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Doctor of Philosophy in Biology 

University of California, Los Angeles, 2023 

Professor Lawren Sack, Chair 

 

Among the many constituents of a plant’s environment, water is critical to the functionality of 

most of a plant’s physiological processes. Therefore, it is imperative to clarify how plants acquire, 

retain, utilize, and lose water to understand how these organisms will perform in a changing 

environment. Improving the capacity to determine tissue water status at organ, whole plant, 

canopy, and regional scales is necessary to resolve the drought responses and water requirements 

of crop and wild species, for agricultural and urban sustainability of water use. The most salient 

metrics of plant responses to dehydration at leaf scale are pressure volume (PV) curve traits, 

estimated from the relationship between water potential of a leaf (Ψleaf) and relative water content 

(RWC). These indices are correlated for a given dehydrating leaf; and notably, Ψleaf can provide 

mechanistic insight of the driving force for water movement within tissues. Pressure-volume 

curves have long been used for detailed analysis of tissue water status and its determinants (e.g., 
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modulus of elasticity (ε), leaf water potential at turgor loss point (πtlp), and cell capacitance before 

wilting (Cft)), exhibiting many physical relationships among parameters. However, while pressure-

volume traits are central in the analysis and prediction of drought tolerance there has been much 

less characterization of the variation of PV parameters across leaves within species. Further, 

estimation of Ψleaf and RWC require destruction of leaf tissues, whereas remote sensing tools 

provide opportunities to improve throughput and enable water stress measurements at coarser 

scales. 

 Therefore, in this dissertation, I constructed a model to discern and explain the patterns of 

changes in water status as Ψleaf scaled from water content measured by terahertz radiation in-situ 

remote sensing. Then, I estimated the impact of intraspecific variation and inter-relationships of 

pressure volume curve parameters on prediction and interpretation, establishing a novel concept 

of baseline variation among sun leaves on similarly grown plants of 50 species. Last, I quantified 

intraspecific plasticity in the osmotic potential at full turgor (πo) (Δπ, or osmotic adjustment), an 

important drought tolerance trait, among ecotypes of a model species, Arabidopsis thaliana, and 

test for associations among osmotic adjustment, drought survival, growth under well-watered 

conditions, and native climate. This work provides new resolution of the determinants of tissue 

water status, with applications at both the leaf scale, such as clarifying the mechanistic traits 

underlying drought tolerance within species, and at ecosystem scales, such as for spectroscopic 

estimation of plant water status.  
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Δπ, leaf mass per area (LMA) and root mass fraction (RMF), and drought survival time as the 
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which had adjusted. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
 
Figure 4.5. I tested for kinship-informed correlations among drought avoidant traits, flowering 
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significance; *p<0.05; **p<0.01; ***p<0.001. 
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Chapter 1: Premise of the Dissertation 

Climate change is predicted to increase the frequency of extended dry periods especially in 

places like California (Swain et al., 2018). Thus, plants will be challenged to be resilient and 

adapt or acclimate in response to water stress or else dehydrate and experience mortality. In 

response to short term dehydration species, can stave off further dehydration by closing stomata 

or buffer transient environmental changes using tissue water storage (Sack et al. 2003; Henry et 

al., 2019). Over longer periods, species may accumulate solutes to maintain turgor pressure with 

further water stress (Bartlett et al., 2014) or invest more in structural components of tissues in 

response to greater solar irradiance (Sack et al., 2006). Plant ecophysiologists use many 

morphological and physiological traits to explain patterns and processes of plant water use from 

organ and species-level physiology to ecosystem function. Indeed, plant functional traits, which 

explain plant responses to water availability are widely used to estimate resource capture and 

physiological vulnerability and draw associations between patterns of drought tolerance and 

climate (Bartlett et al., 2012; Fletcher et al. 2019; Medeiros et al., 2019). Given the increasing 

availability of species mean trait values (Kattge et al., 2020) and their use for parameterizing 

models for remotely sensed ecosystem hydraulic function (Moment et. al., 2017; Lu et al. 2022), 

it is imperative to quantify and determine the influence of intraspecific variation in hydraulic 

traits on prediction of plant water status. My work aims to address two questions: what are the 

limitations in estimating physiological traits, and what can we learn about trait-trait relationships 

through variation among and within species.  

Common practice for estimating species vulnerability to drought is to analyze the 

relationship between declines in physiological functioning with dehydration and then to establish 

thresholds of irreparable damage. For example, pressure volume (PV) curves quantify the loss in 

water content with dehydration state. Leaf water potential, a measure of how strongly water is 
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held within plant cells, is regularly used to estimate leaf water status. PV curves and leaf water 

potential have a long history of use (Tyree and Hammel, 1972) but require destruction of leaves, 

which diminishes reproducibility and throughput. To address these concerns, I collaborated with 

engineers using terahertz radiation (THz, i.e., electromagnetic radiation in 10–1,000 μm 

wavelength range), which is highly sensitive to water within tissues at small scales.  

Intra-specific trait variation (ITV) is a complex and multi-contextual topic in plant 

ecology. Plants exhibit ITV due to genetic variation among individuals within and between 

populations, phenotypic plasticity due to variation in growing conditions, trait variation linked 

with ontogeny and plant size, and developmental plasticity due to variation in gene expression 

that might occur even if genes and environment were identical (i.e., as found between two 

adjacent leaves on a shoot) (Albert et al., 2011; Bolnick et al., 2011; Violle et al., 2012; Siefert et 

al., 2015). For example, ITV in traits related to sun versus shade acclimation can be significant 

with leaf mass per area varying up to 2-fold between interior and full exposed leaves (Sack et al. 

2006) and leaf hydraulic conductance ranging up to 67% higher in sun leaves than shade leaves 

(Sack et al. 2003). Considering the diversity of drivers of ITV, I examined ITV among fully 

developed sun leaves of well-watered plants, a ‘reference’ ITV that would add to the 

understanding of variation associated with different “scales” or “underlying processes.”  

Lastly, plasticity in hydraulic traits under patchy resource supply can confer greater 

resilience and variation in species’ abundances (Grime and Mackey, 2002; de Bello et al., 2011; 

Bartlett et al. 2014). Thus, traits plasticity in traits such as the osmotic potential at full turgor (πo) 

can provide resilience for species when water is limiting. Osmotic adjustment, or the 

accumulation of osmotica, allows the maintenance of cell turgor, delaying stomatal closure and 

further physiological decline (Bartlett et al. 2012; Zivcak et al., 2016). Therefore, the capacity to 

maintain turgor under drought via osmotic adjustment is essential for many species during water 
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deficit. To examine plasticity in osmotic adjustment, I quantified variation πo among ecotypes of 

model species Arabidopsis thaliana and tested for associations with native climate, other osmotic 

variables (well-watered πo, droughted πo), and growth.  

In Chapter 1, I developed a physically based model for the prediction of leaf water 

potential from electromagnetic radiation (i.e., terahertz time domain spectroscopy). In Chapter 2, 

I highlight the importance of the intraspecific variation in pressure volume curve parameters, 

critical traits that influence drought tolerance, and use these to better constrain predictions of leaf 

water potential using the method described in Chapter 1. In Chapter 3, I examine intraspecific 

variation in drought tolerance by focusing on osmotic adjustment among 29 genotypes of 

Arabidopsis thaliana. Overall, this work examines and tests broad trends of drought tolerance 

relationships across scales, contributing insights into the role of intraspecific variation in shaping 

drought tolerance, species distributions and ultimately ecosystem function. 
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Chapter 2: Prediction of leaf water potential and relative water content using terahertz radiation
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Supplementary Materials 

 

Supplementary Data Captions (see attached Excel Workbook)  

 

Table S2.1. Previous studies assessing leaf water status using electromagnetic radiation, 

presenting species; organ and scale tested; wavelengths used; index of water status and range 

tested, with goodness of fit of correlation of water status with spectroscopy variable; and method 

to establish the relationship between spectroscopy variables and leaf water status. Relative water 

content values (RWC) are noted as percentages, leaf water potential in -MPa, and water mass per 

area (WMA) in grams per meter squared unless otherwise noted. When individual species' water 

status variable ranges were not reported, either the maximum value (extracted from tables) or a 

range across all species studied is presented. Canopy-scale indicates that measurements were 

made across many leaves of the same individuals at once. 

 

Table S2.2. Terahertz spectroscopy variables, leaf traits and model estimates for the prediction 

of leaf water status from terahertz spectroscopy (see variable key below rows of data). Data are 

presented for each dehydration stage for each tested leaf of each of the three study species. 

