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ABSTRACT OF THE DISSERTATION

Evolution of drought tolerance within and across species

by

Leila Rose Fletcher
Doctor of Philosophy in Biology
University of California, Los Angeles, 2021

Professor Lawren Sack, Chair

Plants experience a wide range of environmental stresses, and are expected to face more frequent
and severe droughts under climate change. Understanding the impacts of stress on plant
performance will allow us to predict changes in the distribution and abundance of plants across
habitats. Despite this, few studies have analyzed plant drought tolerance within a lineage or
species, rather than at a broad scale. I demonstrated the utility of the leaf osmotic potential at
turgor loss point (strrp; wilting point) for predicting drought tolerance across closely-related
species of Ceanothus. 1 extended this work to examine how the osmotic potential at full turgor
(1), the main determinant of the mrrp, could be used to assess drought tolerance across
individuals of a given species using model organism, Arabidopsis thaliana (Arabidopsis). |
showed that the lack of a trade-off between growth and both drought tolerance traits and climatic
drought in Arabidopsis could allow for the occupation of a large geographic and climatic range. I

then combined an in-depth study of trait-trait and trait-climate relationships in Arabidopsis with
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an expansive study of genotypes spanning the species’ natural range to show that Arabidopsis
can adapt to stress through both stress tolerance and avoidance, leading to unexpected trait
relationships, and creating the potential to evolve under climate change. Adaptation to drought is
influenced by many traits, including leaf venation architecture, which supplies water to the
leaves allowing for photosynthesis to occur. I showed that major vein length per area (VLA)
scaled with leaf size across ontogenetic stages, and provided evidence that while this scaling
potentially leads to larger leaves having reduced hydraulic benefit relative to the increased
construction and photosynthetic costs of leaf veins, they can offset this cost through vein
tapering. Finally, I found that Arabidopsis vein mutants generally have reduced growth rates,
opening the door to further research on the connection between vein traits and plant growth with
applications to agricultural systems. Overall, this work demonstrates that in order to gain a
deeper understanding of the complexities of plant drought tolerance we must examine it at

multiple scales.
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“Just remember in the winter
far beneath the bitter snows
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CHAPTER 1

PREMISE OF THE DISSERTATION

For evolution by natural selection to occur, there must be variation across ecotypes or species in
the genome upon which selection can act, and there must be functional or phenotypic differences
that scale up to cause fitness differences, resulting in differential survival in given environmental
conditions. Drought is one of the major environmental stresses that plants face, and is expected
to become more severe for plants globally (Sheffield & Wood 2008). By studying the
mechanisms and genetic bases for drought tolerance, we can understand what leads to species’
success in different habitats. The goal of my dissertation research is to better understand the basis
of the great diversity in plants, and how that is generated and maintained by investigating
species’ drought tolerance mechanisms, genetic backgrounds, and how plants are adapted for
diverse climates through their traits.

Functional traits have important influences on plant growth, survival and reproduction,
which can scale up to influence species distributions under climate change (Medeiros et al.
2019). Studies across diverse species have shown that certain traits are key in mediating plant
response to drought and plant survival in harsh environmental conditions (Hacke & Sperry 2001;
Dunbar-Co et al. 2009; Sack & Scoffoni 2013; Pivovaroff et al. 2014). However, trait
relationships to each other, climate and ancestry are not always clear and can vary across scales
(Sack et al. 2013). In fact, studying trait-trait and trait-climate relationshsips across closely-
related species or across individuals within a single species has the benefit of fewer confouding
factors and greater signal to resolve genetic linkages. Some work has been dedicated to studying

trait-climate relationships at a more narrow sampling scheme, but many of these studies do not



focus on drought-related traits, and only sometimes incorporate phylogenetic methods. Several
studies have focused on the evolution of physiological traits (Edwards 2006; Dunbar-Co et al.
2009; Brodribb et al. 2013; Jordan et al. 2013; Brodribb ef al. 2014; Larter et al. 2017), but none
analyze the most direct measures of drought tolerance, such as the osmotic potential at turgor
loss point (;trep; leaf wilting point) and its main biophysical determinant, the osmotic potential at
full turgor (m,; Bartlett et al. 2012). In particular, little work has tested how these leaf drought
tolerance traits within a given lineage or species have diversified across climatic gradients, and
such tests are necessary to indicate whether micro-scale evolution of drought tolerance within a
lineage or species mirrors comparative trends found across diverse species.

My dissertation research takes several key steps toward determining the genetic and
geographical basis of drought tolerance both within and across species. In Chapter 2 I explore the
evolution of drought tolerance within a lineage through a detailed study of anatomy, structure,
and drought tolerance of 10 Ceanothus (Rhamnaceae) species. This work establishes that leaf
traits related to drought tolerance, such as the mrrp, can evolve across an aridity gradient even
when looking across closely-related species. This study highlights the utility of the mrrp for
drought tolerance, and emphasizes that to find a fundamental understanding of the bases for plant
drought tolerance, we must examine it at many scales. In Chapter 3 I extend the findings of work
across biomes, diverse and closely related species to show that the m, can adapt to climate across
naturally occurring genotypes (ecotypes) of model organism, Arabidopsis thaliana (Arabidopsis;
Brassicaceae). This work also shows how decoupling of growth from drought and cold tolerance
allows for many successful trait combinations which could confer species’ ability to occupy a
large climatic range. My work in Chapter 4 uses a combination of two datasets, one on a group

of 12 diverse Arabidopsis ecotypes grown in greenhouse at UCLA for which I examined detailed



physiological traits, and another on a group of 152 ecotypes grown in greenhouse in France and
measured for m,and other leaf traits, to demonstrate the complexity of plant drought adaptation
at multiple scales. This work clarifies how suites of traits can allow plants to adapt to climatic
stress through avoidance and tolerance, and shows that the i, and other key mechanistic traits
can have unexpected relationships with climate if they are confounded with rapid growth.

Leaf veins include both xylem and phloem that are essential for water and sugar
transport, and thus sustaining the growth of the whole plant. This leaf vein system also accounts
for much of the hydraulic resistance in plants (Sack & Holbrook 2006), thus leaves must develop
a cost-effective strategy for building veins. In Chapter 5 I use a vein scaling approach to show
how large leaves can still have cost effective vein systems through vein tapering, and I
demonstrate the importance of considering vein scaling trends at different ontogenetic stages.
Finally, in Chapter 6 I use Arabidopsis mutants to open the door for future research to examine
the relationship of leaf vein traits and plant growth, and to uncover genes related to leaf venation,
with applications in many fields including crop science (Liu 2010; Chew & Halliday 2011; Cobb
et al. 2013). Overall, my thesis work helps determine the roles of environment, genes,
development and ancestry in shaping drought tolerance and thus species distributions and

ecosystem organization.
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CHAPTER 2

EVOLUTION OF LEAF STRUCTURE AND DROUGHT TOLERANCE IN SPECIES OF

CALIFORNIAN CEANOTHUS

ABSTRACT

Premise of the study: Studies across diverse species have established theory for the contribution
of leaf traits to plant drought tolerance. For example, species of more arid climates tend to have
smaller leaves of higher vein density, higher leaf mass per area, and more negative osmotic
potential at turgor loss point (mrrp). However, few studies have tested these associations for
species within a given lineage that have diversified across an aridity gradient.

Methods: We analyzed the anatomy and physiology of 10 Ceanothus (Rhamnaceae) species
grown in a common garden for variation between and within “wet” and “dry” subgenera
(Ceanothus and Cerastes respectively), and analyzed a database for 35 species for leaf size and
leaf mass per area (LMA). We used a phylogenetic generalized least squares approach to test
hypothesized relationships among traits, and of traits with climatic aridity in the native range.
We also tested for allometric relationships among anatomical traits.

Key results: Leaf form, anatomy and drought tolerance varied strongly among species within and
between subgenera. Cerastes species had specialized anatomy including hypodermis and
encrypted stomata that may confer superior water storage and retention. The osmotic potentials
at turgor loss point (mrrp) and full turgor (n,) showed evolutionary correlations with the aridity
index (AI) and precipitation of the 10 species’ native distributions, and LMA with potential

evapo-transpiration for the 35 species in the larger database. We found an allometric correlation



between upper and lower epidermal cell wall thicknesses, but other anatomical traits diversified
independently.

Conclusions: Leaf traits and drought tolerance evolved within and across lineages of Ceanothus
consistently with climatic distributions. The mrrp has signal to indicate the evolution of drought

tolerance within small clades.

Key words: California lilac; chaparral; leaf anatomy; leaf traits; leaf venation; Mediterranean

climate; phylogenetic analysis; Rhamnaceae; stomatal crypts; trait evolution



INTRODUCTION

Plants in dry environments have adapted a wide variety of leaf-level mechanisms to tolerate
drought stress (Chaves et al., 2002; Sofo et al., 2008; Chaves et al., 2009; Brodribb et al., 2014).
The study of these mechanisms and their evolution gains in urgency because in many ecosystems
plant drought tolerance is of major and growing importance for survival (Sheffield and Wood,
2008). California is projected to become drier and to increase by several degrees in mean annual
temperature by the end of the twenty-first century, affecting seasonal water availability, and
contributing to summer drought (Cook et al., 2004; Cayan et al., 2008; AghaKouchak et al.,
2014; Diffenbaugh et al., 2015). Understanding drought tolerance and its evolution is thus
increasingly critical to predict the influence of ongoing climate change on species and
ecosystems (Cook et al., 2004).

There are two comparative approaches to establishing the traits that help plants tolerate
harsh conditions. One is to analyze traits across a large number of taxa (Reich et al., 1997; Reich
et al., 1999; Niinemets, 2001). Thus, studies conducted across diverse species sets have shown
that variation in drought tolerance relates to leaf form, including traits such as leaf size, leaf mass
per area (LMA); xylem and mesophyll anatomy; chemical composition; leaf and stem hydraulic
conductance; root traits; and osmotic potential at turgor loss point (rrrp) (Cooper, 1922; Givnish,
1987; Niinemets, 1999; Hacke and Sperry, 2001; Jacobsen et al., 2007; Dunbar-Co et al., 2009;
Poorter et al., 2009; Blackman et al., 2010; Bartlett et al., 2012b; Sack and Scoffoni, 2013;
Scoffoni et al., 2014; Pivovaroff et al., 2014; Marechaux et al., 2015; Ivanova et al., 2018). Some
of these linkages are clearly mechanistic: smaller leaves have a thinner boundary layer, which
facilitates cooling under hot and dry climates (Ackerly et al., 2002; Scoffoni et al., 2011; Wright

et al., 2017) and a higher LMA can extend leaf lifespan and improve leaf economic return under



low resource conditions (Poorter et al., 2009; Bartlett et al., 2012b; Marechaux et al., 2015).
Smaller xylem conduits can be less prone to embolism during drought (Hacke and Sperry, 2001),
and root embolism and refilling may protect against loss of hydraulic conductance in other
organs during severe drought (Alder et al., 1996). A more negative mrLp can enable maintenance
of turgor and stomatal opening with lower soil water availability (Bartlett et al., 2012b; Bartlett
et al., 2014). However, such trait correlations discovered across diverse species do not
necessarily reflect small-scale evolutionary patterns (Edwards, 2006; Edwards et al., 2014;
Mason and Donovan, 2015; Blonder et al., 2016; McKown et al., 2016; Scoffoni et al., 2016). An
alternative approach to determining the associations of traits with drought tolerance is to sample
within an appropriate clade that can be analyzed using a well-documented phylogeny.
Comparing one or more traits within a particular plant clade can establish their ancestral basis
and their relationship to past and current environmental factors including temperature,
precipitation, humidity, elevation, and drought stress (Edwards, 2006; Dunbar-Co et al., 2009;
Poorter et al., 2009; Mason and Donovan, 2015). Surprisingly few studies have focused on the
evolution of drought tolerance traits across species within given lineages. In an example from the
Rhamnaceae, species that resprout after fire were more drought sensitive than those that re-
establish from seedlings (Davis et al., 1999; Pratt et al., 2007), although in short periods of high-
intensity drought, deep-rooted sprouters had an advantage (Venturas et al., 2016). Within the
genus Callitris, species adapted to greater aridity had narrower wood xylem conduits and greater
embolism resistance (Larter et al., 2017). Within the genus Eucalyptus, species adapted to
greater aridity had narrower vessels of higher frequency, and higher sapwood density, although

phylogenetic analyses were not performed (Pfautsch et al., 2016).



Ceanothus (the “California lilac”) is a lineage of woody shrubs in the family Rhamnaceae
that is diverse in form and ecology, and includes several of the most drought tolerant species of
the California chaparral (Jacobsen et al., 2008). Much of the Ceanothus diversification took
place across steep environmental gradients within California (Stebbins and Major, 1965;
Ackerly, 2009; Burge et al.,, 2011). The modern Ceanothus lineage consists of two major
subclades: Ceanothus and Cerastes, with 29 and 24 species respectively which diverged ~12.9
mya, with each subclade further diversifying from ca. 5.3-6.3 mya (Ackerly et al., 2006; Burge et
al., 2011). The origin of the California Mediterranean (MT) climate is assumed to have occurred
around 5mya, indicating that the ancestors of modern genus Ceanothus species may have been
native to moister forest, yet pre-adapted to drought with small leaf size and high LMA (Ackerly,
2004; Burge et al., 2011), potentially being adapted to xeric habitats such as shallow soil lenses,
south facing slopes, and post-fire open and exposed sites (Keeley et al., 2012). However, some
have estimated the origin of the MT climate to have arisen earlier, at 12-15 mya (Keeley et al.,
2012; Baldwin, 2014), and in that case the small leaves found in the genus as a whole may have
evolved in this novel seasonally dry environment.

The aim of this study was to investigate the evolution of traits related to drought tolerance
in Ceanothus, which has excellent potential to be developed as a model lineage for the study of
traits across a strong aridity gradient (Burge et al., 2011). We tested the overarching hypothesis
that leaf anatomical, structural, and hydraulic traits associated with drought tolerance would
align with habitat aridity within the genus, consistent with trends previously established across
diverse species. Notably, a previous study taking an evolutionary approach in Ceanothus
reported a weak negative correlation of LMA with precipitation that disappeared after a

phylogenetic independent contrast analysis, and a correlation of LMA and temperature within the
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Ceanothus subgenus (Ackerly et al., 2006). We tested specific hypotheses for the variation of
Ceanothus leaf anatomical, structural and drought tolerance traits in relation to aridity across the
species’ distributions (Table 2.1) based on relationships shown in diverse species sets
(summarized in Table 2.2). We focused on ten species representing both subgenera (six in
Ceanothus and four in Cerastes) and analyzed the Jepson Herbarium Ecological Flora Pilot
database (http://ucjeps.berkeley.edu/EFT.html) for LMA and leaf size data available for a wider
set of 35 species. We further hypothesized that traits would differ between the two subgenera
reflecting the well-recognized greater drought tolerance of Cerastes (Table 2.2). We expected
species of more arid climates to have smaller leaves, both to provide drought tolerance via higher
major vein density (Sack and Scoffoni, 2013) and also to contribute to leaf cooling (Givnish,
1987; Wright et al., 2017). We also hypothesized shorter interveinal distances (IVDs) to provide
more pathways for water transport despite potential embolism, damage or collapse of tissues
(Sack and Scoffoni, 2013). We expected that LMA and leaf thickness and density would be
positively associated with aridity to reduce the surface area to volume ratio of the leaf to better
retain water, to provide greater mechanical strength, and increase leaf lifespan (Niinemets, 2001;
Wright et al., 2004). Similarly, we expected the shrinkage of leaf thickness and area to be greater
for species native to moister climates (Scoffoni et al., 2014). We hypothesized that saturated
water content (SWC) would be lower and leaf dry matter content (LDMC) would be higher for
species of more arid climates to increase leaf mechanical protection and lifespan (Diaz et al.,
2016). We expected species native to drier climates to have higher values for both petiole to leaf
area ratio, a metric of hydraulic supply to the leaf (Sack et al., 2003), and the petiole area to leaf
dry mass ratio, reflecting stronger investment in mechanical support (Royer et al., 2007). We

expected osmotic potential at full and zero turgor to be negatively related to native climate
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aridity (Bartlett et al., 2012b). We also expected to find relationships between greater tissue
thicknesses, smaller cells and thicker cell walls with greater aridity (Niinemets, 2001).

