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ABSTRACT OF THE DISSERTATION

Population-level response to past and future climate change across the native range of California

poppy

by

Elizabeth M. Ryan

Doctor of Philosophy in Biology
University of California San Diego, 2022

Professor Elsa Cleland, Chair

Increased aridity and temperatures are expected worldwide in the coming decades. Under
predicted levels of climate change, threatened organisms that cannot move must either adapt,
respond plastically, or depend on non-climatic factors to avoid extinction. Predicting how certain
species will respond to climate change can be complicated by population-level differences in
fitness-related traits, population growth rates and demography. We investigated 20 populations
of Eschscholzia californica (California poppy) distributed across a fourfold gradient in annual

precipitation. In a greenhouse and field common garden, plants received precipitation treatments



approximating the wettest and driest sites, crossed with either the presence and absence of a
1.5°C warming treatment or home soil inoculum. We documented strong clinal variation across
populations, with southern arid populations exhibiting the most drought tolerance. Populations,
especially from arid sites, had higher growth rates, seed set, biomass and rates of survival to
flowering under warm and wet conditions We also found that plants grown in home soil
inoculation produced 10% more biomass than when grown in common garden soil; however, the
influence of soil was small relative to the 13-fold variation across populations in fitness
responses to drought. Assisted gene flow sourced from arid population would be most likely to
allow populations to persist in the face of increasing warming and more extreme precipitation
trends. We also investigated evidence of evolution of traits, over a 60-year period of climate
change by comparing data sets from a 1958-1960 common garden and field collection by Stanton
A. Cook with a 2017 re-survey. This data set included 74 populations of E. californica
distributed across a sixfold gradient in annual precipitation. Seed diameter decreased over time,
consistent with expectations based on increasing aridity over the past 60 years. While percent
germination and stamen number did not change significantly over time. Our results suggest that
plant traits may be responding to a complex suite of climatic and non-climatic changes over the

past 60 years.
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CHAPTER 1: Clinal variation in phenological traits and fitness responses to drought across the
native range of California poppy
Abstract
Increased aridity, associated with climate change, is predicted worldwide in the coming

decades. Species persistence in the face of climate change is thought to be influenced by
plasticity, potential for adaptation, and dependence on non-climatic factors, but their relative
importance has rarely been quantified. We investigated 13 populations of Eschscholzia
californica (California poppy) distributed across a fourfold gradient in annual precipitation. In a
greenhouse, plants received precipitation treatments approximating the wettest and driest sites,
crossed with the presence and absence of soil inoculum from their collection location. We
documented clinal variation across populations; plants from southern populations (arid sites)
emerged later, flowered earlier, had shorter growing seasons, higher mean fitness, higher
reproductive effort, and were more drought tolerant than plants from northern populations (mesic
sites). A second experiment demonstrated clinal variation in biomass allocation, with higher root
allocation in northern populations. We found no evidence of adaptive phenological plasticity to
drought; instead, the drought treatment decreased fitness and growing season length
(maladaptive phenological plasticity) more for plants from mesic than arid sites. Individuals
grown with home soil inoculation produced 10% more biomass than when grown in common
garden soil; however, the influence of soil was small relative to the 13-fold variation across
populations in fitness responses to drought. Our results suggest that restoration efforts involving
California poppy may benefit from assisted gene flow; sourcing seeds from arid parts of the
species range may improve individual fitness and population persistence of this iconic species in

the face of future climate change.



1. Introduction

Under predicted levels of climate change, threatened organisms must either adapt, move,
or respond plastically, to avoid extinction (Anderson et al., 2012; Parmesan, 2006; Reed et al.,
2011; Shaw & Etterson, 2012; Urban, 2015). While individual species have already experienced
range shifts in concert with climate change in recent decades, they vary widely in their responses
(Chen et al., 2011), making it critical to develop better predictions regarding the potential for
species to both shift their ranges, and adapt evolutionarily in situ (Parmesan & Hanley, 2015;
Walther et al., 2002). Plants that cannot disperse rapidly across long distances may be at
heightened risk from rapid climate change (Huntley, 1991; Loarie et al., 2009). For these plants,
the ability to rapidly adapt will be even more crucial (Davis & Shaw, 2001).

Phenological traits are likely to be particularly important for predicting plant responses to
climate change. Previous work has shown that phenological traits are closely tied to fitness and
are often under strong natural selection (Anderson & Gezon, 2015; Franks et al., 2007; Wilczek
et al., 2010). Phenological traits also display significant phenotypic plasticity and are sensitive to
climate change (Donohue et al., 2010; Munguia-Rosas et al., 2011; Parmesan, 2006; Wolkovich
et al., 2012). The influence of warming has often been a focus of phenological research, but other
significant components of climate change, such as drought, can also cause plastic (Gugger et al.,
2015) and rapid evolutionary (Dickman et al., 2019) responses in plants. Because phenology is
linked to plant fitness, and is often climatically driven, if shifts in the specific timing of
biological events do not occur quickly enough to track climate change, species may suffer

declining fitness (Miller-Rushing et al., 2010).



Plasticity in both traits and fitness may promote species persistence, until adaptation can
occur, via short-term phenotypic responses to future climate change (Bradshaw, 1965; Ensing &
Eckert, 2019; Ghalambor et al., 2007; Lande, 2009; Nicotra et al., 2010; Reed et al., 2011;
Robinson & Dukas, 1999; Schlichting, 1986). For instance, in a synthesis of warming
experiments, species that accelerated their vegetative or reproductive phenology with warming
had higher average fitness than species with less phenological plasticity (Cleland et al., 2012).
While plasticity is often assumed to be adaptive, there are important instances when plasticity is
neutral or mal-adaptive (Bradshaw, 1965; Chevin & Lande, 2010; Schlichting, 1986). In these
cases, plasticity may still provide novel phenotypes for future evolution to act on (Nicotra et al.,
2010).

Within plant species, climatic and edaphic conditions across geographic space can lead to
clinal variation, and even local adaptation (Clausen et al., 1948; Endler, 1977; Hall & Willis,
2006; Peterson et al., 2016; Turesson, 1922). Clinal variation in key fitness-related traits can
reveal how climate has influenced the history of past selection and provides a window into the
potential for species to adapt to modern climate change (Etterson et al., 2016). Hence,
experiments that evaluate the response of populations to climate manipulations may help predict
species' responses to future climate change (Pearson & Dawson, 2003; Thuiller et al., 2008). In
addition to climatic factors, biotic interactions can affect population persistence under novel
conditions (Afkhami et al., 2014; Bueno de Mesquita et al., 2016). For example, mutualistic
interactions, like those with co-evolved specialist soil microbial communities, can promote local
adaptation (Pregitzer et al., 2010; Smith et al., 2012). Plants that are locally adapted to their
native microbial community may be less likely to establish when growing without such soils

(Johnson et al., 2010; Koziol et al., 2018; Schultz et al., 2001). Thus, both clinal variation and



local adaptation to biotic interactions, may constrain a species' ability to effectively move or
adapt to climate change and thus modify the predictions of species’ response to climate change
(Kelly et al., 2012).

There are both practical and theoretical motivations for evaluating the relative importance
of plasticity, clinal variation in relation to climate, and local adaptation to non-climate factors for
predicting population persistence in the face of climate change. Practically, restoration and
revegetation efforts may be more successful if they anticipate climate change by sourcing seeds
from populations in warmer and drier parts of the species range (Hufford & Mazer, 2003;
Rehfeldt et al., 1999). This type of "assisted gene flow" (AGF) may also accelerate adaptive
evolution through the introduction of favorable alleles (Aitken & Whitlock, 2013).
Understanding the relative importance of these factors is also important for our theoretical
understanding of the basis of species range limits (Sexton et al., 2009), which are frequently
limited by climatic and non-climatic factors (Stanton-Geddes et al., 2012). Species distribution
models (SDMs) are often used to predict current species ranges, and future distributions under
future climate scenarios (Hijmans & Graham, 2006; Kearney et al., 2010). However, if
populations have narrower climatic tolerances than the species as a whole, then accurate
predictions of future species distributions will need to incorporate these parameters (Atkins &
Travis, 2010; Oney et al., 2013; Pearman et al., 2010; Peterson et al., 2019). Experiments
evaluating climatic versus non-climate (e.g. biotic) impacts on population persistence can act as
proof-of concept tests of SDMs (Dixon & Busch), and can identify the factors underlying species
range limits (Briscoe Runquist et al., 2020). Few studies, however, have specifically evaluated

how clinal variation and local adaptation to non-climate factors, such as soils, interact to predict



population and species responses to climate change (Compagnoni & Adler, 2014; Kardol et al.,
2014; Macel et al., 2007).

Here, we investigated clinal variation in traits (phenological and allocation), fitness, and
plastic responses to drought and the presence of home soil, for 13 populations of California
poppy (Eschscholzia californica) distributed across a climate gradient characterized by a
fourfold difference in precipitation. We should note that while this study took place in the native
range of California poppy, it is invasive in other regions (e.g. 73). Driven by rising global
temperatures, aridity is expected to increase in nearly all terrestrial regions of the globe (except
Northern Africa and high latitudes), even in areas where precipitation is expected to rise, due to
increased evaporative demand with higher temperatures (Berg et al., 2016; Cook et al., 2014;
Dai, 2013; Feng & Fu, 2013; Scheff & Frierson, 2015). This makes adaptation to increased
aridity one of the most globally relevant aspects of plant responses to future climate change. Our
study was conducted in the Mediterranean-climate region of California, a region expected to
become warmer and drier, with increasingly severe drought periods (Cayan et al., 2008; Dai,
2013). Climatic changes have already caused local and regional declines in the diversity of
California wildflowers (Harrison et al., 2015), and they are likely to exert significant directional
selection pressures on extant populations (Jump & Pefuelas, 2005). Further, in this region the
effects of a changing climate are compounded by habitat loss and fragmentation (Underwood et
al., 2009), limiting the ability of organisms to migrate in response to these environmental
changes (Davis & Shaw, 2001).

California poppy, the state flower, exhibits large intraspecific variation across its range.
Prior studies have found geographic variation in longevity and higher potential for seed

dormancy in drier sites (Cook, 1962), variation in below-ground allocation (Boucher, 1985), and



evidence of local adaptation to climate (Leger & Rice, 2007). We expanded on prior work in this
model system to: 1. document population-level differentiation in phenological traits, root
allocation and plant fitness, and tested the hypothesis that this population-level variation was
associated with the aridity gradient across California, consistent with a history of past selection
in relation to climate. 2. quantify population-level plasticity in phenological traits, root allocation
and fitness in response to drought. 3. evaluate evidence for local adaptation to soil factors, via
biotic interactions with associated microbial communities and/or other soil chemical or physical
properties, by growing plants with or without soil inoculum from their home collection site.

We expected to find population level variation in traits and fitness in response to both
drought and presence of home soil inoculum. Under drought conditions, we expected populations
from southern arid sites would have higher fitness than those from northern mesic sites, and vice
versa under high precipitation conditions, consistent with past meta-analyses documenting
frequent local adaptation to climate in plants (Leimu & Fischer, 2008). We expected populations
from more arid sites would have higher instances of delayed germination, an adaptation to
variable environments (Venable & Brown, 1988). We also expected populations from more arid
sites would flower earlier and have shorter growing seasons than those from more mesic sites,
because dry conditions should favor earlier reproductive phenology to avoid late season stress
(Aronson et al., 1992; Franks, 2011; Franks et al., 2007; Hall & Willis, 2006; Sherrard &
Maherali, 2006). With respect to biomass allocation, we expected to find higher allocation to
roots in mesic-site populations, consistent with prior observations from three populations in
central California (Boucher, 1985). By subjecting individuals from different populations to a
drought treatment, we evaluated variation in plasticity (i.e. genotype X environment interactions)

(Schlichting, 1986; Sultan, 1987). We expected the greatest plasticity in populations from arid



sites that historically experienced higher levels of environmental variability both within and
across years (Bradshaw, 1965; Chevin & Hoffmann, 2017; Gugger et al., 2015; Pratt & Mooney,
2013; Schlichting, 1986). Finally, we expected the potential benefits of local adaptation to home
soil inoculation would help ameliorate the negative fitness effects of drought (Pregitzer et al.,
2010; Smith et al., 2012). Together, by identifying populations that have the greatest potential for
persistence under future climate conditions and assessing whether soil inoculations are an
important complement to support AGF, we aimed to use these findings to improve restoration

success in the face of climate change.

2. Materials and Methods
2.1 Collection and preparation of seeds

Between April and July, 2017, we collected E. californica seeds from 30 natural (non-
planted) populations in California. Thirteen of the original 30 sites were chosen as the focus of
this study; these populations had an annual life history when grown under common garden field
conditions between 2018 and 2020 (Ryan & Cleland, in preparation). Populations with the
potential for perennation were excluded because they preclude a direct comparison of lifetime
fitness within the timeframe of a greenhouse experiment. The collection sites for these 13
populations are distributed over 700km in southern, central, and northern California (32.8-38.9
latitude) and span a climatic gradient with a fourfold increase in precipitation (Figure 1, Table 1).
Within a collection site, seed pods were collected across the population from 10 maternal plants
spaced at least 5 meters apart, and subsequently bulked, so the maternal lines were fully
randomized within the population seed source. Seeds were stored at room temperature until

planting. Seeds were surface sterilized with a 5,000 ppm concentration of Clorox Household



Bleach (8.25% active chlorine) and treated with a 500 pm concentration of gibberellic acid to
help break dormancy (Cook, 1961; Fox et al., 1995). Populations from arid sites have a higher
instance of seed dormancy (Cook, 1962; Montalvo et al., 2002), even after gibberellic acid
treatment (Cook, 1961). Five soil cores (20 cm deep, 2.5 cm diameter) were taken at each
collection site, 15¢cm away from five evenly dispersed maternal plants, and subsequently

homogenized to a single sample for soil inoculation.

2.2 Common garden design and home soil treatment

The greenhouse common garden was located at the University of California San Diego
Biological Field Station in La Jolla, CA (32.8855, -117.2299). This site is coastal, and like all the
collection sites has a winter growing season (average annual precipitation: 26.7cm, average
annual temperature: 16.9°C; full list of sites in Table 1). Although winter rains often start in
November, the onset of the growing season has been delayed in recent years due to lower than
normal fall precipitation, a trend expected to continue in the future (Pierce et al., 2018). Seeds for
this greenhouse experiment were planted on January 24, 2018, following the start of the rainy
season in January. The 13 populations of E. californica were planted in 5 Liter tree pots (Stuewe
& Sons CP512) in a randomized block design and grown under 4 experimental treatments
(factorial combinations of rainfall and soil inoculation treatments), with eight replicates of each
population by treatment combination (a total of 416 pots, Data S1). Tree pots were filled 95%
with sterilized soil from Oceanside, CA. A total of 2.01 metric tons of soil was autoclaved for
this purpose. Half of these pots were then filled 5% with un-sterilized soil from the same source
in Oceanside, referred to as “common” soil. The remaining half of the pots were filled with 5%

of un-sterilized soil from the source populations, referred to as “home” soil (i.e. each of the 13



populations received a unique "home" soil). Seeds were pre-treated with a 500ppm gibberellic
acid solution 24 hours before planting to break dormancy. Three seeds were planted in each pot,
Icm below the surface, because light inhibits germination of E. californica (Fox et al., 1995).
The first seedling to emerge was the focal individual, and any later emerging seedlings were
removed. The eight blocks were separated by 0.5m and rotated every three weeks to minimize

the effect of greenhouse environmental variation.

2.3 Experimental drought treatments

The high precipitation and drought treatments approximated the annual precipitation
totals of the wettest (McLaughlin UC Natural Reserve, 98.1cm annually) and driest sites (Motte
Rimrock UC Natural Reserve, 26.72cm annually). Plants were watered 75 mL every 2 days in
the high precipitation treatment, and 40 mL every 4 days in the drought treatment. At the start of
the experiment, plants were watered at an intermediate level, halfway between the drought and

high precipitation treatments for two weeks to ensure sufficient germination.

2.4 Soil moisture data collection

Soil moisture levels were measured every two weeks from March-June with a Field Scout
TDR 100 Soil Moisture Sensor, which measures volumetric water content at a depth of 12cm, to
assure the precipitation treatments were influencing soil moisture as expected (see

supplementary figure S2).

2.5 Phenology Data collection



We conducted daily phenology surveys on emergence, day to first flower and senescence.
Flowering was calculated as the number of days between emergence and day to first flower, to
represent time to reproduction. The growing season for an individual started at emergence and
ended at senescence when there was no longer any above ground living biomass. Individuals
were harvested at this time and the root was examined to confirm the plant was not dormant.
Because of the high degree of variation in population senescence, harvesting was staggered
based on end of growing season to avoid above-ground decomposition before drying and
weighing for accurate plant performance measurements. Biomass was harvested between May

20, and September 21, 2018.

2.6 Plant Performance Data collection

We used total seed mass and above ground plant biomass as proxies for fitness.
Individual E. californica plants grown under our greenhouse conditions can produce over 10,000
seeds, and we found seed number was strongly predicted by seed mass (see supporting Figure
S1). E. californica is self-incompatible [82, 85], and our greenhouse is screened and maintained
to be free from insects. Flowers were hand pollinated (every 1-2 days) by transferring pollen on a
cotton swab from individuals within the same population. After harvesting, above ground
biomass was dried at 40°C, before weighing. Above ground biomass, as reported in our analysis,
is the addition of dried vegetative biomass and dried seed pods, with all seeds removed.

Reproductive effort % for a plant is total seed mass/above ground biomass.

2.7 Aridity Calculations, and correlations among environmental variables across collection sites

10



To examine patterns in mean annual Aridity we used the Thornthwaite function in SPEI
v1.7 to calculate monthly potential evapotranspiration (PET) (R Core Development Team 2019).
The Thornthwaite formula is a standard calculation that uses temperature and daylength (via
latitude and month) to estimate the water needs of plants in a specific environment
(Thornthwaite, 1948). Aridity index (Al) values that are low indicate arid environments, while
high values indicate mesic environments (Data S2). See Supplemental Material for detailed
methods of the Aridity index calculation. Correlations among the environmental variables listed
for each population collection site in Table 1 were evaluated using Pearson correlations from the
Hmisc package in R (Harrell et al., 2019). As expected, the environment becomes colder, wetter,
and more mesic (higher Al values) with increasing latitude across our sites going from south to
north. The collection sites also become warmer, drier, and more arid with decreasing longitude
from west to east, representing a coastal to inland gradient (see statistical summary of

environmental correlations in Table S1).

2.8 Organic matter loss on ignition (LOI)

We measured soil organic matter from the field collected soils, because SOM is strongly
associated with soil water holding capacity. We sequentially dried three replicates of 5.0 grams
of soil collected from each site in a muffle furnace. First, samples were dried for 12 hours at
100°C to remove water. Samples were then dried at 550°C for four hours, an optimal
temperature and duration for measuring organic matter loss in soil, and then cooled and weighed

(Heiri et al., 2001; Santisteban et al., 2004).

2.9 Below ground versus above ground allocation

11



Using the same populations and planting methods as the main experiment, we performed
a second experiment, planted October 16, 2019, and harvested between May 21 and September
19, 2020. For this second experiment all plants were grown under the high rainfall treatment.
Root biomass was collected by passing the entire contents of each pot through a 4 mm sieve,
immediately following above-ground biomass collection. The root biomass was subsequently
submerged in tap water to remove mineral soil, transferred to an envelope, and dried at 40
degrees C to constant mass (at least 72 hours). We calculated the root mass fraction as

belowground biomass divided by total biomass (above- plus belowground biomass).