Measured values are presented for peak field ratio (PFR), ln-transformed values, and leaf water 

potential (Ψleaf); leaf-specific values of lamina dry mass, leaf area, leaf mass per area (LMA); 

saturated water mass (SWM), saturated water content (SWC), water mass per area (WMA) and 

saturated water mass per area (SWMA). Estimation of leaf water status variables were made for 

individual leaves, and combining leaves of all species, and across species (Table 2.5, Figure 2.6 
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and 2.7). Values highlighted in brown are impossible values estimated from the fitted 

relationships (see Methods)  
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Chapter 3: Low baseline intraspecific variation in leaf pressure-volume traits: Biophysical basis and 

implications for spectroscopic sensing 
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Supplementary Materials 

 

Supplementary Data Captions (see attached Excel Workbook)  

 

Table S3.1. Pressure volume parameters (mean and standard error) for 12 California native 

species. List of variables, units and definitions are tabulated below. See Table S2 for species 

names associated with the species codes tabled. 

 

Table S3.2. Pressure volume curve parameters, structural variables, and predicted values of 

pressure volume curve parameters from relationships presented in Bartlett et al., 2012 (see 

variable key below rows of data). Values are included for at least five individuals of 50 species 

and their source citation. "_a" indicates pressure volume curves made sun exposed fully 

developed leaves in a second study. 

 

Table S3.3. Outlier test for each pressure volume curve parameter for each study species. I 

performed Dixon Q tests when greater than two-fold variation existed for a given trait. Legend of 

variables and their meanings are tabled below the rows of data. 

 

Table S3.4. Species mean, standard error, and sample count for leaf morphological traits for 39 

species in my database along with their sources. Standard deviations for leaf density were 

estimated by propagation of error (Beers, 1957). Legend of symbols provided below as well as 

the source references. 
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Table S3.5. Intraspecific correlation matrices for traits for each species and their significance 

(*p<0.05; **p<0.01; ***p<0.001) for raw, log and rank transformed data in that order separated 

by semicolons across all study species as well as mean untransformed correlation and count of 

significant correlations. Mean correlations are summarized by species matrices with and without 

apoplastic fraction (af). 

 

Table S3.6. Ordinary least squares regression parameters for the plots of observed versus 

predicted values of pressure volume curve parameters (i.e., Ψtlp, RWCtlp,s, Cft), using prediction 

equations 8, 9 and 10; I provide the slope and intercept of the ordinary least squares regression 

line, R2 and the associated p value for each species (indicated by their species code; see Table 

S3.2 for the associated species and genus names). I presented only the lines which were 

significant (i.e., p<0.05). 

 

Table S3.7. Correlation matrices of species' coefficient of variation (CV) for pressure volume 

curve parameters and leaf traits. I include correlation coefficients and their significance 

(*p<0.05; **p<0.01; ***p<0.001) for raw, log and rank transformed data in that order separated 

by semicolons. Significant correlations are highlighted in yellow, i.e., if p<0.05 for both 

Spearman and Pearson correlation tests, with Pearson tests conducted on untransformed or log 

transformed data. 

 

Table S3.8. Coefficients of variation (mean and standard error) for pressure volume curve 

parameters, morphological and compositional traits. Legend of variables and their meanings are 

tabled below.  
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Table S3.9. Estimated variation in the simulated leaf water potential based on scaling up from 

spectroscopy. I provide the root mean square error (RMSE), RMSE standard error, simulation 

mean RMSE, and simulation RMSE standard error for 1000 estimated of leaf water potential at 

five hydration states (ln PFR) for each for the simulations (A-C) of my bootstrapping analysis. 
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Supplemental Figures 

 

Supplemental Figure 3.1. Mean intraspecific variation among sun leaves of plants growing in 

similar conditions (ITVref) for pressure volume curve parameters and other morphological and 

compositional leaf traits for 39 species, separated by the dotted line and in each category ordered 

by increasing median quantile coefficient of dispersion (n=12-50 species). Error bars indicate the 

standard error of the mean and asterisks denote the significant difference between mean of 

pressure volume curve and morphological and compositional leaf traits (***p<0.001; Welch’s 

Two Sample t-test).  
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Chapter 4: The contribution of osmotic adjustment to drought adaptation in Arabidopsis thaliana 

Abstract 

Traits that confer plant drought tolerance are increasingly prominent foci for studies of plant and 

ecosystem responses to climate change. Leaf osmotic potential at full turgor (πo) is the main 

determinant of turgor loss (i.e., wilting) point, a threshold for stomatal closure and decline of 

photosynthetic function during drought. Intraspecific variation in πo may thus influence the 

adaptation of populations along gradients of climatic aridity. Yet, the contribution of plasticity 

(adjustment) in πo during drought to tolerance and its potential costs in relative growth rate (RGR) 

have not been quantified. For 29 ecotypes of Arabidopsis thaliana native to a wide range of 

climatic aridity and grown in a common garden, I tested the associations across ecotypes among 

the πo of well-watered plants (πo,w) and plants after drought (πo,d), and osmotic adjustment (Δπ), 

biomass allocation and structural traits, relative growth rate (RGR), and survival time under 

extreme drought, and with climatic aridity in ecotypes’ native ranges. Among the 29 ecotypes, 

65% showed adjustment to more negative πo during the drought; and across those ecotypes, 

osmotic adjustment contributed strongly to post-drought πo. Drought survival time was associated 

with lower πo,w and πo,d across all genotypes, and with Δπ for those ecotypes that adjusted. 

Ecotypes exhibited responses from drought avoidance (e.g., faster growth, greater alignment with 

climate) and resistant (e.g., slower growth, greater association between Δπ and πo,d) strategies 

under dehydration. My findings among ecotypes of a given species exhibits the need to account 

for variation in response to stress across populations with distinct drought strategies. 
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Introduction 

As droughts become increasingly prevalent in many locations globally, clarifying the traits that 

contribute to drought resilience becomes urgent. Variation in these traits among agricultural 

cultivars or across populations could explain reduction in productivity and mortality in crop and 

wild ecosystems worldwide (Allen et al., 2010; IPCC, 2014). For example, a lower osmotic 

potential at full turgor (πo; see Table 4.1 for variables, units and definitions) drives a lower leaf 

water potential at turgor loss (πtlp), and contributes to drought resistance, being associated with the 

maintenance of hydraulic and stomatal conductance, and photosynthetic gas exchange later into 

drought (Bartlett et al., 2016; Trueba et al., 2019). Theory maintains that greater plasticity in turgor 

loss point, known as osmotic adjustment (Bartlett et al., 2014; Blum, 2017), would enable drying 

plants to maintain greater stomatal opening (Henry et al., 2019), and hydraulic conductance 

(Scoffoni et al., 2008), and thereby greater drought resilience (de Bello et al., 2011) and contribute 

to the distribution of species in more arid climates (Bartlett et al., 2019; Brodribb et al., 2020; 

Rosas et al., 2019). Notably, plasticity in these traits may contribute to drought tolerance in two 

ways: resistance to drought stress would be associated with a greater plasticity and thus a more 

negative πo,d, whereas “avoidance” response may be associated with a lower plasticity in osmotic 

potential, and faster growth and allocation to reproductive structures such that a given population 

would set seed sooner to avoid future extremes (Fletcher et al., 2022). My aim was to quantify 

intraspecific plasticity in πo (Δπ or osmotic adjustment) among ecotypes of a single species with a 

very widespread range in the temperate zone, Arabidopsis thaliana, and test for associations 

among osmotic adjustment, growth, and climate. 

Osmotic adjustment (Δπ) regulates tissue stress under drought and can shape responses to 

water deficit. Δπ is characterized by the accumulation of organic (e.g. proline) and/or inorganic 
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(e.g., K+, Na+, Cl- or Ca2+) solutes within the cell in response to dehydration or increased soil 

salinity and has been linked with resilience to drought across crop species (Blum, 2017; Girma 

and Krieg, 1992; González et al., 1999; Morgan, 1977). Among cultivated or wild species, even 

those with high πo,w may have greater Δπ under drought and thereby achieve relatively strong 

performance under drought. In a review of 26 studies of osmotic adjustment in crop varieties (e.g., 

Helianthus annus, Glycine max and Pisum sativum), species’ varieties in 24/26 studies increased 

in yield with greater Δπ under drought (Blum, 2017). Among wild species, lianas have stronger 

osmotic adjustment than trees due to seasonal dehydration (Δπ =-0.43 MPa versus -0.12 MPa, for 

lianas and trees respectively), which may enable greater resilience in drought (Maréchaux et al., 

2017). Among species of eastern Amazon rainforest, more drought resistant species were more 

likely to osmotically adjust under induced drought conditions (Binks et al., 2016). Notably, a 

global meta-analysis of seasonal osmotic adjustment in woody species found that Δπ was relatively 

conservative across species (mean Δπ = -0.29 ± 0.03 MPa; n = 240 species) and the well-hydrated 

osmotic potential at full turgor (πo,w) was a greater predictor of the final post-drought osmotic 

potential at full turgor (πo,d) and of the turgor loss point, but for herbaceous crops, Δπ made a 

strong contribution to πo,d	(Bartlett et al., 2014). I hypothesized that across Arabidopsis ecotypes, 

Δπ would contribute strongly to πo,d. 