Recent work has shown that leaf anatomical traits may be constrained by allometries within
and across tissues that link the sizes of cells, the thickness of cell walls and the thickness overall
of leaves. Thicker leaves tend to have larger cells (Brodribb et al., 2013; John et al., 2013), yet,
in apparent contradiction, drought tolerant species have been expected to have thicker leaves
(Niinemets, 2001) but with smaller cells (Cutler et al., 1977). Thus we tested for allometries and
departures from allometries among cell dimensions, cell wall thicknesses, tissue thicknesses and

leaf thickness across Ceanothus species.

METHODS
Study species, site, and sampling—All members of the Ceanothus genus are woody shrubs and
the majority of species are evergreen (Kubitzki, 2004), including six of the species in this study
(Table 2.1). We focused on 10 Ceanothus species that are diverse in form and representative of
both Ceanothus subgenera (Table 2.1), grown in a common garden at the Rancho Santa Ana
Botanical Garden in Claremont, California (34.110738, -117.713913; 507 mm precipitation per
year; BioClim). The common garden approach was employed to ensure that the observed trait
differences are due to heritable interspecies variation, and not to confounding environmental
variables that may have elicited phenotypically plastic trait variation (Cordell et al., 1998;
Dunbar-Co et al., 2009; Givnish and Montgomery, 2014; Mason and Donovan, 2015).

Sun exposed shoots with fully expanded leaves were collected from each of three
individual mature plants for each of the study species, and brought to the laboratory in plastic

bags with wet paper to maintain hydration, and rehydrated overnight covered with plastic.
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Measurements of leaf size and structure—Measurements of leaf size and structure were made
for three leaves per individual for the three individuals per species (i.e., a total of nine leaves per
species). Measurements were taken for leaf mass, area (using ImageJ version 1.42q; National
Institutes of Health, Bethesda, Maryland, USA), leaf thickness (average of thicknesses at top,
middle, and bottom of leaf; digital calipers, Fowler, Chicago, IL, USA), petiole diameter
(average of top, middle, and bottom measurements from two different diameters per leaf), and
petiole length for fully hydrated leaves, and after oven drying at least three days at >70°C
(XS205; Mettler, Toledo, OH, USA) at which time the dry mass of lamina, midrib, and petiole
were also determined (Dunbar-Co et al., 2009). Leaf mass per area was calculated as leaf dry
mass divided by fully hydrated leaf area (Ackerly et al., 2006). Leaf area shrinkage (LAS) was
calculated as:

LAS = 1-(dry leaf area/ fully hydrated leaf area) eqn 1
Similarly, leaf thickness shrinkage (LTS) was calculated as:

LTS = 1-(dry leaf thickness / fully hydrated leaf thickness) eqn 2

One species, C. impressus, had negligible shrinkage (a tiny negative mean value for thickness
shrinkage, non-significant in a paired t-test), which was therefore converted to zero.
Saturated water content (SWC) was calculated as:

SWC = (Fully hydrated leaf mass — dry leaf mass)/dry leaf mass eqn 3
Leaf dry matter content (LDMC) was calculated as:

LDMC = Dry leaf mass /fully hydrated leaf mass eqn 4

The small leaf size of the majority of Ceanothus species renders the determination of

pressure-volume curves difficult. Instead, we determined the osmotic potential at turgor loss

point (mrrp), a predictor of species’ abilities to tolerate drought, using an osmometer (VAPRO
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5520 vapor pressure osmometer, Wescor, Logan, UT; Bartlett et al., 2012a). Osmolality was
determined for fresh fully hydrated leaves and used to calculate turgor loss point with a

calibration curve previously established for 30 diverse species (Bartlett et al., 2012a).

Preservation of anatomical samples—One leaf was sampled from each of three individuals per
species for cross sectioning and preserved in Formalin Acetic Acid-Alcohol solution (FAA; 37%
formaldehyde, glacial acidic acid, 95% ethanol in deionized water). A 1 X 0.5 cm subsample
including the midrib was cut from the center of each leaf, and for very small leaves, the entire
leaf was used. The samples were placed in capsules gradually filled with mixtures of ethanol and
increasing concentrations of L.R. White acrylic resin (London Resin Co., UK) under vacuum
over the period of one week (John et al., 2013). The capsules were then heated overnight in a
drying oven at 55°C. One-micrometer thick transverse cross sections were obtained using a
microtome (Leica Ultracut E, Reichert-Jung, California, USA) with glass knives (cut using an
LKB 7800 KnifeMaker; LKB Produkter, Bromma, Sweden), and were stained with 0.01%

toluidine blue in 1% sodium borate (John et al., 2013).

Measurements of anatomical samples—Images were taken under a light microscope (Leica
Lietz DMRB; Leica Microsystems) using 5x to 40x objectives and captured with SPOT
advanced imaging software (SPOT Imaging Solutions; Diagnostic Instruments, Inc.; Sterling
Heights, Michigan, USA). Measurements were taken using ImageJ (software version 1.49k;
National Institutes of Health, Bethesda, Maryland, USA) including interveinal distances (IVD),

tissue thickness (palisade, mesophyll, upper and lower epidermises, upper and lower cuticles,
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and hypodermis for Cerastes species), and cell cross-sectional areas for the same tissues
(Pasquet-Kok et al., 2010).

For leaves of species in the Ceanothus subgenus, measurements of leaf and tissue
thicknesses were averaged for the left, middle, and right thirds of each image. For leaves of
species in the Cerastes subgenus, due to the variable thickness caused by presence of stomatal
crypts, the area of each tissue in the cross-section was measured, divided by the cross-sectional
area of the whole leaf, and then multiplied by whole leaf thickness to obtain individual tissue
thicknesses. For the cuticles, epidermises, hypodermises, and palisade and spongy mesophyll
cells, three cells per tissue for each leaf cross-section were averaged (for a large, small, and

medium cell in each image).

Collection of species range and climate information—Species range data were downloaded
from the Global Biodiversity Information Facility (GBIF, 2012, https://ww.gbif.org, Table S2.1).
Individual points were mapped for each species using ArcMap (ArcGIS version 10.2.2 for
Desktop, Esri Inc.) and erroneous points were removed (including points found in the ocean or at
botanical garden locations). Mean annual temperature (MAT) and annual precipitation (MAP)
were obtained from WorldClim Global Climate Data (BioClim). These data have a resolution of
1 km” and represent values averaged from 1960 to 1990. Climate data for Global Aridity Index
(AL inversely related to climatic aridity) and Global Potential Evapo-transpiration (PET) were
obtained from the Consultative Group for International Agriculture Research (CGIAR)
Consortium for Spatial Information (CSI) database. Data from the CGIAR are also at 1 km®

resolution and represent values averaged from 1950-2000. MAT, MAP, Al, and PET data were
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extracted at each coordinate for each species using ArcMap, and averaged for each species
(Table 2.1).

To visualize species’ range distributions, average latitudes and longitudes for all
occurrences of Ceanothus species (including the ten focal species) were mapped in ArcMap.
When an averaged point appeared in the ocean due to individual points being clustered around a

bay or curved coastline, the average was moved to the nearest location on land (Fig. 2.1).

Compilation of available published trait data for Ceanothus—Data for leaf blade area and
specific leaf area (the inverse of LMA, calculated as leaf area per mass) for an additional 35
Ceanothus species were collected from The Jepson Herbarium Ecological Flora Pilot database
(http://ucjeps.berkeley.edu/EFT.html; data originally from Ackerly, 2004). Nineteen of these
species were in the Ceanothus subgenus, and 16 were in the Cerastes subgenus. Specific leaf

area values were converted to LMA values for comparison with our data.

Divergence Time Estimation—MUSCLE alignments for Ceanothus nuclear ribosomal
transcribed spacer (ITS), and the third intron from the nuclear gene nitrate reductase (NIA) were
obtained from Burge et al. (2011). Alignments were pruned to a single individual from each
species, covering 73 of the 78 taxa (including subspecies) of Ceanothus.

The rate-calibration method was used to estimate the divergence time of the two Ceanothus
subgenera based on the known mutation rate of ITS to estimate divergence time, as was done in a
previous study (Burge et al., 2011). The model of a relaxed clock with uncorrelated lognormal
rate variation was run in BEAUti/BEAST version 1.8.3 (Drummond et al., 2012). The two

subgenera were defined as monophyletic based on previous work (Ackerly, 2004; Burge et al.,
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2011). Following Burge et al. (2011), the meanRate prior was set from estimates of ITS
substitution rate (0.38x107 to 7.83x10” substitutions/site/yr) with a mean of 2.15x10” and
Log(Stdev) of 0.84. BEAST uses substitutions per site per year, while Burge et al. (2011)
reported the rates in millions of years, so the numbers from their paper were multiplied by one
million. 3x10” Markov chain Monte Carlo (MCMC) generations were performed, sampling
every 1000 generations. The resulting tree was viewed in FigTree version 1.4.2 (Drummond et

al., 2012; Fig. 2.2).

Statistical and phylogenetic analyses—Nested ANOVAs were used to test for differences
between the two subgenera and among species within subgenera in the R programming
environment (R version 3.4.4). To apply a phylogenetic generalized least-squares (PGLS)
approach, the tree was pruned to the ten species for which detailed trait data had been obtained
(Fig. 2.2). The caper package in R (version 3.4.4) was used to conduct PGLS. PGLS used the
constructed tree and pairings of environmental and leaf traits, and enabled calculations of
correlations between variables independent of the phylogeny and comparisons between models
of Brownian motion, Pagel’s lambda, and Ornstein-Uhlenbeck (OU; Felsenstein, 1985;
Freckleton et al., 2002; Garland et al., 2005). For mrrp, which is a negative number, the values
were multiplied by -1. For leaf thickness shrinkage, because one value was zero, +1 was added to
all species values.

Correlations related to each of the following overarching hypotheses were tested, i.e.,
between each category of traits (structural, drought-tolerance, anatomical) and each climate
variable (mean annual temperature, MAT; annual precipitation; aridity index, Al; and potential

evapo-transpiration, PET), and among anatomical dimensions, i.e., cell cross-sectional areas, cell
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wall thicknesses and leaf thickness. A Benjamini-Hochberg false discovery rate correction was
applied to p-value of the model of evolution with the lowest AICc score for each hypothesis
(Benjamini and Hochberg, 1995). For consistency, this was done even if the AICc scores for two
models differed by less than 2. Due to the rigor of this p-value correction for multiple testing, the
reported p-values might appear high, even given strong correlations with high r-values.

We also tested whether the significant cell and tissue allometric relationships shown for a
more phylogenetically diverse species set (John et al., 2013) were upheld for Ceanothus in our
study. To analyze allometric relationships, we used standard major axes (SMA; using SMATR;
Warton et al., 2006). Standard major axes were used rather than ordinary least squares regression
(OLS) to consider both x and y traits as independent variables with similar measurement error
and to best estimate the functional relationship between the variables; OLS regression assumes
that the error in one variable ( y ) is much greater than that in the other variable ( x ) and is most
useful when the y variable is to be predicted from the x (Sokal and Rohlf, 1995; Sack et al., 2003;
Poorter and Sack, 2012). For each relationship, we fitted a standard major axis to log-
transformed data, determining a and b for y = ax + b, or, equivalently, using log-transformed
data, log y =log a + b log x. We tested whether allometric slopes differed from those reported for
diverse species (John et al., 2013)

We performed a phylogenetic principal component analysis (pPCA) in R using the phytools
package to test for multivariate associations between traits for the ten focal species (Revell,
2002). We applied the pPCA to five key traits from our study: leaf area, LMA, mrrp, upper
epidermal cell area, and palisade cell wall thickness. Variables were z-transformed (xi — X / sd)

for comparison using the “prcomp” function in the stats package. Correlations between traits, PC

18



axes, and PCA scores were calculated with the BiodiversityR package. Correlations between PC
scores and climate variables were also calculated.

Notably, our study was not comprehensive as it focused on 10 of the 53 extant Ceanothus
species. This design, following many previous ecophysiological studies (Garnier et al., 1999;
Brodribb and Holbrook, 2003; Sperry et al., 2005; Edwards, 2006; Sack and Frole, 2006; Nardini
et al., 2012; John et al., 2013), is rigorous for testing hypothesized trends that would be expected
even in a subset of species. While a small sample may be at greater risk of missing significant
trends, the species here were specifically sampled to represent both subgenera and thus are
expected to encompass a wide range of traits (see John et al., 2013 for detailed discussion of the
concerns with studies of small species sets and when the concerns would be misplaced). This
group of species enabled testing hypotheses that can be further extended to broader datasets in
the future. To further confirm that the species group studied here was representative of the genus
as a whole, we tested correlations of leaf size and LMA values from our study with those for the
same species in the Jepson Herbarium Ecological Flora Pilot database, described above, and we
tested whether the phylogenetic relationships of leaf size and LMA to climate in our study were
similar to those found for the 35 species represented in that database. A Benjamini-Hochberg

false discovery rate correction was applied to p-values of these correlations.

RESULTS

Variation across Ceanothus species and subgenera in leaf traits and genetics—We found
pronounced variation in leaf traits across the ten Ceanothus species (Table 2.2; Table S2.2, see
supplemental data with this article). Almost all traits varied significantly across species, from

subtle (< 2-fold difference) to dramatic (i.e., many-fold variation). At the high end of the range
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of variation, leaf size was 12-fold different from C. cuneatus var. fascicularis at 0.56 cm® to C.
incanus at 6.71 cm®. LMA varied by more than four-fold across all ten species, from 68.5 g/m’
for Ceanothus lemmonii to 364 g/m® for Ceanothus verrucosus (Fig. 2.3A). This variation in
LMA would have arisen from the 1.5-fold variation across all species in leaf density, and the
two-fold difference between subgenera in leaf thickness (Fig. 2.3B). The hydraulic and
biomechanical ratios of petiole area to leaf area and petiole area to leaf mass varied over 11-fold
and 7.5-fold across species respectively (Fig. 2.3C). Species differed from -1.35 MPa to -2.62 in
osmotic potential at full turgor (n,), and from -1.60 to -2.81 MPa in turgor loss point (mrp; Fig.
2.3D). Leaf area shrinkage varied across species from 15-83%, and leaf thickness shrinkage
varied from no significant shrinkage to 60%. Saturated water content (SWC) and leaf dry matter
content (LDMC) varied 2.3- and 1.7-fold, respectively.

