for year-to-year variability in winter temperatures, we incorporated data 

from the four most recent consecutive years (2018-2022). This approach was maintained for each 4x4 km 

grid across the Central Valley. 

 

Comparing historical bloom predictions with future bloom projections 

To assess how the different scenarios (SSP5-8.5DTmin • max, SSP1-2.6DTmin • max, SSP5-8.5DTmax, SSP1-

2.6DTmax) would impact bloom time in comparison to the past (1982-2022) using R Statistical Software 

(v4.2.2: R Core Team 2022) we constructed a linear regression model where each scenario served as a 

predictor for bloom date (DOY). This was followed by executing an Analysis of Variance (ANOVA) paired 

with a post-hoc Dunnett’s test contrast analysis. 

 

Results 

 

For the last 40 years, we observed a significant increase of 1.4°C (~ 0.033°C year-1; p = 0.00932; Fig 1) in 

winter (October 15th – April 30th) mean maximum temperatures, from 17.8°C to 19.2°C. The standard 

deviation of maximum mean temperature across the Central Valley remained constant at ~0.06°C (Fig. 1b) 

for 40 years. Mean minimum winter temperature remained almost constant during the last 40-year period, 

changing only by 0.3°C from 5.6°C to 5.9°C (0.006°C year-1; p=0.532; Fig. 1a). Interestingly, there was a 
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significant increase in standard deviation from 0.46°C to 0.63°C (p=0.000189; Fig. 1b) of the mean 

minimum temperature suggesting higher nightly variability.  

Our projections of almond bloom dates across California's Central Valley, based on the data from 

the past 40 years (1982-2022), demonstrated significant variations in bloom dates. On average, the predicted 

bloom day advanced by 6.5 days in 40 years, shifting from March 7th to March 2nd (on average, trees 

bloomed on March 5th). The bloom delay corresponds to a change in DOY from 66 to 61 and an average 

bloom at the 64th DOY. The inter-annual variability in peak bloom, when 70% of blossoms have opened, 

ranges from February 5th to March 16th (35th to the 75th DOY; Fig. 2a). There is also an annual variability 

in how bloom is synchronized across California’s Central Valley. For instance, in 1985 and 2004, the bloom 

exhibited a single peak time (DOY 60 and 71, respectively) and spanned ten days across the entire Central 

Valley, indicating strong synchronicity. On the other hand, in 1982 and 1999, the bloom prediction extended 

over 25 days without a discernible peak (both DOY 74), demonstrating a high degree of asynchrony (Fig. 

2b). In such asynchronous years, there was a solid latitudinal gradient in bloom time, with regional 

differences between that north and south (Fig. 2c). 

We utilized the projected average global temperature increases for 2050 and 2100 from the CMIP6 

climate model simulations to assess the effects of future climate shifts on almond bloom time. The climatic 

projections were based on two distinct scenarios: the first scenario involves a gradual reduction in emissions 

resulting in limited warming of 1.1°C (SSP1-2.6) for both 2050 and  2100, while the second scenario 

assumes an unchanged emission pathway with a mean warming of 1.6°C and  3.8°C  (SSP5-8.5)34 for 2050 

and 2100, respectively. To estimate the average impact on the bloom DOY while accounting for yearly 

variability, we applied an average winter temperature increase to both the minimum and maximum daily 

temperatures (DTmin • max) to each of four consecutive years (2019, 2020, 2021 and 2022). This time span 

exhibits inter-annual winter temperature variability while maintaining natural weather patterns. 

Additionally, following observations in Fig. 1a, we analyzed a rise only in daily maximum temperature 

(DTmax) and kept the nighttime temperature constant. Generally, both SSP1-2.6 and SSP5-8.5 models 



 
 

68 

predicted a significant impact of future climate shifts on bloom time (ANOVA; (F(6, 63) = 15.8; p < 0.0001).  

Post-hoc tests using the Dunnett method indicated that all tested scenarios would advance bloom’s DOY. 