Given the strong association between πo,w and ecosystem aridity (Bartlett et al., 2014; 

Fletcher et al., 2018), the capacity for osmotic adjustment may support resistance and survival 

under drought. Yet, plants with a drought avoidance strategy might show a decoupling of osmotic 

adjustment and growth from climate. Across 15 ecotypes of A. thaliana native across an aridity 

gradient (Fletcher et al., 2022), three types of strategies were distinguished: resistance, i.e., the 

maintenance of function under stress; avoidance, i.e., the ability to grow rapidly under ideal 
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conditions; and ambivalence, i.e., strong stress sensitivity for ecotypes adapted to moist conditions 

(Table 4.2). Resistant ecotypes may have more negative πo,w and πo,d , which would allow for 

maintenance of turgor during drought (Bartlett et al. 2012). This may be paired with slower growth 

overall and greater allocation towards roots (Reich, 2014). Alternatively, avoidant and ambivalent 

ecotypes may have higher values of πo,w and πo,d along with rapid and moderate growth, 

respectively. The ecotypes less intrinsically adapted to dehydration will allocate growth to leaves 

over roots, where avoidant ecotypes will utilize that greater photosynthetic capacity to produce 

flowers and seeds sooner. Across all ecotypes measured in Fletcher et al. (2022), a less negative 

πo,w was associated with moister native climate, while relative growth rate (RGR) was independent 

of climatic aridity (i.e., aridity index, mean annual temperature, and annual precipitation). The lack 

of association between growth and drought tolerance was evidence of a mixture of avoidant, 

resistant and ambivalent strategies, which would contribute to the species’ wide overall ecological 

range. Yet, there have been no studies on the potential association of Δπ and πo,d	(i.e., osmotic 

potential at full turgor for plants after drought) with climate and growth. I hypothesized that 

ecotypes specialized for water-abundant ecosystems (i.e., with less negative πo,w) would show 

lower Δπ due to their lack of adaptation to water stressed conditions.  

Thus, for 29 ecotypes of A.thaliana, I tested for relationships among osmotic potential 

variables (i.e., πo,w and πo,d, and Δπ ), native climate variables, and relative growth rate and its 

components (including leaf mass per area (LMA), unit leaf rate (ULR) and leaf area ratio (LAR)), 

other biomass allocation variables (leaf mass fraction (LMF), root mass fraction (RMF), and 

reproductive mass fraction (ReMF)) and flowering time and survival under drought (i.e., time until 

death under lethal drought). I hypothesized that (1) Δπ would contribute to the osmotic potential 

at full turgor for droughted plants (πo,d); (2) lower πo,w and πo,d and greater Δπ would be positively 
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coordinated with greater climatic aridity of the genotypes’ native ranges, (3) with other drought 

tolerance traits (i.e., low SLA and high RMF), and with (4) survival time during drought, but (5) 

independent of RGR. Further, I tested these hypotheses among groups of ecotypes (i.e., those that 

osmotically adjusted in response to drought and those that not).  

Materials and Methods 

Plant material 

Twenty-nine ecotypes of Arabidopsis thaliana cataloged for the 1001 Genome Project were grown 

to test the associations of leaf osmotic adjustment, climate, and growth (Figure 4.1, Table 4.3). 

The selected A. thaliana ecotypes represent populations from wide diversity of climatic aridity 

(estimated by aridity index and mean annual temperature) and from 10 “origin groups” as 

described in The Arabidopsis Information Resource (TAIR; Huala et al., 2001). Thus, the ecotypes 

represented a range of native climates from dry to mesic (total growing season precipitation from 

29 mm to 1829 mm) and cold to warm (mean growing season temperature from 11.8∘C to 27∘C). 

Seeds were first cold-acclimated at 4∘C for three days and sown in pots (7.95 cm width × 12.4 cm 

length × 5.87 cm deep) in soil (1:1:2:1:1 mixture of washed plaster sand, loam, peat moss, perlite, 

vermiculite). Individuals were grown in a climate-controlled glasshouse (minimum, mean and 

maximum values for temperature, 16.4°C, 22.3°C and 29.0°C; for relative humidity 18.6%, 46.5%, 

and 72.6%; and for irradiance 1.2, 95.1, 1128 μmol photons m-2 s-1) at the University of California, 

Los Angeles, from February to March 2019. After approximately a week, I thinned plants to one 

individual per pot. Single individuals of each ecotype were randomized into blocks (each block 

consisting of two nursery trays of potted individuals). Blocks for control and drought-treatment 

plants (n=12 individuals per treatment) were then placed across three greenhouse benches.  
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Before the start of the drought period, all plants were drought-hardened for seven days, 

during which water was withheld. This pre-treatment was imposed such that the subsequent strong 

drought treatment would not be the first experienced by the experimental plants, and thus to better 

mimic natural plants facing successive escalating drought events (Ding et al., 2014; Hsiao et al., 

1976). Following drought-hardening, all blocks were watered until the soil was fully saturated, 

and osmotic potential at full turgor (πo,w) was determined for five individuals of each ecotype using 

an osmometer (see subsequent section). Plants under control conditions were kept well hydrated 

by watering all pots at least once per week to saturation. Drought-treated plants were allowed to 

dehydrate until 5 of 12 individuals of a given ecotype exhibited extreme stress, indicated by a 

distinctive change in leaf color from green to purple or brown, which often corresponded to 

complete plant collapse, indicating death. Plants were checked for these signs of extreme stress 

daily at 1100 h. When an ecotype had reached this stage, trays of stressed and well-watered 

individuals were brought to lab and leaves were excised (one leaf from each of five individuals 

from each treatment) and placed into a bag (Whirl-Pak, Nasco, Fort Atkinson, WI, USA), which 

had been exhaled into to equilibrate. Then, I measured leaf water potential with a pressure chamber 

(0.001 MPa resolution, Plant Moisture Stress Model 1000; PMS Instruments Co). All the 

droughted and control individuals of the ecotype were subsequently rehydrated overnight in dark, 

moist containers. The next day, individuals that became moldy at the end of the rehydration process 

or exhibited other deterioration (e.g., leaf drop or deeper color change) were excluded from leaf or 

whole individual measurements. In total, 26 of 29 ecotypes survived the drought experiment with 

at least 5 individuals for measurement of πo,d and Δπ (see following section). Five individuals of 

the control treatment for each ecotype (29 ecotypes) were harvested for growth measurements (i.e., 

leaf mass per area (LMA), unit leaf rate (ULR) and leaf area ratio (LAR); see section Plant biomass 
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and trait measurement). From each individual, five leaves were scanned (using an Epson 

Perfection 4490 Photo flatbed scanner, Seiko Epson Corporation), leaf area was determined using 

Image J (version 2.3.0; National Institutes of Health, USA), measured for mass using an analytical 

balance (0.01 mg; MS205DU Mettler Toledo, Toledo, OH), enabling calculation of leaf dry mass 

per unit area (Schindelin et al., 2012). Plants were separated into roots, remaining leaves, and 

reproductive parts (i.e., inflorescences), and mass values were determined for each compartment. 

 

Determination of osmotic potential at full turgor, and the contribution of osmotic adjustment 

to post drought resilience  

After harvest, the remaining plants from both treatments (droughted and control) were watered to 

saturation and rehydrated overnight in dark, moist containers. Then, osmotic potential at full 

hydration was estimated using the osmometer method for one disk from one leaf for five 

individuals from each ecotypes in each treatment (Bartlett et al., 2012a). Disks (4 mm diameter) 

were taken from leaves, and immediately submerged in liquid nitrogen. Once frozen for at least 2 

minutes, disks were quickly punctured 10-15 times, and the osmolality of the cell sap was 

measured using osmometers (VAPRO 5520 and 5600 vapor pressure osmometers; Wescor, 

Logan, UT). Osmotic potential at full turgor then estimated using the osmolality of the disk.  

I calculated osmotic adjustment as the difference between post-drought osmotic potential 

at full turgor (πo,d) and well-watered osmotic potential at full turgor (πo,w)  

∆π = π,,- − π,,. (1) 

Standard deviations were determined for ∆π by propagation of error (Beers, 1957): Then, I 

calculated the percent relative contribution of Δπ and πo,w to πo,d as: 

Osmotic	adjustment	(Δπ)	contribution = ∆0
0!,#

∙ 100 (2) 
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Well − watered	π1	contribution =
0!,$
0!,#

∙ 100 (3) 

Plant biomass and trait measurement 

Relative growth rate (RGR) was calculated for well-watered control individuals of each ecotype 

as: 

RGR = !2	(5%)7!2	(5&)
*%7*&

 (4) 

Where 𝑀8 and 𝑀9 are the total final and initial mass, respectively, and 𝑡8 and 𝑡9 are the days of 

the final and initial harvest, respectively. Leaf mass per area (LMA), unit leaf rate (ULR) and 

leaf area ratio (LAR) were calculated from control individuals of all ecotypes as follows: 

LMA = :"#$	-;<	=#&&
:"#$	#;"#

 (5) 

LAR =
'!()*	*,)-	.)//

012
>,*#!	'!#2*	=#&&

 (6) 

ULR = ?@?
:A?