Anatomical traits also varied across species subtly or dramatically. Interveinal distance
(IVD) varied 2.4-fold (from 151 pum for C. oliganthus to 359 pum for C. megacarpus var.
megacarpus, Fig. 2.3E) as did the thickness of the upper epidermis (2.5-fold) and mesophyll
(2.4-fold). Cell cross sectional areas varied across species for every cell type: 9.7-fold for upper
epidermal cells, 2.5-fold for palisade mesophyll cells, 2-fold for spongy mesophyll cells, and 1.8-
fold for lower epidermal cells. Upper epidermal and spongy mesophyll cell wall thicknesses also
varied across species by 3.4- and 5.8-fold, respectively.

The two subgenera varied strongly in their leaf traits and in tissue organization, as did
species within the subgenera. Indeed, across structural traits, 43-77% and 50-94% of the
variation was between and within subgenera, respectively (nested ANOVA; Table 2.2); in
drought tolerance traits, 47-54% and 26-32%; in tissue thicknesses, 52-75% and 61-70%; and for

cell dimensions (area and cell wall thicknesses) 35-50% and 32-76%. Strikingly, leaves of
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species of the Cerastes subgenus had hypodermal tissue and deep invaginations on the abaxial
sides containing stomata, neither of which occurred in species of the Ceanothus subgenus (Fig.
2.4). The mean LMA and leaf thickness across the four subgenus Cerastes species was 2.4-fold
and 2.5-fold greater than that for the six subgenus Ceanothus species (Fig. 2.3A, B). The ratio of
petiole to leaf area was 4-fold higher for the subgenus Cerastes species (Fig. 2.3C). The
subgenera differed on average in osmotic potential at full turgor and at turgor loss point (mrrp)
with Cerastes having more negative values than Ceanothus subgenus species by 0.40 and 0.48
MPa respectively (Fig. 2.3D). The percent difference in interveinal distance (IVD) between the
Cerastes and Ceanothus subgenus was 46% greater in Cerastes (Fig. 2.3E). The upper cuticle
was 58% thicker in Cerastes than Ceanothus, and lower epidermal thickness and lower cuticle
thickness were 2.8-fold and 3.5-fold greater than those of Ceanothus (Fig. 2.3F). Upper
epidermal cell area in Ceanothus was 3.5-fold higher than in Cerastes (Fig. 2.3G). The percent
difference in upper and lower epidermal cell wall thicknesses ranged between 54-58% between
subgenera, with Cerastes species having thicker cell walls (Fig. 2.3H).

In the phylogenetic principal component analysis (pPCA) applied to five traits (leaf area,
LMA, mrrp, upper epidermal cell area, and palisade cell wall thickness), the first two axes of the
pPCA explained 82.3% of the trait variation (Fig. 2.5, Table S2.3). Variation in the first PC axis
was driven by mrrp and palisade mesophyll cell wall thickness, while variation in PC2 was driven

by the leaf area, LMA and upper epidermal cell area.

Association of traits with climate in evolutionary analyses—Of the traits hypothesized to relate
to the aridity of species’ native ranges, i.e., annual precipitation and aridity index (Al), only the

osmotic potential at full turgor (m,) and turgor loss point (nrp) showed significant relationships
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(Fig. 2.6; Tables S2.4-S2.5). Thus, species with more negative m, and myLp were native to sites of
greater aridity (r= 0.79; P = 0.007 for both; Fig. 2.6A) and lower mean annual precipitation (r=
0.77; P = 0.009 for both; Fig. 2.6B). Trait correlations with other climate variables were not
significant after a multiple test correction. Additionally, PC1 scores correlated with Al, MAT,
and annual precipitation (»= 0.85, -0.66, and 0.88; P = 0.002, 0.04, and 0.0008; Table S2.3), and
log-transformed values of PC2 scores also correlated with Al and annual precipitation (»= 0.72

and 0.77; P=0.02 and 0.009; Table S2.3).

Tests of allometries of tissue and cell dimensions—Across species, the thickness of upper and
lower epidermal cell walls were tightly correlated (» = 0.88, P = 0.02, Fig. 2.7), with an
allometric slope that did not differ from 1 (i.e., isometry). The allometric slope b and intercept a
were 0.863 (95% confidence intervals 0.587 to 1.27) and -0.446 (-0.0984 to -0.00917)
respectively, statistically similar to those for a relationship previously published for diverse
species (John et al., 2013; P = 0.37-0.46). Beyond that one relationship, across species, cell areas
and cell wall thicknesses were statistically independent (Fig. 2.8). There were significant
relationships between tissue thicknesses, such that thicker leaves had thicker upper and lower
cuticles, and lower epidermises (» = 0.92, P = 0.0002; » = 0.91, P = 0.0002, » = 0.90, P =
0.0004). Upper and lower cuticle thickness also were positively related to each other and to

lower epidermal thickness (r = 0.94-0.98, P < 0.0001; Tables S2.4-S2.5).

Analyses of database information for the Ceanothus genus—The data for the larger set of 35
species of Ceanothus for which Ecological Flora Pilot database information was available

showed a correlation with our data for both LMA and leaf size (» = 0.79, P = 0.006; » =0.71, P =
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0.02, respectively; Tables S2.6-S2.7). Consistent with our findings for the 10 study species,
across the 35 species in the database, the species of subgenus Cerastes had a 53% higher LMA
than species of subgenus Ceanothus (P <0.001; Fig. 2.9A; Tables S2.6-S2.7), but leaf size did
not differ significantly between the subgenera (Fig. 2.9B). The larger dataset showed a
significant relationship of LMA with the climate variable PET in a phylogenetic least squares
regression, which was not observed across the ten focal species (= 0.61, P = 0.0001; Fig. 2.10,

Tables S2.8-S2.9).

DISCUSSION
Variation between and within Ceanothus subgenera in leaf traits—Ceanothus species showed
a wide range of leaf trait variation, with stark contrasts between the two subgenera in several
morphological traits. This was consistent with the finding of strong genetic divergence between
subgenera. We found greater expression of multiple traits associated with aridity in the Cerastes
subclade possibly contributing to the spread of this subgenus as the MT climate strengthened
within the California Floristic Province over several million years (Ackerly, 2004; Burge et al.,
2011). We note that leaf traits can contribute strongly to the overall plant life history (Givnish,
1987; Poorter et al., 2009) but the traits of other organs (e.g., stem hydraulic anatomy) and the
whole-plant (e.g. sprouting versus non-sprouting life history, rooting depth, growth form, and
biotic interactions) would also show adaptation to benefit growth and/or survival during drought
and/or other environmental stresses (Keeley and Zedler, 1978; Davis et al., 1999; Pratt et al.,
2007; Pfautsch et al., 2016; Venturas et al., 2016).

For the majority of measured leaf traits most of the overall variation arose among species

within the subgenera. Cerastes species had thicker leaves of higher LMA and greater interveinal
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distance, all features related to their unique anatomy, organized around stomatal crypts. Cerastes
leaves also had a distinctive thick hypodermis under the upper epidermis, comprised of relatively
large, closely packed cells with very little airspace, in between the veins. These cells stain darkly
and may contain secondary compounds, whether for oil storage, to deter herbivores, and/or to
increase osmotic concentration and thus turgor in dehydrating soil (Evert, 2006; Retamales and
Scharaschkin, 2014). A study on mangroves suggested that the hypodermis may function in
osmotic regulation by storing salts, although the applicability of this mechanism to other systems
is unclear (Balsamo and Thomson, 1995). Previous work has also indicated that hypodermal
tissue may provide greater water storage capacity and/or water transport pathways (Wylie, 1954).
The presence of a hypodermis tends to be more common in species of xeric habitats, which
supports the idea that hypodermal tissues may play a role in water retention (Carlquist, 1994).

Leaves of the four Cerastes species examined have mesophyll cells arranged around deep,
conical crypts, with vascular tissue found only between crypts. Stomatal crypts are generally an
adaptation for living in arid climates (Gibson, 1983), along with revolute margins and
individually enclosed stomata (Hill, 1998; Jordan et al., 2008). In a study of Banksia, crypt depth
was proposed as a useful trait diagnostic of past arid climates in fossils (Carpenter et al., 2014),
but a more complete fossil record would be needed to draw similar conclusions for Ceanothus.
One proposed function of crypts is to create humid pockets that allow stomata to remain open
longer during soil and/or atmospheric drought, though the ability of stomatal crypts to
importantly minimize transpirational water loss has also been questioned (Gibson, 1983; Evert,
2006; Roth-Nebelsick et al., 2009).

In addition, Cerastes species had thicker lower epidermal tissue, which would also act to

prevent water loss. Given that epidermal cells were also smaller in Cerastes leaves, the greater

24



tissue thickness was mostly due to multiple epidermal layers, which is a rare trait in the
Rhamnaceae family (Kubitzki, 2004). Cerastes species also have thicker upper and lower
cuticles. All these properties are consistent with adaptation to reduce nonstomatal water loss, and
potentially with inner epidermal water storage (Evert, 2006). Such characteristics contributing to
drought tolerance and longer leaf lifetimes would be expected to repay the greater construction
cost of Cerastes leaves, evident in their higher LMA. Greater investment in long-lasting organs
was reported previously for Cerastes stems, which are sturdier than those of the Ceanothus
subgenus species due to their unique anatomy (Keeley, 1975). In contrast with the epidermis and
cuticle, there was limited variation between palisade and spongy mesophyll cell dimensions
among species and between subgenera.

In addition to morphology, traits relating to physiological adaptation also differed between
the subgenera. Petiole to leaf area ratio was significantly higher in Cerastes species, which may
provide greater hydraulic supply to the leaf (Sack et al., 2003). Cerastes species also had more
negative values of m, and mrrp than species of subgenus Ceanothus species. Across diverse
species, a more negative mrrpis typical of biomes and forests of greater aridity, and is correlated
with other traits related to drought adaptation, specifically in their ability to tolerate increased
water stress while maintaining photosynthetic function (Alder et al., 1996; Bartlett et al., 2012b;
Bartlett et al., 2016). Indeed, the mripis considered one of the traits most directly predictive of
drought tolerance (Bartlett et al., 2012b). The values we found for mrp were consistent with
those previously reported in the literature for well-watered plants of C. cuneatus, C. megacarpus,
C. oliganthus, and C. spinosus, although more negative values can be observed under drought

stress (Saruwatari and Davis, 1989; Pratt et al., 2007).
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Several traits differed between subgenera in a way that contrasted with expectations.
Cerastes species had greater IVD than species of the Ceanothus, despite expectations of the
opposite given that Cerastes species are generally found in more arid locations. Higher vein
density, related to lower IVD (Uhl and Mosbrugger, 1999), can provide redundant pathways for
water transport, which would be beneficial if leaf vein xylem embolizes during drought, and,
additionally, higher vein density can contribute to higher gas exchange rates in the shorter
periods that water is available in more arid climates (Sack and Scoffoni, 2013). The greater [IVD
in Cerastes was apparently related to its distinctive tissue organization. The deep encryptions
containing stomata, the large hypodermis cells and apparent water storage tissue accounted for
the increased spacing between veins. These modifications also result in a short distance between
veins and stomata, and future research is needed to resolve whether these adaptations, in addition
to the potential advantages provided by stomatal crypts in enabling gas exchange under arid
conditions, may reduce the need for greater vein density that is typical of most drought tolerant
species. This unique tissue organization may additionally be related to the high photosynthetic
rates previously observed in Cerastes species (Pratt et al., 2012). Future research is needed to
quantify other leaf xylem traits, such as vein xylem conduit numbers and sizes to determine
whether these too may contribute to higher hydraulic supply and photosynthetic rate in Cerastes
species.

Among species within subgenera we found very strong diversification of many other leaf
traits, including leaf area, LMA, leaf density, SWC, LDMC, leaf area and thickness shrinkage,
petiole allocation, and tissue, cell and cell wall dimensions. These traits may contribute to other
leaf functions such as adaptations to diverse microhabitats, as Ceanothus species thrive in a wide

range of edaphic conditions (Burge et al., 2013; Burge, 2014).
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Evolutionary association of traits with climate—Our results generally supported the hypothesis
that drought tolerance traits n, and mrrp are adaptive in more arid locations, shown by significant
phylogenetic least squares regressions with aridity index. These correlations between mrrp and
climate establish an evolutionary basis for the trends previously described across diverse species.
These trends support the hypothesis that plants evolve the capacity to maintain gas exchange for
longer into drought without wilting given reduced water availability in the native range. The
evolutionary correlations support the hypothesis that species evolved along these climate
gradients even after the deep evolutionary split in the genus.

We also found support for a correlation of leaf mass per area (LMA) with potential evapo-
transpiration (PET) in phylogenetic least squares regression across a larger set of 35 Ceanothus
species, which was most likely driven by relationships within each subgenus of LMA and PET.
However, relationships of LMA with other climate variables were not observed, in contrast with
patterns previously reported across diverse species. LMA tends to be inversely related to
precipitation across disparate species (Lamont et al., 2002; Poorter et al., 2009), but this
relationship was not supported either in our ten study species or across the larger group of
species in this lineage. Indeed, a lack of correlation of LMA with precipitation was previously
reported for 39 Ceanothus species (Ackerly et al., 2006), highlighting the need to quantify traits
more directly related to drought tolerance. Notably, even though the Ceanothus species did not
show a trend of LMA with aridity in a common garden, plasticity of LMA with aridity might still
play a role in species performance under drought, as this trait shows a high degree of
intraspecific variation (Messier et al., 2010; Fajardo and Piper, 2011). Other expected trends of
traits with aridity were also unsupported. Across species, smaller and thicker leaves are generally

found in high light and high temperature environments (Cooper, 1922; Poole and Miller, 1981;
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Givnish, 1987; Niinemets, 2001; Scoffoni et al., 2011; Wright et al., 2017), as these minimize
overheating and water loss (Ackerly et al., 2002; Scoffoni et al., 2011). However, we did not find
significant differences in leaf size between Ceanothus subgenera, or a relationship between leaf
size and climate in our ten study species or across the data compiled for 35 species in this
lineage. This lack of support does not necessarily mean one can reject the possibility of trends
that may be found in future studies of the entire Ceanothus genus when data become available.
Notably, the lack of support for some expected trends of LMA, leaf size and other traits
with climate in the phylogenetic analysis of all species could also reflect the fact that the bulk of
variation in leaf morphology and genetics was driven by the deep phylogenetic split between
subgenera. The Ceanothus genus is particularly susceptible to a problem described by
Felsenstein (1985): despite the consideration of multiple species from each subgenus, species are
closely related within the subgenera and clustered in their trait values. This hinders the inference
of correlation between traits within a subclade and weakens the overall phylogenetic correlation
across all species. Thus, while trait differences between subgenera and/or relationships of traits
with climate across all species do indicate evolutionary correlations, the lack of a relationship
does not provide evidence against correlated evolution of traits with climate, but may simply be
due to a lack of resolution within the analysis. Given the divergence between subgenera, the
phylogenetic analysis would have made many correlations weaker (Carvalho et al., 2006) or non-
significant. Considering evolutionary history highlights the lack of resolution of the historical
factors underlying trait diversification, such as the timing of the advent of the Mediterranean
(MT) climate. One possibility is that California flora evolved largely under the MT climate
regime, beginning around 12-15 million years ago (Keeley et al., 2012; Baldwin, 2014); that

scenario would suggest that Ceanothus leaf traits, including the relatively high LMA of all
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species, evolved as adaptations to the MT climate. Another possibility, however, is that all
Ceanothus species shared a common ancestor that already possessed drought tolerance, and the
two subgenera diverged prior to the rise of the MT climate in California (Ackerly, 2004;
Donoghue, 2008; Burge et al., 2011; Kauffman, 2015), and the Cerastes subgenus in particular

evolved traits beneficial under high aridity.