Under the reduced emission scenario (SSP1-2.6) for 2050 and 2100, the modeled bloom DOY shifted from 

64 (March 5th) to 52 (February 20th) in the DTmin • max model and to 51 by the DTmax scenario (p <0.05). If the 

emissions scenarios will not change (SSP5-8.5), the DTmin • maxmodel projected that bloom DOY would 

advance to 48 (February 17th) by 2050, and the DTmax model predicted that almond trees would bloom by 

DOY 49 (February 18th). Predictions for 2100 were that trees would bloom by January 28th (DOY 28) or 

February 2nd (DOY 33) by the DTmin • maxand DTmax scenarios, respectively (p <0.0001; Fig. 3a).  

We used the new models to locate growing regions unsuitable for almond production due to future 

climate shifts. We considered that bloom times before February 1st (DOY 32) would jeopardize almond 

reproduction by frosts and limited bee activity. We also contemplated that a bloom later than March 31st 

(DOY 90) will reduce pollen production by high temperatures (>21°C). The models determined that over 

the past 40 years (1982-2022), a substantial portion (~43,500 km²) of Central Valley's total area (~47,000 

km²) has been suitable for almond production. An ANOVA analysis exhibited a significant main effect of 

the climatic scenarios on bloom area (F(6, 63) = 25.8; p < 0.0001). Using the past as a control and 

conducting posthoc testing with the Dunnett method, the model suggested that there will be an insignificant 

reduction in the suitable land to ~37,500 km² (p>0.6) by 2050. However, a significant decrease in the 

suitable area is predicted for 2100 by the unchanged-emission scenario (SSP5-8.5), with almost all of the 

Central Valley becoming unfit for almond production under both ΔTmin • max and ΔTmax scenarios, leaving 

only 6,000 km² or ~16,500 km² productive (respectively; p<0.0001; Figs. 3b, 4). 

 

Discussion 

 

The impact of climate change on tree phenology is one of the most discussed aspects of global warming 38. 

Presumably, higher temperatures will result in earlier bloom. Indeed, our analysis suggests that over the last 
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40 years, the rate of change in the bloom of almond trees was 0.11 days year-1 resulting in a shift of 1.1 

days over a decade. This rate of change is similar to several long-term observational studies showing that 

dormancy break shifted by a few days over the last few decades with a typical rate of 0.18 day year-1 39–41. 

Our model, which links carbohydrate content in the fall with winter temperatures to predict bloom 12,33, 

suggests that this trend will continue under the most optimistic CO2 emissions scenario (SSP1-2.5) over the 

next few decades and stabilize by the end of the century. However, supposing no emission reduction 

measures are implemented (SSP5-8.5), the trend towards earlier blooms may persist or even accelerate from 

approximately 1.1 days per decade (observed over the past 40 years) to nearly 2.5 days per decade under 

the DTmin | max model conditions. This substantial shift could lead to significant losses of prime orchard areas. 

 

In California, almond trees generally bloom between early February and late March. This period aligns with 

a reduced likelihood of hard frost, typically occurring from mid-December to January, which could 

potentially harm or destroy the flower's ovules. Furthermore, it steers clear of excessively high temperatures 

(above 21°C), as they present a significant barrier for almond pollen production 16. Using these two dates 

as thresholds for land suitability for almond production, our analysis suggests that California’s Central 

Valley currently provides adequate conditions for timely bloom. Moreover, it is projected that 95 percent 

of the area will continue to maintain favorable spring conditions for almond bloom for the next 30 years or 

even until the end of the century if greenhouse gas emission decrease (SSP1-2.6 scenario). However, if 

emissions continue to rise unchecked (SSP5 8.5), we expect a significant loss in arable lands for almond 

production. A 50% loss in almond production area is predicted under the DTmax scenario, and approximately 