 (7) 

LAR was calculated from the mean leaf mass per area for each ecotype (n = 5 individuals). Final 

leaf mass and total plant mass of control individuals were used for calculation of RGR and LAR. 

Growth of organs compared to total plant mass were also calculated for leaves (LMF), roots 

(RMF) and reproductive organs (ReMF), where each represented the quotient of the respective 

organ mass and total plant mass (Table S4.1). 

Climate and flowering time data 

Occurrence coordinates for each ecotype were obtained from information provided by the 1001 

Genomes Consortium 2016 (https://1001genomes.org/accessions.html) (Alonso-Blanco et al., 

2016a). Nineteen annual climate variables were downloaded from WorldClim Global Climate 

Data (BioClim), and twenty-two monthly variables from CRU-TS-4.03 from the Climatic 

Research Unit, University of East Anglia (Harris et al., 2014), which was downscaled and 
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downloaded from WorldClim’s historical climate database (Fick and Hijmans, 2017) (Table S4.1; 

all climate terms and abbreviations summarized in Table S4.2). Additionally, aridity index and 

potential evapotranspiration (PET) were obtained from the Consultative Group for International 

Agriculture Research (CGIAR) Consortium for Spatial Information (CSI) database (Ferrero-

Serrano and Assmann, 2019; Monroe et al., 2018). PET was estimated by the Penman-Monteith 

equation. Climate information was extracted at each coordinate for each ecotype using ArcMap 

(version 10.0). Growing season variables were calculated with historical climate data using data 

for the months with ≥4°C mean temperature and precipitation ≥ 2mm x mean temperature (Lasky 

et al., 2012). Lastly, flowering time at 10°C and 16°C for each of the 29 ecotypes was obtained 

from the 1001 Genomes Consortium (Alonso-Blanco et al., 2016b). 

Statistical and phylogenetic analyses 

I performed statistical analyses across all genotypes, as well as among adjusters and non-adjusters 

(i.e., ecotypes which had Δπ < 0 and Δπ ≥ 0, respectively). I estimated the associations of traits 

and climate variables accounting phylogenetic relatedness, i.e., with kinship. I tested for 

correlations among osmotic adjustment variables (i.e., πo,w, πo,d , and Δπ), climate variables (e.g., 

mean annual precipitation, mean annual temperature, length of growing season) and growth and 

biomass allocation variables (i.e., RGR, ULR, LAR, LMF, RMF, and ReMF) across 29 ecotypes 

of A. thaliana. All 29 ecotypes were only used to test relationships among growth and climate, 

otherwise 26/29 ecotypes were used for testing correlations among osmotic, climate, and growth 

variables. To test these correlations, I implemented linear mixed effects models with kinship using 

the lmekin function in the coxme package (Therneau, 2020). Kinship matrices were derived from 

the 1001 Genomes Project data release v3.1 (Alonso-Blanco et al., 2016a). My models were fit 

with both untransformed and log-transformed data, to test for both linear and nonlinear (power 
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law) relationships. I used absolute values for traits which were negative (i.e., πo, πo,w, πo,d) and 

transformed traits represented by both negative and positive values (i.e., temperature associated 

variables: mean annual temperature (MAT), growing season minimum and maximum 

temperatures, minimum temperature of the coldest month (bioclimatic variable 6), mean 

temperature of the wettest quarter (bioclimatic variable 8), mean temperature of the driest quarter 

(bioclimatic variable 9), mean temperature of the coldest month (bioclimatic variable 11); as well 

as osmotic adjustment traits, i.e., Δπ, and the contributions of Δπ and πo,w to πo,d) by adding the 

absolute value of the lowest value of the dataset minus 1. I report in the main text the most 

significant relationship (i.e., lowest corrected AIC) for untransformed or log-transformed data and 

all relationships are presented in Table S3. 

 I performed a repeated measures analysis of variance (ANOVA) to test for associations 

among individuals differences within genotypes, from well-watered to droughted estimates of 

osmotic potential at full turgor, and treatment using aov function in the stats package (R Core 

Team, 2023) (Table S4.4).  

 To determine the causal contribution of the components of RGR (i.e., ULR and LAR), I 

applied a causal partitioning analysis (Buckley and Diaz-Espejo, 2015; Fletcher et al., 2022; John 

et al., 2017), which considers the function of RGR and estimates to infinitesimal change in RGR 

caused by ULR and LAR, integrated across all my genotypes, to provide the total contribution of 

each variable to the difference among genotypes. This approach avoids the influence of 

covariation among RGR components in correlations among those variables (John et al., 2017). 

Statistical analyses were performed using the R Statistical Software (v. 4.2.3; (R Core Team, 

2023)). 
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Results 

Variation across ecotypes in osmotic adjustment and growth and biomass allocation 

The 29 ecotypes of A. thaliana varied in their adaptation to aridity based on their range in native 

climate (Table 4.3), and well hydrated osmotic potential at full turgor (πo,w) was on average -0.84 

± 0.02 MPa and ranged across ecotypes from -0.72 MPa to -1.01 MPa (Table S4.1). Further, 

response to drought varied strongly among ecotypes. In the drought experiment, the leaf water 

potential declined on average across ecotypes to -1.51 ± 0.12 MPa (Figure S4.1). For 17/26 

(65%) of ecotypes, osmotic adjustment to a more negative πo occurred, with average post-

drought osmotic potential at full turgor (πo,d) of -0.94 ± 0.05 MPa, varying across ecotypes from 

-0.61 MPa to -1.71 MPa, significantly different from the control individuals (p=0.003) (Figure 

4.2a). In 9/26 ecotypes, there was no negative osmotic adjustment (Δπ ≥0). Across all genotypes, 

osmotic adjustment (Δπ) ranged from -0.91 to 0.17 MPa, on average -0.11 ± 0.05 MPa, a 

significantly greater shift than occurred on average for my control well-watered plants for the 

duration of the study (Δπ = 0.06 ±0.02 MPa; Welch’s Two Sample test, p=0.006) (Figure 4.2b). 

Among the ecotypes that adjusted, the average Δπ was -0.21 ± 0.06 MPa. The leaf water 

potential at harvest was not correlated with πo,d or Δπ for drought treatment plants. 

If the contribution of Δπ or πo,w to πo,d for a given ecotype exceeded 50%, that variable 

was determined to be the more important determinant of the magnitude of πo,d. Across ecotypes 

of A. thaliana, πo,w	was the primary determinant of πo,d. Well-watered osmotic potential at full 

turgor (πo,w) contributed to 97.0% of πo,d (ranging from 46.6-124%) for 25/26 genotypes. By 

contrast, Δπ contributed to πo,d on average 15.3% (ranging from 1.83-53.4%); indeed, Δπ 

contributed > 50% to the πo,d for only 1/26 of ecotypes (CS76774) (Figure S4.2).  
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The ecotypes also varied substantially in drought survival, and in relative growth rate 

(RGR) and other functional traits for well-watered plants. Ecotypes survived 26-35 days under 

the drought treatment. Relative growth rate (RGR) varied 1.66-fold from 0.15 to 0.24 g g-1 day-1, 

and ecotypes varied seven-fold in leaf mass per area (LMA), eight-fold in leaf area ratio (LAR) 

and unit leaf rate (ULR) respectively, ten-fold in LMF and in RMF, and seven-fold in ReMF 

(Table S4.1).  

 

Correlations among osmotic adjustment variables 

I found strong correlations across ecotypes among osmotic adjustment variables (i.e., πo,w, πo,d and 

Δπ) for drought treated individuals (regression analyses accounting for kinship). Despite Δπ 

accounting for the minority of variation in πo,d (and πo,w accounting for the majority) across 

ecotypes, πo,d was strongly related to Δπ (r= -0.87; p<0.001) and independent of πo,w (r= 0.25; 

p=0.27), which in turn was independent of Δπ (r = 0.17; p=0.38) (Figure 4.3; Table S4.3). This 

pattern was due to the existence of adjusters and non-adjusters. When considering adjuster and 

non-adjuster ecotypes separately, among adjusters, πo,d was related to strength of adjustment  (r=-

0.87; p<0.001; Figure 4.3B), whereas among non-adjusters, πo,d was related to πo,w (r=0.71; 

p=0.002) (Figure 4.3C; Table S4.3). Δπ was unrelated to πo,w for both the adjusters and non-

adjusters (Figure 4.3a; Table S4.3).  