Trait-trait correlations: structural traits and cell cross-sectional anatomy—We found mixed
support for strict allometries among cell, cell wall and whole leaf dimensions within Ceanothus.
The upper and lower epidermal cell wall thicknesses, and thicknesses of the upper and lower
cuticles and of the lower epidermis and upper and lower cuticle showed correlated evolution.
There were also linkages between upper and lower cuticle thicknesses, lower epidermal
thickness, and whole leaf thickness. These relationships suggest allometries arising from
developmental or functional linkages (Evert, 2006) even during fine-scale evolution of traits in
different habitats, extending findings for such anatomical correlations in Proteaceae and in a
study across diverse species (Brodribb et al., 2013; John et al., 2013). However, other trends
reported in those studies were not found, i.e., the relationships among cell sizes, cell wall
thickness and leaf thickness. In some cases, the lack of correclation between traits within
Ceanothus may be due to certain traits spanning a relatively narrow range, such as spongy and
mesophyll cell sizes, so an across-species trend would not be resolved. In other cases, expected
linkages might have been broken by the diversification of a lineage across environments such as
the California Ceanothus. This might occur when one trait shifts but not another that was

expected to be correlated (e.g., the decoupling of spongy mesophyll and upper epidermal cell
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sizes, among other relationships, Fig. 2.8), or, decoupling of cell and tissue allometries may arise

due to the evolution of specialized tissues such as hypodermis and stomatal crypts.

Conclusions and future directions—This study demonstrated a substantial diversification of
drought tolerance traits across species of Ceanothus, within and between subgenera. Further,
these analyses supported the importance of mrrp as a trait in signaling the adaptive radiation of
drought tolerance across a lineage of closely related species. An urgent avenue for future
research is the application of these findings to predict the climates and habitats of species to
enable their conservation and protect sites of their future distributions, a current grand challenge
in plant ecology. Recent studies have shown that leaf traits can provide a first step toward
predicting site aridity for diverse species at continental scales (Stahl et al., 2014; Shipley et al.,
2017), and our study supports this potential application of leaf traits within an evolutionary
radiation, i.e., within a genus, and even within subgenera. The findings further attest to the
excellent potential of Ceanothus to be used as model lineage to understand trait diversification,
particularly in drought tolerance traits, and striking anatomical specialization, as is found in the

Cerastes subgenus.
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Table 2.1. Study species of the Ceanothus genus and their leaf habits (E, evergreen; D, deciduous) and environments, in order of

ascending mean aridity index (+ S.E.). An aridity index below 0.2 indicates an arid to hyper-arid climate, and above 0.5 indicates a

sub-humid or humid climate (Global Biodiversity Information Facility 2012, Trabucco and Zomer, 2009). Nomenclature follows the

Jepson Manual (Jepson Flora Project (eds.) 2017. Jepson eFlora, http://ucjeps.berkeley.edu/IJM.html).

Species Subgenus Leaf habit Average Average Annual Mean Annual Sample

Aridity Potential Evapo- Precipitation Temperature Size

Index Transpiration (mm) °0)

(mm/year)

Ceanothus verrucosus Cerastes E 0.27 (0.006) 1230.02 (8.30) 324.61 (6.23) 16.77 (0.04) 310
Ceanothus megacarpus Cerastes E 0.37 (0.003) 1160.43 (5.82) 436.36 (4.31) 15.60 (0.05) 619
Ceanothus tomentosus Ceanothus D 0.39 (0.008) 1368.71 (3.17) 520.20 (9.56) 15.99 (0.05) 949
Ceanothus spinosus Ceanothus D 0.40 (0.005) 1277.12 (4.11) 505.27 (5.47) 15.56 (0.07) 457
Ceanothus cuneatus Cerastes E 0.42 (0.014) 1106.22 (8.52) 397.37 (7.13) 13.91 (0.05) 94
Ceanothus ferrisiae Cerastes E 0.43 (0.011) 1324.11 (9.22) 564.99 (8.71) 14.55 (0.14) 81
Ceanothus impressus Ceanothus D 0.48 (0.028) 1115.97 (10.69) 510.18 (22.60) 13.45 (0.16) 89
Ceanothus oliganthus Ceanothus E 0.53 (0.007) 1274.85 (3.45) 648.36 (6.50) 14.41 (0.05) 1642
Ceanothus lemmonii Ceanothus D 0.93 (0.012) 1270.00 (5.49) 1166.71 (12.58) 13.01 (0.13) 412
Ceanothus incanus Ceanothus E 1.04 (0.023) 1116.72 (6.71) 1150.53 (23.86) 12.33 (0.08) 367
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Table 2.2. Leaf trait variation across ten Ceanothus species and the results of nested ANOVA tests of species and subgenus variation.
The columns with subgenus headers show minimum, average (bold) and maximum values within each group for each trait. ANOVA
results show mean square values, percent variation, and significance levels for each trait across all Ceanothus species and between
subgenera. For two traits, thickness of the hypodermis and lower epidermis in crypts, which only existed in Cerastes species, degrees
of freedom from an ANOVA are reported in parentheses. Boldface indicates a significant result. ns, P>0.05; *, P<0.05; **, P<0.01;
*#% P<0.001. An H or L denotes if traits were expected to be higher or lower in Cerastes species, and the check mark indicates
whether the trait followed our expectation. A (+/-) denotes the expected direction of a correlation with aridity (notably opposite of
aridity index, where a low value indicates a more arid climate). A check denotes if a trait followed the expected correlation with

aridity, and checks with asterisks indicate that this correlation was still significant following the Benjamini-Hochberg FDR test.
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Higher

33

Expected Within subgenus
. . or Lower X Between
Trait Unit correlation Ceanothus Cerastes (between Error, df=20
for ; - subgenera, df=1 A
with aridity species), df=8
Cerastes
Structural Traits
Leaf Area cm’ L -v 0.89, 3.03,6.71 0.55, 1.16, 1.49 22.8,19.4 8.97, 60.9%** 1.16, 20.3
Leaf Mass per Area g m?2 Hv + 68.5, 119, 169 243, 294, 364 210944, 76.4*** 5109, 14.8** 1222,37.4
Density g 0.001m H + 0.36, 0.45, 0.55 0.42, 0.50, 0.56 0.02, 8.38 0.02, 61.2%* 0.00, 0.76
Saturated Water Content g g'1 L 1.32,1.81,3.05 1.30, 1.49, 1.75 0.75,7.51 0.79, 62.7** 0.15,17.8
Leaf Dry Matter Content g g'1 H + 0.26,0.37,0.43 0.39,0.42,0.44 0.01, 14.8 0.01, 61.6%** 0.00, 0.15
Leaf Area Shrinkage % NA - 0.29,0.31,0.35 0.15,0.37,0.83 0.03,2.71 0.11, 94.0%** 0.00, 0.85
Leaf Thickness Shrinkage % NA - 0.00, 0.17,0.40 0.09, 0.15,0.20 0.00, 0.56 0.05, 73.8%** 0.01,12.4
Leaf Thickness mm H + 0.16, 0.26, 0.31 0.46, 0.55, 0.65 0.72, 76.8%** 0.01,9.34 0.01,0.17
Petiole Area:Leaf Area NA + 0.04, 0.06, 0.10 0.12, 0.25, 0.50 0.24, 42.8* 0.04, 50.9%** 0.00, 0.08
Petiole Area:Dry Leaf Mass NA + 26.3,52.3,72.4 37.3,90.9, 196 10723,14.4 6873, 73.9%** 434,13.6
Drought Tolerance Traits
Osmotic Potential at Turgor Loss Point  MPa Lv - vk -2.40,-2.15,-1.57  -2.81,-2.64,-2.52 1.18, 53.7** 0.07, 26.2* 0.02, 0.81
Osmotic Potential at Full Turgor MPa Lv - vk -2.12,-1.86,-1.35 -2.62,-2.42,-2.27 1.70, 53.7** 0.10, 26.2* 0.03,1.16
Interveinal Distance um H - 151, 170, 188 195, 271, 359 67792, 47.2** 5761, 32.1** 1493,39.3
Anatomical Traits
Tissue Cross-Sectional Thicknesses
Upper Cuticle pm Hv + 2.31,3.43,4.23 4.69, 5.89, 6.66 39.0, 52.2%** 1.40,15.1 1.22,27.8
Upper Epidermis pm H + 32.5,45.9, 75.8 30.4, 34.3,39.0 1272, 21.2 454, 60.7%** 54.1,22.8
Mesophyll pm H + 122, 195, 291 173, 214, 260 402, 0.31 11257, 70.1%** 1897,29.6
Lower Epidermis pm Hv + 10.3,13.8, 17.6 30.6, 40.0, 43.6 4840, 74.9%** 66.6, 8.24 54.5, 64.2
Lower Cuticle pm Hv + 1.09, 1.55, 2.59 4.61,5.68, 6.49 118, 74.3%** 1.29, 6.48 1.54,26.7
Hypodermis pm NA NA NA 13.8,15.8, 20.3 NA 8277,29.1(3) 581,70.9 (8)
Crypt Lower Epidermis pm NA NA NA 243, 311, 370 NA 27.9,29.9 (3) 24.6,70.1 (8)
Cross-sectional Cell Areas
Upper Epidermis um2 NA - 524, 1085, 2140 221, 309, 362 5189996, 44.8* 639323, 44.1%** 64704, 20.2
Palisade Mesophyll pm’ NA - 231, 354, 571 256, 306, 389 51433, 8.60 57098, 76.4%** 4487, 16.4
Spongy Mesophyll pm’ NA - 141, 182, 249 123, 169, 244 3518, 3.82 6894, 59.9** 1669, 37.7
Lower Epidermis pm’ NA - 13,2,18.1, 23.5 12.7,14.1, 15.6 193331, 29.6 42330, 51.8%** 6070, 26.5
Cell Wall Thicknesses
Upper Epidermis pm NA + 0.55,0.71, 0.84 0.98,1.29, 1.89 2.03, 34.7* 0.24, 32.4* 0.10, 5.00
Palisade Mesophyll pm NA +v 2.88,3.53,4.21 3.11, 3.47, 3.98 0.34, 1.47 1.32,45.9 0.61, 50.1
Spongy Mesophyll pm NA + 0.49, 0.60, 0.67 0.65, 1.42, 2.85 4.37,20.5 1.18, 44.2* 0.37,20.0
Lower Epidermis pm NA + 0.56, 0.65, 0.74 0.89, 1.14, 1.49 1.48, 50.3** 0.08,22.4 0.04, 1.55



FIGURE CAPTIONS

Figure 2.1 Map of the centers of distributions for each species overlaid on an annual
precipitation grid, with values ranging from high precipitation in black, to low precipitation in
white. Yellow circles represent the centers of distributions for all Ceanothus species included in
this study. Orange stars represent centers of focal Cerastes subgenus species distributions, and

blue stars represent centers of focal Ceanothus subgenus species distributions.

Figure 2.2 Phylogenetic tree of the genus Ceanothus, and pruned tree of the sampled species,
reconstructed from alignments of nitrate reductase (NIA) and nuclear ribosomal transcribed
spacer (ITS) DNA sequences. Tip labels are abbrevaited as the first three letters of the genus
name, followed by the first three letters of the species name (and subspecies, if applicable),
following Burge et al. (2011). Branch labels indicate branch lengths. Focal species are higlighted
in the full tree. Branches are colored to distinugh subgenera, where blue branches indicate

Ceanothus subgenus species, and orange branches indicated Cerastes subgenus species.

Figure 2.3 Trait means across ten Ceanothus species: (A) leaf mass per area (LMA), (B) leaf
thickness, (C) petiole to leaf area ratio, (D) osmotic potential at turgor loss point (mrrp), (E)
interveinal distance (IVD), (F) upper cuticle thickness, (G) upper epidermal cell area, and (H)
upper epidermal cell wall thickness (CWT). Mean + S.E. values are shown. Species are arranged
phylogenetically, with more closely related species closer together on the graph. Blue bars
indicate species of the Ceanothus subgenus, and orange bars indicate species of the Cerastes

subgenus. All traits showed significant variation between subgenera.

34



Figure 2.4 Leaf anatomy of ten Ceanothus species as seen from a scan of a typical leaf, and
transverse cross-section of the lamina. Notably, Cerastes leaves contain hypodermal tissue not
found in the Ceanothus subgenus (A). Transverse cross-sections showing stomatal crypts in
Cerastes species on right (invaginations in leaf margin, indicated by arrow, scale = 1 mm), and
Ceanothus subgenus species on left (B). Tissue types are labeled: Upper epidermis (UE),
palisade mesophyll (PM), spongy mesophyll (SM), vascular tissue (V), lower epidermis (LE)

and hypodermis (H).

Figure 2.5 Phylogenetic principal component analysis showing trait variation between species of
Ceanothus (blue) and Cerastes (orange) subgenera, based on leaf area, leaf mass per area
(LMA), osmotic potential at turgor loss point (TLP), upper epidermal cell area (UECA), and

palisade mesophyll cell wall thickness (PCWT).

Figure 2.6 Relationships of osmotic potential at turgor loss point (mrrp) to climate variables for
ten Ceanothus species. Correlations are shown for mpip with aridity index (A) and annual
precipitation (B). Blue points indicate species of the Ceanothus subgenus, and orange points the
Cerastes subgenus. The r-values correspond to phylogenetic generalized least squared
regressions, and asterisks denote significance after Benjamini-Hochberg correction. ns, P>0.05;

*, P<0.05; **, P<0.01; *** P<0.001.

Figure 2.7 Correlations of upper and lower epidermal cell wall thickness across ten Ceanothus
species from this study (blue points) and a set of diverse species published previously (grey

points; John et al., 2013), with statistically similar isometric relationship. Error bars represent
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standard errors. A standard major axis line is shown. The r-values correspond to phylogenetic
generalized least squared regressions, and asterisks denote significance after Benjamini-

Hochberg correction.. ns, P>0.05; *, P<0.05; **, P<0.01; ***  P<0.001.

Figure 2.8 Examples of the lack of relationships between cell sizes, cell wall thickness and leaf
thickness across 10 Ceanothus species (blue points) in contrast with trends found across a set of
diverse species published previously (grey points; John et al., 2013): relationships between
spongy mesophyll cell areas with upper epidermal cell areas (A), palisade cell areas (B), total

leaf thickness (C), and spongy cell wall thickness (D; um). Error bars represent standard errors.