2.10 Statistical analysis

All analyses were conducted in R version 3.6.2 (R Core Development Team 2019).
Analysis of phenological traits and fitness in relation to aridity, precipitation treatment, and soil
inoculum were conducted with linear mixed effect models using the /me call in the package nlme
(Pinheiro et al., 2013), where population was included as a random factor (see Supplemental
Material for R code). Statistical significance for fixed effects was evaluated with type-II tests
using the Anova function in the car package (Fox & Weisberg, 2019), based on a Wald Chi-
square tests. Significant effects of aridity indicated clinal variation in the response variables;
significant main effects of precipitation treatment and soil inoculum indicated plasticity in
response to these treatments when averaged across all populations; and significant aridity by
precipitation or soil inoculum treatments indicated clinal variation in plasticity in response to
these factors. In other words, the site aridity by treatment interaction is akin to genotype x
environment interaction that varies across populations, and is a test of the hypothesis that greater

phenotypic plasticity evolves in more arid (harsh and unpredictable) environments.
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We evaluated whether clinal variation (mean traits) or plasticity (change in traits) were
adaptive to rising aridity by correlating traits with plant fitness (above ground biomass or total
seed production) under the drought treatment, where each population was an observation in the
analysis (i.e. N=13 for the correlations). Analysis of the root mass fraction data used the same
method, except that the precipitation and inoculum treatments were not included in the model.
We visually inspected quantile-quantile plots of all model residuals for normality using the
qqnorm function (see Supplementary figures S5-S11 for plots). We further compared our results
to models specifying a Poisson error structure in the glmmadmb package (Fournier et al., 2012),
for days to emergence, seed mass, and reproductive effort. In all cases models assuming
Gaussian errors had lower AICs than those with alternate error structures; hence we proceeded

with our analyses as described.

3. Results
3.1 Clinal variation and association between phenological traits and fitness

Across all treatments we documented clinal variation in phenological traits (i.e.
emergence timing, flowering timing, growing season length) and fitness (i.e. biomass, seed
production, reproductive effort) in relation to site aridity (Figure 2 A, B, C, D, E, F, Table 2).
Southern populations from more arid sites emerged later, flowered earlier, had shorter growing
seasons, and had higher fitness than northern, mesic, populations (Table 2). When averaged
across all experimental treatments, the most arid site had 130% more above ground biomass than
the most mesic site (1245 mg for Motte Rimrock UC Natural Reserve versus 541 mg for

McLaughlin UC Natural Reserve). Therefore, variation in phenological traits (emergence,
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flowering, growing season length) and fitness were correlated when considered across

populations (Table 3).

3.2 Plasticity and its association with fitness under drought

Clinal variation in plasticity in phenological and fitness traits was evident in relation to
site aridity. The drought treatment decreased growing season length more for plants from
northern populations in more mesic sites (Figure 2C, Table 2), and these more plastic northern
populations had lower fitness under drought (Table 3). The drought treatments decreased fitness
and reproductive effort three-fold when averaged across all populations (Table 2). The negative
impact of drought was expected; however, contrary to our expectations, populations from arid
sites had higher plasticity in fitness response to the drought treatment, increasing their above
ground biomass and seed mass more than northern populations did under high precipitation
conditions (Figure 2 D, E, Table 2). Plasticity in growing season length was associated with
fitness responses to drought (Table 3); populations with a greater decline in growing season
length had lower fitness under drought. Flowering time plasticity was not associated with fitness

differences among populations under drought. (Figure 2B, Table 3).

3.3 Influences of home vs away soil inoculations

When averaged across all populations and precipitation treatments, individuals grown
with home soil inoculation emerged and flowered earlier (1 and 3 days respectively), had longer
growing seasons (4 days), and produced 10% more above ground biomass (866 mg versus 957
mg) than individuals grown in pots filled entirely with common garden soil (Figure 3, Table 2).

These responses to home soil inoculation were not correlated with the quantity of organic matter
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in the soil (supporting Table S2), nor soil moisture levels across the course of the experiment
(supporting Figure S2). There were no interactions between home soil inoculum and

precipitation treatment for any variable (Table 2).

3.4 Below ground versus above ground allocation

Our additional experiment shows clinal variation in root allocation, with increasing root
allocation associated with increasingly mesic sites (Figure 4). While mesic site populations have
higher belowground biomass, this experiment again showed their above ground biomass was

significantly lower than arid site populations (supporting Figures S3 and S4).

4. Discussion
4.1 Summary

Our experiment revealed striking clinal variation in phenological traits, belowground
allocation, mean fitness, and response to drought, across the range of California poppy.
Populations from more arid sites emerged later, flowered earlier, had shorter growing seasons,
and had higher average fitness than populations from more mesic sites. The drought treatment
also decreased growing season length and fitness more for populations from mesic than arid
sites. Our results did not show evidence of adaptive phenological plasticity to drought, but
instead suggested maladaptive phenological plasticity in response to drought in mesic site
populations. Inoculation with home soil increased biomass by a modest 10%, but this potential
influence of local adaptation to soils was small in relation to the large clinal variation in
performance between the extreme arid and mesic sites (130% greater biomass of the most arid as

compared to the most mesic site population). Together these lines of evidence support the idea
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that promoting gene flow from arid to mesic sites during restoration efforts (i.e. AGF) could
improve the potential for population persistence in the face of drought. These results further
suggest clinal variation may be more important for improving predictive models than local

adaptation to soils, at least for widespread species such as California poppy.

4.2 Clinal variation and association between phenological traits and fitness under drought

The clinal variation in phenological traits we observed in California poppy is consistent
with patterns of genetic variation in relation to climate observed for other widespread species in
California (Clausen et al., 1948; Peterson et al., 2016; Pratt & Mooney, 2013). We predicted that
populations from southern, more arid sites, would have higher fitness under drought, while
populations from northern, more mesic sites, would have the highest fitness under the high
precipitation treatment. Contrary to expectations, the southern arid populations out-performed
mesic populations under both precipitation treatments, and the arid populations had a more
positive fitness response to high precipitation than the mesic populations. Leger & Rice (Leger &
Rice, 2007) documented clinal variation in E. californica populations both in the native range in
Northern California and in the invasive range in Chile. In both regions plants from more arid
locations grew larger and produced more seeds in a common garden, although they did not
evaluate population-level variation in response to experimental manipulations.

Our study also documented greater plasticity in fitness in the populations from more arid
sites, which showed greater gains in biomass and seed set under high rainfall compared to
populations from more mesic sites. In a common garden experiment with rainfall treatments,
Pratt and Mooney (Pratt & Mooney, 2013) found similar results with populations of the shrub

Artemisia californica collected from coastal California; plants from southern populations had a
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higher fitness gain under high precipitation than northern populations (see Figure 2 D & E).
Southern California experiences greater interannual rainfall variation than the northern part of
the state, and is the most climatically variable part of the U.S. (Dettinger et al., 2011b). The
capacity for populations from more arid and climatically variable locations to capitalize on
favorable conditions to improve fitness is consistent with theory suggesting these environments
should favor plasticity (Bradshaw, 1965; Chevin & Hoffmann, 2017; Gugger et al., 2015; Pratt &
Mooney, 2013; Schlichting, 1986).

We also documented an almost 75-day longer growing season in populations from mesic
sites compared to arid sites. Populations varied by approximately three days in time to
emergence: populations from arid sites had delayed germination, as well as a greater potential for
seed dormancy [Ryan, unpublished data], both adaptations to highly variable environments
(Rees, 1994; Venable & Brown, 1988). However variation in time to senescence contributed the
most to the longer growing season of the populations from mesic sites, suggesting that
populations adapted to short growing seasons may have developmental programs, such as
programmed cell death, that prevent them from taking advantage of late-season soil moisture
(Thomas et al., 2000).

In sum, we found strong correlations between the average phenology of a population and
its fitness; the populations from the more arid collection locations, with fast growth and
flowering, and short growing seasons, had the highest fitness under drought. However, the
populations from arid sites also had the highest fitness under all conditions; potentially reflecting
the fact that our common garden was in located in Southern California, where factors such as
daylength would be most similar to the conditions experienced by Southern populations.

Regardless, our results suggest that clinal variation in phenology and fitness are strongly
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associated with climate (in our case aridity). Consistent with our results, Kooyers et al. (Kooyers
et al., 2019) found that the timing of flowering was key to the fitness advantage of local
adaptation with respect to drought escape in Erythranthe guttata, a widespread species in

California and Oregon.

4.3 Phenology is key to understanding variation in life-history across species ranges

The significant variation in flowering phenology across our populations is likely related
to significant life history variation across the range of E. californica; a perennial life history is
more common in mesic locations and an annual life history is more common in arid locations
(Cook, 1962). Similar to other studies, populations in the arid portion of the range flowered
faster and had a shorter growing season than populations from the mesic portion of the range
(Aronson et al., 1992). In general, fast flowering and an ability to produce seeds in a short
growing season are traits associated with an annual life history; theory suggests an annual life
history should evolve in environments that are unfavorable to adult survival, such as arid
environments with short seasons favorable to plant growth (Schaffer & Gadgil, 1975; Stearns,
1992). Consistent with theory, recent experimental work has shown the potential for rapid
evolution of earlier phenology in response to drought (Dickman et al., 2019; Franks, 2011;
Franks et al., 2007; Sherrard & Mabherali, 2006).

The findings reported in this study were from populations with annual life histories,
allowing us to compare lifetime fitness across the populations. One prediction of life-history
theory is that plants with a shorter time to reproduction will invest proportionally more in
reproduction, i.e. have higher reproductive effort (Primack, 1979), and indeed we observed

higher reproductive effort in the populations on the more arid end of the range. However,
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populations from the northern, more mesic portion of the range displayed traits such as longer
time to flowering and greater allocation to roots, both strategies associated with perenniality
(Moriuchi & Winn, 2005). Hence, even though our populations are functionally annual, there is
likely gene flow between annual and perennial populations, especially in the more mesic portions
of the species range; molecular genetic studies could confirm this. While classic views on life-
history theory have traditionally considered discrete life-history categories such as annual versus
perennial, (Charnov & Schaffer, 1973; Cole, 1954), we suggest that continuous phenological and
allocation traits which are tightly linked to fitness support a more nuanced view of life-history

evolution (Friedman & Rubin, 2015; Thomas et al., 2000).

4.4 Evidence for maladaptive phenological plasticity in response to drought

In this experiment we found no significant plasticity in flowering phenology in response
to drought within populations. However, we did see evidence of maladaptive plasticity in
growing season length, where a shorter growing season in response to drought was associated
with a decline in fitness, a response previously documented in annuals (Aronson et al., 1992).
Our results also show that the populations from more arid sites displayed less plasticity in
growing season length, and hence, a higher fitness in response to drought. More work is needed
to determine the conditions, taxa, and populations where plastic phenological responses are key
for understanding fitness responses to a changing environment (Fox et al., 2019; Nicotra et al.,

2010).

4.5 Home soil advantage
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We found plants emerged and flowered earlier, had longer growing seasons, and
produced more above ground biomass when grown with home soil inoculum, regardless of
population source. On average, there was a 10% increase in biomass when plants were grown
with home soil inoculum, which was consistent across populations. Neither soil organic matter
content nor soil water holding capacity of the home soils was associated with the biomass
increase, suggesting the microbial community may have been responsible for the increase in
fitness of plants growth with home soil inoculum, although we cannot rule out the possibility that
the common soil was lower in nutrients than all home soils. Broadly, our findings are consistent
with other research suggesting local adaptation of plants to their soil microbial communities
(Pregitzer et al., 2010; Smith et al., 2012), and that restoration outcomes can be improved by
inoculating soil with microbial communities that benefit target plants (Johnson et al., 2010;
Koziol et al., 2018; Schultz et al., 2001).

Presence of home soil inoculum did not modify population responses to drought (i.e.
there was no interaction between precipitation and soil inoculum treatments), indicating that
while plants benefited from home soil inoculation, inoculation did not ameliorate fitness declines
caused by drought. We should also note that the 10% increase in biomass with soil inoculation is
small relative to the 130% difference in biomass between populations with the highest versus
lowest fitness in the experiment. Together we conclude that sourcing seeds from populations
with high drought tolerance will have a greater impact on restoration success (as measured by

plant fitness), compared with home soil inoculations.

4.6 Caveats of our study
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We acknowledge some important caveats regarding our experimental approach which
limit the generality of our findings. First, plant growth is sensitive to precipitation timing, in
addition to the magnitude of precipitation events (Fay et al., 2003). While the greenhouse
approach enabled us to sterilize and inoculate soils, this limited the realism of our precipitation
treatments. We watered more frequently than plants would experience rainfall events in the field,
which was necessary because soil moisture declines quickly due to evapotranspiration for plants
grown in pots. Additionally, we used field-collected seeds for this experiment, and hence
maternal effects likely contributed to the variation in traits and fitness (although the inclusion of
population as a random effect in our statistical models accounted for unmeasured site variation,
such as soil fertility). Similarly, we acknowledge that we pre-treated our seeds with gibberellic
acid, a standard method to induce germination, and hence the timing of germination in our
experiment was likely accelerated (by about one day) compared to the timing of germination for
untreated seeds (Fox et al., 1995). Another caveat is that our plants were grown without
supplemental lighting, and hence experienced southern California daylength, which would have
been longer in the winter, and shorter in the summer, than the population locations in northern
California. Daylength is a significant cue for flowering in E. californica (Lyons & Booze-
Daniels, 1986), but we do not yet know the importance of daylength relative to other germination
cues across populations. Although we attribute clinal variation in E. californica populations to
variation in site aridity, we cannot preclude that other drivers (such as daylength or specific
climatic factors) could be selective agents responsible for clinal variation in this species, due to
the strong correlations among latitude (which correlates with daylength), the aridity index, and
other climatic variables across our seed collection sites (see Table S1). Finally, it is important to

note that our study is aimed at understanding how clinal variation might improve restoration
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efforts for species within their native range, such as E. californica, which is commonly used in
restoration. However, care should be taken when moving any species outside of its historical

range, including E. californica, which has the potential to be invasive.

4.7 Implications for species distributions under future climate change, and conservation efforts

Species distribution models (SDMs) are commonly used for projecting biodiversity loss
due to climate change, and hence conservation priorities (Trisos et al., 2020; Warren et al.,
2018). The significant clinal variation we observed across the range of California poppy in
relation to site aridity and drought response support efforts to improve projections of future
species ranges by including population variation (Héllfors et al., 2016; Marcer et al., 2016; Oney
et al., 2013; Pearman et al., 2010) and adaptive potential (Hamann & Aitken, 2013) in SDMs.
Experiments such as ours can also provide important tests of these models. For instance, the
populations from arid sites had higher fitness under precipitation levels found far from their
home sites, violating a basic SDM assumption that potential suitable habitat for a population is
found only within its current local climate (Hijmans & Graham, 2006; Kearney et al., 2010).
Efforts to improve SDMs, such as the development of demographic distribution models (DDMs)
focus on population level persistence (Merow et al., 2014). Experiments such as this one can
provide important data on population-level fitness in different environments, key for the
parameterization and testing of these DDMs.

Our results also have important implications for restoration and revegetation efforts
seeking to identify seed sources with the highest potential for successful establishment (Breed et
al., 2013). Although populations with the closest geographic proximity are often recommended,

they may not optimize restoration success (Jones, 2013; McKay et al., 2005). Experimental
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crosses have demonstrated that gene flow from populations in the warmer parts of the range
results in higher fitness of offspring at range edges under warmer conditions (Bontrager &
Angert, 2019; Sexton et al., 2011). The results from our experiment suggest that in California,
populations from the warmer, drier end of the range would be promising candidates for
restoration locations predicted to experience rising aridity and long-term drought.

Assisted gene flow (AGF) is a promising conservation strategy, aiming to introduce
favorable alleles into target populations, and hence speed adaptation through contemporary
evolution (Aitken & Whitlock, 2013). However, if populations are locally adapted to non-
climatic factors, the introduction of non-local genotypes could decrease population fitness
(Aitken & Whitlock, 2013; Weeks et al., 2011). Our results suggest that local adaption to soils
has a small influence on plant performance, compared with the genetic variation across
populations in relation to historic climate, as has been found previously (Kardol et al., 2014;
Macel et al., 2007). A potential challenge to restoration efforts seeking to employ AGF hinges on
the dramatic clinal variation in phenology we observed; our studies and others (Wadgymar et al.,
2015) suggest that phenological differences among populations could limit successful gene flow,
if the introduced individuals don't flower synchronously with the target population. Regardless of
these challenges, species that are economically or culturally valuable but are at a low risk of
local extinction, such as E. californica, might be promising candidates for early, experimental,
AGF efforts. Even if local extinction is unlikely, a decline in fitness due to climate change in
such widespread iconic species, could have ecological and tourism-related economic effects that

would likely exceed the risks of AGF (Aitken & Whitlock, 2013; Mooney et al., 2009).

5. Conclusion
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Our study joins a small number of other studies which have compared the relative
importance of local adaptation (clinal variation in our case) to climate and non-climate factors
for predicting population responses to climate change. In our case, clinal variation in relation to
aridity was a stronger predictor of response to drought than local adaptation to home soils. A
strength of this study lies in the large number of sampled populations (13) compared with prior
studies that have quantified the relative importance of local adaptation to climate and non-
climate factors such as soils (Kardol et al., 2014; Macel et al., 2007) (3 population sources each)
or competition from neighbors (Compagnoni & Adler, 2014; Stanton-Geddes et al., 2012) (3 and
7 populations respectively). In the future, data from experiments could improve predictions of
species persistence in the face of climate change by incorporating clinal variation into integral
projection models (Merow et al., 2014), thus incorporating demographic variation across
populations with varying genetic potential to respond to climate (Metcalf & Pavard, 2007).

Further, our findings highlight that species are unlikely to respond consistently to climate
change across their geographic range; clinal variation in relation to climate is likely in many
widespread species. However, experiments such as these are time-consuming, and would be
infeasible to conduct for the large number of species and populations at risk for declines with
climate change. The strong association we documented between phenological traits and fitness
provides a potential path forward. For instance, phenological observation networks are
documenting variation in phenological sensitivity to climate across species ranges (Crimmins et
al., 2017), and when paired with observations of species abundances could help document
whether the association between population-level phenology and fitness is also found in other

widespread species.
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Table 1.1. Collection locations, climate means, and elevations for the 13 focal populations of E. californica
in California, USA. Greenhouse location and environmental conditions for the two precipitation
treatments are provided for comparison. Abbreviation is the number used to label points in Figures in this
manuscript, which correspond to a given population.

Mean Annual Mean

Site Name Abbreviation Precip. (cm) Annual  Aridity Latitude  Longitude Elevatio

Temp. Index n (m)

(C)

Motte Rimrock UC Reserve 1 26.72 17.8 0.2765 33.7985  -117.2545 502
Torrey Pines State Park 2 27.25 16.9 0.3377 32,9233  -117.2586 42
Mission Trails Regional Park 3 33.55 18.1 0.3672 32.8449  -117.0467 181
Dawson UC Reserve 4 32.18 17.2 0.3710 33.1490  -117.2578 130
Wildomar (Clinton Keith Rd.) 5 40.41 18.4 0.3911 33.6017  -117.2312 387
Antelope Valley State Nat. 6 36.30 16.4 0.4048 34.7338  -118.3786 828
Reserve
Point Mugu State Park 7 41.66 17.2 0.4515 34.0880 -119.0343 91
Carrizo Plains National 8 37.99 15.2 0.4721 35.2125 -119.8765 597
Monument
Fort Ord UC Reserve 9 37.72 13.8 0.5603 36.6868 -121.7784 46
Sedgwick UC Reserve 10 57.61 16.3 0.6738 34.7054  -120.0560 425
Blue Oak Ranch UC Reserve 11 58.87 14.6 0.6901 37.3808 -121.7384 542
Hastings UC Reserve 12 53.80 14.5 0.7947 36.3855  -121.5551 659
McLaughlin UC Reserve 13 98.10 14.6 0.9292 38.8602 -122.4166 701
Greenhouse — High Water 98.10 17.9 0.9040 32.8855  -117.2295 60
Greenhouse - Drought 26.72 17.9 0.2598 32.8855  -117.2295 60
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Table 1.3. Pearson correlations between fitness (biomass and seed mass) under drought
conditions and mean population-level phenological traits, or mean population-level
plasticity in those traits (see Methods for details). Plasticity metrics were calculated as the
difference between the population mean trait value under the drought treatment and the
high precipitation treatment.