 

Correlations among osmotic adjustment and growth with survival of extreme drought 

Among drought treated plants, ecotypes with more negative πo,w  and πo,d  survived longer into 

the drought treatment (i.e., longer “time until death”, in days) (r = 0.52-0.55; p=0.001; Figure 

4.4A & B; Table S4.3). While among the non-adjusters those with more negative πo,w survived 
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longer (r=0.91, p<0.001), among the ecotypes that did adjust, those with more negative πo,d 

survived longer (r=0.69, p<0.001). Across all ecotypes, there was no significant relationship 

between Δπ and survival time, though this association was found considering only the adjusters; 

those with stronger adjustment survived longer (r=-0.48, p=0.03). Drought individuals’ harvest 

leaf water potential was not associated with the survival time throughout the drought among the 

drought treated plants.  

 Functional traits that mechanistically contribute to drought adaptation were related to 

drought survival time. For adjusters alone, those with greater a greater LMA survived longer (r = 

0.68; p <0.001; Figure 4.4D). Across all ecotypes, and for adjusters and non-adjusters separately, 

those with greater allocation to root tissue survived longer (r=0.55-0.64; p = 0.01 - <0.001) 

(Figure 4.4E; Table S4.3). I also found strong relationships among other growth and biomass 

allocation traits and survival in response to drought. Across all ecotypes and the non-adjusters, 

those with longer time until flowering survived longer (r = 0.60 and 0.79, respectively; p < 

0.001; Figure 4.5A and Table S4.3). Further, for all ecotypes and the adjusters considered 

separately, faster relative growth rate (RGR) was associated with a shorter survival time (r = -

0.52 and -0.74, respectively; p = 0.002 and <0.001, respectively; Figure 4.5B). Across all 

ecotypes, a higher LAR, higher LMF and lower ULR and ReMF were linked with longer 

survival (r = 0.40-0.62; p = 0.003- <0.001; Figure 4.5C-F), and similarly for LAR, LMF and 

ReMF for the adjusters considered separately (r = 0.50-0.69; p = 0.04- <0.001; Figure 4.5C, E & 

F). 

Correlations among osmotic adjustment variables and growth 

I tested for the relationships among osmotic adjustment growth and biomass allocation traits of 

well-watered plants (i.e., RGR, LMA, LAR, ULR, LMF, RMF, ReMF). The adjusters showed 
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positive associations of πo,w and πo,d with RGR (r = 0.56 and 0.56, respectively; p = 0.007 and 

0.007; Figure 4.6A and E, and Figure S4.4). Across all ecotypes, πo,d and Δπ were negatively 

related to LAR (r = -0.56 and -0.51; p <0.001 and p=0.003; Figure 4.6F and J, also see Figure 

S4.5 and S4.6), and positively related to ULR (r = 0.56 and 0.56, respectively; p =0.02 and 

p=0.01; Figure 4.6G and K, also see Figure S4.5 and S4.6), and the same trend was also found 

for adjusters alone (LAR r = -0.62 and -0.51, ULR r = 0.62 and 0.44; p = 0.001-0.02; Figure 

4.6F, G, J and K, also see Figure S4.5 and S4.6). Lastly, ecotypes (i.e., across all ecotypes and 

the non-adjusters specifically) with higher πo,w showed lower leaf mass per area (all ecotypes r = 

0.37, p=0.047; non-adjuster r = 0.56; p=0.04) (Figure 4.6D and Figure S4.4; Table S4.3).  

There were no significant correlations of RGR with biomass allocation variables (Figure 

S4.3). Nonetheless, my causal analysis indicated that across all ecotypes and adjusters, ULR was 

the strongest determinant of RGR on average (95.4% for all and 250% among adjusters), 

whereas for the non-adjuster ecotypes, LAR also contributed strongly to RGR (69.6%) compared 

to ULR (30.4%) (Figure S4.7).  

Correlations among osmotic adjustment, growth, survival and native climate 

I assessed whether πo,w, πo,d and Δπ were associated with the native climates of A. thaliana 

ecotypes, including average growing season aridity index, total growing season precipitation, 

average growing season temperature, maximum growing season temperature, potential 

evapotranspiration, plant extractable water capacity of soil, and flowering time at 10∘C and 16∘C) 

(Table S4.1). There were no significant relationships of πo,w , πo,d or Δπ with mean annual 

precipitation, mean annual temperature, or aridity index across all ecotypes or within adjusters and 

non-adjuster ecotypes (Tables S4.3). Indeed, across all ecotypes there were few associations 

among climate and osmotic variables. Well-watered osmotic potential at full turgor was negatively 
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associated with mean diurnal range in temperature (r = -0.52; p = 0.002), elevation (r=-0.60; 

p<0.001), and spring rainfall (r=-0.40; p=0.03), and positively associated with the minimum 

temperature and wind speed of the growing season (r=0.44 and 0.47, respectively; p = 0.008 and 

0.02), wind speed from January and April (r = 0.45; p = 0.01) (Figure S4.8I, G, B,D, and E). Both 

the adjusters and non-adjusters showed the same trends between πo,w and mean diurnal range and 

elevation as across all ecotypes (r= -0.49 and -0.59, respectively) (Figure S4.8I and F). However, 

πo,w among the adjusters was also associated with precipitation in the warmest quarter (bioclim 18; 

r = 0.54), annual potential evapotranspiration (r = -0.48; p=0.03), spring rainfall (r=-0.52; p=0.02), 

summer NDVI and solar radiation intensity through January and April (r= 0.53 and -0.51, 

respectively) (Figure S4.8J, G, H, K). The non-adjuster πo,w  significantly correlated with the 

minimum and average temperature and wind speed of the growing season (r= 0.59, 0.62 and 0.60, 

respectively; p = 0.03, 0.02 and 0.03), wind speed from January and April (r = 0.62; p = 0.02) 

(Figure S4.8A, B, D, E). The post-drought osmotic potential at full turgor (πo,d) was not 

significantly related to climate variables across all ecotypes or among the adjusters. Among the 

non-adjusters, πo,d was associated with mean diurnal range in temperature (r = 0.81; p < 0.001), 

the minimum temperature in the coldest month (r = 0.62; p=0.01), annual range in temperature 

(r=-0.56; p=0.04), mean temperature of the driest and coldest quarters (r = 0.56; p=0.04), the 

minimum temperature, PET, solar radiation and wind speed of the growing season (r=0.63, -0.72, 

-0.62, 0.65, respectively; p = 0.01, 0.002, 0.02, and 0.01), mean temperature, minimum 

temperature and wind speed from January and April (r = 0.57, 0.60, 0.75; p = 0.04, 0.02, and 

<0.001) (Figure S4.9A-K). Δπ was similarly not associated with climate across all ecotypes but 

showed strong relationships for both non-adjusters and adjusters. The non-adjusting ecotypes 

showed significant relationships with precipitation (e.g., precipitation in the driest month, quarter 
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and seasonality; r= -0.56, 0.63, and -0.57, respectively) (Figure S4.10A-C). Additionally, for this 

group, Δπ and climatic water deficit, average growing season maximum temperature, and VHI 

Summer were related (r=0.65, -0.60, -0.63, respectively) (Figure S4.10D-F). Adjuster Δπ was 

associated with wind speed variables (i.e., average growing season wind speed and wind speed 

between January and April; r= 0.48, and 0.46, respectively) (Table S4.3) (Figure S4.10G -H).  

 There were several significant relationships between survival time, growth and climate. 

Relative growth was associated with elevation and precipitation in the wettest quarter and month. 

Slower growing ecotypes were found at lower elevations (r= 0.38, p= 0.04), while faster growing 

ecotypes were found in climates with greater precipitation in the wettest quarter (r=-0.56, p = 0.04) 

and month (r = -0.58, p=0.03) (Figure S4.11A-C). Neither the adjusters nor the non-adjusters alone 

showed associations between growth and climate. Survival time was associated with elevation, 

flowering time at 10°C and 16°C, and evapotranspiration. Non-adjusting ecotypes from greater 

elevations survived fewer days into the drought (r=-0.81, p<0.001; Figure S4.12A) and those with 

longer flowering times at 10°C and 16°C survived longer (r=0.60 and 0.79, respectively, p=0.03 

and <0.0001; Figure S4.12B and C). Additionally, across all ecotypes and the adjusters longer 

flowering times at 16°C were associated with longer survival (r=0.60 and 0.53, respectively, 

p<0.0001 and p = 0.01; Figure S4.12B). The adjusting ecotypes alone showed a strong association 

between evapotranspiration and survival where survival was greatest for those from native 

climates with greater evapotranspiration (r=0.48; p=0.03; Figure S4.12D).  