Figure 2.9 Mean leaf mass per area (A; LMA) and leaf area (B) across 35 Ceanothus species.
Blue bars indicate species of the Ceanothus subgenus (n = 19), and orange bars indicate species
of the Cerastes subgenus (n = 16). In an ANOVA, subgenus means were significantly different

for LMA (P < 0.001**%), but not for leaf size (P = 0.096, ns).

Figure 2.10 Relationships of leaf mass per area (LMA) to potential evapo-transpiration (PET)
variables for 35 Ceanothus species. Blue points indicate species of the Ceanothus subgenus, and
orange points the Cerastes subgenus. The r-values correspond to phylogenetic generalized least
squared regressions, and asterisks denote significance after Benjamini-Hochberg correction. ns,

P>0.05; *, P<0.05; **, P<0.01; *** P<0.001.
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SUPPLEMENTARY MATERIALS
Supplementary Data Captions (see attached Excel Workbook)
Table S2.1: DOIs for individual datasets downloaded from GBIF. These datasets were edited

and/or combined to obtain occurrence data for the ten focal Ceanothus species used in this study.

Table S2.2: Individual and species mean values, standard deviations and standard errors for 10
Ceanothus species. Values are averages of three leaves per individual plant, and three plants per

species for 26 traits.

Table S2.3: Correlation of traits with the first three axes from the phylogenetic principal

components analysis (pPCA), and of climate with each of the five axes.

Table S2.4: Phylogenetic generalized least squares (PGLS) regression tests of each trait pair for
ten focal Ceanothus species. Results are reported for three models of evolution: Brownian
Motion, Pagel's Lambda, and Ornstein-Uhlenbeck (OU). The p-value from the best-fit model

was extracted. Yellow highlights indicate significant p-values.

Table S2.5: Significance levels for trait-trait and trait-climate correlations after performing a
Benjamini-Hochberg (BH) false discovery rate (FDR) analysis. These results include the 10
focal species. P-values prior to the FDR test are shown for the best-fit model from the
phylogenetic generalized least squares regression. Yellow highlights indicate significant p-

values.

47



Table S2.6: Data for species of Ceanothus obtained from the eFlora database for two traits on 35
species, and four climate variables obtained for each species' range (See Methods). Name codes

follow Burge et al. 2011.

Table S2.7: Focal Ceanothus species data compared with data from the Jepson Herbarium

eFlora database (http://ucjeps.berkeley.edu/EFT.html).

Table S2.8: Phylogenetic generalized least squares (PGLS) regression tests of each trait pair for
35 eFlora database species. Results are reported for three models of evolution: Brownian Motion,
Pagel's Lambda, and Ornstein-Uhlenbeck (OU). The p-value from the best-fit model was

extracted. Yellow highlights indicate significant p-values.

Table S2.9: Significance levels for trait-trait and trait-climate correlations after performing a
Benjamini-Hochberg (BH) false discovery rate (FDR) analysis. These results include the 35
eFlora database species. P-values prior to the FDR test are shown for the best-fit model from the
phylogenetic generalized least squares regression. Yellow highlights indicate significant p-

values.
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CHAPTER 3
VARIATION IN RELATIVE GROWTH AND ADAPTATION TO ARIDITY ACROSS
ARABIDOPSIS ECOTYPES: DOES LACK OF A TRADE-OFF CONTRIBUTE TO A

WIDE SPECIES RANGE?

ABSTRACT
Fundamental ecophysiological theories have hypothesized intrinsic trade-offs between plant
relative growth rate in high resource conditions (RGR) versus the ability to tolerate stresses,
across and within species, arising from morphological and physiological traits. Yet, tests for a
trade-off between RGR and cold or drought tolerance across species have yielded contrary
results, and few studies have considered ecotypes within a species. For 15 ecotypes of
Arabidopsis thaliana grown in a common garden we tested for the existence of a strict trade-off
between RGR and adaptation to cold or dry native climates and its mediation by traits. Ecotypes
native to warmer or drier climates had higher leaf density, leaf mass per area (LMA), root mass
fraction (RMF), nitrogen per leaf area (Nua), carbon isotope ratio (8'°C) and lower osmotic
potential at full turgor (n,). However, RGR was unrelated to measured functional traits and was
statistically independent of rainfall and cold climates of the native range. The lack of an intrinsic
trade-off between RGR and cold or drought adaptation for Arabidopsis would contribute to both

its large geographic range and its climate sensitivity.

Keywords: Climate, plant, trade-off, stress, Arabidopsis, relative growth rate
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INTRODUCTION

Climate change is increasingly impacting plant populations and species across a diversity of
ecological contexts worldwide, necessitating general principles for prediction (Cook ef al. 2004;
Cayan et al. 2008; AghaKouchak et al. 2014; Diffenbaugh et al. 2015; Fournier-Level et al.
2016). Many have hypothesized that one strong constraint on the physiology and distribution of
species with respect to climate is an intrinsic trade-off within or among species between growth
and adaptation to stress, including cold or arid climates (Grime, 1974; Grime, 1977; Smith &
Huston 1990; Sartori ef al. 2019). However, these trade-offs have remained controversial, and
many tests within and across species have reported diverse “growth-stress tolerance
relationships” (GSTRs; reviewed in Table S3.1). Some studies supported a trade-off within or
across species (Polley et al. 2002; Griffith et al. 2007; Darychuk et al. 2012; Koehler &
Cavender-Bares 2012; Molina-Montenegro et al. 2012; Lopez-Iglesias ef al. 2014; Kaproth &
Cavender-Bares 2016; Leites ef al. 2019; Lubbe & Henry 2019; Sartori ef al. 2019; Ramirez-
Valiente et al. 2020), but others found that growth rate and adaptation to cold or dry climates
were positively coordinated (Kenney ef al. 2014; Ramirez-Valiente et al. 2017; Vasseur et al.
2018; Ramirez-Valiente et al. 2020), or concluded that growth rates were decoupled from cold or
drought tolerance (Fernandez & Reynolds 2000; Polley ef al. 2002; McKay et al. 2003; Sack
2004; Sanchez-Gomez et al. 2006; Sanchez-Gomez et al. 2008; Atwell et al. 2010; Mukherjee et
al. 2011; Bristiel et al. 2018; Leites et al. 2019; Jung et al. 2020). Notably, assessing the
generality of GSTRs is complicated by the measurement of different variables for growth under
controlled conditions in different studies (i.e., absolute or relative growth rates) and of different
measures of adaptation to cold or drought (i.e., climatic aridity of the native range, or cold or

drought tolerance with respect to experimental growth or survival under stress). Overall, of the
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23 studies we reviewed, 8 showed support for a trade-off, 2 for positive coordination, 7 for
decoupling, and 6 had mixed results (Table S3.1). The aim of this study was to test for an
intrinsic trade-off between RGR and adaptation to cold and drought and their putative basis in
functional traits. We focused on ecotypes of a particularly significant genetic and ecological
model, an annual herb with a very wide climatic distribution, Arabidopsis thaliana (referred to as
Arabidopsis henceforth). Our study is particularly novel in focusing on phenotypic traits related
cold and drought tolerance and testing for a role in constraining RGR across ecotypes, which
would have important implications for understanding the ecological ranges of ecotypes and
species.

Indeed, the hypothesized general relationships across species between growth rates and
adaptation to cold or aridity have been based on trait-based physiological mechanisms, relating
to biomass allocation, morphology, and composition. Thus, some have hypothesized that trade-
offs would arise if plants achieve tolerance of cold or drought by allocating to higher root mass
fraction (RMF) and higher leaf mass per area (leaf dry mass divided by leaf area; LMA), which,
by entailing allocation away from photosynthetic leaf surface, would reduce relative growth rate
(RGR; Smith & Huston 1989; Sterck et al. 2011; Poorter et al. 2012). The general relationships
among leaf traits often described across plant species as the “leaf economics spectrum” (LES;
Wright et al. 2004) have been hypothesized to contribute to a trade-off. The LES hypothesizes
relationships between several traits associated with carbon and nutrient acquisition that lead to
either slow or rapid use of resources. Previous work in Arabidopsis has suggested that high leaf
mass per area (LMA; the inverse of SLA) and low leaf nitrogen per area and per mass (Nyrea and
Nmass) are aligned with rapid or slow completion of the lifecycle and thus with colder or drier

habitats, at the expense of high RGR (Sartori ez al. 2019). Further, many plants may achieve cold
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or drought tolerance through additional adaptations that involve biochemical costs, which might
reduce RGR, such as a high osmotic concentration, which results in a lower wilting point, and
also may contribute to chilling or freezing tolerance (Parker 1963; Gonzalez-Zurdo et la. 2016).
Further, a high osmotic concentration may increase epidermal pressure around the stomata in
well hydrated leaves, potentially reducing maximum rates of gas exchange and RGR (Henry et
al. 2019). By contrast, a positive coordination between RGR and success in cold or dry climates
may arise in “stress-avoiding” or “pulse-driven” species, i.e., deciduous species, or annual
species, if growth-promoting traits enable a high RGR when resources are available and thereby
mitigate a shorter growing season (Maximov 1931; Grubb 1998; McKay et al. 2003; Kikuzawa
et al. 2013; Kenney et al. 2014; Vitasse et al. 2014; Gonzalez-Zurdo et al. 2016; Table S3.1).
Finally, RGR and stress tolerance may be decoupled if species can adapt to stress via traits
without an overall direct detrimental effect on RGR, such as, for example, a smaller leaf size, or
increased cell wall flexibility or cell membrane stability (Wanner & Junttila 1999; Fernandez &
Reynolds 2000; Sack 2004; Sanchez-Gomez et al. 2006; Sanchez-Gomez et al. 2008; Yadav
2010; Mukherjee et al. 2011; Wright et al. 2017; Bristiel ef al. 2018; Ding et al. 2019; Jung et al.
2020; Table S3.1).

Notably, while GSTRs have been proposed based on individual plant-based
ecophysiological theory, they can have profound effects on community ecology and
biogeography and predictions of species responses to climate change (Grime 1974; Grime 1977,
Orians & Solbrig 1977; Coley et al. 1985; Smith & Huston 1989; Latham 1992; Fine ef al. 2006;
Sterck et al. 2011). GSTRs, if general, could affect specialization in high versus low stress
niches, their diversity within and across and their range widths (synthesis in 3. 1), and how these

properties may shift with ongoing climate change (Midgley et al. 2002; Medina-Villar et al.
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2020; Pareek et al. 2020). In particular, a trade-off in maximum RGR with cold or drought
tolerance across ecotypes would in principle result in a smaller species climatic range relative to
a positive coordination or decoupling (Appendix 3.1).

Ecotypes of model species Arabidopsis thaliana provide an ideal test bed for the putative
trade-off between RGR and adaptation to cold or dry climates across ecotypes, and its basis in
functional traits. Two previous studies have reported the growth of ecotypes of known native
climates (Atwell et al. 2010; Vasseur et al. 2018; Fig. S3.1). One study tested linear correlations
of growth with climate variables across 451 ecotypes and suggested a trade-off between RGR
and cold adaptation, and a positive coordination of RGR with dry climate adaptation (Vasseur et
al. 2018; Table S3.1). However, our re-analysis of these data showed a wide range of RGR
across climates, including high RGR ecotypes both in cold and very warm climates, such that a
U-shaped relationship was statistically selected over a linear model for RGR versus MAT (Fig.
S3.1A-B; Tables S3.1 and S3.2). Data from a second study of 107 Arabidopsis ecotypes
indicated positive coordination of RGR with cold climates and decoupling of RGR from dry
climate adaptation (our analysis of data of Atwell e al. 2010; Fig. 3.1SC-D; Tables S3.1 and
S3.2). Notably, these previous studies estimated RGR from rosette area expansion, which can
differ from mass-based RGR, which better represents whole-plant function (Inman-Narahari et
al. 2014; Falster et al. 2018), and did not quantify functional trait-based mechanisms for these
patterns.

We tested for a strict intrinsic trade-off across ecotypes between growth in the common
garden and adaptation to cold and/or dry climates. We further hypothesized that adaptation to
climate may be related to the underlying components of RGR, i.e., specific leaf area (SLA), leaf

mass fraction (LMF), leaf area ratio (LAR) and unit leaf rate (ULR), as RGR = ULR X LAR,
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where LAR = SLA x LMF (Evans 1972; Hunt 1990; Lambers et al. 2017). Additionally, we
hypothesized that traits, such as LMA, Nyrea, Nmass and chlorophyll per area would be correlated
through the leaf economics spectrum (Wright ef al. 2004), and would influence RGR. Finally, we
hypothesized that RGR would be related to additional morphological and physiological traits,
including root mass fraction (RMF), leaf thickness, density and size, and the leaf osmotic
potential at full turgor (m,), the main biophysical determinant of wilting point (i.e., turgor loss
point; Bartlett et al. 2012a; Bartlett et al. 2012b; Fletcher et al. 2018; Griffin-Nolan et al. 2019),
as described in the published literature comparing diverse species. We also hypothesized that
ecotypes adapted to tolerance of cold or dry climates, or to avoiding climatic extremes, would
differ in those traits in specific ways (reviewed in Table 3.1). We focused on 15 Arabidopsis
ecotypes representing populations native to a range of climates across Europe and Asia, diverse
in climate of origin and life history, from the 1001 Genomes Project (Weigel & Mott 2009), and
grown in a greenhouse common garden (Table 3.2). We also considered the implications of the
relationships of the maximum RGR in ideal conditions with adaptation to cold and/or dry
climates for the native range of the species, and its responses to climate warming and

aridification.

METHODS

Growth conditions

We grew 15 Arabidopsis thaliana ecotypes in a climate-controlled greenhouse common garden
at the University of California, Los Angeles. Seeds were acquired from the collection of the 1001
Genotypes Project (Weigel & Mott 2009; Alonso-Blanco et al. 2016) and were maintained at

The Arabidopsis Information Resource (TAIR; Huala et al. 2001), and bulked up in the
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experimental greenhouse. Ecotypes therefore represent individual populations from which
multiple individuals were sampled, to demonstrate phenotypic and genetic diversity within the
populations. Our design focused on cultivated plants in a common garden under well-watered
conditions and warm temperatures (19-33°C) to provide detailed information of ecotypic
variation in phenotypic traits and growth under favorable conditions, and to relate this to the
native climates of the ecotypes in order to test for adaptations to different climates. Notably, the
RGR in the experiment is that achieved under high resource conditions, to test for a trade-off
between RGR and adaptation to stressful climates as hypothesized in the literature (see
Introduction). We thus did not implement drought or cold treatments to directly assess drought or
cold tolerance. Fifteen ecotypes were selected for variation in aridity index and temperature
across seven of the Arabidopsis “origin™ groups (Table 3.2; Trabucco & Zomer 2009). Seed for
each ecotype was sown in lawns in trays of soil mix (18.75% washed plaster sand, 18.75% sandy
loam, 37.5% peat moss, 12.5% perlite, 12.5% coarse vermiculite) in shallow pots (8 cm wide, 8
cm long, 9 cm deep) and placed in a cold room (4°C) on 13 April 2016, and moved to
greenhouse benches on 18 April 2016. Seedlings of each ecotype were then transplanted two to a
pot (n=17 pots per ecotype; 8 cm long, 12.3 cm wide, 6 cm deep) at the five true-leaf stage on 3-
9 May 2016, randomized across two benches, and thinned to one seedling per pot two weeks
later. Plants were staked after 3 weeks of growth. Ten plants of each ecotype were selected
randomly for harvesting 21-23 June 2016. In the greenhouse, mean temperature was 22.9 °C
(minimum and maximum were 20.6°C and 26.3°C, respectively), mean humidity was 48% (21-
64%) and mean irradiance from 9:00 to 16:00 was 193 pmol photons m™ s™ (26-533 pmol
photons m? s'; HOBO Micro Station with Smart Sensors, Onset, Bourne, MA, USA). Plants

were watered 2-3 times per week with fertilized water (250 ppm of Peters Professional water
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soluble fertilizer; N 20%; P 20%; K 20%; B 0.0125%; Cu 0.0125%; Fe 0.05%; Mn 0.025%; Mo

0.005%; Zn 0.025%).