95% loss under the DTmin|max scenario. Hence, despite comforting predictions that California will be 

climatically favorable for almond production for the next 30 years, it appears almond farming is not immune 

to climate shifts. If carbon emissions are not reduced, California will not be suitable for almond production 

by 2100. Considering that almond orchards’ longevity is 25-30 years, we might be planting the last cohort 

of California’s almond farms. 
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Prior studies have indicated potential arable land losses due to insufficient water availability or changes in 

summer temperature 17. Furthermore, research suggests that plant performance is more sensitive to 

variations in water availability or precipitation rather than extreme temperatures 18–20. Since the majority of 

orchards in California's Central Valley are irrigated, any loss of farmland due to summer climate changes 

may not be directly attributed to temperature fluctuations, but rather to changes in water allocation or 

advancements in irrigation technology. Nevertheless, the impact of winter climate shifts on perennial plants 

is insufficiently understood by researchers or stakeholders. Changes in winter temperatures can influence 

the use of energy reserves (NSC) and trigger earlier blooms. These early blooms may expose plants to frost 

or create conditions that adversely affect pollination, thereby reducing crop potential. The loss of the most 

productive almond-growing area in the world, which accounts for nearly 80% of total global output, would 

be devastating, as similar Mediterranean-like climatic regions are scarce. Recognizing that the loss of arable 

lands may be inevitable, we can proactively allocate resources to develop techniques and mitigate the 

impact of winter temperatures on phenology. Focusing on innovative approaches and adaptive measures 

may preserve the productivity of these vital almond-growing regions and ensure the sustainability of 

almond production in the face of climate change. 
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Figure 1: Historic winter climate conditions. a) Average daily maximum temperature (t_max) and 

average daily minimum temperature (t_min) in Central Valley, CA, USA, between 1982 and 2022 from 

October 15 to April 30. There was a significant upward trend of t_max but not in t_min. b) Change in the 

standard deviations of t_max and t_min in Central Valley, CA, USA, between 1982 and 2022. There was a 

significant upward trend of t_min std but not in t_min. 
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Figure 2:  Historic bloom time projections. a) Modeled average historic bloom day of the year (DOY) 

for Central Valley, CA. b) Density plot of bloom DOY across California’s almond growing regions. c) Four 

examples of bloom DOY across Central Valley, CA, depicting synchronous (1985 and 2004) and 

asynchronous (1982 and 1999) bloom patterns. 
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. 

 

Figure 3: Predictions of future almond bloom time under different scenerios. a) Modeled average 

bloom day of year (DOY) for each scenario and b) The total area supporting bloom in Central Valley, 

CA, spans from February 1st (DOY 32) to March 31st (DOY 90) given the respective model.  
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Figure 4: Projected spatial variability in almond bloom time. Bloom day of the year (DOY) between 

32 (February 1st) and 90 (April 1st) across the California Central Valley. The first row demonstrates 

projected historical bloom data. The following two rows depict bloom predictions for 2050 and 2100 

respectively. To account for year-to-year variability, we conducted four different simulations for 2050 and 

2100 based on the winters of 2019, 2020, 2021 and 2022. The white area represents land area unsuitable 

for almond production. 
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 Conclusions 
 

Here, I present three unique research endeavors that utilize non-structural carbohydrate (NSC) 

measurements as a tool to evaluate plant responses to varying environmental conditions. 

In the first chapter, the focus of our research was to discern how the rate of stress 

development influences energy reserves and impacts the recovery process. In this context, we 

exposed Grenache, a Vitis vinifera cultivar, to two different drought development rates - a fast-

developing drought (FDD, typical of controlled pot experiments, and a slow-developing drought 

(SDD), which is more typical of natural conditions. FDD, characterized by rapid stomatal closure 

(2-3 days) in response to escalated stress levels and high abscisic acid (ABA) accumulation in 

xylem sap, didn't show substantial changes associated with stem priming for recovery. SDD, on 

the other hand, was marked by a gradual stomatal closure, low ABA accumulation, and changes 

that prepared the stem for recovery, including xylem sap acidification and sugar accumulation. 

While both FDD and SDD exhibited similar trends over time concerning the recovery of stomatal 

conductance, they varied in their sensitivity to xylem ABA. Interestingly, Grenache showcased 

near-isohydric behavior during fast-developing droughts, potentially offering protection against 

abrupt tension fluctuations. However, the plant transitioned to a near-anisohydric behavior during 

slow-developing droughts, prioritizing the preservation of photosynthetic activity over hydraulic 

safety.  

