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To understand the adaptive capacity of plant populations towards drought, we must 

recognize the physiological risks for plants experiencing water deficit. Water is an essential 

resource for plants to maintain structure, perform photosynthesis, grow, and survive to 

reproduce. Depending on the length and severity of drought conditions, plants are susceptible to 

mortality through complex interactions between hydraulic failure, carbon starvation, and biotic 

stressors ([71]; Fig. S4). When plants experience drought, dissolved air within sap or plant water 

can expand (i.e., cavitation), causing air bubbles to fill xylem vessels and tracheids [69]. Such 

‘breaks’ in the water column, also known as embolisms, prevents the essential transport of water 

between roots and leaves, leading to hydraulic failure. While some plants can shift their 

physiology to maximize water retention during drought and refill vessels and tracheids upon 

rewatering [72], severe droughts or droughts of long duration can lead to desiccation and 

mortality by xylem cavitation, embolism, and hydraulic failure [69,71]. Hydraulic failure is a 

leading factor in plant drought mortality in plants, with examples in crop species [73] and natural 

plant communities [74,75]. Additionally, other stressors can act antagonistically with hydraulic 

failure to increase plant mortality under drought conditions.  

Physiological responses to prevent hydraulic failure can lead to another risk to plant 

survival during drought: carbon starvation. When plants detect water deficits, stomata close in 

order to reduce transpiration and avoid a marked  decline in plant water potential. However, this 

response subsequently eliminates exchange gas, photosynthesis, and the production of 

carbohydrates to maintain plant metabolism, growth, and defence against disease [76]. Carbon 

starvation—when carbohydrate use is higher than supply and production—is described as a slow 

process leading to mortality, but can also work in conjunction with hydraulic failure to contribute 



to increased plant mortality due to drought [71,76]. For example, a study of Pinus edulis Engelm. 

by Sevanto et al. [77] illustrates how trees that undergo mild, but sustained drought experience 

compounded effects from both hydraulic failure and carbon starvation. In this study, lack of 

hydraulic conductance is hypothesized to exacerbate carbon starvation by impairing the ability of 

phloem cells to transport carbohydrates. In addition, lack of carbohydrate reserves diminishes the 

ability of trees to refill its tracheids after cavitation [77]. 

In addition to interactions between carbon starvation and hydraulic failure, these abiotic 

and physiological drought stressors can make plants susceptible to a third risk: biotic stresses, 

such as pathogen attach and herbivory [78]. Some plants can initiate pathogen defence systems 

during mild drought stress, making it possible to protect against infection and disease [79]. 

However, during severe drought stress, plants usually have weakened defence systems making 

them more susceptible to viral, bacterial, and fungal attack [80]. In addition to pathogens, plants 

are also more likely to experience herbivory during drought. This can be explained by these 

organisms seeking water sources during drought conditions, or by plants having reduced 

defences against herbivores during severe drought [78]. Some herbivorous insects may also be 

the vectors of plant pathogens, creating complex tripartite biotic interactions between hosts, 

vectors, and pathogens [81]. These biotic and abiotic stressors associated with drought are 

interconnected and plants have developed sophisticated and coordinated adaptations to avoid 

drought-related mortality.  

To reduce the risk of drought mortality, plants have developed diverse and complex 

physiological responses across life history stages, such as seedling establishment and recruitment 

and the survival and reproduction of mature plants, to survive drought [82,83]. Drought response 

strategies among plants are diverse, but are broadly grouped into three categories: detection, 



resistance, and recovery (Fig. S3). Researchers are still characterizing the initial drought 

detection mechanisms, but it likely begins with osmosensors that sense hydraulic or osmotic 

shifts on a cellular level [84,85]. This detection process leads to signalling cascades via protein 

kinases and changes in Ca2+ concentrations, resulting in the synthesis of phytohormones that help 

regulate drought responses ([64,86,87]. While the hormone abscisic acid (ABA) has been largely 

associated with many facets of drought response (e.g., stomatal activity and increase in the root 

to shoot ratio), other hormones including auxins, ethylene (ET), jasmonic acid (JA), and salicylic 

acid (SA) are also associated with biotic and abiotic stress response pathways as well 

[64,81,88,89].  

Drought resistance in plants is determined by their ability to survive and grow under soil 

water deficits, and can be further classified into three strategies: drought escape (i.e., initiating 

reproduction earlier, to ensure fitness), drought avoidance or postponement (i.e., maximising 

water capacity through closing stomata, investing in root growth, osmotic adjustment, increasing 

tissue storage, and/or building wax cuticles), and drought tolerance (i.e., regulating osmotic 

interactions, photosynthesis, anti-oxidant production, and tissue repair to withstand water deficit; 

[9,42,65,90]. These resistance strategies are not necessarily mutually exclusive and can work 

synergistically to reduce fitness [64]. For example, drought avoidance tactics like stomatal 

closing can reduce photosynthesis, and trigger the production and accumulation of reactive 

oxygen species (ROS) in cell organelles including chloroplasts, peroxisomes, and mitochondria 

[91]. While minimal amounts of ROS are normal for plants, and can be helpful for drought 

signalling, large amounts of ROS can lead to cellular death. In response to this secondary 

stressor, tolerance strategies including the production of antioxidants can ‘scavenge’ ROS so that 

they function to signal drought response, as opposed to causing cellular death [65]. Drought 



avoidance and tolerance strategies, if successful, can prevent hydraulic failure and subsequently 

reduce mortality [11,92,93].  

Drought recovery, or the ability of plants to refill xylem vessels, repair tissues, re-open 

stomata, and resume photosynthesis following re-watering, is a crucial component of the drought 

response process [94]. Drought recovery for some plant species can be rapid, depending on the 

length and severity of the drought. However, some studies have revealed that some plants 

experience a stress ‘memory’ following sustained or repeated droughts, causing stomata to 

remain semi-closed even after re-watering [95,96]. Similarly, xylem vessels and tracheids can 

experience refilling fatigue after repeated cavitation-refilling cycles leading to reduced xylem 

conductivity due to cell damage (e.g., pit membrane ruptures, or stretching of microfibril mesh; 

[72]). The ability of plants to withstand drought can vary between taxa [97] and among 

individuals within populations [98]. Linking this phenotypic variation to genetic mechanisms 

that underpin drought tolerance (i.e., genome-to-phenome or G2P interactions) will be critical to 

understanding the adaptive capacity of plants towards a changing climate.  

The complex adaptive response of plants towards drought is likely controlled by a suite 

of environmental, biotic, molecular, and genomic mechanisms; these include genomic-based 

adaptive response to environmental stressors (i.e., adaptive plasticity; [42]), and genetic variation 

at loci contributing to drought adaptations (i.e., functional diversity; reviewed in [90]), 

environmentally-induced change in gene expression (i.e., epigenetics; [99]), and changes in 

microbiome composition and interactions [100]. 
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Supplemental Figures 

Figure S1. Occurrence points for each of the species represented in all abstracts that occur in 

hyper-arid. This set comprises 32 species out of 106 non-model plants that were queried for this 

analysis. 

 

 

 

 

 

 

 

 

 

 



Figure S2. Total number of abstracts per year associated with gene or taxon data acquired 

accessed via text mining, database mining. 
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Figure S3. Diagram modified from McDowell et al. (2008) [71], postulating the risk of plant 

death during drought as a function of drought intensity (blue), duration (red), and susceptibility 

to herbivory and disease (grey dots).  

 

 

 



Figure S4. Categories for drought response strategies and examples of responses within each 

category.

 