Biomass Seed Mass

Phenological Trait R P R P
Emergence 0.72 0.0055** 0.77 0.0021**
Flowering -0.79 0.0014** -0.69 0.0088**
Growing Season -0.78 0.0017** -0.74 0.0041*
Plasticity in Emergence 0.14 0.6438 -0.22 0.4739
Plasticity in Flowering + 0.18 0.6136 0.62 0.9517
Plasticity in Growing Season -0.86 0.0002*** -0.66 0.0143*

P-value significance: * <0.05, ** <0.01, ***<0.001 Positive R values indicate a positive correlation. +N=10 for
Change in flowering due to no flowering in 3 sites under drought conditions. N=13 for all other correlations.
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Figure 1.1. Occurrences (black dots) of E. californica in California, based on specimen collection locations from the
Consortium of California Herbaria database. The full species range extends north to southern Washington state, and
south to Baja Sur, Mexico. Background colors indicate mean annual precipitation, where darker red colors indicate
higher mean annual precipitation values (see legend). Blue dots indicate our 13 seed collection sites for E.
californica.
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Figure 1.2 (A, B, C, D, E, F). Phenological traits of emergence, flowering and growing season length all show
strong clinal variation in E. californica (A: Aridity, p =<0.001; B: Aridity, p =<0.001; C: Aridity, p =< 0.001).
Flowering was not plastic in response to precipitation (Precip, p = 0.46; Aridity:Precip, p =0.08). Growing season
length decreases under drought, especially in populations from mesic sites (Precip, p = < 0.001; Aridity:Precip, p =
< 0.001). Gray bars indicated standard error for the point. In panel B the error may be smaller than the size of the
point. Populations from arid sites produce more above ground biomass and seed mass, and have higher reproductive
effort, under all conditions (D: Aridity, p = <0.001; E: Aridity, p = 0.002; F: Aridity, p = 0.005). All populations are
less fit and have lower reproductive effort under drought conditions, especially populations from mesic sites (D, E,
F: Precip, p <0.001) but populations from arid sites do relatively better when grown under high precipitation
conditions (D, E: Aridity:Precip, p = <0.001).
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Figure 1.3 (A, B, C, D). When grown with home soil inoculum, days to emergence and flowering advance, and
populations extend their growing seasons and produce more above ground biomass. A: Inoculum, p <0.001; B:
Inoculum, p = 0.01; C: Inoculum, p = 0.03; D: Inoculum, p = 0.02).
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Figure 1.4. Root mass fractions shows strong clinal variation in E. californica (A: Aridity, p =<0.001), with
increasingly mesic sites allocating a higher proportion of biomass to their roots.
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Chapter 1 Supplementary Material

1. Aridity Index Calculation Methods
PET = Mean Annual Potential Evapotranspiration

PET=16d (10T /1)

Where T is the mean temperature for the month (in °C), [ is the annual thermal index, which is
the sum of monthly indices i:

i=(1/5) "

d is a correction factor for day length, and a is 0.49 + 0.0179 I — 0.0000771 1% + 0.000000675 I* .

Using Precipitation and PET, we then calculated the Aridity Index (A7) for each site:

Al =P/PET

Where P = Mean Annual Precipitation.

Mean annual precipitation (P) values were calculated by aggregating total monthly precipitation
values from PRISM (PRISM Climate Group), for years 1987-2016. PET values were calculated
by month, for years 1987-2016, by the Thornthwaite method, and were subsequently aggregated
into a single mean annual value (PET) for 1987-2016 (Thornthwaite, 1948). An Aridity Index
was calculated for each year (1987-2016), and then subsequently averaged for the 30-year
period.

2. Linear mixed effects models

The following syntax was used for the linear mixed effects models of phenological variables and
fitness measures, with Growing Season Length as an example:
modell=lme(SeasonLength~Aridity * Water + Aridity * Inoculum + Water * Inoculum,

data=perf, random = ~1 | Site)
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In one instance, we removed Water treatment from the model because all pots were subjected to

the same amount of water while seedlings were emerging:

model2=Ime(DaystoEmergence~Aridity * Inoculum, data=perf, random = ~1 | Site)
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Figure S1. Seed number was strongly predicted by seed mass (p <0.001).
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Figure S2. Mean soil moisture by treatment, over four months of the growing season. Soil moisture levels do not
vary between home and common garden soil inoculum treatments (Table S3).
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Figure S3. Aboveground biomass from our second greenhouse experiment shows strong clinal variation in E.
californica (Aridity, p = <0.001), with arid site populations having higher aboveground biomass.
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Figure S4. Below ground biomass from our second greenhouse experiment shows strong clinal variation in E.
californica (Aridity, p = <0.001), with mesic site populations having higher belowground biomass.
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Figures S5-S13. Q-Q plots for residuals of all /me statistical models:
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Figure S7. Aboveground Biomass.
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Figure S10. Growing Season.
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Table S1. Pearson correlations among environmental variables across the 13 population collection
locations. MAP= mean annual precipitation, MAT = mean annual temperature, AI= aridity index.
Values are Pearson correlation coefficients (r), with statistical significance in parentheses.

Environmental variable

MAP MAT Al Latitude Longitude
MAT
-0.49 (ns)
Al 0.91 (**) -0.73 (**)
Latitude 0.81 (**) -0.87 (**) 0.89 (***)
Longitude -0.72 (**) 0.92 (***) -0.89 (***) -0.95 (***)
Elevation 0.53 (ns) -0.36 (ns) 0.53 (ns) 0.54 (ns) -0.42 (ns)

P-value significance: * <0.05, ** <0.01, ***<0.001. Positive r values indicate a positive correlation. N=13 for all correlations.

Table S2. Correlation between response of phenological traits and fitness to home soil inoculation
versus Organic Matter LOI in individual population’s home soils. For instance, "change in
emergence' is difference (in days) between emergence in the home soil inoculation treatment,
versus the common soil. These findings indicate that the significant shifts observed in these
phenological variables were not due to soil organic matter differences among home soils.

Organic Matter LOI

R P
Change in Emergence 0.10 0.7626
Change in Flowering 0.05 0.9135
Change in Growing Season -0.26 0.4155
Change in Fitness -0.19 0.5518

P-value significance: * <0.05, ** <0.01, ***<0.001 Positive R values indicate a positive correlation. N=13 for all
correlations.
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Table S3. Statistics from linear mixed effects models evaluating how experimental treatment
(Precipitation and Inoculum) influenced soil moisture levels across 4 months of the growing season of
E. californica.

March April May June
X2 P X2 P X2 P X2 P
Precip. 618.89 <0.001*** 353.60 <0.001***  507.69 <0.001***  402.32 <0.001***
Inoculum 0.20 0.6583 0.01 0.9617 0.81 0.3676 0.13 0.7155
Precip * Inoculum 0.14 0.7087 0.04 0.8471 0.04 0.8535 0.41 0.5232

P-value significance: * <0.05, ** <0.01, ***<0.001. N=80.

Table S4. Statistics from linear mixed effects models evaluating how Aridity Index influenced biomass
allocation across 13 populations of E. californica.

Aridity
X2 P
Root Mass Fraction 20.01 <0.001***
Aboveground Biomass 7.54 0.0060**
Belowground Biomass 12.467 <0.001***

P-value significance: * <0.05, ** <0.01, ***<0.001. N=13.
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CHAPTER 2: Functional traits predict life history variation across the native range of California
poppy under drought and warming

Abstract

Predicting how species will respond to climate change can be complicated by population-
level differences in demography and life history strategy. Trait variation can be a useful tool to
aid these predictions if they prove ‘functional’, thereby influencing population demographics.
While interspecific associations between functional traits and population demographics have
been found, it's not known whether functional traits predict intraspecific demographic variation,
nor whether these relationships are being influenced by global change. We investigated 20
populations of Eschscholzia californica (California poppy) distributed across a fourfold gradient
in annual precipitation. In a field common garden, plants received precipitation treatments
approximating the wettest and driest sites, crossed with the presence and absence of a 1.5°C
warming treatment. We documented clinal variation across populations; plants from southern
populations (arid sites) were more likely to survive to flower, be annuals, have higher seed set,
higher population growth rates and higher elasticities to fecundity, than northern, mesic,
populations. Populations, especially from arid sites, had higher growth rates, seed set and rates of
survival to flowering under warm and wet conditions. Functional traits (SLA, days to flowering,
seed size) predicted elasticities to fecundity for our populations. Our results suggest that
conservation efforts in similar systems should focus on seeding efforts (versus plant longevity) in
populations with high SLA, short time to flowering and small seed size. Assisted gene flow
sourced from arid population would be most likely to allow populations to persist in the face of
increasing warming and more extreme precipitation trends, due to their high fecundity and

population growth rates.
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Introduction

Population-level differences in demography and associated life history strategies,
common among species (Clausen et al., 1948; Endler, 1977; Hall & Willis, 2006; Turesson,
1922), can complicate traditional species-level predictions of response to climate change. One
way to incorporate population-level variation is through quantifying the effect of selection from
past climates on population demographics (survival and fecundity) and functional traits
associated with climate tolerance (Dalgleish et al., 2011; Kelly et al., 2012). Clinal variation in
these demographic parameters and functional traits, and the degree of plastic response to climate,
can reveal how species might respond to future climate change (Etterson et al., 2016; Kelly et al.,
2012; Pearson & Dawson, 2003; Thuiller et al., 2008). When populations of the same species
have different methods of persistence (i.e. regeneration by recruitment versus longevity), then
conservation efforts targeting the most critical demographic stage could improve species
persistence in the face of climate change (Aronne, 2017; Garcia & Zamora, 2003).

Because quantifying this critical demographic stage (via vital rates and their subsequent
population growth rates and elasticities) is time intensive, researchers often choose trait-based
approaches to predict the fate of species (Laughlin, 2012; Lavorel & Garnier, 2002). If the traits
in question are ‘functional’, thereby influencing population demographics (survival and
fecundity) (Lavorel & Garnier, 2002; Violle et al., 2007), we can use them to help identify what
the critical demographic stage is. For example, flowering time is a key functional trait because it
impacts fitness in a variety of species (Anderson & Gezon, 2015; Franks et al., 2007; Kooyers et
al., 2019; Wilczek et al., 2010). Flowering time variation within a species can also cause
differences in populations demographics, through varying survival (Agren et al., 2017) and

fecundity (May et al., 2017). Adler et al. (Adler et al., 2014) found that using just a few
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functional traits can predict a species’ life history strategy, and could allow researchers to
identify the demographic stages that are most important for predicting species persistence,
without the need for population models and elasticities (Adler et al., 2014). While the
significance of functional traits is apparent across many species, as a proxy for different
ecological and life history strategies, their usefulness within species as a predictor of
demographic variation is less clear (Adler et al., 2014; Anderegg et al., 2018; Cochrane, 2016;
Wright et al., 2004). Determining if intraspecific trait variation across environmental gradients is
functional and associated with life history strategies could help us more efficiently understand
how plants will respond to future climate change.

The association between functional traits and life history strategies can be further
categorized by strategic tradeoffs that are mediated by climatic conditions. Specifically, in mesic
environments there may be fitness advantages to a “slow” life history strategy with high adult
survival (perenniality) and slow vegetative growth (low SLA), while unpredictable and harsh
arid environments may select for a “fast” strategy of low adult survival (annuality), fast
vegetative growth (high SLA) and early phenology (Franks et al., 2007; Friedman & Rubin,
2015; Hall & Willis, 2006; Peterson et al., 2016; Westoby et al., 2002). A perennial life-history
strategy may also be associated with fewer but larger seeds that provide more stored energy for
the seedling, thus improving survival between growing seasons, at the expense of having high
numbers of offspring (fecundity) (Adler et al., 2014; Moles & Westoby, 2006). In contrast
annuals may produce smaller seeds in greater quantities, as their maternal plants are limited to
only one reproductive cycle (Adler et al., 2014; Moles & Westoby, 2006). This functional trade-
offs between seed size and seed number and leaf area and longevity, is well-documented at the

species level, but less clear across populations within species (Westoby et al., 2002, 2003).
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These relationships between functional traits and demographics can potentially be
augmented by how each one responds in the short-term to climatic changes. For example,
plasticity in flowering time due to drought and warming has been documented (Aronson et al.,
1992; Cleland et al., 2012; Franks, 2011), and the result could significantly impact population
demographics and population persistence (Miller-Rushing et al., 2010). Climate manipulation
experiments are therefore needed to quantify how established trait-demographic relationships
might vary in response to future climate change (Pearson & Dawson, 2003; Thuiller et al., 2008).

Driven by increased evaporative demand and global temperatures, aridity is expected to
increase across the globe (except Northern Africa and high latitudes) (Berg et al., 2016; Cook et
al., 2014; Dai, 2013; Feng & Fu, 2013; Scheff & Frierson, 2015). Understanding past and future
selection across gradients in aridity, and its climatic components (temperature and precipitation)
will be critical to predicting plant responses to future climate change. Our study was conducted
in California, a Mediterranean-climate region expected to experience increasingly severe
drought periods, along with warming and lower precipitation (Cayan et al., 2008; Dai, 2013).
Here, we investigated clinal variation and plastic responses to drought and warming, for 20
populations of California poppy (Eschscholzia californica) distributed across a climate gradient
characterized by a fourfold difference in precipitation. We also investigated the association
between functional traits and the elasticity to fecundity. California wildflowers are at risk from
future climate change due to directional selection from rapid and increasingly extreme climatic
changes (Jump & Penuelas, 2005), and an inability to migrate due to regional habitat
fragmentation (Davis & Shaw, 2001; Underwood et al., 2009). In fact, climatic change has
already caused decreases in the diversity of California wildflowers (Harrison et al., 2015),

highlighting the need for studies in these systems.
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Prior research in California poppy has found a large degree of intraspecific variation.
Some of these studies showed variation along a geographic gradient, such as in perenniality and
seed dormancy (Cook, 1962). While other studies showed clinal variation in phenological traits,
fitness, reproductive effort, and drought tolerance, as well as local adaptation to climate (Leger
& Rice, 2007; Ryan & Cleland, 2021). We built on this work with the goals of: 1. testing for
clinal variation in functional traits, demographic factors, population growth rate and elasticity to
fecundity, consistent with past selection in relation to aridity. 2: measuring population-level
plasticity in functional traits, demographic factors, population growth rate and elasticity to
fecundity in response to drought and warming. 3. testing if functional traits predict variation in
life history strategies (via elasticity to fecundity).

We expected to find population level variation in functional traits, demographic
parameters, elasticities to fecundity and population growth rate in response to climate. We
expected populations from more arid sites would display short-lived life history characteristics
associated with drought escape (Friedman & Rubin, 2015; Schaffer & Gadgil, 1975; Stearns,
1992). We chose traits which had been shown in other studies to directly impact population or
species fitness across various climates, including flowering time (Aronson et al., 1992; Franks,
2011; Franks et al., 2007; Hall & Willis, 2006; Sherrard & Mabherali, 2006), specific leaf area
(Adler et al., 2014; Reich, 1999; Wright et al., 2004), and seed size (Adler et al., 2014; Moles &
Westoby, 2006; Montalvo et al., 2002).

We also expected functional traits and demographic parameters would respond
differently to climatic treatments. We expected under drought and warming, all populations
would have decreased population growth rates, driven by decreases in survival to flowering and

total seed set in conditions outside of their climate optima (Jump & Pefiuelas, 2005; Leimu &
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Fischer, 2008). Under drought, warming and ambient temperature conditions, we expected
populations from southern arid sites would have higher population growth rates (A) and survival
to flowering than those from northern mesic sites, and lower rates under high precipitation
conditions, consistent with documented frequent local adaptation to climate in plants (Leimu &
Fischer, 2008). We expected the greatest plasticity in functional traits, demographics and
population growth rates in arid site populations that have previously experienced higher levels of
environmental variability (Atkin et al., 2005; Bradshaw, 1965; Chevin & Hoffmann, 2017;
Gugger et al., 2015; Pratt & Mooney, 2013; Schlichting, 1986; Sultan, 1987). Finally, we
expected populations with traits associated with a short lived life history strategy (small seeds,
high SLA and shorter durations to flowering) would have higher elasticities to fecundity,
whereby population growth rates (1) are driven by high seed set in a single year (Adler et al.,

2014).

2. Materials and Methods
2.1 Collection and preparation of seeds

This study focuses on 20 natural (non-planted) populations of E. californica collected
between April and July, 2017. These populations encompass significant life history variation,
some annual others perennial, when grown under our common garden field conditions. The
collection sites were distributed over 700km in southern, central, and northern California (32.8-
38.9 latitude) and span a climatic gradient that varies fourfold in precipitation (Table 1; Figure
1). Within a site, seed pods were collected from 10 maternal plants spaced at least 5 meters apart.
Seeds were stored at room temperature until planting by maternal line. Prior to planting seeds

were surface sterilized with a 5,000 ppm concentration of Clorox Household Bleach (8.25%
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active chlorine) and treated with a 500 pm concentration of gibberellic acid to help break
dormancy (Cook, 1961; Fox et al., 1995). Populations from arid sites have a higher instance of
seed dormancy (Cook, 1962; Montalvo et al., 2002), even after gibberellic acid treatment (Cook,
1961). Twenty-four hours after gibberellic acid was applied, three seeds were planted in each
PVC ring, 1 cm below the surface, because light inhibits germination of E. californica (Fox et
al., 1995). The first seedling to emerge was the focal individual, and any later emerging

seedlings were removed.

2.2 Common garden design and treatments

The field common garden was located at the University of California San Diego
Biological Field Station in La Jolla, CA (32.8855, -117.2299). This site is coastal, and like all the
collection sites has a winter growing season (average annual precipitation: 26.7cm, average
annual temperature: 16.9°C; full list of sites in Table 1). Seeds for this field experiment were
planted in February of 2018 and 2019, following the start of the rainy season in January.
Although winter rains often start in November, the onset of the growing season has been delayed
in recent years due to lower than normal fall precipitation, a trend expected to continue in the
future (Pierce et al., 2018). Seeds were planted inside 3 cm diameter PVC rings to facilitate
identification, inside hexagonal 1m diameter plots and grown under 4 experimental treatments
(factorial combinations of +/- added rainfall, and +/- warming chambers), with eight replicates
(each a separate maternal line) of each population by treatment combination (a total of 640
plants, Data S1, S2, S3). The eight replicates were arranged spatially by block. The 20
populations were divided such that representatives of ten populations were planted in an equally

spaced circle in each plot, and plots were paired by treatment to group all 20 populations
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spatially. Population positions were rotated in each plot to disperse the potential effects of highly
competitive populations and to expose populations to variation in aspect. Plots were spaced with
0.5 m walkways between them.

Half of the plots were surrounded by passive warming chambers and the other half by
window screen mesh chambers constructed to mimic the shading and herbivore-exclusion of the
warming chambers (Marion, 1996). The warming chambers increased air temperature by 1.5
degrees Celsius/2.7 degrees Fahrenheit.