Plant harvesting and biomass and trait measurements

The mass of fifty seeds of each ecotype divided by fifty was used to determine mean seed mass.
On 3 May 2016, at the time of transplanting the five-leaf seedlings from lawns to pots, for the 12
ecotypes with seedlings abundantly available, an initial harvest was conducted of twenty-five
seedlings per ecotype, enabling determination of mean initial seedling dry mass for this subset of
the ecotypes. At maturity, i.e., between 69-71 days, after siliques had formed and just began to
brown, ten individuals per ecotype were randomly selected for measurements, i.e., five plants for
biomass harvesting and five for measurement of leaf osmotic potential at full turgor.

For biomass harvesting, plants were separated into photosynthetic and senescent leaves,
inflorescence, basal stem and roots, which were washed free of soil, and all parts were dried at
70°C for at least 72 hours before dry mass was determined (XS205; Mettler, Toledo, OH, USA).
Prior to drying, three randomly selected rosette leaves were traced for measurement of leaf area
using ImagelJ (version 1.46r), measured for leaf thickness (Fowler Digital Calipers, Chicago, IL,
USA) and for chlorophyll concentration per leaf area, using a SPAD meter (SPAD-502; Konica
Minolta Sensing Inc., Osaka, Japan), which provides measurements in SPAD units that correlate
with total (a+b) chlorophyll per leaf area (Chl/area; Uddling ef al. 2007). Root, leaf (rosette and
inflorescence leaves), and other (basal stem, flower and fruit) mass fractions were calculated by
dividing mass values by the plant total dry mass.

We note that the RGR in this study represents high resource growth in a greenhouse

common garden. Relative growth rate (RGR; g g’ day™) was calculated as
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where My is the dry mass at final harvest (g), M, is the initial mass (g), Az is time (days between

initial and final harvest). Absolute growth rate (AGR; g day™) was calculated as

M¢ — M,

AGR =
At

(Eqn 2).

RGR and AGR were determined in two ways; first, using M, for the seed mass for all 15
ecotypes (Kitajima 1994), and second, using the initial harvest seedling mass (five-leaf stage) for
the 12 of 15 ecotypes for which sufficient seedlings were available for initial seedling harvest.
As the AGR and RGR values resulting from these two calculations were highly correlated across
ecotypes (» = 0.99 and 0.89 respectively; P < 0.001; n = 12), the more complete dataset for RGR
using seed mass is presented, with the other dataset in the Table S3.3. M was also highly
correlated with AGR (r = 0.99; P < 0.001), so AGR is presented in the text, with M; data
available in Table S3.3. Leaf mass fraction (LMF; g g"') was calculated as leaf mass (g) divided
by My, leaf mass per area (LMA; g cm™) as leaf mass (g) divided by leaf area (cm?), and leaf area
ratio (m” g') as leaf area divided by M. The unit leaf rate (ULR; g m™ day™) was calculated as
RGR divided by LAR. Leaf density (mg mm™) was calculated as LMA divided by leaf thickness
(mm; Evans 1972). Root mass fraction (RMF; g g') was also calculated as root mass (g) divided
by My, and base and reproductive (including inflorescence stems, fruits and flowers) mass

fractions were calculated as the mass of those parts (g) divided by M.

71



Nutrient data were obtained from 3 leaves each from 3-5 individual plants per genotype.
Leaves were oven dried at 70°C for at least 72 hours. Liquid nitrogen was then poured over the
leaves as they were ground with a mortar and pestle into a fine powder. 3-4mg of material were
weighed into tin 4 x 6 capsules and were sent to the Center for Stable Isotope Biogeochemistry
at the University of California, Berkeley. Carbon isotope ratio (5'°C) was measured by dual
isotope analysis with an Elemental Analyzer interfaced to a mass spectrometer, along with the
percent of nitrogen in the sample. Nitrogen per leaf mass (Nmass; mg g') was determined as the
mass nitrogen in the sample (mg) per the mass of the sample (g). Nitrogen per leaf area (Narea; g
m™?) was determined as Niags multiplied by LMA.

The osmotic potential at full turgor (m,) was estimated using the osmometer method
(Bartlett et al. 2012a) on a randomly selected subset of eight ecotypes during the harvest period
(Table 3.2). Whole plants were rehydrated overnight in plastic bags, and two leaf disks per each
of five plants per ecotype were punched, immediately submerged in liquid Nitrogen, and placed
into the osmometer to be measured for osmolality (VAPRO 5520 and 5600 vapor pressure
osmometer, Wescor, Logan, UT, USA), which was then converted to m, (Bartlett et al. 2012a).
Individual and ecotype average data are available in Table S3.3. Notably, the turgor loss point
(mrrp) can be estimated from the osmometer measurement of 7, across species, but this was not
done given that approach has not yet been validated within Arabidopsis (Bartlett et al. 2012a).
Yet, previous studies have validated the use of @, from the osmometer method as a test of
drought tolerance across herb species (Griffin-Nolan ef al. 2016) and across populations or

cultivars of given species (Mart et al. 2015; Rosas et al. 2019).
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Climate and flowering time data

We followed typical practice in the field by focusing on mean climate variables for our
correlation tests using modeled climate variables at 1 km” based on the WorldClim database,
assuming that the variation in modeled climate for the 15 ecotypes would correlate with true
climate variation, given their large ranges in temperature and moisture in their sites of origin
despite variation in microclimate experienced by Arabidopsis in the field. (Hancock et al. 2011;
Lasky et al. 2012; Alonso-Blanco et al. 2016; Mojica et al. 2016; Vasseur et al. 2018; Sartori et
al. 2019; Lorts & Lasky 2020). In addition, we estimated the maximum potential growing season
based on climate variables (i.e., excluding the warmest, coldest, or driest months of the year;
Lasky et al., 2012). Coordinates for each ecotype were obtained from information provided by
the 1001 Genomes Consortium 2016 (https://1001genomes.org/accessions.html). Mean annual
temperature and annual precipitation climate variables were downloaded from WorldClim
version 2.1 Global Climate Data (BioClim; http://www.worldclim.org/bioclim), and monthly
temperature and precipitation variables were downloaded from WorldClim’s historical climate
database (Fick & Hijmans 2017). Additionally, aridity index was obtained from the Consultative
Group for International Agriculture Research (CGIAR) Consortium for Spatial Information
(CSI) database version 2 (Trabucco & Zomer 2019; Table S3.3). Climate information was
extracted at each coordinate for each species using ArcMap (version 10.0). Growing season
variables, including potential maximum length of the growing season, were calculated with
historical climate data using data for the months with > 4°C mean temperature and precipitation
> 2 x mean temperature (Lasky ef al. 2012). Notably, Arabidopsis genotypes are very diverse in
life history; some overwinter as rosettes and flower in early spring, while others germinate and

complete their lifecycles in spring and/or early summer. However, this life history information is
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not available for the genotypes in this study, and thus growing season variables are subject to a
level of uncertainty. Consequently, we included these variables as previous studies have (Lasky
et al. 2012), and describe these in the Results, though we feature mean annual variables in our
plots, given they are subject to fewer assumptions, and they were correlated with growing season
means (see Results). Flowering time information (days until first open flower) for each of the 15
ecotypes was obtained from the 1001 Genomes Consortium (Alonso-Blanco ef al. 2016; Table
S3.3), where plants were grown at a constant temperature of 10°C or 16°C after an initial cold

treatment (FT10 and FT16, respectively).

Statistical analyses

Trait variation across ecotypes was tested using analyses of variance (aov function in the stats
package) in the R Statistics environment (R version 3.5.1), which permitted testing for
significant differences among ecotypes, and also quantification of the relative variation in traits
within and among ecotypes.

To test relationships across ecotypes for growth variables, traits and climate variables, a
linear mixed effects model with kinship was implemented using the /mekin function in the coxme
package in R. Kinship matrices were pulled from the 1001 Genomes Project data release v3.1
(Weigel & Mott 2009). To test for both linear and nonlinear (power law) trends we used both
untransformed and log-transformed data. Untransformed data with negative units (i.e. m, and
8'°C) were multiplied by -1 prior to analysis. Before log-transformation, for the mean annual
temperature variable, which included a negative number, a constant equal to the lowest mean
value for an ecotype +1 was added before log-transformation such that the lowest value for that

variable was 1; for 7, and 5"°C, all values were multiplied by -1. We present in the main text the
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most significant of the findings (using untransformed or log-transformed data), with all results
reported in Tables S3.4-S3.7.

Our analysis of the correlations of growth, traits and climate variables involved multiple
significance tests. While published papers on trait-climate relationships often consider trait
relationships with multiple climate variables without correction for multiple significance tests, to
ensure the overall rigor of hypothesis testing, we added “omnibus” tests of each of the three
overall hypotheses stated at the end of the Introduction, using proportion testing to consider the
support for the overall hypotheses across multiple tests (Creese ef al .2011; Pasquet-Kok et al.
2010; Waite & Sack 2010). We considered each overall hypothesis to be supported not if one of
many relationships with multiple climate variables tested was significant in the expected
direction, but only if the overall proportion of correlations tested for the hypothesis that were
significant in the right direction was greater than 0.05 (with the difference in proportions tested
using proportion tests, Minitab Release 15). Thus, for example, the overall hypothesis that LES
traits would be inter-correlated was supported when 4/6 of the LES variables were related in the
expected direction, i.e., a significantly higher proportion than 0.05 (P < 0.001).

Testing the correlations of RGR with its components can be influenced by the covariation
among components. Therefore, to resolve the direct causal influences of components on RGR
(i.e., ULR, LMF and SLA) responsible for differences in RGR among ecotypes, we used the
causal partitioning approach of Buckley and Diaz-Espejo (2015). The idea behind this
partitioning approach is that an infinitesimal change, dy, in some quantity y that depends on a

number (N) of variables x; (i.e., y = flxi, x2, ..., xn)), can be expressed as the sum of infinitesimal

N 9y

N dx; .
]_1 6x] ]

. ] ] ]

changes caused by each variable: dy = ~>dx; +—>dx, + -+ ~—>dxy =
0x1 dx, oxn

Integrating this expression between two conditions — a "reference state" (yr= f{xir, X2r, ...)) and a
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"comparison" state (y. = f(Xic, X2¢, ...)) — produces a sum of finite terms representing the

contributions of each variable x; to the difference between y. and yi frc dy=y.—y =

¢y ¢y e [€9Y —_yN | eox ; 1 thi
S o, dx; + [ o, dx, + -+ | . dxy =X}, [fr ox; dxj]. Expressing each term in this sum

as a percentage of the total change in y then gives the % contribution of each x variable (C(xx)) to

the change in y:
c dy c dy
o _ J; I, Xk J. g, Bk
% contribution of x;,, = C(x;) = 100 - -y = 100 - — (Eqn 3)
=1 [fr o, ©

The % contribution of any given variable can be positive or negative, but by definition
they add up to 100%. A higher positive contribution for a factor indicates that on average, a
species with higher RGR will tend to have it due that factor playing a more strong direct
causative role; a negative contribution indicates that a species with higher RGR in fact tends to
have that causative factor varying in the direction that would cause a lower RGR, and this effect
is generally overcome by the other causative factors. We applied this method hierarchically: first
we partitioned differences in In(RGR) (= y) into contributions from In(ULR) (= x;) and In(LAR)
(= x2); we then partitioned differences in In(LAR) into contributions from In(LMF) and In(SLA).
In each case, we repeated these calculations for every possible pairwise comparison between
ecotypes (for 15 ecotypes, this gives 15!/[13!x2!] = 105 pairwise comparisons), with values for
the ecotype with greater RGR representing the comparison state, and those for the ecotype with
lesser RGR representing the reference state. The partial derivatives in each case were unity (e.g.,

dln(RGR)/0In(ULR) = 1), so the % contribution of each variable xx was calculated simply as
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100- (i — Xke)/(:— ¥e). We then calculated the median value, over all 105 comparisons, for each
variable's contribution (i.e., C(Inf[JULR]) and C(In[LAR]), and C(In[LMF]) and C(In[SLA])).
Finally, we combined those results into a single set of three values (C(In[ULR]), C'(In[LMF])
and C'(In[SLAJ[)) representing the contributions of ULR, LMF and SLA, respectively, to
differences in RGR, by defining C'(In[LMF]) = 0.01xC(In[LAR])*C(In[LMF]) and C'(In[SLA])

= 0.01xC(In[LAR])*C(In[SLAY)) so that C(In[ULR]) + C'(In[LMF]) + C'(In[SLA]) = 100%.

RESULTS

Variation in growth and growth components across ecotypes

The 15 Arabidopsis ecotypes native to diverse climates varied substantially in growth rates
(Table 3.1). Thus, absolute growth rate (AGR) varied 7.6-fold from 0.002-0.012 g g”' day™, and
relative growth rate (RGR) varied 1.3-fold from 0.12 to 0.16 g g day” (Fig. 3.2A-B). The
ecotypes varied over three-fold in specific leaf area (SLA) and seven-fold in leaf mass fraction
(LMF) and unit leaf rate (ULR) (Fig. 3.2). Across ecotypes, the AGR, RGR correlated positively
with flowering times published for the study ecotypes at 10°C (FT10) or 16°C (FT16), which
themselves were correlated; » = 0.57, P < 0.01 Tables S3.4 and S3.5),

Variation in RGR was not correlated across ecotypes with any single one of its
components, ULR, LAR, SLA or LMF. Comparing any pair of ecotypes showed that any
component could be an important determinant of RGR differences. When one ecotype had
greater RGR than another, this was primarily due to greater LMF (which contributed, on average
across ecotypes, 100.9% of the difference in RGR), with much lesser contributions from greater
ULR (10.5 on average) and smaller SLA (-11.4% on average). Thus, across ecotypes, LMF was

the most important causal driver of RGR, with ULR and SLA having a comparatively small
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impact on average, though important for explaining differences among a minority of the ecotypes
(Table 3.3). Indeed, species with higher RGR values tended to have lower SLA values, and that

influence is on average overcome by their higher ULR and especially higher LMF.