 

Discussion 

I tested the associations among drought resilience traits in the first drought experiment estimating 

both osmotic adjustment and growth for A. thaliana. I found modest absolute change of the osmotic 
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potential at full turgor from well-watered to droughted conditions. Yet, although associations of 

these traits with native climate across all ecotypes were few, more relationships with climate were 

found for the non-adjusting ecotypes. These findings provide compelling evidence among my set 

of ecotypes for the importance of drought avoidance and resistance in the adaptation of ecotypes 

across their climatic range.  

 

Contribution of πo,w and Δπ to πo,d  

My finding of a greater contribution of πo,w to πo,d corroborates previous work on these parameters 

on global wild and crop species (Bartlett et al., 2014). There, the authors found that the πo,w and 

πo,d were strongly correlated and Δπ contributed 16%, compared to my 15.3%, to the magnitude 

of the πo,d . I found strong association with a single species among πo,w and πo,d; however, it was 

only evident among non-adjusting ecotypes. Though across all genotypes and the adjusting 

ecotypes, I found support for my hypothesis of a significant association between Δπ and πo,d. 

Bartlett et al. (2014) found a similar predominance of the Δπ and πo,d relationship among cultivars 

within species but suggested that the relationship was driven by the lack of drought hardening. 

Given our conditioning of the ecotypes, this disassociation among πo,w and πo,d across all ecotypes 

shows a preference for a drought resistance.  

 

Implications of variation in survival time and growth rate  

I expected the growth to be independent of the osmotic variables. That was true across all ecotypes, 

but I found significant relationships when separating the osmotic adjusters and non-adjusters. I 

found evidence of a trade-off between drought resistance and drought avoidance strategies, 

corresponding to slower vs faster growth rate and greater vs lower allocation to reproductive 
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organs among the ecotypes of A. thaliana. This phenomenon has been characterized across species 

on the spectrum of “fast-slow” plant life strategy where growth is limited in stressful environments 

(Wright et al., 2004). However, these findings indicate support for a generalized response even 

within a given species and exhibit the strength of water deficit on growth rates. Ecotypes which 

grew slower, and often presented more drought resistant physiology (e.g., more negative πo,w), 

survived much further into the drought.  

 

Correlations of osmotic variables and growth with climate 

Across all ecotypes, I found few associations between climate variables πo,w, πo,d, and Δπ and none 

with gross climate variables such as mean annual precipitation or temperature. All osmotic 

variables were associated with at least one precipitation (e.g., bioclim13 and bioclim14; 

precipitation of the wettest and driest month) and temperature variable (e.g., bioclim2, mean 

diurnal range, and average maximum temperature of the growing season). These relationships 

were primarily driven by individual groups of ecotypes, highlighting differential intraspecific 

responses to drought that appear to correspond to the growing conditions of a genotype’s range. 

Fletcher et al. (2022) found strong relationship between well-watered osmotic potential at full 

turgor and aridity index across 15 ecotypes of A. thaliana but similar to this study, they also found 

no relationship with relative growth rate, mean annual temperature, annual precipitation across all 

ecotypes. Thus, the only relationships among climate and osmotic variables across all of my 

ecotypes were for average and minimum growing season temperature, elevation, mean diurnal 

range, spring rainfall, and growing season and January – April windspeed. This may be indicative 

of the ecotypes’ phenology but also the importance of hydraulic parameters to survival. Across an 

aridity gradient, Rosas et al. (2019) found a predominance among hydraulic parameters (e.g., 
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Huber value and πtlp) driving trait variability within species. Previous work has also found lower 

baseline intraspecific variation in hydraulic parameters, which may be the result of the scale of the 

measurement (i.e., among leaves) and environment selection (Marks, 2007; Browne et al., 2023). 

Together the lower variation in hydraulic traits due to the strength of environmental selection could 

ensure survival across ecotypes and among groups of ecotypes reinforce the impact of 

microclimates.  

 

Implications for intraspecific response to drought and conservation 

The impacts of drought on shift in annual species community structure (Brodribb et al., 2020; 

Kraft, 2016). Annual species and individual responses to drought can fall into three strategies. 

They may be resistant to the drought, such that they are able to maintain cellular turgor, 

photosynthesis albeit at a lower rate, and have a relatively lower growth rate. Second, they may 

avoid the drought, whereby they mitigate the stress by achieving rapid growth when resources are 

available. Lastly, they may be ambivalent, i.e., drought sensitive. My selection of the A. thaliana 

ecotypes overall showed all three strategies, in their associations of slow growth with survival and 

including osmotic adjusters and non-adjusters. Conservation of the multiple populations of a 

species should account for the variation among them in drought strategies. Thus, there is a need to 

consider comprehensive estimates of the variation within Arabidopsis that accounts for strategy 

variation among ecotypes.   
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Tables 

Table 4.1. Leaf water status, osmotic adjustment, climate and growth variables, symbols, units, and 

definitions. Full list of climate variables is available in Supplemental Table 2.  

Variable Symbol Unit Definitions 

Leaf water status and osmotic adjustment  

Leaf water potential Ψleaf  MPa Water status variable indicating the bulk leaf average 

chemical potential of water within leaf cells 

Osmotic potential  Ψs MPa Represents the concentration of cell solutes and 

component of leaf water potential  

Osmotic potential at full 

turgor 

πo MPa Solute concentration at full turgor (i.e., ΨS when 

relative water content=100%) 

Well-watered osmotic 

potential at full turgor 

πo,w MPa Solute potential at full turgor under well-watered 

conditions 

Droughted osmotic 

potential at full turgor 

πo,d MPa Solute potential at full turgor post drought 

Osmotic adjustment  Δπ MPa Change in solute potential at full turgor from well-

watered to post drought conditions 

Osmotic potential at 

turgor loss point 

πtlp MPa Solute potential at turgor loss i.e., when pressure 

potential equals 0 

Time until death TTD days Days from start of experiment until 5/21 individuals 

had died 

Climate variables (see Supplemental Table 2 for extended list of climate variables) 

Mean annual 

temperature 

MAT °C  
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Mean annual 

precipitation 

MAP mm Average precipitation in a year 

Potential evapo-

transpiration 

PET unitless Estimate of atmospheric demand for water 

Aridity Index AI unitless Index of precipitation to PET and is indicative of 

climate dryness  

Length of growing 

season 

Length

GS 

days Number of days of the year with ≥4°C mean 

temperature and precipitation ≥ 2mm x mean 

temperature  

Flowering time FT days Days until beginning of flower phenology at 10 or 

16°C within text 

Growth and allocation 

variables 

   

Relative growth rate RGR  g∙day-1 Change in mass per day from sowing to harvest 

Leaf mass per area LMA g∙m-2 Ratio of mass of dry leaf lamina to leaf area  

Leaf area ratio LAR cm2 g-1 Ratio of leaf area to plant dry mass. Reflects size of 

photosynthetic surface relative to respiratory mass 

Unit leaf rate ULR g∙day-

1∙cm-2 

Reflects efficiency of the assimilatory organs to 

producing new growth. Can reflect light availability 

and leaf display.  

Leaf mass fraction LMF g∙g-1 Proportion of leaf dry mass to total individual dry 

mass 

Reproductive mass 

fraction 

ReMF g∙g-1 Proportion of inflorescence dry mass to total 

individual dry mass 
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Root mass fraction RMF g∙g-1 Proportion of root dry mass to total individual dry 

mass 
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Table 4.2. In response to drought stress, three types of strategies may arise: resistance, i.e., the 

maintenance of function under stress; avoidance, i.e., the ability to grow rapidly under ideal 

conditions; and ambivalence, i.e., strong stress sensitivity for ecotypes adapted to moist 

conditions. Tabled are osmotic, growth and allocation traits, the expected response under 

resistant, avoidant and ambivalent strategies and the associated reasoning for the response.  

Trait Resistant Avoidant Ambivalent Reason 

Osmotic traits 

(i.e., πo,w,πo,d, 

Δπ) 

Low values of 

πo,w and πo,d and 

greater Δπ 

High values of 

πo,w and πo,d 

High values 

of πo,w and 

πo,d 

More negative πo,w or πo,d 

allow for maintanance of 

turgor during drought, thus 

preventing irreparable 

hydraulic damage (Bartlett 

et al. 2012) 

Growth (i.e., 

RGR, LAR, 

ULR, FT) 

Slow Rapid Moderate These traits a 

predominantly associated 

with fast-slow continuum, 

such that species that are 

more resistant to drought 

are more likely to grow 

faster to avoid further 

degradation (Reich, 2014) 

Allocation 

(LMF, RMF, 

REMF, LMA) 

Low LMF, high 

RMF, high 

LMA, low ReMF 

High LMF, low 

RMF, low LMA, 

high ReMF 

High LMF, 

low RMF, 

low LMA 

Ecotypes/species less 

susceptible to deleterious 

effects of drought are 

associated with thicker 

leaves, deeper roots, which 
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allow them to be 

ambivalent to dehydration. 
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Table 4.3. Ecotypes of Arabidopsis thaliana grown experimental presented with their origin 

group, pre and post drought osmotic potential at full turgor (πo,w and πo,d), leaf mass per area 

(LMA), time until death (TTD), flowering time, and climate variables (mean annual temperature 

(MAT) and mean annual precipitation (MAP)). 