The high precipitation and drought treatments approximated the annual precipitation
totals of the wettest (McLaughlin UC Reserve, 98.1cm annually) and driest sites (Motte Rimrock
UC Natural Reserve, 26.72cm annually). Each row of plots was designated high precipitation
treatment or drought treatment. Plots were watered with drip irrigation 1100 mL every day in the
high precipitation treatment, and 900 mL every 3 days in the drought treatment from February
through the end of May. Precipitation events were monitored and subtracted from experimental
watering amounts. At the start of the experiment, plants were watered at an intermediate level,
halfway between the drought and high precipitation treatments for two weeks to ensure sufficient

germination.

2.3 Soil moisture data collection

Soil moisture levels were measured every two weeks from February-May with a Field
Scout TDR 100 Soil Moisture Sensor, which measures volumetric water content integrating to a
depth of 12cm, to assure the precipitation treatments were influencing soil moisture as expected

(see supplementary figure S2).
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2.4 Functional trait (seed mass of an individual, specific leaf area, days to flowering) data
collection

We calculated mass of an individual seed by taking the average weight of 20 seeds from
each individual plant from the 2018 growing season. We calculated specific leaf area as leaf area
/ leaf biomass (O'Neal et al., 2002). We sampled one young, full sun leaf per plant, measured
leaf area while fresh, and then oven-dried it at 60 °C for 2 days. Dry mass was then measured
using a fine balance and leaf area was calculated using imageJ (vers. 1.52) (Schneider et al.,
2012).

We conducted daily phenology surveys on emergence and day to first flower. Flowering
was calculated as the number of days between emergence and day to first flower, to represent

time to reproduction.

2.5 Demographic parameters (plant fecundity, germination rate, survival to flowering, survival)
data collection

We estimated seed number, our measure of fecundity, by multiplying total seed mass of a
plant x seed mass of a single seed. E. californica are insect or wind pollinated, and are self-
incompatible (Cook, 1961; Darwin, 1876). To calculate the number of juveniles in subsequent
growing seasons, needed for matrix modelling, we tracked germination rates in 2018 by site and
treatment. We defined number of juveniles as plant fecundity x site and treatment specific
germination rate (Caswell, 2001).

We conducted daily senescence surveys. After a plant senesced, it was harvested, and the
root was examined to confirm that the root was dead, and hence the plant was not dormant.

Survival to flowering and survival to the subsequent growing season were both tracked. A plant
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did not survive to the following growing season if it senesced before January of the following
growing season. Survival to flower was measured as a fitness component which influences

fecundity. We continued to monitor the survival of perennial individuals until September 2020.

2.6 Matrix models

Matrix models were constructed with our demographic parameters using the popbio
package in in R version 3.6.2 (R Core Team, 2021; Stubben & Milligan, 2007). Population
growth rate (A) values were calculated via the pop.projection function on projection matrices
constructed for each site and treatment (n=80). Elasticities to fecundity and survival for each site
and treatment were obtained using the eigen.analysis function (n=80). Matrix population models
allow us to transform demographic parameters and measures of fitness across a species life cycle
into predictions of how populations will grow or shrink in the future (Caswell, 2001; Morris &

Doak, 2002).

2.7 Aridity Calculations

To examine patterns in mean annual Aridity we used the Thornthwaite function in SPEI
v1.7 to calculate monthly evapotranspiration (PET) (R Core Team, 2021). The Thornthwaite
formula is a standard calculation that uses temperature and day length (via latitude and month) to
estimate the water needs of plants in a specific environment (Thornthwaite, 1948). Aridity index
values that are low indicate arid environments, while high values indicate mesic environments
(Data S4). As expected, the environment becomes more mesic, colder, and wetter across our sites
going from south to north (Table 1). See Supplemental Material for detailed methods of the

Aridity index calculation.

62



2.8 Statistical analysis

All analyses were conducted in R version 3.6.2 (R Core Team, 2021). Analysis of total
seed number in relation to aridity, precipitation and warming treatments was conducted with
linear mixed effect models using the /me call in the package n/me (Pinheiro et al., 2013), where
population was included as a random factor. Analysis of population growth rate, demographic
parameters and elasticities in relation to aridity, precipitation and warming treatments, and
functional traits were conducted with linear models using the /m call in R. Significance for each
factor was evaluated with type-II tests using the Anova function in the car package (Fox &
Weisberg, 2019). Significant effects of aridity indicated clinal variation in the response variables,
significant main effects of precipitation and warming treatment indicated plasticity in response to
these treatments, and significant aridity by precipitation or warming treatments indicated clinal
variation in plasticity in response to these factors. We evaluated whether the elasticity to
fecundity was affected by changes in functional traits by correlating these variables, where each

population was an observation in the analysis (i.e. N=20 for the correlations).

6. Results
3.1 Clinal variation and plasticity in functional traits

Across all treatments we documented clinal variation in response to aridity in functional
traits (seed size, SLA, days to flowering) (Figure 3A, B, C, Table 2). Southern, arid, populations
had smaller seeds, higher SLA and shorter time to flowering. High precipitation increases SLA,
especially in arid populations, while warming also increases SLA and advances flowering time

across all populations.

63



3.2 Clinal variation and plasticity in demographic parameters and population growth rates

Across all treatments we documented clinal variation in response to aridity in population
growth rate and demographic parameters (i.e. survival to flowering, perenniality, and total seed
number) (Figure 4, Figure 5A, B, C, D, Table 2). Southern, arid, populations were more likely to
survive to flower, be annuals, have higher seed set, and higher population growth rates than
northern, mesic, populations (Table 2).

Populations, especially from arid sites, had higher growth rates and seed numbers under
warm and wet conditions (Figure 4, Figure 5D, Table 2). Germination and perenniality rates did
not change in response to the experimental treatments (Figure SA, C). While all sites had higher
survival to flowering under warming and high precipitation, mesic site populations had more
plasticity in survival to flower, in that it increased under warming and decreased under drought
conditions (Figure 5B).

Across all treatments we documented clinal variation in elasticity to fecundity (Figure 6,
Table 3). Southern, arid, populations were more likely to have high elasticities to fecundity

(Table 3).

3.3 Association between functional traits and elasticity to fecundity and plasticity in elasticity to
fecundity

Functional traits (seed size, SLA, days to flowering) were associated with elasticities to
fecundity for our populations (Figure 7A, B, C, Table 3). Populations with smaller seeds, higher

SLA and shorter time to flowering had higher elasticities to fecundity. We found no evidence of

64



plasticity in elasticity to fecundity, or climate-induced changes to its association with functional

traits in our system (Figure 5, 7A, B, C).

Discussion
4.1 Summary

We found significant clinal variation across populations in functional traits, demographic
parameters, population growth and elasticities to fecundity. Plants from southern, arid site
populations were more likely to survive to flower, be annuals, have higher seed set, higher
population growth rates and higher elasticities to fecundity, than northern, mesic, populations.
Populations, especially from arid sites, had higher growth rates and seed set under warm and wet
conditions. Functional traits (SLA, days to flowering, seed size) were associated with elasticities
to fecundity for our populations. And while experimental treatments affected functional traits,

they did not affect the association between traits and elasticities to fecundity.

4.2 Clinal variation in Functional Traits

Functional traits can be the result of adaptations to the environment and often exhibit
significant clinal variation (Reich et al., 2003). The functional trait variation we observed along
an aridity gradient in California poppy is consistent with clinal variation found in other
widespread species in California (Clausen et al., 1948; Peterson et al., 2016; Pratt & Mooney,
2013). We predicted populations from more arid sites that tend to be short-lived would have high
SLA to maximize photosynthesis during a shorter life cycle, while mesic site plants would have
lower SLA (i.e., sturdier yet costly leaves) to withstand growing over multiple seasons (Reich,

1999; Wright et al., 2004). We found this relationship in E. californica, which is contrary to
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species-level studies where plants exhibit lower SLA when growing in harsher environments (i.e.
arid conditions) due to the need to limit water loss through evapotranspiration surfaces (Castro-
Diez et al., 2021; Liu et al., 2017; Wright et al., 2004). We also found populations from more
arid sites flowered earlier, potentially to reproduce before the summer drought (Aronson et al.,
1992; Franks, 2011; Franks et al., 2007; Hall & Willis, 2006; Sherrard & Mabherali, 2006). We
documented a tradeoff in seed size versus seed number, whereby arid populations had smaller
seeds in larger quantities compared to mesic populations, spending less energy on provisioning
for individual seeds, given the opportunistic qualities of these seeds (i.e., high rates of dormancy)

(Adler et al., 2014; Cook, 1962; Montalvo et al., 2002).

4.3 Clinal variation in demographic parameters and population growth rates (\)

Demographic parameters also varied along an aridity gradient in California poppy. As
predicted, populations from more arid sites exhibited lower perenniality, as a drought escape
strategy (Friedman & Rubin, 2015; Schaffer & Gadgil, 1975; Stearns, 1992). We did not observe
a discreet switch from the annual to perennial life history strategy as traditionally expected
(Charnov & Schaffer, 1973; Cole, 1954), but high variability of perenniality rates in our mesic
populations, as well as an overlap in climate space of annuals and perennials, suggesting more
labile changes in life history strategy (Friedman & Rubin, 2015).

We expected higher elasticity to fecundity in our more arid site populations, where
population growth rates (A) are presumably driven by high seed set in a single year and not
survival to subsequent reproductive seasons. We observed higher elasticity to fecundity in our
arid site populations, where high seed set, often in a single growing season drives population

growth rates. Leger & Rice (Leger & Rice, 2007), while studying perennial populations of E.
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californica in Northern California and Chile, also documented higher seed set in more arid sites.
Overall, fecundity had the greatest effect on population growth rate across all populations and
contributed to the highest population growth rates in arid site populations. Conservation
strategies that focus on regeneration through seeding efforts (encouraging pollination, seed
dispersal and reducing seed predation) will have the largest effect on persistence for populations

whose growth is determined by fecundity (Garcia & Zamora, 2003).

4.4 Association between functional traits and life history strategies

Quantifying traits that are both ‘functional’ (Lavorel & Garnier, 2002; Violle et al.,
2007), and associated with life history strategies, can be a powerful tool to help identify what a
populations critical demographic stage is. Furthermore, they can be used to help predict species
responses to climate change (Soudzilovskaia et al., 2013).

Some of the intraspecific relationships we observed between functional traits and life
history variation confirms associations seen across species. One meta-analysis of 222 perennial
plants showed that traits associated with a short lived life history strategy, such as small seeds
and high SLA, have higher elasticities to fecundity and lower elasticity to survival, whereby
population growth rates (A) are driven by high seed set in a single year (Adler et al., 2014).
Based on this study, we predicted that within a species whose populations exhibit various life
history strategies, populations with functional traits indicative of a short life history strategy
(small seeds, high SLA, shorter days to flowering) would have higher elasticities to fecundity.
Similar to Adler et al. (Adler et al., 2014), we found SLA predicted elasticities to fecundity, in

that higher SLA populations had higher elasticities to fecundity. Like Adler et al. (2014), we also
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found that seed size predicted elasticities, in that populations with larger seeds had higher
elasticities to survival.

However, we observed instances were associations between functional traits and life
history strategy were the opposite of those observed across species. Adler et al. (2014), found
that lower SLA plants had higher survival rates. This relationship is commonly expected when
comparing species, where thicker leaves are associated with increased survival. However, within
our species, we found shorter-lived high SLA plants had higher rates of survival to flower. This
could indicate a bet hedging strategy for variable environments (Rees, 1994; Venable & Brown,
1988), as short-lived arid site populations had delayed germination and greater potential for seed
dormancy [Ryan, unpublished data], but higher survival to flower once germinated. We likewise
did not find that larger seeds improved seedling survival to flowering, as expected based on the
seed mass and number trade-off (Adler et al., 2014; Moles & Westoby, 2006), as arid site
populations had higher rates of seedlings surviving to flower but smaller seeds than our mesic
sites. This may be because our common garden was in the southern portion of the species range,
was warmer than the collection locations for the northern populations, and hence none of our
treatment combinations captured ideal growth conditions for those populations.

Like other intraspecific studies, we found a strong relationship between flowering time
and fitness in our populations. Populations from the more arid collection locations, with fast
growth and flowering, had the highest seed set and population growth rates under all conditions.
Consistent with our results, Kooyers et al. (Kooyers et al., 2019) found that the timing of
flowering allowed the fitness benefits of drought escape in Erythranthe guttata, a widespread
species found in California and Oregon. And like May et al. found in Arabidopsis thaliana (May

et al., 2017), we found an association between flowering time and fecundity.
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The association between functional traits and our demographic parameters and elasticity
to fecundity indicate that functional traits can be used to predict a species life history strategy at
the population-level, and thus the demographic stage that best predicts population persistence
(i.e. regeneration by recruitment or longevity). In our study, populations with smaller seeds,
higher SLA and shorter durations to flowering had higher elasticities to fecundity, indicative of a
short-lived life history strategy. Past studies have shown that functional variation across many
species is predictive of life history variation (Adler et al., 2014). Here, across many populations
of one species, we observe largely the same associations, with some exceptions potentially due to

bet hedging in our more arid, variable environments.

4.5 Experimental treatments affect population growth rates, demographics, and functional traits
We observed select demographic parameters that responded to experimental treatments,
resulting in plasticity in population growth rates under different climate conditions. As expected,
population growth rates decreased under drought, while contrary to expectations, population
growth rates increased in response to warming. Consistent with our results, others have found
warming increased population growth rates, while drought decreased them (Dalgleish et al.,
2011). This plasticity in population growth rates was especially strong in arid site populations,
driven by high levels of climate-induced changes in seed set. This may be a product of southern
arid populations experiencing historically higher levels of environmental variability, namely
greater interannual rainfall and climatic variability (Dettinger et al., 2011a), which would favor
plasticity that allows persistence in various conditions (Atkin et al., 2005; Bradshaw, 1965;
Chevin & Hoffmann, 2017; Gugger et al., 2015; Pratt & Mooney, 2013; Schlichting, 1986;

Sultan, 1987). In one experimental study, the strongest fitness decrease due to drought was
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observed in arid plant populations from Southern California (Pratt & Mooney, 2013). These
findings highlight how a population-level approach could change predictions of how species will
respond to climate change.

We also found that under both warming and high precipitation, populations from
southern arid sites had higher population growth rates (1) and survival to flowering than those
from northern mesic sites. This is contrary to expectations based on frequent local adaptation to
climate in plants (Leimu & Fischer, 2008), in that mesic site populations would have higher A
under the high precipitation treatment. Also contrary to expectations that our populations would
be adapted to local climates, survival to flowering increased under warming for our most mesic
site populations (Leimu & Fischer, 2008). Further investigation is needed to determine the
mechanism by which warming increased survival for our more mesic sites. As expected, survival
to flower decreased under drought for our most mesic site populations. We documented greater
plasticity in survival to flowering in populations from mesic sites because survival to flowering
in arid site populations was near 100% under all treatments.

We likewise found functional traits of SLA and Flowering time responded to climatic
treatments, without affecting the association between traits and elasticities to fecundity. As
expected, our arid site populations had the highest levels of plasticity in SLA, which could be the
result of our arid sites being located in the most climatically variable part of the U.S. (Dettinger
et al., 2011a). Such environments should favor plasticity, due to the need to possess traits and
strategies that provide a fitness advantage in variable climates (Atkin et al., 2005; Bradshaw,
1965; Chevin & Hoffmann, 2017; Gugger et al., 2015; Pratt & Mooney, 2013; Schlichting, 1986;
Sultan, 1987). SLA decreased under drought, most likely due to an increased need for water use

efficiency (Wellstein et al., 2017). Although we would expect warming to trigger a similar water
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use efficiency response (Wellstein et al., 2017), we observed SLA increased under warming,
similar to what was found in a meta-analysis by Poorter et al. (Poorter, 2009). Consistent with
species across the globe (Stuble et al., 2021), E. californica plants flowered earlier under
warming. However, this plasticity was not consistent across latitudes as found in other species
(Stuble et al., 2021), but mostly observed in our lower latitude, arid populations. And consistent
with previous experiments in E. californica (Ryan & Cleland, 2021), flowering time did not
respond to drought. Seed size, expected to decrease under drought (Pichancourt & van Klinken,
2012), did not respond to any experimental climate treatments. Although we observed plasticity
in functional traits in response to the experimental treatments, this plasticity did not change the

association established between traits and elasticities to fecundity.

4.6 Caveats of our Study

We implemented high precipitation levels for all experimental treatments during the first
two weeks of our study to germinate adequate numbers of plants for our study. Germination rates
did not change in response to climatic conditions, potentially due to the consistent high watering
during this period, as well as our pre-treatment with gibberellic acid which led to high
germination rates under all conditions. Another caveat is that our field experiment was conducted
in the absence of competitors, which contributed to the unrealistically high A values we
calculated. However, because competition is thought to be higher in more productive habitats
(Grime, 1979), it is likely there is less competition in our arid site locations and thus we would
find an even stronger degree of clinal variation in population growth rates if we incorporated
realistic levels of competition in our experiment. Additionally, Adler et al.’s (2014) study of

functional traits and elasticities in perennials calculated elasticity to growth, which is not a

71



parameter in our model. Because our study included annual populations, we also calculated a
survival to flowering demographic parameter to document senescence in these populations and

allow a comparison to studies of solely perennials.

4.7 Implications for conservations efforts

The significant clinal variation we found here and in previous work in E. californica
annuals (Ryan & Cleland, 2021) highlights the importance of incorporating population variation
in predictions of future species ranges (Hamann & Aitken, 2013; Héllfors et al., 2016; Marcer et
al., 2016; Oney et al., 2013; Pearman et al., 2010). The trailing southern edges of species ranges
have long been expected and found to be most at risk under future climate change (Jump et al.,
2006; Jump & Penuelas, 2005). Surprisingly, our southern populations responded well to
experimental treatments warmer than their typical climatic conditions. This suggests these
populations, while located at the southern edge of the species range, are not at the edge of E.
californica’s temperature niche. These populations could even expand under future warming if
other limiting conditions, such as water-availability, are sufficiently met. Taking a population-
level approach enables the observations that some populations can do just as well, or better,
outside of the climatic conditions of their home locations, and may be ideal candidates for
restoration efforts in the face of future climate change.

Assisted gene flow (AGF), in which advantageous alleles are moved from one population
to another (Aitken & Whitlock, 2013), could improve species persistence in the face of increased
warming and drought. Our study suggests moving alleles from southern to northern populations
would be most beneficial, due to their relatively high population growth rates under drought and

warming. The high elasticity to fecundity found in E. californica, especially in southern, arid site
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populations also suggests that restoration efforts in similar systems should focus on seeding
efforts when restoring short-lived populations exhibiting traits such as small seeds, high SLA and
early flowering. Methods to encourage pollination, seed dispersal and reducing seed predation

could be useful (Garcia & Zamora, 2003).

Conclusion

Efforts to quantify population level variation in demographics have the potential to
improve predictions of how species will persist under climate change (Merow et al., 2014;
Metcalf & Pavard, 2007). While parameterizing population models with demographic data is not
feasible for all species at risk, a trait-based approached may improve predictions of the fate of
species (Laughlin, 2012; Lavorel & Garnier, 2002). When functional traits are able to predict life
history strategies both across various species (Adler et al., 2014) and across populations within
the same species, and are consistent in the face of climatic variation, then researchers can use
them to identify the most critical demographic stage for species persistence, potentially

improving predictive and conservation outcomes.
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Table 2.1. Collection locations, climate means, and elevations for the 20 focal populations of E.
californica in California, USA. Field location and environmental conditions for the four climate
treatments are provided for comparison. Abbreviation is the number used to label points in

Figures in this manuscript, which correspond to a given population.