Variation in drought tolerance traits

Ecotypes varied strongly in all functional traits. Ecotypes varied by nearly tenfold in leaf area
from 0.62 cm” to 5.88 cm” and in RMF from 0.018 g g t0 0.175 g g™, 2.6-fold in leaf thickness
from 0.062 mm to 0.158 mm, and by -0.23 MPa in =, from -0.79 MPa to -1.02 MPa (Fig. 3.2F).
For most traits, two-thirds or more of the variation arose between rather than within ecotypes,
except for root mass fraction (RMF) and osmotic potential at full turgor (m,), for which half to a

third of the variation arose between ecotypes, respectively (Table 3.1).

Correlations of traits with temperature variables

Across the 15 ecotypes, RGR and AGR were statistically independent of the mean precipitation,
aridity and temperature of the native range (Fig. 3.1A-C; Fig. S3.2; Table S3.4). Notably, there
was a nonsignificant empirical trend for higher RGR in ecotypes native to colder climate (P =
0.08; Fig. 3.1A). The m, was related to two of the three temperature variables such that ecotypes
with a more negative n, were found in native climates with higher mean annual temperature and
shorter growing seasons (|r| = 0.62-0.76; P = 0.001-0.03). LMA and leaf thickness (LT) were
also negatively related to length of the growing season (» =10.50-0.56|, P = 0.01-0.02; Fig. 3.3C-
D). However, across all traits expected to correlate with cold tolerance (Table 3.1), no

relationships were significant in the expected direction (omnibus test P = 1.0).
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Correlations of cold and drought-tolerance traits with climate

Across the 15 Arabidopsis ecotypes, 8/24 hypotheses of the relationships of morphological and
physiological traits with native climate aridity were supported in the expected direction based on
drought tolerance adaptation (P < 0.001; Table 3.1), while 2/42 were supported in the expected
direction based on drought avoidance (P = 0.63; Table 3.1). LMA was higher and &, was lower
for ecotypes native to lower mean annual precipitation, precipitation of the growing season and
aridity index (|r| = 0.49-0.80, P < 0.05; Fig. 3.3A-B; Tables S3.4, S3.5, S3.6 and S3.7). Leaf
density, leaf nitrogen per area (Naea) and root mass fraction (RMF) were higher in species of
more arid climates, i.e., negatively related to aridity index (r = 0.48-0.51, P < 0.03; Fig. 3.3C-E,
Tables S3.4 and S3.5). A more negative value of 8°C was associated with higher precipitation of

the growing season (» = 0.49, P = 0.03; Fig. 3.4, Tables S3.4 and S3.5).

Correlations of leaf mass per area and economics traits

LMA was related to its components, leaf thickness and leaf density and with nitrogen per leaf
mass (Nmass; 7| = 0.47-82, P < 0.04; Fig. 3.5A-C; Tables S3.4 and S3.5). Overall, LES traits were
inter-correlated, with 4/6 trait-trait hypotheses supported in the expected direction. A higher
LMA was associated with higher chlorophyll per area and Ny, and a lower Npyass (J7| = 0.068-
0.89, P < 0.001; Fig. 3.6A, Tables S3.4 and S3.5). Higher chlorophyll per area was correlated

with higher Nyrea (= 0.89, P <0.001; Fig. 3.6B, Tables S3.4 and S3.5).

Correlations of leaf traits with relative growth rate and flowering times
The RGR was coordinated with several leaf traits, with 3/14 hypothesized relationships of RGR

with other traits supported in the expected direction (P < 0.005; Table 3.1). Ecotypes with higher
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RGR also had larger and thicker leaves with more chlorophyll per area (» = 0.46-0.59, P = 0.005-
0.5; Fig. 3.7A-B, Tables S3.4 and S3.5). Leaf area was positively associated with LMF and LAR
(r=0.64-0.81, P < 0.001; Tables S3.4 and S3.5). RGR was negatively related to carbon isotope
ratio (8"°C; = -0.58, P = 0.006; Tables S3.4 and S3.5). Further, Nyags correlated with FT10, and
leaf individual area and chlorophyll concentration (Chl/area), leaf mass fraction (LMF), §"°C and

nitrogen per area (Naea) With FT16 (Jr| = 0.45-0.63, P = 0.002-0.05; Tables S3.4 and S3.5).

DISCUSSION

Across the 15 Arabidopsis ecotypes, RGR under high resource conditions was not statistically
associated with cold or arid native climates, or on average related to leaf economics traits or
drought tolerance traits. While our study of 15 ecotypes could not preclude weak general trends
that might emerge across a larger sampling of ecotypes, the lack of support for an RGR-stress
tolerance trade-off across a diverse set of ecotypes measured in detail indicates no absolute or
intrinsic physiologically-determined pattern as would have arisen according to hypotheses based
on assumptions of trait-mediated trade-offs (Smith & Huston 1989; Fine et al. 2006; Sterck et al.
2011). We found that any potentially strict trait-based trade-off between growth and stress
tolerance was overcome by independent variation in different traits. While some of the measured
traits hypothesized to contribute to cold or drought tolerance were correlated across ecotypes
with adaptation to cold or aridity, none of those traits were associated with RGR or AGR. The
potential for traits to adapt independently to various climate stresses without cost to growth
would contribute to the occupation of a very large climate range in this species. Indeed, the lack
of an overall trade-off between RGR and climate variables is consistent with Arabidopsis

ecotypes adapting to cold or dry climates through either tolerance mechanisms and/or avoidance,
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i.e., mitigating the shorter growing period through rapid growth during a warm, moist growing

period.

Coordination of RGR with adaptation to cold climates within Arabidopsis and trait-based
mechanisms
Across the 15 ecotypes RGR was statistically independent of climate, with an empirical
nonsignificant trend for more rapid growth of ecotypes native to colder climate (P = 0.08; Fig.
3.1A). This result is further evidence against a trade-off, and was consistent with our re-analysis
of data for 107 ecotypes from Atwell et al. (2010; Fig. S3.1C-D), yet contrasted with a reported
positive correlation of growth with climatic warmth by Vasseur et al. (2018) for 451 ecotypes
(Fig. S3.1A-B). However, our re-analysis of the data of that study found a U-shaped relationship
of RGR to MAT, indicating that the dominant trend over most of the climate range was for a
higher RGR at lower MAT, with a high RGR also observed for ecotypes at the extreme hottest
end of the range (Fig. S3.1A). Thus, the data are all consistent showing that while slow-growing
ecotypes occur in cold climates, other ecotypes with high RGR may also be associated with
regions experiencing cold winters, or very hot summers, i.e., stress-avoiding ecotypes that
mitigate extreme temperatures through rapid growth in the shorter favorable season. Overall,
weak or contrasting trends may be attributed to the fact that different ecotypes of Arabidopsis
exhibit different life history strategies and can either tolerate stress or grow rapidly when
resources are available and avoid growing through periods of stress (DeLeo et al. 2020).
Notably, flowering time is often considered a central trait in Arabidopsis ecology and
evolution, linked with differences in growth and climate adaptation across ecotypes. Typically,

species adapted to cold climates and faster RGR tend to have longer times to flowering, with a
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great deal of variation around the trend (Debieu et al. 2013; Sartori et al. 2019). We found a non-
significant trend across the ecotypes in our study, but a significant positive relationship of

flowering time with RGR.

Decoupling of RGR from adaptation to aridity within Arabidopsis and trait-based mechanisms

We also found a lack of a trade-off between RGR and MAP across the 15 diverse ecotypes
tested. This finding was consistent with our re-analysis of the data of Atwell ef al. (2010) for 107
ecotypes, and that of Vasseur et al. (2018) for 451 ecotypes. Notably, Vasseur ef al. (2018) did
report that ecotypes native to drier climates had faster growth, as inferred from a scaling
exponent of growth relative to size; our analysis of the RGR data from that study did not support
that relationship, but instead supported statistical independence of RGR from native-climate
aridity (Fig. S3.1). The decoupling of growth from adaptation to aridity in Arabidopsis indicates
this adaptation is achieved via physiological and functional traits without a consistent directional
influence on RGR. Thus, for example, a more negative m, was associated with drier climates, and
would provide drought tolerance by reducing leaf wilting point (Bartlett et al. 2012b). Though
this trait would also constrain maximum stomatal conductance (Henry ef al. 2019), the potential
influence on reducing growth at plant scale could be offset by adjusting LMF or nitrogen
allocation to photosynthesis. Other traits in our study likewise related to dry climates, i.e., leaf

mass per area, seed mass and root mass fraction did not overall scale up to an influence on RGR.

Implications of decoupling of RGR from adaptation to cold and aridity
The lack of a strong intrinsic trade-off between RGR and adaptation to cold or arid climates

across ecotypes has strong implications for the coexistence of genotypes and responses to
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climate change. Overall, these findings suggest that ecotypes are likely to coexist. If trade-offs
had existed, one would expect strong niche separation among fast-growing versus stress-tolerant
ecotypes. The decoupling of RGR and climate adaptation is consistent with the existence of both
stress tolerant and avoidant strategies under extreme climates. The decoupling of RGR from
climatic aridity across ecotypes would also result in less niche separation than if a trade-off had
existed, and thus contribute to the widespread distribution of Arabidopsis ecotypes and RGR
with respect to water supply (Appendix 3.1). Indeed, slow or rapid RGR would not disadvantage
given ecotypes across the range of aridity as ecotypes may adapt to climates with low annual
rainfall by growing rapidly when water is available, and/or by extending their growth longer into
the period of soil drying, consistent with the observed relationship of 7, to native climatic aridity
in this set of ecotypes.

Based on our predictions from ecological theory and further considering the high degree
of gene flow between most Arabidopsis populations in Europe (excluding populations of the
Iberian Peninsula; Alonso-Blanco et al. 2016), the decoupling of growth from cold and drought
adaptation would support a large species range given high gene flow (Appendix 3.1). This is
consistent with the fact that Arabidopsis is spread across much of Europe and Asia, and now
even occupies parts of North America (Alonso-Blanco et al. 2016). However, influence of
climate change on this species’ distribution is an avenue for future research. Indeed, a recent
study of Arabidopsis leaves preserved in herbaria found that leaf traits such as carbon isotope
ratio and C:N ratio shifted with climate change (DeLeo et al. 2020), and future work could
investigate how physiological changes within a population may lead to exclusion or coexistence

of genotypes with variable traits.
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Drought tolerance and leaf economics trait correlations with RGR

Overall, drought tolerance traits such as m, did not entail any constraint on RGR, indicating no
support for a trade-off of growth and drought tolerance traits. However, several leaf traits were
related to higher RGR and its most driving component, LMF, including larger, thicker leaves
with greater water-use efficiency and higher chlorophyll concentration. Producing larger leaves
can increase LMF and overall increase RGR in some cases (Conesa & Galmes 2019). Thicker
leaves had a higher N,.,, consistent with their having more cell layers, and would contribute to
higher photosynthetic rates per leaf area (Ripullone ef al. 2003; Wright ef al. 2004). Yet, RGR
was not strongly correlated with leaf economic spectrum traits, such as SLA, Narea or Nmass.
Indeed, across the ecotypes, high RGR was driven strongly by multiple components, with high
LMF being on average, and by far, the most important causal influence. These findings indicate
that ecotypes may adapt to rapid RGR with a range of alternative trait combinations, i.e., via
many-to-one mapping or trait multifunctionality (Marks & Lechowicz 2006; Sack & Buckley

2020).

Drawing inferences despite limitations of the experimental design
While our study was designed to test for strong intrinsic trade-offs between RGR and adaptation
to cold and aridity using a set of 15 diverse ecotypes measured in detail, inference depends on
several assumptions, which also highlight important aspects of the physiology of this widespread
model species.

We considered the adaptation to cold and aridity by using the native range of the species,
and tested the relationships with growth and traits as measured in a common garden. The

strength of our common garden design is that it reduces the plastic changes with respect to the

84



environment, such that any observed differences are due to genetic variation between ecotypes
(Cordell ef al. 1998; Dunbar-Co et al. 2009; Givnish & Montgomery 2014; Mason & Donovan
2015). However, the growth measured in the common garden represents a maximum rate under
high resource conditions, and plants in the field may achieve different RGRs according to abiotic
and biotic field conditions, including nutrient and water availability (Fernandez & Reynolds
2000). Further, the traits measured in the greenhouse do not reflect the potential acclimation of
plants to cold or drought; in drying soil, plants may root more deeply, allocate more strongly to
roots, and develop a higher LMA and a more negative osmotic potential (Huck et al. 1986;
Poorter et al. 2009; Comas et al. 2013; Bartlett et al. 2014; Eziz et al. 2017). However, traits
expressed in the common garden indicated adaptation to aridity without being associated with
variation in RGR or AGR, indicating that these stress tolerance traits do not intrinsically
constrain RGR or AGR across ecotypes.

The climate data we used represents the climate present at the sites from which seeds
were originally collected for each ecotype (Weigel & Mott 2009). This method of climate data
analysis is currently the standard in the field, though we acknowledge that climate data thus
based on a single point may not fully represent of the mean climate of the ecotype’s range, nor
indeed the range of microclimates occupied in the field. Our ecotypes did not include ecotypes
native to the hottest regions such as Spain, nor the full range of MAP represented in studies of
more ecotypes, such as Vasseur et al. (2018) or Atwell et al. (2010), which may have contributed
to the lack of a finding of association of RGR with climatic aridity. Nonetheless, the
relationships of RGR with native climate in our study were consistent with those reported in the
previous studies, and, indeed, if the trade-off between RGR and adaptation to dry climates were

strict, we would have expected to find a relationship even in a small diverse ecotype set
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representing semi-arid to humid climates. Similarly, our trait measurements for this set of 15
diverse ecotypes would likely not represent the full range of phenotypic variation across the
species, which may decrease our ability to find relationships that have been shown across diverse
species, though with this limited but diverse set of ecotypes, we could demonstrate the lack of an
intrinsic, absolute growth versus stress tolerance trade-off (see John et al. 2013 for further
discussion of inference from small sampling sets).

In our test of the putative growth versus stress tolerance trade-off we have assumed that
cold- and drought-tolerances are represented by the temperature and aridity of ecotypes’ native
ranges. This assumption was supported by a recent study that has directly linked adaptation to
dry climate in the native range with drought tolerance as assessed by survival in drying soil,
showing for a set of 211 Arabidopsis ecotypes found that survival in a field experiment at a dry
Mediterranean site correlated with survival in a drought experiment, and also with climatic
aridity in the native range (our analysis of data of Exposito-Alonso et al. 2018; Fig. S3.3).

We note that our findings of the relationship of RGR with flowering time are dependent
on the method of measurement. Studies that consider growth based on leaf area increment
between germination and flowering, typically show in a negative correlation of AGR or RGR
with flowering time, as ecotypes expand leaves more rapidly tend to do so over a shorter interval
(Debieu et al. 2013; Sartori et al. 2019). However, in our study, we considered mass-based
growth, focusing on a common growth interval, after which all the ecotypes had flowered, i.e.,
integrated across the full vegetative growth period, including the production of fruits, which is a
typical approach when comparing species for their growth (Kitajima 1994; Sack 2004). In this
design, we found a positive relationship between growth and flowering time, as expected, given

that species that flowered later would grow over a longer interval. Thus, overall, the balance of
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data suggest that flowering time is strongly linked with growth, but positively or negatively
depending on the comparative growth measurements, but weakly with climate, and does not

mediate a general trade-off.