             The impact of drought treatments on the total non-structural carbohydrate (NSC) content 

in plant stems varied. The fast-developing drought (FDD) treatment didn't alter the total 

carbohydrate content (starch plus soluble sugars) in stem tissues throughout the stress and recovery 

period. However, plants exposed to slow-developing drought (SDD) witnessed an increase in total 
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NSC content during stress, which subsequently returned to pre-stress levels upon water alleviation. 

Here, the sugar concentration resembled that of well-watered grapevines. 

Looking closely, FDD treatment resulted in a noticeable increase in stem starch content during the 

drought imposition (1.5-fold more than controls) and after a day of re-watering (2.2-fold more). 

There was, however, no significant change in soluble sugar accumulation throughout the 

experiment. Plants under SDD treatment accumulated slightly more starch compared to well-

watered conditions and significantly more soluble sugars (1.7-fold more). Notably, stem sugar 

levels in SDD plants returned to pre-stress levels within a day of recovery, illustrating the 

adaptability of plants to stress conditions and their subsequent resilience upon recovery. 

This differential response based on the progression rate of drought underscores that plants enduring 

long-term drought are capable of adapting uniquely. These results accentuate the importance of 

employing a stress application pattern that accurately reflects field conditions when conducting 

studies on plant responses to drought. 

In the second chapter of our research, we present a pioneering analysis investigating the 

effects of prolonged smoke exposure on plant health under natural field conditions. Our primary 

focus was to understand the relationship between extended smoke exposure and the non-structural 

carbohydrate (NSC) reserves in trees. Utilizing a comprehensive regional dataset combined with 

detailed spatiotemporal satellite data, we highlight the detrimental impact of dense smoke plumes 

on vegetation. 

Our findings demonstrate that when smoke exposure takes place during the mid-growth (August) 

season, it may lead to a transient decline in the plants' non-structural carbohydrate reserves. On 

the other hand, if plants encounter such exposure later in their growth cycle, specifically in 

September, it can disrupt the vital process of carbohydrate reserve buildup that precedes their 
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dormant stage. This could manifest as a prolonged reduction in carbohydrate reserves, particularly 

if smoke coincides with the period when plants are bolstering their reserves for dormancy, thereby 

leaving lasting impacts. This insight unveils a previously unrecognized risk to plant health and 

ecosystem stability across various landscapes, raising significant concerns. Extended smoke 

exposure could cause potential damage to both agricultural and natural environments on a regional 

scale, highlighting the importance of understanding and mitigating such risks. 

Finally, in the final chapter, we explore the potential implications of climate change on 

almond orchards' phenology and the subsequent suitability of land for almond farming. We utilize 

historical climate data, a comprehensive model incorporating daily minimum/maximum 

temperatures and non-structural carbohydrate dynamics in twigs, and CMIP6 climate predictions 

to anticipate variations in bloom times within California's Central Valley. We conducted our 

analysis under two distinct climate change scenarios: the first one, SSP1-2.6, presupposes a 

gradual reduction in emissions, leading to a limited warming of 1.4°C, while the second, SSP5-

8.5, assumes a static emission pathway with an average warming of 5°C.  

Our findings project that the land suitable for almond farming will remain largely stable 

over the next three decades. However, under the unchanged emission scenario (SSP5-8.5), the 

suitable land for almond farming could witness a stark reduction ranging from 50% to 95% by the 

century's end. This drop aligns with a projected shift in bloom time, transitioning from the 

historically observed average 64th Day of the Year (DOY), to a notably earlier period, between 

DOY 28-33 by 2100. These predictions underscore the crucial role climate change plays in shaping 

almond production's future in the Central Valley, California. It emphasizes the pressing need to 

understand and address these changes for sustainable agricultural land management, ensuring 

long-term food security and economic stability amidst a rapidly evolving climate scenario. 

                                                                                                                                               