Mean Mean

Site Name Abbreviation Annual Annual  Aridity  Latitude  Longitude Elevatio

Precip. (cm) ~ Temp. Index n (m)

(©)

Motte Rimrock UC Reserve 1 26.72 17.8 0.2765 33.7985  -117.2545 502
Torrey Pines State Park 2 27.25 16.9 0.3377 32,9233  -117.2586 42
Mission Trails Regional Park 3 33.55 18.1 0.3672 32.8449  -117.0467 181
Dawson UC Reserve 4 32.18 17.2 0.3710 33.1490  -117.2578 130
Wildomar (Clinton Keith Rd.) 5 40.41 18.4 0.3911 33.6017  -117.2312 387
Antelope Valley State Nat. Reserve 6 36.30 16.4 0.4048 34.7338  -118.3786 828
Montaria de Oro State Park 7 43.18 141 0.4474 35.3022  -120.8732 74
Coal Oil Point UC Reserve 8 48.67 14.3 0.4498 34.0486  -119.8786 8
Point Mugu State Park 9 41.66 17.2 0.4515 34.0880  -119.0343 91
Carrizo Plains National Monument 10 37.99 15.2 0.4721 35.2125  -119.8765 597
Fort Ord UC Reserve 11 37.72 13.8 0.5603 36.6868  -121.7784 46
Sedgwick UC Reserve 12 57.61 16.3 0.6738 34.7054  -120.0560 425
Kenneth S. Norris UC Reserve 13 46.17 13.6 0.6832 356.5227  -121.0725 61
Blue Oak Ranch UC Reserve 14 58.87 14.6 0.6901 37.3808  -121.7384 542
San Luis Obispo Inland 15 59.54 14.9 0.7699 35.4094  -120.5483 433
Hastings UC Reserve 16 53.80 14.5 0.7947 36.3855  -121.5551 659
Landels-Hill Big Creek UC Reserve 17 89.13 14.4 0.8155 36.1832  -121.6938 20
McLaughlin UC Reserve 18 98.10 14.6 0.9292 38.8602  -122.4166 701
Younger Lagoon UC Reserve 19 80.78 12.4 1.1485 36.9493  -122.0671 28
Bodega Bay UC Reserve 20 86.18 11.6 1.2708 38.3171  -123.0698 2
Field — High Precipitation, Ambient 98.10 18.17
Field — Drought, Ambient 26.72 18.22
Field — High Precipitation, Warming 98.10 19.71
Field — Drought, Warming 26.72 19.64
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Table 2.2. Summary statistics from linear mixed effect models evaluating how Aridity of
collection site and experimental treatment (Precipitation and Warming) influenced functional

traits, in 20 populations of E. californica.

Seed Size SLA Days to Flowering
X2 P X2 P X2 P
Aridity 23.18 <0.001*** 40.14 <0.001*** 35.13 <0.001***
Precip. 0.07 0.7885 38.00 <0.001*** 1.40 0.2363
Warming 0.02 0.8954 10.05 0.0015** 11.22 <0.001***
Aridity*Precip. 2.65 0.1032 6.66 0.0098** 0.08 0.7747
Aridity*Warming 0.63 0.4275 0.56 0.4547 1.66 0.1975
Precip*Warming 0.83 0.43622 0.60 0.4403 1.57 0.2106

P-value significance: * <0.05, ** <0.01, ***<0.001.
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Figure 2.1. Black dots indicate our 20 seed collection sites for E. californica, numbered 1-20, from most arid to
most mesic home climate conditions. The species range extends north to southern Washington state, and south to
Baja Sur, Mexico.
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Figure 2.2. The climate space occupied by our 20 seed collection sites for E. Californica (black dots), and the four
experimental climate treatments (LC — Low Precip, Ambient Temp; LW — Low Precip, Warm Temp; HC — High
Precip, Ambient Temp; HW — High Precip, Warm Temp).
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Figure 2.3 (A, B, C). Functional traits of seed size, SLA and days to flowering all show strong clinal variation in E.
californica (A: Aridity, p =<0.001; B: Aridity, p =<0.001; C: Aridity, p =< 0.001). Seed size was not plastic in
response to warming or precipitation (Precip, p = 0.79; Warming, p = 0.90). SLA decreases under drought,
especially in populations from arid collection sites (Precip, p = <0.001; Aridity:Precip, p = <0.001) and increases
under warming across all populations (Warming, p = 0.0015). Flowering advanced under warming (Warming, p =
<0.001), and did not respond to drought (Precip, p = 0.24).
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Figure 2.4. Populations from arid collection sites have higher population growth rates (A) than populations from
mesic sites under all conditions in E. californica (Aridity, p = <0.001). All populations have higher population
growth rates under high precipitation and warming, especially populations from arid sites (Precip, p <0.001;
Warming, p = 0.0015; Aridity:Precip, p = 0.0015; Aridity:Warming, p = 0.037).
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Figure 2.5 (A, B, C, D). Demographic factors of survival to flower probability, total seed mass and perenniality
probability show strong clinal variation in E. californica (B: Aridity, p =<0.001; C: Aridity, p = <0.001; D: Aridity,
p =<0.001), while germination probability does not (A: Aridity, p =0.85). Survival to flower probability decreases
under drought and increases under warming, especially in populations from mesic collection sites (Precip, p =
<0.001; Warming, p = 0.02; Aridity:Precip, p = 0.046; Aridity:Warming, p = 0.024). Total Seed number decreases
under drought and increases under warming, especially in populations from arid sites (Precip, p = <0.001; Warming,
p =<0.001; Aridity:Precip, p = <0.001; Aridity:Warming, p = 0.027). Germination probability was not plastic in
response to warming (Warming, p = 0.85) and perenniality probability was not plastic in response to either drought
or warming (Precip, p = 0.74; Warming, p = 0.81).
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Figure 2.6. Populations from arid collection sites have higher elasticities to fecundity than populations from mesic
sites under all conditions in E. californica (Aridity, p = <0.001). Drought and warming did not affect elasticities to
fecundity (Precip, p = 0.14; Warming, p = 0.91).
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Figure 2.7 (A, B, C). Functional traits of seed size, SLA and days to flowering were all associated with elasticity to
fecundity in E. californica (A: Seed Size, p =<0.001; B: SLA, p =<0.001; C: Days to Flowering, p =< 0.001).
Drought and warming did not affect the relationship between functional traits and elasticities to fecundity (A: Seed
Size:Water, p = 0.53; B: SLA:Water, p = 0.18; C: Days to Flowering, p = 0.33).
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Chapter 2 Supplementary Material

1. Aridity Index Calculation Methods
PET = Mean Annual Potential Evapotranspiration

PET=16d (10T /1)

Where T is the mean temperature for the month (in °C), [ is the annual thermal index, which is
the sum of monthly indices i:

i=(1/5) "

d is a correction factor for day length, and a is 0.49 + 0.0179 I — 0.0000771 1% + 0.000000675 I* .

Using Precipitation and PET, we then calculated the Aridity Index (A7) for each site:

Al =P/PET

Where P = Mean Annual Precipitation.

Mean annual precipitation (P) values were calculated by aggregating total monthly precipitation
values from PRISM (PRISM Climate Group), for years 1987-2016. PET values were calculated
by month, for years 1987-2016, by the Thornthwaite method, and were subsequently aggregated
into a single mean annual value (PET) for 1987-2016 (Thornthwaite, 1948). An Aridity Index
was calculated for each year (1987-2016), and then subsequently averaged for the 30-year

period.

2. Linear models

The following syntax was used for the linear mixed effects models of functional traits and total
seed number’s relationship with aridity and treatment, with SLA as an example:
model=Ime(SLA~Aridity * Water + Aridity * Warming + Water ¥ Warming,

data=traitelastpoptreat, random = ~1 | Site)
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The following syntax was used for the linear models of demographics parameters and elasticity
to fecundity’s relationship with aridity and treatment, with elasticity to fecundity as an example:

model=Im(elf~Aridity * Water + Aridity * Warming + Water * Warming, data=elasticitiesarid)

Finally, the following syntax was used for the linear models describing the association of
elasticity to fecundity and functional traits, with elasticity to fecundity ~ SLA as an example:

model=lm(elf~SLA* Water + SLA * Warming + Water * Warming, data=traitelastpoptreat)

Treatment

High, Ambient
High, Warm
Low, Ambient
Low, Warm

Mean Temperature (C)
3 5

ak
(&)}

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure S1. Monthly mean temperature for each treatment, averaged over 2018, 2019 and 2020 growing seasons.
The warming treatments logged an average of 1.5 degree Celsius warmer temperatures than the ambient treatments
over the course of the experiment.
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CHAPTER 3: Phenotypic change in response to 60 years of climate change across the native
range of California poppy

Abstract

Rapid evolution may be necessary for species that cannot move or respond plastically to
accelerating climate change. However, it is unclear which specific climatic changes may drive
adaptations in fitness-related traits. We investigated clinal variation, and phenotypic change, over
a 60-year period of climate change by comparing data sets from a 1958-1960 common garden
and field collection by Stanton A. Cook with a 2017 re-survey. This data set included 74
populations of Eschscholzia californica (California poppy) distributed across a sixfold gradient
in annual precipitation. Aridity was the most important climate variable for predicting seed
diameter, while mean annual temperature was most important for percent germination and
stamen number. Seed diameter and percent germination both exhibited clinal variation, while
stamen number showed marginal clinal variation. Seed diameter decreased over time, consistent
with expectations based on increasing aridity over the past 60 years. However, the change was
greater than expected based on changes in aridity and suggests factors other than aridity are
driving this phenomenon. While percent germination and stamen number did not change
significantly over time, observed present stamen numbers were lower than expected, based on
predictions from past data and the last 60 years of warming in California. Our results suggest that
plant traits may be responding to a complex suite of climatic and non-climatic changes over the

past 60 years.

Introduction
Under accelerating rates of climate change, species that cannot move or respond

plastically to challenging climatic conditions must adapt (Anderson et al., 2012; Hoffmann &
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Sgro, 2011; Parmesan, 2006; Reed et al., 2011; Shaw & Etterson, 2012). There is now growing
evidence of contemporary evolution on decade long timescales due to rapid climate change
presumably causing shifts in selection (Etterson, 2004; Hoffmann & Sgro, 2011). Specifically in
plants, where rapid natural dispersal is challenging (Davis & Shaw, 2001; Huntley, 1991; Loarie
et al., 2009), climate change has already caused recent evolution in plant phenology and
morphology (Dickman et al., 2019; Franks, 2011; Franks et al., 2007; Franks et al., 2014; Miller-
Rushing & Primack, 2008; Parmesan & Hanley, 2015; Peniuelas & Filella, 2001). However,
while climate change is impacting some aspects of the environment, such as temperature and
precipitation, other key factors that influence plants, such as daylength, are not changing. Hence,
it is not yet clear which aspects of climate change are most likely to exert strong selection on
plant fitness, nor which fitness-related traits are most likely to show evidence of adaptive change.

Understanding population-level variation in traits due to varying climatic conditions
across a species range (i.e. clinal variation) can be critical to accurately predicting how plants
might respond to future climate change. Clinal variation can provide evidence of the effects of
past climatic selection, thus revealing the potential future response to climate change (Etterson et
al., 2016; Pearson & Dawson, 2003; Thuiller et al., 2008). While there is extensive evidence of
clinal variation in plants (Clausen et al., 1948; Endler, 1977; Hall & Willis, 2006; Turesson,
1922), we lack a full understanding of how climate change might results in different evolutionary
outcomes across a species range (Kingsolver & Buckley, 2017).

Evolution and intraspecific variation are often ignored in models that predict species
responses to climate change, while often having a direct impact on species’ futures (Atkins &
Travis, 2010; Oney et al., 2013; Pearman et al., 2010; Peterson et al., 2019). If evolution is not

keeping pace with climate change, and plants cannot disperse to newly suitable habitat, then we
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might need to explore conservation interventions, such as assisted gene flow (AGF) from warmer
and drier populations, in the face of rapid climate change (Aitken & Whitlock, 2013; Hufford &
Mazer, 2003; Rehfeldt et al., 1999).

In the future, both aridity and temperature are expected to increase globally (except in
North Africa and high latitudes) (Berg et al., 2016; Cook et al., 2014; Dai, 2013; Feng & Fu,
2013; Scheff & Frierson, 2015), potentially altering the direction of selection on plants. By
comparing experiments and surveys from the past and present, we can determine if changes in
climate in recent decades drove significant changes in selection and traits. This can improve our
understanding of the future effects of climate change on plants. Here, we investigated clinal
variation and climate-induced evolution of traits over a 60-year period by comparing trait data
sets from a 1958-1960 collection by Stanton A. Cook with a 2017 re-survey, that included 74
populations of California poppy (Eschscholzia californica) distributed across a climate gradient
including a sixfold difference in precipitation.

Our re-survey and experiment were conducted in California, a Mediterranean-climate
region that has experienced significant drought events and warming since the 1950s (Dai, 2011;
Feng & Fu, 2013). In California, more of these climatic changes are expected in the future
(Cayan et al., 2008; Dai, 2013). California wildflower diversity has already decreased due to
climate change (Harrison et al., 2015), and is at risk of future declines due to rapid and
increasingly extreme climatic changes (Jump & Pefiuelas, 2005), exacerbated by regional habitat
fragmentation that can inhibit migration (Davis & Shaw, 2001; Underwood et al., 2009). Re-
visiting an extensive study of intraspecific variation in E. californica in 1958-1960 affords the
opportunity to investigate evolutionary changes over the past 60 years that may help predict the

future effects of climate induced selection on wildflowers.
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Previous studies in E. californica, including those of Cook, found evidence of extensive
intraspecific variation. Cook found traits such as seed diameter and dormancy varied along a
geographic gradient (Cook, 1961, 1962). Other studies have showed clinal variation in
phenological traits, functional traits, fitness, reproductive effort, population growth rates,
demographic parameters (survival and perenniality), drought tolerance, elasticity to fecundity,
and local adaptation to climate (Leger & Rice, 2007; Ryan & Cleland, 2021). Our goal in this
study was to: 1. determine the most important climate variables for predicting intraspecific trait
variation in E. californica in data sets from 1958-1960 and 2017, 2. test for clinal variation and
evolution in seed diameter, germination rates and number of stamens in response to recent
climate change over the past 60 years, 3. evaluate if predictions of present trait values, based on
past clinal relationships in 1958-1960, differ from observed present trait values from 2017, and if
differences in predicted and observed traits values vary across the climatic gradient.

We expected to find clinal variation in seed diameter as seed size has been shown by
others to impact population or species fitness across various climates (Adler et al., 2014; Moles
& Westoby, 2006), and previous work in E. californica has shown individuals seeds tend to have
a smaller mass, an expected correlated trait, in arid populations (Ryan & Cleland, in prep). We
also expect to find clinal variation in percent germination and stamen number, because Cook
found rough correlations between higher aridity and both lower percent germination and lower
stamen numbers in his studies from 1958-1960 (Cook, 1962), and other studies have documented
lower percent germination in arid sites populations (Montalvo et al., 2002). Percent germination
is also correlated with dormancy (Huang et al., 2010), a trait which exhibits clinal variation
(Gremer et al., 2020). We also expected that traits would change over time, consistent with

adaptive selection, whereby traits would shift in the direction of clinal variation. Specifically, we
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expected traits to shift towards the means of southern populations (that occupy the warmer, drier
portion of the species range), because California has experienced significant drought and
warming since the 1950s (Dai, 2011; Feng & Fu, 2013). Furthermore, we expected a greater
degree of trait change over time in arid site populations, that historically experienced higher
levels of environmental variability and plasticity (Atkin et al., 2005; Bradshaw, 1965; Chevin &
Hoffmann, 2017; Gugger et al., 2015; Pratt & Mooney, 2013; Schlichting, 1986; Sultan, 1987),
which has been shown to correlate positively with genetic diversity and adaptation (Lande, 2009;

Nicotra et al., 2010).

2. Materials and Methods
2.1 Collection sites for seed diameter, percent germination, and stamen number observations
This study focuses on 20 natural “present” populations of E. californica studied and
collected between April and July, 2017 and 64 natural “past” populations studied and collected
by Stanton A. Cook from 1958-1960 (Cook, 1961). Ten of these collection locations overlap and
exist in both the present and past data sets. These 74 distinct populations exhibit significant life
history variation, some annual others perennial, when grown under both past and present
common garden conditions (Cook, 1962; Ryan & Cleland, 2021). Our present collection sites
were distributed over 700km in southern, central, and northern California (32.8-38.9 latitude),
while Cook’s past collection sites were distributed over 850km in an overlapping range in
California (33.1-40.9 latitude) (Figure 1, Table S1). The present collection sites were chosen to

avoid restoration or garden planting, hence representing "natural" populations.
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2.2 Seed Diameter

To produce seeds for diameter measurements, 8 maternal lines of each population were
planted in our greenhouse common garden at the University of California San Diego (n=20).
During flowering, individuals of the same populations were crossed to produce seeds. Cook’s
collection for seed diameter measurements similarly involved seeds collected from crosses made
between individuals of the same population. These individuals had been transplanted from the
field to a common garden at the Berkeley Botanical Garden. Cook measured up to 40 seeds per
population (3-10 seeds from 1-4 plants) using a Spencer binocular dissecting microscope and an
ocular micrometer (n= 14) (Cook, 1961). We likewise measured seed diameter lengthwise on up
to 40 seeds per population (4-5 seeds from 1-8 plants) using digital calipers. A population

average was obtained to compare to Cook’s findings.

2.3 Collection and preparation of seeds for percent germination observations

Within a site, present seed pods were collected from 10 maternal plants spaced at least 5
meters apart. Seeds were stored at room temperature until used in germination observations.
Cook’s past collections of seeds for the germination observations were in bulk, in that seeds from
different maternal plants were not kept separate (n=44). The present germination observations
were carried out in November, 2017 at the University of California San Diego following Cook’s
protocol: seeds were placed on DI moistened filter paper inside of closed petri dishes in the dark
at 20 degrees C (Cook, 1962). The covers of the petri dishes were secured with parafilm, to limit
evaporation of the distilled water. Following Cook, we calculated germination percentages based

on germinations up to day 6. We used 50 seeds for each population, from up to 10 maternal lines
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(a total of 1,000 seeds from 20 populations, Data S2). The seeds were inspected daily and those

that had germinated were immediately removed from the petri dish to prevent fungal overgrowth.

2.4 Stamen Number

Following Cook, we counted the number of stamens on one flower from 20 individuals
by locating the first individual at the edge of the population and surveying the remaining
individuals in a straight line across the population (n=19) (Cook, 1962). Past mean stamen
number values came from Figure 4 from Cook’s Evolution paper (n=30) (Cook, 1962). The
closest round number to the mean tick mark was transcribed. We excluded Cook site “887” to

avoid bias, because it exists in climate space beyond the climate of the present collection sites.

2.5 Climate variable calculations

To examine patterns in mean annual aridity we used the Thornthwaite function in SPEI
v1.7 to calculate monthly evapotranspiration (PET) (R Core Team, 2021). The Thornthwaite
formula is a standard calculation that uses temperature and day length (via latitude and month) to
estimate the water needs of plants in a specific environment (Thornthwaite, 1948). Aridity index
values that are low indicate arid environments, while high values indicate mesic environments
(Data S1). As expected, the environment becomes more mesic, colder, and wetter across both
present and past sites going from south to north (Table 1). See Supplemental Material for

detailed methods of the aridity and mean annual temperature calculations.
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2.8 Statistical analysis

All analyses were conducted in R version 4.1.2 (R Core Team, 2021). We used model
averaging to determine which climate variables were most important to trait variation across the
native Californian range of E. californica, in both the past and present (Grueber et al., 2011).
Model averaging allows us to calculate a relative importance of variables, based on the weight of
each of the ‘top models’, which is particularly useful when variables are highly correlated.
Separate model averaging was conducted on past and present data sets for a more robust analysis
of the most important climate variables. The climate variables included: 1) aridity 2) mean
annual temperature 3) mean annual precipitation. Latitude was also included, reflecting aspects
of the environment that are not changing with climate change, such as daylength.