Implications for seeking genes for variation in drought tolerance

Several studies have used Arabidopsis as a platform to discover genes and gene regions involved
in climate adaptation. Previous studies have tested which climate variables explained genetic
variation across Arabidopsis populations (Li et al. 2010; Hancock et al. 2011; Lasky et al. 2012;
Bac-Molenaar et al. 2016; Frachon et al. 2018; Vasseur et al. 2018; Ferrero-Serrano & Assmann
2019), and sought to identify genes for water-use traits or drought survival across Arabidopsis
populations (Ingram & Bartels 1996; Mojica et al. 2016; Exposito-Alonso et al. 2018). These
studies have not tested many physiological traits most directly related to drought tolerance, such
as m,, which is an especially promising trait in conferring drought tolerance. Our results extend
the theory of =, diversification and the relationship of this trait to climate adaptation. Previous
work had found the turgor loss point (mrLp), of which =, is the main determinant, to correlate with
drought tolerance at multiple scales: across habitats (Bartlett et al. 2012b), diverse species
(Bartlett et al. 2012b; Rosas et al. 2019), closely related species (Fletcher et al. 2018), and within
species (Mart ef al. 2016). Our results across Arabidopsis ecotypes confirm that traits such as m,
can predict plant drought tolerance. Bartlett et al. (2012b) found overall that despite the capacity
of plants to osmotically adjust to different growth environments, this adjustment does not
overwhelm the signal of the mrrp and its relationship with drought tolerance except in certain
crops. Future work should consider the importance of osmotic adjustment in Arabidopsis

specifically. Such discoveries will have huge potential to be applied to crop breeding (Flavell

87



2005; Liu 2010; Chew & Halliday 2011) and in determining species’ vulnerability to climate
change (Exposito-Alonso et al. 2018). The lack of intrinsic trade-off between growth capacity
and adaptation to aridity implies substantial flexibility that can enable crop breeding for

combinations of rapid growth and climate tolerance.

Conclusions

Across ecotypes of Arabidopsis we found no evidence of a trade-off between relative growth rate
(RGR) and cold or drought tolerance. We additionally found that RGR was not limited by any
single one of its components, or constrained by functional traits related to cold or drought
tolerance or avoidance. Based on ecological theory, these findings indicate that a lack of
constraint on possible RGR values across ecotypes would contribute to the species’ occupation
of a large climatic range, and a decline in the diversity of ecotypes in response to climate change.
Our results demonstrate a crucial need for understanding and establishing the physiological basis

of trait-climate relationships and their implications for ecology.
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Table 3.1. Traits measured for 15 ecotypes of Arabidopsis thaliana grown experimentally, with hypotheses and rationales for
expected correlation (positive, +, or negative, -) with cold or arid native climate due to adaptation for tolerance, or contribution to
stress avoidance (i.e., contributing to rapid growth in the period with favorable climate), or contribution to a high relative growth rate
(RGR). Hypotheses were compiled based on the published literature on Arabidopsis or other species, in general for comparisons of
populations within species, or for comparisons across species. Measured trait variation is also presented (minimum, average (bold) and
maximum mean ecotype values) with the results of an analysis of variance (ANOVA) testing for variation among ecotypes (mean
squares, percentage of variance explained by differences among ecotypes (with the remainder being explained within ecotypes)
significance levels for each trait; df, degrees of freedom; ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). T Trait was measured
using means; seed mass was measured as mean of 50 seeds per ecotype, and Nae, Was calculated using mean LMA and Npass. §

Flowering times were reported as single mean values in Alonso-Blanco et al., 2016. § df=7 for osmotic potential values.

Hypothesized correlations with Hypothe- Rationales for hypothesized linkages of
climatic temperature or moisture sized traits with climate adaptation and RGR
given adaptation to cold or aridity or  relationsh
to stress avoidance ip to
RGR
Trait Units Adaptation Adaptation  Stress Min Avg Max ANOVA for
to cold to aridity avoidant differences
among ecotypes;
df=14
Reproductive
Seed Mass g + + + + Seedlings from large seeds tend to have 1.56x107, 2.14x107°, na’
greater cold or drought tolerance due to 3.86x107
greater germination rates and greater ability
to allocate to rapid root growth before
stress, and, within a given species,
seedlings from larger seeds tend to have
higher RGR during establishment.t 2
Flowering Time (FT10/FT16) days na na +/- - Early flowering genotypes can complete 60.5, 73.1, 94.3/ na }
their life cycle earlier during favorable 38.0, 57.0, 89.3
periods and better avoid stress® and tend to
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Components of Relative Growth
Rate
Unit Leaf Rate (ULR)

Leaf Mass Fraction (LMF)

Leaf Mass per Area (LMA)

Other biomass allocation
Reproductive Mass Fraction
(ReproMF)

Root Mass Fraction (RMF)

Other leaf morphological traits
Leaf Area (LA)

gm
day

gg

gg

gg

cm

na

na

na

na

+/-

+/-
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have higher RGR.>* %7 Alternatively,
early flowering can also increase the chance
to experience late frost.®

As a component of RGR, a higher ULR
would confer faster growth during favorable
periods and avoidance of stress periods.” '’
A lower leaf mass fraction would confer
greater tolerance of cold or drought due to a
its representing a greater mass allocation to
resource capture and storage below
ground."' As a component of RGR, a higher
LMF would confer faster growth during
favorable periods and avoidance of stress
periods.” '

A higher LMA would confer greater
tolerance of cold or drought, corresponding
to lower evaporative surface and greater
water mass per leaf area, and greater leaf
mechanical protection."'* Specific leaf
area, the inverse of LMA, is a component of
RGR, and thus would confer faster growth
during favorable periods and avoidance of
stress periods.” %3

4.93,14.87, 35.88

0.11,0.42,0.76

Allocating more strongly to reproduction 0.07,0.51, 0.85
can potentially reflect earlier diversion of
resources to complete the life cycle earlier
during favorable periods and better avoid
stress™ However, allocating more strongly
to reproductive tissues may entail a cost to
photosynthetic tissues contributing to
RGR."

A higher root mass fraction would confer
greater tolerance of cold or drought due to a
its representing a greater mass allocation to
resource capture and storage below
ground.'' However, allocating more
strongly to root tissues may entail a cost to
photosynthetic tissues contributing to
RGR."

0.02, 0.08,0.17

Smaller leaf area results in a thinner
boundary layer, and leaves more closely
coupled with air temperature, thus avoiding
overheating and chilling damage, and
achieving higher photosynthetic rates and
water use efficiency under dry conditions,
as well as higher photosynthetic rates under

0.62,2.57,5.88

18.73, 30.51, 59.18

324.45, 0.65%**

0.301, 0.79%%**

760.87, 0.76%**

0.38, 0.81%**

0.012, 0.50%%**

11.35, 0.69%**




moist warm conditions, promoting more
rapid growth in favorable climates.'®
Alternatively, larger leaves can increase
LAR and thus increase RGR."

Leaf Thickness (LT) mm + + - - A thicker leaf would have higher LMA and 0.06, 0.16, 0.10 0.0049,0.77***
the same influences as LMA, listed
above.'>®
Leaf composition and biochemistry
Chlorophyll per Area (Chl/area) chlorop na na + + A higher chlorophyll concentration may 19.49, 30.10, 45.87 307.12, 0.80%**
hyll contribute to greater light harvesting and to
area” faster RGR under favorable climates."’
Osmotic potential at full turgor MPa - - + + A more negative osmotic potential may -1.02, -0.89, -0.79 0.063, 0.33 %%
(1) confer chilling tolerance and results in a

more negative turgor loss point, directly
conferring drought tolerance.”*' However,
the higher turgor pressure in hydrated
leaves may restrict stomatal opening®, with
a negative consequence for RGR under
favorable conditions.
Carbon isotope ratio (8"°C) %0 na - + - A more negative carbon isotope ratio -33.53,-31.65, -29.01  7.28, 0.82%**
indicates greater discrimination against °C,
suggesting more of their stomata are open,
which would lead to increased
photosynthesis and faster growtl
Increases in 8'"°C are related to increases in
water use efficiency, aiding survival in arid
climates.”
Leaf nitrogen per mass (Nmass) mgg na na + + Higher leaf nitrogen content would enable 34.11, 47.18, 62.16 347.20, 0.58%**
faster photosynthetic rates per leaf mass or
area”, potentially allowing for rapid growth
during periods of water availability.
Leaf nitrogen per area (Nyrea) g m> na na + + See above logic for Ny 0.89,1.36, 2.31 na'

23,24
h.

References: 1. Gomez 2004; 2. Turnbull et al. 2012; 3. Griffith & Watson 2005; 4. Kazan & Lyons 2016; 5. Kenney ef al. 2014; 6. Meyre et al.
2001; 7. Vasseur et al. 2018; 8. Bigler & Bugmann 2018; 9. Hunt 1990; 10. Hunt & Cornelissen 1997; 11. Sack et al. 2003; 12. Gonzalez-Zurdo et
al. 2016; 13. Poorter et al. 2009; 14. Sartori et al. 2019; 15. Poorter et al. 2012; 16. Wright et al. 2017; 17. Conesa & Galmes 2019; 18. Niinemets
2001; 19. Chaturvedi et al. 2011; 20. Bartlett et al. 2012b; 21. Parker 1963; 22. Henry et al. 2019; 23. Farquhar et al. 1989; 24. McKay et al. 2003;
25. Wang et al. 2003; 26. Wright et al. 2004
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Table 3.2. Ecotypes of Arabidopsis thaliana grown experimentally, in order of ascending aridity index (with a larger
value indicating greater humidity of the native climate), indicating substantial variation in leaf traits. Values of leaf
mass per area are means with standard error in parentheses. Values of flowering time at 10°C (FT10) and 16°C (FT16)
represent mean values for each ecotype (Alonso-Blanco et al. 2016). An asterisk indicates the ecotypes that were

measured for osmotic potential at full turgor (7).

Ecotype Origin Group LMA (g m?) Fro Frie Aridity MAI_)l (mm MAT (°C)
(days) (days) Index year )
CS76789* Relict 46.4 (6.3) 62.75 47.25 0.1381 281 22.7
CS76649 Relict 24.7(1.9) 63 41 0.2594 497 14.07
CS76532* Asia 56.1(5.4) 78.5 61.75 0.3047 493 14.21
CS77002* Italy/Balkan/Caucasus  27.8 (1.1) 77.25 78.75 0.6707 773 12.16
CS76778 (Col-0) Germany 22.6 (1.9) 70.5 38 0.7209 1023 13.12
CS76748 Central Europe 19.2 (1.5) 64 71.75 0.8632 806 10.93
CS76897* Germany 20.9 (1.7) 68 48.75 0.789 640 7.32
CS76379* Asia 59.2(5.1) 79.25 73 0.5978 705 2.7
CS78855 Central Europe 26.1 (3.5) 94.25 58.75 0.8285 648 6.52
CS78888* Admixed 30.0 (3.9) 71.75 51 0.923 838 9.54
CS76498 Germany 21.53.2) 71 44.5 0.9858 801 8.35
CS78916* Admixed 28.6 (1.8) 81.25 89.25 1.026 810 9.54
CS77170* Central Europe 35.7(3.6) 84.25 62.5 0.9717 705 4.72
CS76382 Asia 20.1(2.5) 69.75 51.25 0.6389 557 -2.87
CS76623 Western Europe 18.7(2.2) 60.5 38 1.7032 1572 10.03
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Table 3.3. Causal partitioning of log-transformed values of relative
growth rate (RGR) into its components, unit leaf rate (ULR), leaf
mass fraction (LMF) and specific leaf area (SLA), to show how
much of the observed differences in RGR across Arabidopsis
thaliana ecotypes is due to differences in each component. Median

values are displayed with the interquartile ranges.

Causal Median % Interquartile
Partitioning trait contribution range
RGR into ULR ULR 10.5% -734, 800
and LAR LAR 89.5% -700, 834
LAR into LMF LMF 112.7% 59, 185
and SLA SLA -12.7% -85, 41
RGR into ULR ULR 10.5% -734, 800

into
" LMF 100.99 -573, 1068

LMF, and SLA 9% 73

SLA -11.4% -592, 225
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FIGURE CAPTIONS

Figure 3.1. Relationships of relative growth rate (RGR) with native climate for 15 Arabidopsis
ecotypes grown in a greenhouse common garden, i.e., with (A) mean annual temperature, (B)
annual precipitation and (C) aridity index. The r-values with significance are based on linear

regression analysis with kinship. ns, P>0.05; *, P<0.05; **, P<0.01; *** P<0.001.

Figure 3.2. Variation across 15 Arabidopsis ecotypes grown in a greenhouse common garden in
(A) relative growth rate, (B) leaf mass fraction, (C) absolute growth rate, (D) specific leaf area,
(E) unit leaf rate and (F) root mass fraction. Ecotypes are ordered from lowest to highest value of

relative growth rate. Error bars indicate standard error.

Figure 3.3. Relationships of aridity index (Al) with traits for Arabidopsis ecotypes grown in a
greenhouse common garden, i.e., with (A) osmotic potential at full turgor (,); eight genotypes
(B) leaf mass per area (LMA); 15 genotypes (C) leaf density; 15 genotypes (D) leaf nitrogen per
area (Naea); 15 genotypes and (E) root mass fraction (RMF); 15 genotypes. The r-values with
significance are based on linear or power law regressions with kinship. ns, P>0.05; *, P<0.05;

** P<0.01; ***, P<0.001.

Figure 3.4. Relationship of growing season precipitation with carbon isotope ratio (8'°C) for 15
Arabidopsis ecotypes grown in a greenhouse common garden. The r-value with significance is

based on a linear regression with kinship. ns, P>0.05; *, P<0.05; **, P<0.01; *** P<0.001.
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Figure 3.5. Relationships of leaf mass per area (LMA) with (A) leaf nitrogen per mass (Nmass)
and with its components (B) leaf thickness and (C) leaf density for 15 Arabidopsis ecotypes
grown in a greenhouse common garden. The r-values with significance are based on linear or

power law regressions with kinship. ns, P>0.05; *, P<0.05; **, P<0.01; *** P<0.001.

Figure 3.6. Relationships between leaf economics traits for 15 Arabidopsis ecotypes grown in a
greenhouse common garden, i.e. for (A) leaf mass per area with leaf nitrogen per area (Narea) and
chlorophyll per area (inset panel) and for (B) chlorophyll per area with Nye,. The r-values with
significance are based on linear regressions with kinship. ns, P>0.05; *, P<0.05; ** P<0.01;

*ack P<0.001.

Figure 3.7. Relationships leaf traits with relative growth rate (RGR) for 15 Arabidopsis ecotypes
grown in a greenhouse common garden, i.e. for (A) leaf area and (B) leaf thickness with RGR.

The r-values with significance are based on power law regressions with kinship. ns, P>0.05; *,

P<0.05; **, P<0.01; ***, P<0.001.
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