Genotype Origin group  πo,w πo,d LMA TTD FT10 MAT MAP 

    MPa MPa g*m-2 d d deg C mm 

CS76375 Asia -0.74 -0.87 17.2 45 82 4.2 513 

CS76382 Asia -0.74 -0.65 18.7 41 69.8 -3.9 819 

CS76411 Relict -0.95 -0.57 22.3 48 75.8 17.8 546 

CS76413 Admixed -0.78 -0.81 18.4 45 114 10.2 544 

CS76433 Asia -0.81 -0.75 24.3 49 71.3 3.6 169 

CS76441 Germany -0.96 -0.94 27.3 47 81.5 7.6 1824 

CS76498 Germany -0.76 -0.73 11.1 42 71.0 8.1 750 

CS76514 Western Europe -0.83 -0.77 19.5 47 61.5 9.8 701 

CS76519 Central Europe -0.81 -0.73 11.9 40 57.8 9 518 

CS76522 Asia -0.72 -0.75 12.7 42 65.8 0.9 454 

CS76525 Germany -0.83 -0.86 14.9 41 74.8 9.8 610 

CS76644 North Sweden -0.80 -0.63 11.3 45 97.0 3.2 656 

CS76678 South Sweden -1.01 -0.86 25.0 48 88.0 6.8 805 

CS76710 North Sweden -0.90 -0.74 9.79 47 95.5 2.9 615 

CS76740 Relict -0.84 -0.82 35.0 46 72.3 18.3 177 

CS76769 Italy/Balkan/Caucasus -0.90 -0.96 17.3 41 71.3 13.8 485 

CS76774 Spain -0.79 -0.82 20.0 48 69.8 15.3 354 

CS76789 Relict -0.86 -0.80 12.0 45 62.8 22.2 369 

CS76844 Italy/Balkan/Caucasus -0.94 -0.82 14.1 45 61.3 15.9 587 
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CS76894 Spain -0.77 -0.79 20.9 46 57.3 14.6 483 

CS76944 Admixed -1.01 -0.90 18.5 47 78.8 9.9 559 

CS76994 Admixed -0.90 -0.81 11.6 44 69.8 2.6 297 

CS77062 Western Europe -0.80 -0.68 13.2 45 67.5 13.5 455 

CS77150 South Sweden -0.92 -0.84 19.3 45 101 7.8 518 

CS77156 Admixed -0.91 -0.76 27.4 48 82.5 7.2 2190 

CS77356 South Sweden -0.91 -0.65 68.9 46 83.8 7.5 613 

CS77389 Admixed -0.78 -0.88 16.3 44 81.3 14.9 2385 

CS78835 Spain -0.76 -0.82 15.5 45 64.3 16.2 618 

CS78888 Admixed -0.86 -0.86 26.6 44 71.8 9.6 816 
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Figures  

 

Figure 1. Map of provenance for 26 ecotypes of Arabidopsis thaliana catalogued in the 1001 

Genome Project (A). Individuals from each provenance were grown in a climate-controlled 

glasshouse at the University of California, Los Angeles. Each point represents the provenance of 

an ecotype and each scaled color represents the aridity index (AI) of the associated climate. 

Individuals were allowed to dehydrate and by the end of the drought cycle, they showed a range 
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of change in their osmotic potential at full turgor (Δ𝜋) from -0.91 to 0.17 MPa (B). Negative 

values indicate osmotic adjustment that would provide drought resistance. Light green points and 

lines represent ecotypes which had not osmotically adjusted, and darker green points represent 

those which had adjusted. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 2. After five of 12 individuals of Arabidopsis thaliana from each ecotype exhibit strong 

negative signs to the drought experiment, I harvested the control and droughted individuals of 29 

and 26 genotypes respectively. Before rehydration, I equilibrated and estimated leaf water 

potential (Ψleaf ; A). Then, entire plants were rehydrated overnight and I estimated the post 

drought osmotic potential at full turgor (πo,d; B) and the change in osmotic potential at full turgor 

from well-watered to post drought conditions (Δπ; C). Light green points and lines represent 

ecotypes which had not osmotically adjusted, and darker green points represent those which had 

adjusted. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. I estimated kinship-informed correlations among well-watered osmotic potential at full 

turgor (πo,w) droughted osmotic potential at full turgor (πo,d) and the change in osmotic potential 

at full turgor (Δπ) across all my genotypes and among those that had or had not adjusted 

osmotically. Across ecotypes, πo,w did not predict osmotic adjustment (A) but πo,d was strong 

associated (B). When I considered osmotic adjustment strategies, the adjusters’ πo,d strongly 

predicted osmotic adjustment. Further, only the non-adjusters’ πo,w was significantly related to 

πo,d (C). Light green points and lines represent ecotypes which had not osmotically adjusted, and 

darker green points represent those which had adjusted. Statistical significance; *p<0.05; 

**p<0.01; ***p<0.001.  
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Figure 4. I tested for kinship-informed correlations among drought resilient traits, πo,w , πo,d , Δπ, 

leaf mass per area (LMA) and root mass fraction (RMF), and drought survival time as the time 

until death from the beginning of the drought experiment until 5/12 individuals had died (TTD). I 

found significant correlations among πO,w, πO,d, Δπ, LMA and RMF with survival where “less-

resilient” ecotypes survived for shorter periods of the drought. Light green points and lines 
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represent ecotypes which had not osmotically adjusted, and darker green points represent those 

which had adjusted. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 5. I tested for kinship-informed correlations among drought avoidant traits, flowering 

time at 16°C, relative growth rate, leaf area ratio, unit leaf rate, leaf mass fraction and 

reproductive mass fraction (ReMF) and drought survival time as the time until death from the 

beginning of the drought experiment until 5/12 individuals had died (TTD). I found significant 

correlations among flower time, relative growth rate, leaf area ratio, leaf mass fraction, and 

reproductive mass fraction with survival where longer-lived ecotypes grew less, allocate more of 

their biomass to leaves over flowers and flower later. Light green points and lines represent 
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ecotypes which had not osmotically adjusted, and darker green points represent those which had 

adjusted. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 6. Kinship-informed correlations among osmotic variables relative growth (RGR) and its 

component traits (unit leaf rate (ULR), leaf area ratio (LAR), and leaf mass per area (LMA)). 

Many strong relationships among osmotic and growth traits were significant for the ecotypes 

which had osmotically adjusted. The non-adjusting ecotypes only presented strong relationships 

between πo,w and LMA. Light green points and lines represent ecotypes which had not 

osmotically adjusted, and darker green points represent those which had adjusted. Statistical 

significance; *p<0.05; **p<0.01; ***p<0.001. 
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Supplementary materials 

 

Supplementary Data Captions (see attached Excel Workbook)  

 

Table S4.1. Data for all 29 ecotypes of Arabidopsis thaliana from both control and drought 

treatments. Osmotic variables (i.e., πo,w, πo,d, and Δπ) are tabled along with the contribution of Δπ 

and πo,w, to the πo,d, climate variables (see Table S4.2 for definitions, sources and units), and 

growth traits (i.e., relative growth rate, leaf, root and reproductive mass fraction, unit leaf rate, 

and leaf area ratio).  

 

Table S4.2. Units, definitions, and sources for 47 climatic variables used to test for associations 

among osmotic adjustment, growth and climate throughout my study.  

 

Table S4.3. All kinship informed correlations were performed across all genotypes, those which 

had adjusted (i.e., Δπ < 0; adjusters), and those genotypes which did not adjust (i.e., Δπ < 0). 