To generate a model set, we first fit a global linear model using the Im call in R (See
supplement for all model averaging code). Following Grueber et al., 2011, we then standardized
the input variables using the arm package (Gelman et al., 2021). We then generated a submodel
set by considering all combinations of the variables in the global model, using the dredge
function in the MuMIn package (Barton, 2020). We next obtained the ‘top models’, which were
the top 4AICc of models using the get.models function in the MUMIn package (Barton, 2020).
We then averaged the top model set. We reported relative importance of each variable which was
calculated by summing the weights of all the models in the top model set in which the variable
occurs (Burnham & Anderson, 2002).

Analyses of seed diameter in relation to aridity and time period, and percent germination
and stamen number in relation to mean annual temperature and time period were conducted with
linear models using the /m call in R. Significance for each factor was evaluated with type-II tests

using the Anova function in the car package (Fox & Weisberg, 2019). Significant main effects of
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climate (aridity or mean annual temperature) indicated clinal variation in the response traits,
significant main effects of time period indicated a change in trait values between 1958-1960 and
2017, and significant climate by time period interaction indicated clinal variation in the degree of
trait change over time.

Analyses of past seed diameter in relation to aridity, and percent germination and stamen
number in relation to mean annual temperature and were conducted with linear models using the
/m call in R. Slope and intercept values were obtained using the summary function from the past
data. These values were used to make predictions of trait values for each present site using the
equation:

Predicted present trait value = present climate variable x past slope + past intercept

Then we analyzed the relationship of the observed versus predicted values with the /m
call in R. Significance for each factor was evaluated with type-II tests using the Anova function
in the car package (Fox & Weisberg, 2019). Significant main effects of climate (aridity or mean
annual temperature) indicated clinal variation in predicted and observed trait values, significant
main effects of category indicated a difference in predicted and observed trait values, and
significant climate by category interaction indicated clinal variation in the degree of difference in

predicted and observed trait values.

7. Results
3.1 Importance of climate variables, clinal variation and change over time in traits

Using model averaging, we found aridity was the most predictive climate variable for
seed diameter in the past and present (Table 1). While aridity was not a statistically important

predictor in the past, it was in the present, justifying it’s use in subsequent analyses (Table 1).

103



We documented clinal variation in response to aridity in seed diameter (Figure 2A, Table 2), in
that arid, present populations had smaller diameter seeds. Seed diameter also has decreased over
time; present populations have smaller diameter seeds than past populations (Figure 2A, Table
2).

Mean Annual Temperature was the most predictive climate variable for germination rates
in the past and present (Table 1). Germination rates showed clinal variation in response to mean
annual temperature (Figure 2B, Table 2), in that warmer populations had lower germination
rates. Germination rates did not change over time (Table 2).

Mean Annual Temperature was the most predictive climate variable for number of
stamens in the past and present (Table 1). While mean annual temperature was not a statistically
important predictor in the past or present, its high relative importance justified its use in
subsequent analyses (Table 1). We documented marginally significant clinal variation in
response to mean annual temperature, in that warmer populations had lower numbers of stamens
(Figure 2C, Table 2). Stamen number did not change over time (Table 2). We found no evidence
of the clinal relationships in all traits changing over time, as indicated by a lack of climate by

time interactions (Figure 2A, B, C; Table 2).

3.2 Observed vs. predicted present traits

Observed present seed diameter was lower than predicted for all populations, but
especially populations from the southern, arid part of the range (Figure 3A, Table 3). Observed
present percent germination was not different than predicted for all populations (Figure 3B,
Table 3). Observed present stamen number was lower than predicted for all populations (Figure

3A, Table 3). There was no difference in the clinal relationships of observed and predicted
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percent germination and stamen number (Figure 3 B, C; Table 3).

4.0 Discussion
4.1 Clinal variation

The clinal variation we observed in E. californica is consistent with variation seen in
California in other widespread species (Clausen et al., 1948; Peterson et al., 2016; Pratt &
Mooney, 2013). We expected to find clinal variation in seed diameter because seed size is tightly
linked to fitness, in analyses with wide geographic and taxonomic scope (Adler et al., 2014;
Moles & Westoby, 2006). Furthermore, we expected arid site populations would have smaller
seed diameters, because previous work has found smaller individual seed mass in E. californica
in many of these same arid site populations (Ryan & Cleland, in prep) and arid plant populations
tend to have smaller seeds in larger quantities compared to mesic populations, due to their higher
rates of dormancy (Adler et al., 2014; Cook, 1962; Montalvo et al., 2002). We did find this
relationship in seed diameter. We also found arid site populations had lower percent germination
and stamen number, consistent with rough correlations between aridity and these traits in studies
from 1958-1960 (Cook, 1962). Similarly, other studies have documented arid site populations
having lower percent germination than mesic site populations (Montalvo et al., 2002). This lower
percent germination can be correlated with higher rates of dormancy, seen in E.californica
(Cook, 1961; Montalvo et al., 2002) and other species like Arabidopsis thaliana (Huang et al.,
2010). Annual plants and those found in highly variable environments, such as our most arid
sites, are also more likely to have higher rates of dormancy (Rees, 1994). Hence the clinal

variation observed in these three traits follows our expectations for E. californica.
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4.2 Change over time in traits, observed vs. predicted present traits, and importance of climate
variables

Because California has experienced significant drought and warming over the last 60
years (Dai, 2011; Feng & Fu, 2013), we expected to see seed size, percent germination and
stamen number shifting over time towards the trait values of the southern, warm and arid site
populations of the past. There is extensive evidence from herbarium studies of phenotypic
change over the 20" and 21 century in response to climate change, predominantly in
phenological traits (Calinger et al., 2013; Miller-Rushing & Primack, 2008; Park et al., 2018).
Flowering time advancement in response to climate change was also found using the herbarium
record of E. californica (Pearson et al., 2021). While rare, studies have shown phenotypic change
in morphological traits in response to climate change as well (Buswell et al., 2011; Guerin et al.,
2012). As expected, seed diameters did get smaller, shifting over time in the direction of
southern, arid, warm populations. This shift happened across all populations. However, this shift
was greater than expected, based on predictions from past data and shifting climatic conditions in
California, especially among our arid sites. There may be non-climatic variables driving these
significant changes in seed diameter. While aridity proved to be the most important climate
variable for predicting seed diameter, there was not a particularly strong association between
aridity and seed diameter in the past, suggesting other factors may be more important for seed
diameter variation. Other studies of plant phenotypic change in response to climate change using
herbarium specimens have found similarly unexpected results in plant size and leaf traits (Leger,
2013; Sritharan et al., 2021). In one study, Leger documented a positive relationship between
plant size and temperature over 120 years in several annual plants in the Great Basin, but then

found plant sizes generally decreased as temperatures increased, counter to expectations (Leger,
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2013). We could also be observing plasticity in response to the conditions of the two past and
present common gardens, located in different times and decades. Although, we have not found
plasticity to warming or drought in individual seed mass in E. californica in a field common
garden (Ryan & Cleland, in prep).

Contrary to expectations, germination rates and numbers of stamens did not change
significantly over time. There is limited evidence from the herbarium record that plant
morphological traits that exhibit clinal variation have changed as climate has changed over the
last century, especially among native species (but see (Buswell et al., 2011; Guerin et al., 2012).
For stamen number, 60 years may not be enough time for meaningful evolution to occur or
genetic variation may be too low to result in phenotypic change via selection. Observed present
stamen numbers were lower than expected, based on predictions from past data and climatic
shifts in California. Again, there could be a complex set of environmental factors or non-climatic
variables driving the variation we see in stamen number. Stamen number was found to be highly
heritable, but possibly under relaxed selection in the annual Scleranthus annuus (Svensson &
Persson, 1994). Mean annual temperature was the most important climate variable for predicting
stamen number, but this climate variable did not have a strong relationship with past stamen

number. In addition, negative correlations among various traits can constrain phenotypic change
(Lynch & Walsh, 1998). The association of percent germination and mean annual temperature
was the trait-climate pair that was significant in both the past and present, which may be
reflected in the overlapping observed and expected present germination rates. Germination rates
such as these, collected relatively early at day 6, are highly correlated with germination speed, at

trait which can evolve quickly in response to changing climate (Dickman et al., 2019).
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4.3 Caveats

There are inherent challenges to studies where re-surveys are conducted in increasingly
populated areas. Many of the sites surveyed by Cook have been developed over the last 60 years.
Only 22% of the past sites we visited to sample remained undeveloped, accessible, or within
close proximity to an accessible population. In the Central Valley in particular, almost all of the
past sites are now ranchland or farmland. Furthermore, these experiments and re-surveys cannot
parse out plasticity and adaptive processes. The common gardens from 1958-1960 and 2017 may
have different climatic or non-climatic aspects contributing to the differences we see in seed size.
There is also marked variation in seed size within individual plants (Ryan, unpublished data).
Cook did not describe in his methods how he selected seeds to measure. A challenge of these
types of re-surveys is they necessitate different people taking fine-scale trait measurements. In
many ways this study shares similar challenges with phenology studies using historical museum

specimens.
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Table 3.2. Summary statistics from linear models evaluating how climate (aridity for seed
diameter and mean annual temperature for percent germination and stamen number) of
collection site and time period (past and present) influence traits and if the effect of time period
varies across a climatic gradient in populations of E. californica. See methods for number of

populations included in each analysis.

Seed Diameter

Percent Germination

Stamen Number

F P F P F P
Climate 2028  <0.001** 19.13 <0.001*** 3.85 0.0560.
Time 2367  <0.001*** 0.27 0.6069 1.64 0.2068
Climate:Time 1.55 0.2229 0.19 0.6625 0.17 0.6799

P-value significance: * <0.05, ** <0.01, ***<0.001.
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Table 3.3. Summary statistics from linear models evaluating how observed and predicted values
of traits relate to one another, respond to climate (aridity for seed diameter and mean annual
temperature for percent germination and stamen number) of collection site and if the
relationship of observed and predicted traits varies across the climatic gradient, in 20
populations of E. californica.

Seed Diameter Percent Germination Stamen Number
F P F P F P
Climate 52.59 <0.001*** 60.55 <0.001*** 13.27 <0.001***
Category (obs. vs. predict.)  210.34 <0.001*** 1.41 0.2435 5.59 0.0395*
Climate*Category 15.02 <0.001*** 0.61 0.4408 0.31 0.5824

P-value significance: * <0.05, ** <0.01, ***<0.001.
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Figure 3.1. Present (n=10), past (n=54) and overlapping (n=10) Collection sites for E. californica. The species
range extends north to southern Washington state, and south to Baja Sur, Mexico.
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Figure 3.2 (A, B, C). Traits of seed diameter, percent germination and stamen number show significant or
marginally significant clinal variation in E. californica in present collections (A: Climate, p = <0.001; B: Climate, p
=<0.001; C: Climate, p = 0.056). Seed diameter was the only trait that changed between our two time periods,
decreasing over time (Time, p <0.001). Time did not change the relationship between traits and climate (A:
Climate:Time, p = 0.22; B: Climate: Time, p = 0.66; C: Climate:Time, p = 0.68).
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Figure 3.3 (A, B, C). Observed present seed diameter and stamen number were lower than predicted for all
populations (A: Category, p = <0.001; C: Category, p = 0.039), while observed present percent germination was not
different than predicted (B: Category, p = 0.24). Populations in the arid part of the range exhibited a larger
difference in observed and predicted seed diameter (A: Climate:Category, p = <0.001). There was no difference in

the clinal relationships of observed and predicted percent germination and stamen number (B: Climate:Category, p =
0.44; C: Climate:Category, p = 0.58).

114



References

Adler, P. B., Salguero-Gémez, R., Compagnoni, A., Hsu, J. S., Ray-Mukherjee, J., Mbeau-Ache,
C., & Franco, M. (2014). Functional traits explain variation in plant life history strategies.
PNAS. https://doi.org/10.1073/pnas.1315179111

Afkhami, M. E., McIntyre, P. J., & Strauss, S. Y. (2014). Mutualist-mediated effects on species'
range limits across large geographic scales. Ecology Letters, 17(10), 1265-1273.
https://doi.org/10.1111/ele.12332

Agren, J., Oakley, C. G., Lundemo, S., & Schemske, D. W. (2017). Adaptive divergence in
flowering time among natural populations of Arabidopsis thaliana: Estimates of selection
and QTL mapping. Evolution; international journal of organic evolution, 71(3).
https://doi.org/10.1111/evo.13126

Aitken, S. N., & Whitlock, M. C. (2013). Assisted Gene Flow to Facilitate Local Adaptation to
Climate Change. Annual Review of Ecology, Evolution, and Systematics, 44(1), 367-388.
https://doi.org/10.1146/annurev-ecolsys-110512-135747

Anderegg, L. D. L., Berner, L. T., Badgley, G., Sethi, M. L., Law, B. E., & HilleRisLambers, J.
(2018). Within-species patterns challenge our understanding of the leaf economics
spectrum. Ecology Letters, 21(5), 734-744.

Anderson, J. T., & Gezon, Z. J. (2015). Plasticity in functional traits in the context of climate
change: a case study of the subalpine forb Boechera stricta (Brassicaceae). Glob Chang
Biol, 21(4), 1689-1703. https://doi.org/10.1111/gcb.12770

Anderson, J. T., Panetta, A. M., & Mitchell-Olds, T. (2012). Evolutionary and ecological
responses to anthropogenic climate change: update on anthropogenic climate change.
Plant Physiology, 160(4), 1728-1740. https://doi.org/10.1104/pp.112.206219

Aronne, G. (2017). Identification of Bottlenecks in the Plant Life Cycle for Sustainable
Conservation of Rare and Endangered Species. Front. Ecol. Evol . 5(76).
https://doi.org/10.3389/fevo0.2017.00076

Aronson, J., Kigel, J., Shmida, A., & Klein, J. (1992). Adaptive phenology of desert and
Mediterranean populations of annual plants grown with and without water stress. §9(1),
17-26. https://doi.org/10.1007/BF00319010

Atkin, O. K., Loveys, B. R., Atkinson, L. J., & Pons, T. L. (2005). Phenotypic plasticity and
growth temperature: understanding interspecific variability. Journal of Experimental
Botany, 57(2), 267-281. https://doi.org/10.1093/jxb/erj029

Atkins, K. E., & Travis, J. M. J. (2010). Local adaptation and the evolution of species’ ranges
under climate change. Journal of Theoretical Biology, 266(3), 449-457.
https://doi.org/https://doi.org/10.1016/1.jtbi.2010.07.014

Barton, K. (2020). MuMIn: multi-model inference. R package, version 01.43.17.

115



Berg, A., Findell, K., Lintner, B., Giannini, A., Seneviratne, S. 1., van den Hurk, B, . . . Milly, P.
C. D. (2016). Land—atmosphere feedbacks amplify aridity increase over land under global
warming. Nature Climate Change, 6(9), 869-874. https://doi.org/10.1038/nclimate3029

Bontrager, M., & Angert, A. L. (2019). Gene flow improves fitness at a range edge under climate
change. Evolution Letters, 3(1), 55-68. https://doi.org/10.1002/ev13.91

Boucher, V. (1985). Life History Variation in California Poppy Across an Environmental
Gradient in Central California University of Oregon]. Eugene, Oregon.

Bradshaw, A. D. (1965). Evolutionary Significance of Phenotypic Plasticity in Plants. In E. W.
Caspari & J. M. Thoday (Eds.), Advances in Genetics (Vol. 13, pp. 115-155). Academic
Press. https://doi.org/https://doi.org/10.1016/S0065-2660(08)60048-6

Breed, M. F., Stead, M. G., Ottewell, K. M., Gardner, M. G., & Lowe, A. J. (2013). Which
provenance and where? Seed sourcing strategies for revegetation in a changing
environment. Conservation Genetics, 14(1), 1-10. https://doi.org/10.1007/s10592-012-
0425-7

Briscoe Runquist, R. D., Gorton, A. J., Yoder, J. B., Deacon, N. J., Grossman, J. J., Kothari, S., .
.. Moeller, D. A. (2020). Context Dependence of Local Adaptation to Abiotic and Biotic
Environments: A Quantitative and Qualitative Synthesis. The American Naturalist,
195(3),412-431. https://doi.org/10.1086/707322

Bueno de Mesquita, C. P., King, A. J., Schmidt, S. K., Farrer, E. C., & Suding, K. N. (2016).
Incorporating biotic factors in species distribution modeling: are interactions with soil
microbes important? Ecography, 39(10), 970-980. https://doi.org/10.1111/ecog.01797

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel inference: a
practical information-theoretic approach. In (2nd ed.). Springer, Berlin.

Buswell, J. M., Moles, A. T., & Hartley, S. (2011). Is rapid evolution common in introduced
plant species? Journal of Ecology, 99, 214-224.
https://doi.org/https://doi.org/10.1111/7.1365-2745.2010.01759.x

Calinger, K. M., Queenborough, S., & Curtis, P. S. (2013). Herbarium specimens reveal the
footprint of climate change on flowering trends across north-central North America.
Ecology Letters, 16, 1037-1044.

Castro-Diez, P., Villar-Salvador, P., Pérez-Rontomé, C., Maestro-Martinez, M., & Montserrat-
Marti, G. (2021). Leaf morphology and leaf chemical composition in three Quercus
(Fagaceae) species along a rainfall gradient in NE Spain [OriginalPaper]. Trees, 11(3),
127-134. https://doi.org/doi:10.1007/PL00009662

Caswell, H. (2001). Matrix Population Models: Construction, Analysis, and Interpretation (2nd
ed.). Sinauer Associates.

116



Cayan, D. R., Maurer, E. P., Dettinger, M. D., Tyree, M., & Hayhoe, K. (2008). Climate change
scenarios for the California region. Climatic Change, 87(1), 21-42.
https://doi.org/10.1007/s10584-007-9377-6

Charnov, E. L., & Schaffer, W. M. (1973). Life-History Consequences of Natural Selection:
Cole's Result Revisited. The American Naturalist, 107(958), 791-793.
https://doi.org/10.1086/282877

Chen, I. C., Hill, J. K., Ohlemuller, R., Roy, D. B., & Thomas, C. D. (2011). Rapid Range Shifts
of Species Associated with High Levels of Climate Warming [Article]. Science,
333(6045), 1024-1026. https://doi.org/10.1126/science.1206432

Chevin, L. M., & Hoffmann, A. A. (2017). Evolution of phenotypic plasticity in extreme
environments. Philos Trans R Soc Lond B Biol Sci, 372(1723),20160138.
https://doi.org/10.1098/rstb.2016.0138

Chevin, L. M., & Lande, R. (2010). When do adaptive plasticity and genetic evolution prevent
extinction of a density-regulated population? Evolution, 64(4), 1143-1150.
https://doi.org/10.1111/].1558-5646.2009.00875.x

Clausen, J., Keck, D. D., & Hiesey, W. M. (1948). Experimental studies on the nature of species.
II1. Environmental responses of climatic races of Achillea. (581. 129 pp.).

Cleland, E. E., Allen, J. M., Crimmins, T. M., Dunne, J. A., Pau, S., Travers, S. E., . ..
Wolkovich, E. M. (2012). Phenological tracking enables positive species responses to
climate change. Ecology, 93(8), 1765-1771. https://doi.org/10.1890/11-1912.1

Cochrane, A., Yates, C.J., Hoyle, G.L. and Nicotra, A.B. (2016). Will among-population
variation in seed traits improve the chance of species persistence under climate change?
Global Ecology and Biogeography, 24(1), 12-24.

Cole, L. C. (1954). The population consequences of life history phenomena. The Quarterly
review of biology, 29(2), 103-137. https://doi.org/10.1086/400074

Compagnoni, A., & Adler, P. B. (2014). Warming, competition, and Bromus tectorum
population growth across an elevation gradient. Ecosphere, 5(9), 121.
https://doi.org/10.1890/ES14-00047.1

Cook, B. 1., Smerdon, J. E., Seager, R., & Coats, S. (2014). Global warming and 2 1st century
drying. Climate Dynamics, 43(9), 2607-2627. https://doi.org/10.1007/s00382-014-2075-y

Cook, S. A. (1961). Aspects of the Biology of Eschscholzia Californica cham University of
California]. Berkeley, CA.

Cook, S. A. (1962). Genetic System, Variation, and Adaptation in Eschscholzia californica.
Evolution, 16(3), 278-299. https://doi.org/10.2307/2406277

117



Crimmins, T., Crimmins, M., Gerst, K., Rosemartin, A., & Weltzin, J. (2017). USA National
Phenology Network’s volunteer-contributed observations yield predictive models of
phenological transitions. PLOS ONE, 12(8), €0182919.
https://doi.org/10.1371/journal.pone.0182919

Dai, A. (2011). Drought under global warming: a review. WIREs Climate Change, 2, 45-65.
https://doi.org/https://doi.org/10.1002/wce.81

Dai, A. (2013). Increasing Drought under Global Warming in Observations and Models. Nature
Climate Change, 3, 52-58. https://doi.org/10.1038/nclimate1633

Dalgleish, H. J., Koons, D. N., Hooten, M. B., Moffet, C. A., & Adler, P. B. (2011). Climate
influences the demography of three dominant sagebrush steppe plants. Ecology, 92(1),
75-85.

Darwin, C. R. (1876). The effect of cross and self fertilization in the vegetable kingdom. viii +
487. (1916 Reprint)

Davis, M. B., & Shaw, R. G. (2001). Range Shifts and Adaptive Responses to Quaternary
Climate Change. Science, 292(5517), 673. https://doi.org/10.1126/science.292.5517.673

Dettinger, MD, FM, R., T, D., PJ, N., & DR, C. (2011a). Atmospheric rivers, floods and the
water resources of California. Water, 3(2):445-78.

Dettinger, MD, FM, R., T, D., PJ, N., & DR, C. (2011b). Atmospheric rivers, floods and the
water resources of California. Water, 3(2):445-78.

Dickman, E. E., Pennington, L. K., Franks, S. J., & Sexton, J. P. (2019). Evidence for adaptive
responses to historic drought across a native plant species range. Evolutionary
Applications, 12(8), 1569-1582. https://doi.org/10.1111/eva.12803

Dixon, A. L., & Busch, J. W. Common garden test of range limits as predicted by a species
distribution model in the annual plant Mimulus bicolor. American Journal of Botany,
104, 817-827. https://doi.org/https://doi.org/10.3732/ajb.1600414

Donohue, K., Rubio de Casas, R., Burghardt, L., Kovach, K., & Willis, C. G. (2010).
Germination, Postgermination Adaptation, and Species Ecological Ranges. Annual
Review of Ecology, Evolution, and Systematics, 41(1), 293-319.
https://doi.org/10.1146/annurev-ecolsys-102209-144715

Endler, J. (1977). Geographic Variation, Speciation and Clines. Monographs in population
biology, 10, 1-246. https://doi.org/10.2307/2259234

Ensing, D. J., & Eckert, C. G. (2019). Interannual variation in season length is linked to strong
co-gradient plasticity of phenology in a montane annual plant. New Phytologist, 224(3),
1184-1200. https://doi.org/10.1111/nph.16009

118



Etterson, J. R. (2004). Evolutionary potential of Chamaecrista fasciculata in relation to climate
change. 1. Clinal patterns of selection along an environmental gradient in the great plains.
Evolution, 58, 1446-1456. https://doi.org/https://doi.org/10.1111/5.0014-
3820.2004.tb01726.x

Etterson, J. R., Schneider, H. E., Gorden, N. L., & Weber, J. J. (2016). Evolutionary insights
from studies of geographic variation: Contemporary variation and looking to the future.
Am J Bot, 103(1), 5-9. https://doi.org/10.3732/ajb.1500515

Fay, P. A, Carlisle, J. D., Knapp, A. K., Blair, J. M., & Collins, S. L. (2003). Productivity
responses to altered rainfall patterns in a C4-dominated grassland. Oecologia, 137(2),
245-251. https://doi.org/10.1007/s00442-003-1331-3

Feng, S., & Fu, Q. (2013). Expansion of global drylands under a warming climate. Atmos. Chem.
Phys., 13(19), 10081-10094. https://doi.org/10.5194/acp-13-10081-2013

Fournier, D. A., Skaug, H. J., Ancheta, J., lanelli, J., Magnusson, A., Maunder, M. N., . . . Sibert,
J. (2012). AD Model Builder: using automatic differentiation for statistical inference of

highly parameterized complex nonlinear models. Optimization Methods and Software,
27:2,233-249.

Fox, G. A., Evans, A. S., & Keefer, C. J. (1995). Phenotypic Consequences of Forcing
Germination: A General Problem of Intervention in Experimental Design. American
Journal of Botany, 82(10), 1264-1270. https://doi.org/10.2307/2446249

Fox, J., & Weisberg, S. (2019). An R Companion to Applied Regression (Third edition ed.).
Sage, Thousand Oaks, CA.

Fox, R. J., Donelson, J. M., Schunter, C., Ravasi, T., & Gaitan-Espitia, J. D. (2019). Beyond
buying time: the role of plasticity in phenotypic adaptation to rapid environmental

change. Philosophical transactions of the Royal Society of London. Series B, Biological
sciences, 374(1768), 20180174. https://doi.org/10.1098/rstb.2018.0174

Franks, S. J. (2011). Plasticity and evolution in drought avoidance and escape in the annual plant
Brassica rapa. New Phytologist, 190(1), 249-257. https://doi.org/10.1111/1.1469-
8137.2010.03603.x

Franks, S. J., Sim, S., & Weis, A. E. (2007). Rapid evolution of flowering time by an annual
plant in response to a climate fluctuation. Proceedings of the National Academy of
Sciences, 104(4), 1278. https://doi.org/10.1073/pnas.0608379104

Franks, S. J., Weber, J. J., & Aitken, S. N. (2014). Evolutionary and plastic responses to climate

change in terrestrial plant populations. Evol Appl, 7(1), 123-139.
https://doi.org/10.1111/eva.12112

Friedman, J., & Rubin, M. J. (2015). All in good time: understanding annual and perennial
strategies in plants. Am J Bot, 102(4), 497-499. https://doi.org/10.3732/ajb.1500062

119



Garcia, D., & Zamora, R. (2003). Persistence, multiple demographic strategies and conservation
in long-lived Mediterranean plants. Journal of Vegetation Science, 14, 921-926.
https://doi.org/https://doi.org/10.1111/1.1654-1103.2003.tb02227.x

Gelman, A., Su, Y.-S., Yajima, M., Hill, J., Pittau, M. G., Kerman, J., . . . Dorie, V. (2021). arm:
data analysis using regression and multilevel

/hierarchical models. R package, version 1.12-2.

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007). Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Functional Ecology, 21(3), 394-407. https://doi.org/10.1111/1.1365-
2435.2007.01283.x

Gremer, J. R., Chiono, A., Suglia, E., Bontrager, M., Okafor, L., & Schmitt, J. (2020). Variation
in the seasonal germination niche across an elevational gradient: the role of germination

cueing in current and future climates. American Journal of Botany, 107 ( 2 ), 350
— 363.

Grime, J. P. (1979). Plant strategies and vegetation processes. Wiley.

Grueber, C. E., Nakagawa, S., Laws, R. J., & Jamieson, 1. G. (2011). Multimodel inference in
ecology and evolution: challenges and solutions. Journal of Evolutionary Biology, 24(4),
699-711. https://doi.org/https://doi.org/10.1111/5.1420-9101.2010.02210.x

Guerin, G. R., Wen, H., & Lowe, A. J. (2012). Leaf morphology shift linked to climate change
[research-article]. Biology Letters, 8, 882—886. https://doi.org/doi:10.1098/rsbl.2012.0458

Gugger, S., Kesselring, H., Stocklin, J., & Hamann, E. (2015). Lower plasticity exhibited by
high- versus mid-elevation species in their phenological responses to manipulated
temperature and drought. Annals of Botany, 116(6), 953-962.
https://doi.org/10.1093/aob/mev155

Hall, M. C., & Willis, J. H. (2006). Divergent selection on flowering time contributes to local
adaptation in Mimulus guttatus populations. Evolution, 60(12), 2466-2477.
https://doi.org/10.1111/5.0014-3820.2006.tb01882.x

Hamann, A., & Aitken, S. N. (2013). Conservation planning under climate change: accounting
for adaptive potential and migration capacity in species distribution models. Diversity
and Distributions, 19(3), 268-280. https://doi.org/10.1111/].1472-4642.2012.00945 .x

Harrell, Jr, F. E., & Harrell Jr, M. F. E. (2019). Package ‘hmisc’. CRAN2018, 2019, 235-236.

Harrison, S. P., Gornish, E. S., & Copeland, S. (2015). Climate-driven diversity loss in a
grassland community. Proceedings of the National Academy of Sciences, 112(28), 8672.
https://doi.org/10.1073/pnas.1502074112

120



Heiri, O., Lotter, A. F., & Lemcke, G. (2001). Loss on ignition as a method for estimating
organic and carbonate content in sediments: reproducibility and comparability of results.
Journal of Paleolimnology, 25(1), 101-110. https://doi.org/10.1023/a:1008119611481

Hijmans, R. J., & Graham, C. H. (2006). The ability of climate envelope models to predict the
effect of climate change on species distributions. Global Change Biology, 12(12),2272-
2281. https://doi.org/10.1111/].1365-2486.2006.01256.x

Hoffmann, A. A., & Sgro, C. M. (2011). Climate change and evolutionary adaptation [Review
Atrticle]. Nature, 470, 479. https://doi.org/10.1038/nature09670

Huang, X., Schmitt, J., Dorn, L., Griffith, C., Effgen, S., Takao, S., . . . Donohue, K. (2010). The
earliest stages of adaptation in an experimental plant population: strong selection on
QTLS for seed dormancy. Molecular Ecology, 19, 1335-1351.

Hufford, K., & Mazer, S. (2003). Hufford KM, Mazer SJ. Plant ecotypes: genetic differentiation
in the age of ecological restoration. Trends Ecol Evol 18: 147-155. Trends in Ecology &
Evolution, 18, 147-155. https://doi.org/10.1016/S0169-5347(03)00002-8

Huntley, B. (1991). How Plants Respond to Climate Change: Migration Rates, Individualism and
the Consequences for Plant Communities. Annals of Botany, 67, 15-22.
https://doi.org/10.1093/oxfordjournals.aob.a088205

Hallfors, M. H., Liao, J., Dzurisin, J., Grundel, R., Hyvérinen, M., Towle, K., . . . Hellmann, J. J.
(2016). Addressing potential local adaptation in species distribution models: implications

for conservation under climate change. Ecol Appl, 26(4), 1154-1169.
https://doi.org/10.1890/15-0926

Johnson, N. C., Wilson, G. W. T., Bowker, M. A., Wilson, J. A., & Miller, R. M. (2010).
Resource limitation is a driver of local adaptation in mycorrhizal symbioses. Proceedings
of the National Academy of Sciences, 107(5), 2093.
https://doi.org/10.1073/pnas.0906710107

Jones, T. A. (2013). Ecologically Appropriate Plant Materials for Restoration Applications.
BioScience, 63(3), 211-219. https://doi.org/10.1525/bi10.2013.63.3.9

Jump, A. S., Hunt, J. M., & Pefuelas, J. (2006). Rapid climate change-related growth decline at
the southern range edge of Fagus sylvatica. Global Change Biology, 12(11),2163-2174.

Jump, A. S., & Pefiuelas, J. (2005). Running to stand still: adaptation and the response of plants
to rapid climate change. Ecology Letters, 8(9), 1010-1020. https://doi.org/10.1111/1.1461-
0248.2005.00796.x

Kardol, P., Dickie, I. A., St. John, M. G., Husheer, S. W., Bonner, K. 1., Bellingham, P. J., &
Wardle, D. A. (2014). Soil-mediated effects of invasive ungulates on native tree
seedlings. Journal of Ecology, 102(3), 622-631. https://doi.org/10.1111/1365-2745.12234

121



Kearney, M., Wintle, B., & Porter, W. (2010). Correlative and mechanistic models of species
distribution provide congruent forecasts under climate change. Conservation Letters, 3,
203-213. https://doi.org/10.1111/1.1755-263X.2010.00097.x

Kelly, M. W., Sanford, E., & Grosberg, R., K. (2012). Limited potential for adaptation to climate
change in a broadly distributed marine crustacean. Proceedings of the Royal Society B:
Biological Sciences, 279(1727), 349-356. https://doi.org/10.1098/rspb.2011.0542

Kingsolver, J. G., & Buckley, L. B. (2017). Evolution of plasticity and adaptive responses to
climate change along climate gradients. Proc Biol Sci. , 284(1860)(20170386).
https://doi.org/10.1098/rspb.2017.0386

Kooyers, N. J., Colicchio, J. M., Greenlee, A. B., Patterson, E., Handloser, N. T., & Blackman,
B. K. (2019). Lagging Adaptation to Climate Supersedes Local Adaptation to Herbivory
in an Annual Monkeyflower. Am Nat, 194(4), 541-557. https://doi.org/10.1086/702312

Koziol, L., Schultz, P. A., House, G. L., Bauer, J. T., Middleton, E. L., & Bever, J. D. (2018).
The Plant Microbiome and Native Plant Restoration: The Example of Native Mycorrhizal
Fungi. BioScience, 68(12), 996-1006. https://doi.org/10.1093/biosci/biy125

Lande, R. (2009). Adaptation to an extraordinary environment by evolution of phenotypic
plasticity and genetic assimilation. J Evol Biol, 22(7), 1435-1446.
https://doi.org/10.1111/5.1420-9101.2009.01754.x

Laughlin, D. C. (2012). A predictive model of community assembly that incorporates
intraspecific trait variation. Ecology Letters, 15(11), 1291-1299.

Lavorel, S., & Garnier, E. (2002). Predicting changes in community composition and ecosystem
functioning from plant traits: revisiting the Holy Grail. Functional Ecology, 16(5), 545-
556.

Leger, E. A. (2013). Annual plants change in size over a century of observations. Global Change
Biology, 19, 2229-2239. https://doi.org/https://doi.org/10.1111/gcb.12208

Leger, E. A., & Rice, K. J. (2007). Assessing the speed and predictability of local adaptation in
invasive California poppies (Eschscholzia californica). J Evol Biol, 20(3), 1090-1103.
https://doi.org/10.1111/5.1420-9101.2006.01292.x

Leimu, R., & Fischer, M. (2008). A Meta-Analysis of Local Adaptation in Plants. Plos One,
3(12), e4010. https://doi.org/10.1371/journal.pone.0004010

Liu, M., Wang, Z., Li, S., Lii, X., Wang, X., & Han, X. (2017). Changes in specific leaf area of
dominant plants in temperate grasslands along a 2500-km transect in northern China
[OriginalPaper]. Scientific Reports, 7(1), 1-9. https://doi.org/doi:10.1038/s41598-017-
11133-z

Loarie, S. R., Dufty, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, D. D. (2009).
The velocity of climate change. Nature, 462, 1052. https://doi.org/10.1038/nature08649

122



Lynch, M., & Walsh, J. B. (1998). Genetics and Analysis of Quantitative Traits. Sinauer.

Lyons, R. E., & Booze-Daniels, J. N. (1986). Characteristics of photoperiod response of
California poppy. J . Amer. Soc. Hort. Sci., 111(4), 593-596.

Macel, M., Lawson, C. S., Mortimer, S. R., Smilauerova, M., Bischoff, A., Crémieux, L., . . .
Steinger, T. (2007). Climate vs. soil factors in local adaptation of two common plant
species. Ecology, 88(2), 424-433. https://doi.org/10.1890/0012-
9658(2007)88[424:CVSFIL]2.0.CO:2

Marcer, A., Méndez-Vigo, B., Alonso-Blanco, C., & Pico, F. X. (2016). Tackling intraspecific
genetic structure in distribution models better reflects species geographical range.
Ecology and Evolution, 6(7), 2084-2097. https://doi.org/10.1002/ece3.2010

Marion, G. M. (1996). Temperature Enhancement Experiments.

May, R. L., Warner, S., & Wingler, A. (2017). Classification of intra-specific variation in plant
functional strategies reveals adaptation to climate. Annals of botany, 119 (8), 1343—1352.
https://doi.org/https://doi.org/10.1093/aob/mcx031

McKay, J., Christian, C., Harrison, S., & Rice, K. (2005). "How Local Is Local?"-A Review of
Practical and Conceptual Issues in the Genetics of Restoration. Restoration Ecology, 13,
432-440. https://doi.org/10.1111/5.1526-100X.2005.00058.x

Merow, C., Latimer, A. M., Wilson, A. M., McMahon, S. M., Rebelo, A. G., & Silander Jr, J. A.
(2014). On using integral projection models to generate demographically driven
predictions of species' distributions: development and validation using sparse data.
Ecography, 37(12), 1167-1183. https://doi.org/https://doi.org/10.1111/ecog.00839

Metcalf, C. J., & Pavard, S. (2007). Why evolutionary biologists should be demographers.
Trends Ecol Evol, 22(4), 205-212. https://doi.org/10.1016/j.tree.2006.12.001

Miller-Rushing, A. J., Hoye, T. T., Inouye, D. W., & Post, E. (2010). The effects of phenological
mismatches on demography. Philosophical Transactions of the Royal Society B:
Biological Sciences, 365(1555), 3177-3186. https://doi.org/10.1098/rstb.2010.0148

Miller-Rushing, A. J., & Primack, R. B. (2008). Global warming and flowering times in
Thoreau's Concord: a community perspective. Ecology, 89, 332 — 341.

Moles, A., & Westoby, M. (2006). Seed size and plant strategy across the whole life cycle.
Oikos, 113(1), 91-105.

Montalvo, A., Feist-Alvey, L., & Koehler, C. (2002). The effect of fire and cold treatments on
seed germination of annual and perennial populations of Eschscholzia californica
(Papaveraceae) in Southern California. Madrorio, 49 (4), 207-227.

Mooney, H., Larigauderie, A., Cesario, M., Elmquist, T., Hoegh-Guldberg, O., Lavorel, S., . . .
Yahara, T. (2009). Biodiversity, climate change, and ecosystem services. Current

123



Opinion in Environmental Sustainability, 1(1), 46-54.
https://doi.org/https://doi.org/10.1016/j.cosust.2009.07.006

Moriuchi, K. S., & Winn, A. A. (2005). Relationships among growth, development and plastic
response to environment quality in a perennial plant. New Phytol, 166(1), 149-158.
https://doi.org/10.1111/].1469-8137.2005.01346.x

Morris, W., & Doak, D. (2002). Quantitative Conservation Biology: the Theory and Practice of
Population Viability Analysis. Sinauer Associates.