Tabled are the best fit correlations (i.e., untransformed or "raw" and log transformed) for 

osmotic, climate and growth variables for control and drought treated ecotypes of Arabidopsis 

thaliana.  
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Supplementary Figures  

 

 

Figure S1. Harvest leaf water potential (Ψleaf) among well-watered control and droughted 

treatments. Stars indicate significant (p<0.001) Welch’s Two-sample T-test.  
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Figure S2. For each ecotype, I estimated the percent contribution of the change in osmotic 

potential (Δπ) and the well-watered osmotic potential (πo,w) to the final droughted osmotic 

potential at full turgor (πo,d) (Equation 2-3). If the contribution of Δπ or πo,w for a given ecotype 

exceed 50%, then that variable was determined to be the more important determinant of the 

magnitude of πo,d. Overall, πo,w contributed greatly to πo,d while Δπ contributed minimally. 
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Figure S3. I grew 29 ecotypes of Arabidopsis thaliana estimating both their capacity to 

osmotically adjust and their subsequent growth response. Presented are the relationships between 

the relative growth rate (RGR), other growth parameters (i.e., leaf area ratio (LAR) and unit leaf 

rate (ULR)) and allocation (i.e., leaf mass per area (LMA), leaf mass fraction (LMF), root mass 

fraction (RMF) and reproductive mass fraction (ReMF)).   
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Figure S4. I tested for relationships among my ecotypes of Arabidopsis thaliana between their 

growth traits and their osmotic parameter. Presented are the relationships between the relative 

growth rate (RGR), other growth parameters (i.e., leaf area ratio (LAR) and unit leaf rate (ULR)) 

and allocation (i.e., leaf mass per area (LMA), leaf mass fraction (LMF), root mass fraction 

(RMF) and reproductive mass fraction (ReMF)) and well-watered osmotic potential at full 

turgor. Light green points and lines represent ecotypes which had not osmotically adjusted, and 

darker green points represent those which had adjusted. Statistical significance; *p<0.05; 

**p<0.01; ***p<0.001.  
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Figure S5. I tested for relationships among my ecotypes of Arabidopsis thaliana between their 

growth traits and their osmotic parameter. Presented are the relationships between the relative 

growth rate (RGR), other growth parameters (i.e., leaf area ratio (LAR) and unit leaf rate (ULR)) 

and allocation (i.e., leaf mass per area (LMA), leaf mass fraction (LMF), root mass fraction 

(RMF) and reproductive mass fraction (ReMF)) and well-watered osmotic potential at full turgor 

(πo,d). Light green points and lines represent ecotypes which had not osmotically adjusted, and 

darker green points represent those which had adjusted. Statistical significance; *p<0.05; 

**p<0.01; ***p<0.001.  
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Figure S6. I tested for relationships among my ecotypes of Arabidopsis thaliana between their 

growth traits and their osmotic parameter. Presented are the relationships between the relative 

growth rate (RGR), other growth parameters (i.e., leaf area ratio (LAR) and unit leaf rate (ULR)) 

and allocation (i.e., leaf mass per area (LMA), leaf mass fraction (LMF), root mass fraction 

(RMF) and reproductive mass fraction (ReMF)) and well-watered osmotic potential at full turgor 

(Δπ). Light green points and lines represent ecotypes which had not osmotically adjusted, and 

darker green points represent those which had adjusted. Statistical significance; *p<0.05; 

**p<0.01; ***p<0.001.  
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Figure S7. To determine the causal contribution of the components of relative growth rate 

(RGR) (i.e., leaf area ratio (LAR) and unit leaf rate (ULR)), I applied a causal partitioning 

analysis, which considers the function of RGR and estimates to infinitesimal change in RGR 

caused by each of its underlying components, integrated across all my genotypes, to provide the 

total contribution of each variable to the difference among genotypes. This approach avoids the 

influence of covariation among RGR components in correlations among those variables. I 

performed this analysis across all ecotypes, the adjusters, and non-adjusting ecotypes.  
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Figure S8. I assessed whether πo,w , πo,d and Δπ were associated with the native climates of A. 

thaliana ecotypes. Presented are significant correlations among πo,w and climate variables. Light 

green points and lines represent ecotypes which had not osmotically adjusted, and darker green 

points represent those which had adjusted. Statistical significance; *p<0.05; **p<0.01; 

***p<0.001.  
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Figure S9. I assessed whether πo,w , πo,d and Δπ were associated with the native climates of A. 

thaliana ecotypes. Presented are significant correlations among πo,d and climate variables. Light 

green points and lines represent ecotypes which had not osmotically adjusted, and darker green 

points represent those which had adjusted. Statistical significance; *p<0.05; **p<0.01; 

***p<0.001.  
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Figure S10. I assessed whether πo,w , πo,d and Δπ were associated with the native climates of A. 

thaliana ecotypes. Presented are significant correlations among Δπ and climate variables. Light 

green points and lines represent ecotypes which had not osmotically adjusted, and darker green 

points represent those which had adjusted. Statistical significance; *p<0.05; **p<0.01; 

***p<0.001. 
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Figure S11. To determine associations between climate and growth (relative growth rate), I 

performed kinship-informed correlations among RGR and climate of ecotypes of A.thaliana. 

Presented are significant relationships between RGR, elevation, precipitation of the wettest 

month and quarter. Light green points and lines represent ecotypes which had not osmotically 

adjusted, and darker green points represent those which had adjusted. Solid black lines represent 

relationships drawn across all ecotypes. Statistical significance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure S12. To determine associations between climate and survival time (TTD), I performed 

kinship-informed correlations among TTD and climate of ecotypes of A.thaliana. Presented are 

significant relationships between TTD, elevation (A), flowering time at 10°C (C) and 16°C (B), 

and evapotranspiration (D). Light green points and lines represent ecotypes which had not 

osmotically adjusted, and darker green points represent those which had adjusted. Statistical 

significance; *p<0.05; **p<0.01; ***p<0.001. 
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Chapter 5: Conclusions and Future Directions 

In this dissertation work, I resolved the limitations of estimating physiological traits, and 

extended the ability to discern the consequences of trait-trait relationships across scales for 

physiological function. I established a novel physically based remote sensing method, which 

would improve agricultural irrigation systems and enable noninvasive measurements of 

hydraulic decline (Browne et al., 2020). My work supports previous work showing that pressure-

volume curves are tremendously useful for explaining how species confront drought, where 

species with a higher leaf water potential at their wilting point tend to be from more arid 

ecosystems (Bartlett et al., 2012). These traits are becoming more prominent in earth system 

models, where models including leaf water potential provide dynamic diurnal estimates of water 

stress and mechanistic understanding of ecosystem hydrology (Kennedy et al., 2019). Yet, few 

studies had considered variation across these traits within species (Bartlett et al., 2014), which 

can contribute considerably to across-species trends (Siefert et al., 2015), and to processes at 

ecosystem scale. 

Approaches to the sensing of Ψleaf based on estimates of WMA have great urgency and 

importance across scales. My findings at leaf scale indicate that Ψleaf measurements could in 

principle be made in vivo, in situ, within a gas exchange system and that species-mean PV 

parameters could be used for such an application. At larger scales, measurements from a 

mounted in situ or remote system will improve estimates of drought-induced physiological 

responses at ecosystem scale (Konings et al., 2021; Momen et al., 2017; Rao et al., 2019), and 

enable the development of irrigation systems of crops and refinement of canopy flux 

measurements (Jepsen et al., 2011; Kennedy et al., 2019). While analysis of the ITVref leads to 
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important insights and applications at leaf scale, the range of applications at larger scales shows 

the increasingly need to quantify the ITV of pressure-volume parameters across many scales of 

ITV. 

I also resolved mechanisms underlying the impacts of drought on shift on an annual 

species, responses that would scale up to influencing community structure (Brodribb et al., 2020; 

Kraft, 2016). Responses to drought can fall into three strategies. A species may be resistant to 

drought, and thus able to maintain cellular turgor, photosynthesis albeit at a lower rate, and 

sustain a relatively slow relative growth rate. Second, a species may avoid the drought, whereby 

they show sensitivity to hydraulic decline and stomatal closure and have rapid growth when 

water is available to mitigate the effects of the drought. Lastly, a species may be ambivalent, 

showing strong sensitivity to drought without necessarily compensating with rapid growth. My 

work showed that these three strategies could be discerned even among ecotypes of one 

widespread species, A. thaliana, which showed strong variation in native climate, ability to 

osmotically adjust and to survive an experimental drought. My work extends previous studies 

that found no association across ecotypes of A.thaliana of relative growth rate with native  

climate but ecotypes with a less negative πo,w were from less arid climates (Fletcher et al., 2022). 

My work shows a yet greater diversity of drought response strategies among ecotypes than 

shown in that previous work. Conservation of the multiple populations of a species should thus 

consider the potentially strong variation in drought response strategy and overall tolerance. 

My future work will continue to explore the intricacies of physical relationships among 

plant functional traits and enhance the use of remotely sensing plant water with individual scale 

traits. New approaches are needed to clarify how pressure volume curve parameters may depend 

on pools of water in the leaf, and how they may be influenced by leaf dehydration due to loss of 
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rehydration capacity in dehydrated leaves, which when extreme can be lethal (Oppenheimer and 

Leshem, 1966). Pressure volume curves are constructed by repeatedly measuring leaf water 

status, as leaf water potential (Ψleaf), and leaf mass, which is represented as relative water content 

(RWC) given estimation of a saturated water content (SWC) (Sack and Pasquet-kok, 2011). 

Given the importance of hysteresis in cell volume due to dehydration, there is a need to establish 

a dynamic SWC to account for the percent loss in rehydration capacity and improve PV curve 

estimation and the quantification of leaf apoplastic fraction (af)). My work shows that 

increasingly detailed approaches to the analysis of plant water status provides new clarity and 

applications relevant to the biology of diverse species at a wide range of contexts and scales.  
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