Munguia-Rosas, M. A., Ollerton, J., Parra-Tabla, V., & De-Nova, J. A. (2011). Meta-analysis of
phenotypic selection on flowering phenology suggests that early flowering plants are
favoured. Ecology Letters, 14(5), 511-521. https://doi.org/10.1111/1.1461-
0248.2011.01601.x

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J., Mathesius, U., . . .
van Kleunen, M. (2010). Plant phenotypic plasticity in a changing climate. Trends in
Plant Science, 15(12), 684-692.
https://doi.org/https://doi.org/10.1016/j.tplants.2010.09.008

O'Neal, M., Landis, D., & Isaacs, R. (2002). An inexpensive, accurate method for measuring leaf
area and defoliation through digital image analysis. J Econ Entomol, 95, 1190-1194.

Oney, B., Reineking, B., O'Neill, G., & Kreyling, J. (2013). Intraspecific variation buffers
projected climate change impacts on Pinus contorta. Ecology and Evolution, 3(2), 437-
449, https://doi.org/10.1002/ece3.426

Park, D. S., Breckheimer, 1., Williams, A. C., Law, E., Ellison, A. M., & Davis, C. C. (2018).
Herbarium specimens reveal substantial and unexpected variation in phenological
sensitivity across the eastern United States. Philosophical transactions of the Royal
Society of London. Series B, Biological sciences, 374 (1763), 20170394.
https://doi.org/https://doi.org/10.1098/rstb.2017.0394

Parmesan, C. (2006). Ecological and Evolutionary Responses to Recent Climate Change. Annual
Review of Ecology, Evolution, and Systematics, 37(1), 637-669.
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100

Parmesan, C., & Hanley, M. E. (2015). Plants and climate change: complexities and surprises.
Annals of botany, 116(6), 849-864. https://doi.org/10.1093/aob/mcv169

Pearman, P. B., D'Amen, M., Graham, C. H., Thuiller, W., & Zimmermann, N. E. (2010).
Within-taxon niche structure: niche conservatism, divergence and predicted effects of
climate change. Ecography, 33(6), 990-1003. https://doi.org/10.1111/5.1600-
0587.2010.06443 x

Pearson, K. D., Love, N. R., Ramirez-Parada, T., Mazer, S. J., & Yost, J. M. (2021).
Phenological trends in the California Poppy ( Eschscholzia californica ): digitized

124



herbarium specimens reveal intraspecific variation in the sensitivity of flowering date to
climate change. Madrorio, 68, 343-359.

Pearson, R. G., & Dawson, T. P. (2003). Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology and
Biogeography, 12(5), 361-371. https://doi.org/10.1046/].1466-822X.2003.00042.x

Peterson, M. L., Doak, D. F., & Morris, W. F. (2019). Incorporating local adaptation into
forecasts of species’ distribution and abundance under climate change. Global Change
Biology, 25(3), 775-793. https://doi.org/10.1111/gcb.14562

Peterson, M. L., Kay, K. M., & Angert, A. L. (2016). The scale of local adaptation in Mimulus
guttatus: comparing life history races, ecotypes, and populations. New Phytol, 211(1),
345-356. https://doi.org/10.1111/nph.13971

Penuelas, P., & Filella, I. (2001). Responses to a Warming World [other]. Science.
https://doi.org/10.1126/science.1066860

Pichancourt, J., & van Klinken, R. (2012). Phenotypic Plasticity Influences the Size, Shape and
Dynamics of the Geographic Distribution of an Invasive Plant. PLOS ONE.
https://doi.org/10.1371/journal.pone.0032323

Pierce, D. W., Kalansky, J. F., & Cayan, D. R. (2018). Climate, Drought, and Sea Level Rise
Scenarios for the Fourth California Climate Assessment. California’s Fourth Climate

Change Assessment, California Energy Commission, Publication Number: CNRA-CEC-
2018-2006.

Pinheiro, J., Bates, D., DebRoy, S. S., & Sarkar, D. (2013). Nlme: Linear and Nonlinear Mixed
Effects Models. R package version 31-110, 3, 1-113.

Poorter, H., Niinemets, U., Poorter, L., Wright, I.J. and Villar, R. (2009),. (2009). Causes and
consequences of variation in leaf mass per area (LMA): a meta-analysis - Poorter - 2009 -
New Phytologist - Wiley Online Library. New Phytologist, 182, 565-588.
https://doi.org/10.1111/5.1469-8137.2009.02830.x

Pratt, J. D., & Mooney, K. A. (2013). Clinal adaptation and adaptive plasticity in Artemisia
californica: implications for the response of a foundation species to predicted climate
change. Global Change Biology, 19(8), 2454-2466. https://doi.org/10.1111/g¢cb.12199

Pregitzer, C. C., Bailey, J. K., Hart, S. C., & Schweitzer, J. A. (2010). Soils as agents of
selection: feedbacks between plants and soils alter seedling survival and performance.
Evolutionary Ecology, 24(5), 1045-1059. https://doi.org/10.1007/s10682-010-9363-8

Primack, R. B. (1979). Reproductive Effort in Annual and Perennial Species of Plantago
(Plantaginaceae). The American Naturalist, 114(1), 51-62.
https://doi.org/10.1086/283453

PRISM Climate Group, O. S. U. Retrieved 26 April 2018 from http://prism.oregonstate.edu

125



R Core Team. (2021). R: A language and environment for statistical computing. In
https://www.R-project.org

Reed, T. E., Schindler, D. E., & Waples, R. S. (2011). Interacting effects of phenotypic plasticity
and evolution on population persistence in a changing climate. Conserv Biol, 25(1), 56-
63. https://doi.org/10.1111/5.1523-1739.2010.01552 x

Rees, M. (1994). Delayed Germination of Seeds: A Look at the Effects of Adult Longevity, the
Timing of Reproduction, and Population Age/Stage Structure. The American Naturalist,
144(1), 43-64. https://doi.org/10.1086/285660

Rehfeldt, G. E., Ying, C. C., Spittlehouse, D. L., & Hamilton, D. A. (1999). Genetic Responses
to Climate in Pinus contorta: Niche Breadth, Climate Change, and Reforestation.
Ecological Monographs, 69(3), 375-407. https://doi.org/10.2307/2657162

Reich, P. B., Ellsworth, D.S., Walters, M.B., Vose, J.M., Gresham, C., Volin, J.C. and Bowman,
W.D. (1999). GENERALITY OF LEAF TRAIT RELATIONSHIPS: A TEST ACROSS
SIX BIOMES. Ecology, 80(6), 1955-1969.

Reich, P. B., Wright, 1. J., Cavender-Bares , J., Craine , J. M., Oleksyn , J., Westoby , M., &
Walters, M. B. (2003). The evolution of plant functional variation: Traits, spectra, and
strategies .. 64 : S3,S143-S164.

Robinson, B. W., & Dukas, R. (1999). The Influence of Phenotypic Modifications on Evolution:
The Baldwin Effect and Modern Perspectives. Oikos, 85(3), 582-589.
https://doi.org/10.2307/3546709

Ryan, E., & Cleland, E. (2021). Clinal variation in phenological traits and fitness responses to
drought across the native range of California poppy. Climate Change Ecology, 2.
https://doi.org/10.1016/j.ecochg.2021.100021

Santisteban, J. 1., Mediavilla, R., Lopez-Pamo, E., Dabrio, C. J., Zapata, M. B. R., Garcia, M. J.
G., ... Martinez-Alfaro, P. E. (2004). Loss on ignition: a qualitative or quantitative

method for organic matter and carbonate mineral content in sediments? Journal of
Paleolimnology, 32(3), 287-299. https://doi.org/10.1023/B:JOPL.0000042999.30131.5b

Schaffer, W. M., & Gadgil, M. (1975). Selection for optimal life histories in plants. In C. M. &
D. J (Eds.), The ecology and evolution of communities. Harvard University Press.

Scheft, J., & Frierson, D. M. W. (2015). Terrestrial Aridity and Its Response to Greenhouse
Warming across CMIP5 Climate Models. Journal of Climate, 28(14), 5583-5600.
https://doi.org/10.1175/JCLI-D-14-00480.1

Schlichting, C. D. (1986). The Evolution of Phenotypic Plasticity in Plants. Annual Review of
Ecology and Systematics, 17(1), 667-693.
https://doi.org/10.1146/annurev.es.17.110186.003315

126



Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to Imagel: 25 years of
image analysis. Nature Methods, 9, 671-675.

Schultz, P. A., Michael Miller, R., Jastrow, J. D., Rivetta, C. V., & Bever, J. D. (2001). Evidence
of a mycorrhizal mechanism for the adaptation of Andropogon gerardii (Poaceae) to
high- and low-nutrient prairies. American Journal of Botany, 88(9), 1650-1656.
https://doi.org/10.2307/3558410

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009). Evolution and Ecology of
Species Range Limits. Annual Review of Ecology Evolution and Systematics, 40, 415-
436. https://doi.org/10.1146/annurev.ecolsys.110308.120317

Sexton, J. P., Strauss, S. Y., & Rice, K. J. (2011). Gene flow increases fitness at the warm edge
of a species' range. Proc Natl Acad Sci U S A, 108(28), 11704-11709.
https://doi.org/10.1073/pnas.1100404108

Shaw, R. G., & Etterson, J. R. (2012). Rapid climate change and the rate of adaptation: insight
from experimental quantitative genetics. New Phytologist, 195, 752-765.
https://doi.org/10.1111/].1469-8137.2012.04230.x

Sherrard, M. E., & Maherali, H. (2006). The adaptive significance of drought escape in Avena
barbata, an annual grass. Evolution, 60(12), 2478-2489. https://doi.org/10.1111/.0014-
3820.2006.tb01883.x

Smith, D. S., Schweitzer, J. A., Turk, P., Bailey, J. K., Hart, S. C., Shuster, S. M., & Whitham, T.
G. (2012). Soil-mediated local adaptation alters seedling survival and performance. Plant
and Soil, 352(1), 243-251. https://doi.org/10.1007/s11104-011-0992-7

Soudzilovskaia, N. A., Elumeeva, T. G., Onipchenko, V. G., Shidakov, L. L., Salpagarova, F. S.,
Khubiev, A. B., ... Cornelissen, J. H. C. (2013). Functional traits predict relationship

between plant abundance dynamic and long-term climate warming.
https://doi.org/10.1073/pnas.1310700110

Sritharan, M., Hemmings, F., & Moles, A. (2021). Few changes in native Australian alpine plant
morphology, despite substantial local climate change. Ecology and Evolution, 11, 4854
— 4865. https://doi.org/https://doi.org/10.1002/ece3.7392

Stanton-Geddes, J., Tiffin, P., & Shaw, R. G. (2012). Role of climate and competitors in limiting
fitness across range edges of an annual plant. Ecology, 93(7), 1604-1613.
https://doi.org/10.1890/11-1701.1

Stearns, S. C. (1992). The Evolution of Life Histories. Oxford University Press.

Stubben, C. J., & Milligan, B. G. (2007). Estimating and Analyzing Demographic Models Using
the popbio Package in R. Journal of Statistical Software, 22(11).

127



Stuble, K. L., Bennion, L. D., & Kuebbing, S. E. (2021). Plant phenological responses to
experimental warming—A synthesis. Global Change Biology, 27(17), 4110-4124.
https://doi.org/https://doi.org/10.1111/gcb.15685

Sultan, S. E. (1987). Evolutionary Implications of Phenotypic Plasticity in Plants. In M. K.
Hecht, B. Wallace, & G. T. Prance (Eds.), Evolutionary Biology: Volume 21 (pp. 127-
178). Springer US. https://doi.org/10.1007/978-1-4615-6986-2_7

Svensson, L., & Persson, H. (1994). Quantitative Genetics of Stamen Number in the Selfing
Scleranthus annuus (Caryophyllaceae). American Journal of Botany, 81(9), 1112-1118.

Thomas, H., Thomas, H. M., & Ougham, H. (2000). Annuality, perenniality and cell death.
Journal of Experimental Botany, 51(352), 1781-1788.
https://doi.org/10.1093/jexbot/51.352.1781

Thornthwaite, C. W. (1948). An Approach toward a Rational Classification of Climate.
Geographical Review, 38(1), 55-94. https://doi.org/10.2307/210739

Thuiller, W., Albert, C., Aratjo, M. B., Berry, P. M., Cabeza, M., Guisan, A., . . . Zimmermann,
N. E. (2008). Predicting global change impacts on plant species’ distributions: Future

challenges. Perspectives in Plant Ecology, Evolution and Systematics, 9(3), 137-152.
https://doi.org/https://doi.org/10.1016/j.ppees.2007.09.004

Trisos, C. H., Merow, C., & Pigot, A. L. (2020). The projected timing of abrupt ecological
disruption from climate change. Nature, 580(7804), 496-501.
https://doi.org/10.1038/s41586-020-2189-9

Turesson, G. (1922). The species and the variety as ecological units. Hereditas, 3(1), 100-113.
https://doi.org/10.1111/5.1601-5223.1922.tb02727.x

Underwood, E. C., Viers, J. H., Klausmeyer, K. R., Cox, R. L., & Shaw, M. R. (2009). Threats
and biodiversity in the mediterranean biome. Diversity and Distributions, 15(2), 188-197.
https://doi.org/10.1111/].1472-4642.2008.00518.x

Urban, M. C. (2015). Climate change. Accelerating extinction risk from climate change. Science,
348(6234), 571-573. https://doi.org/10.1126/science.aaa4984

Venable, D. L., & Brown, J. S. (1988). The Selective Interactions of Dispersal, Dormancy, and
Seed Size as Adaptations for Reducing Risk in Variable Environments. The American
Naturalist, 131(3), 360-384. https://doi.org/10.1086/284795

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, 1., & Garnier, E. (2007).
Let the concept of trait be functional! Oikos, 116(5), 882-892.

Wadgymar, S. M., Cumming, M. N., & Weis, A. E. (2015). The success of assisted colonization
and assisted gene flow depends on phenology. Global Change Biology, 21(10), 3786-
3799. https://doi.org/10.1111/gcb.12988

128



Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J. C., . . . Bairlein, F.
(2002). Ecological responses to recent climate change. Nature, 416(6879), 389-395.
https://doi.org/10.1038/416389a

Warren, R., Price, J., Graham, E., Forstenhaeusler, N., & VanDerWal, J. (2018). The projected
effect on insects, vertebrates, and plants of limiting global warming to 1.5°C rather than
2°C. Science, 360(6390), 791-795. https://doi.org/10.1126/science.aar3646

Weeks, A. R., Sgro, C. M., Young, A. G., Frankham, R., Mitchell, N. J., Miller, K. A, . ..
Hoffmann, A. A. (2011). Assessing the benefits and risks of translocations in changing

environments: a genetic perspective. Evolutionary Applications, 4(6), 709-725.
https://doi.org/10.1111/5.1752-4571.2011.00192.x

Wellstein, C., Poschlod, P., Gohlke, A., Chelli, S., Campetella, G., Rosbakh, S., . . .
Beierkuhnlein, C. (2017). Effects of extreme drought on specific leaf area of grassland
species: A meta-analysis of experimental studies in temperate and sub-Mediterranean
systems. Global Change Biology, 23.

Westoby, M., Falster, D., Moles, A., Vesk, P., & Wright, 1. (2002). Plant Ecological Strategies:
Some Leading Dimensions of Variation Between Species [review-article]. Annual
Reviews of Ecology and Systematics.
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452

Westoby, M., Falster, D., Moles, A., Vesk, P., & Wright, 1. (2003). Plant Ecological Strategies:
Some Leading Dimensions of Variation Between Species [review-article]. Annual
Reviews of Ecology and Systematics.
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452

Wilczek, A. M., Burghardt, L. T., Cobb, A. R., Cooper, M. D., Welch, S. M., & Schmitt, J.
(2010). Genetic and physiological bases for phenological responses to current and
predicted climates. Philosophical Transactions of the Royal Society B: Biological
Sciences, 365(1555), 3129-3147. https://doi.org/10.1098/rstb.2010.0128

Wolkovich, E. M., Cook, B. 1., Allen, J. M., Crimmins, T. M., Betancourt, J. L., Travers, S. E., . .
. Cleland, E. E. (2012). Warming experiments underpredict plant phenological responses
to climate change. Nature, 485(7399), 494-497. https://doi.org/10.1038/nature1 1014

Wright, L. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., . . . Villar, R.
(2004). The worldwide leaf economics spectrum [Article]. Nature, 428(6985), 821-827.
https://doi.org/10.1038/nature02403

129



Chapter 3 Supplementary Material

1. Aridity Index Calculation Methods
PET = Mean Annual Potential Evapotranspiration

PET=16d (10T /1)

Where T is the mean temperature for the month (in °C), [ is the annual thermal index, which is
the sum of monthly indices i:

i=(1/5) "

d is a correction factor for day length, and a is 0.49 + 0.0179 I — 0.0000771 1% + 0.000000675 I* .

Using Precipitation and PET, we then calculated the Aridity Index (A7) for each site:

Al =P/PET

Where P = Mean Annual Precipitation.

Mean annual precipitation (P) values were calculated by aggregating total monthly precipitation
values from PRISM (PRISM Climate Group), for years 1987-2016 (modern collections) and
1929-1958 (historic collections. PET values were calculated by month, for years 1987-2016
(modern collections) and 1929-1958 (historic collections), by the Thornthwaite method, and
were subsequently aggregated into a single mean annual value (PET) for 1987-2016 (modern
collections) and a single mean annual value (PET) for 1929-1958 (historic collections)
(Thornthwaite, 1948). An Aridity Index was calculated for each year (1929-1958; 1987-2016),

and then subsequently averaged for the 30-year periods.
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2. Mean Annual Temperature
To examine patterns in mean annual temperature we averaged mean annual temperatures from
PRISM (PRISM Climate Group) across the 30-years preceding the collections (1929-1958 and

1987-2016).

3. Linear models
The following syntax was used in model averaging, to determine the most important climate

variable for each trait, with see diameter as an example:

global.model=lm(SeedDiameter~Aridity + MeanAnnualTemp + AnnualPrecip + Lat, data=seed)
stdz.model = standardize(global.model,standardize.y = FALSE)

model.set = dredge (stdz.model)

top.models = get.models(model.set, subset = delta <4)

x=model.avg(top.models)

summary(x)

The following syntax was used for the linear models describing the relationship of traits, climate
(Aridity or Mean Annual Temperature), and time period, with seed diameter as an example:

modell1=Im(SeedDiameter~Aridity * Time, data=seedboth)

The following syntax was used for the linear models describing the relationship of traits and

climate in the past, in order to obtain slope and intercept to make predictions for the present, with

seed diameter as an example:
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model1=Im(SeedDiameter~Aridity, data=seedpast)

Finally, the following syntax was used for the linear models describing the association of

observed and predicted traits (“Cat”) and climate, with seed diameter as an example:

model=lm(SeedDiameter~Aridity * Cat, data=predict)

Table S1. Collection locations, climate means, and elevations for the 20 present (2017) focal populations

and 67 past (1958-1960) focal populations of E. californica in California, USA. Abbreviation is the

number used to label points in Figures in this manuscript, which correspond to a given present
population. Sites 1-13 are the same as sites 1-13 in Ryan & Cleland, 2021.

Mean Annual Mean Aridity Elevation
Site Name Abbreviations Precip. (cm) Annual Index Latitude Longitude (m)
Temp. (C)

Present Sites

Motte Rimrock UC Reserve 1 26.72 17.8 0.2765 33.7985 -117.2545 502
Torrey Pines State Park 2 27.25 16.9 0.3377 32.9233 -117.2586 42
Mission Trails Regional Park 3 33.55 18.1 0.3672 32.8449 -117.0467 181
Dawson UC Reserve 4 32.18 17.2 0.3710 33.1490 -117.2578 130
Wildomar (Clinton Keith Rd.) 5 40.41 18.4 0.3911 33.6017 -117.2312 387
Antelope Valley State Nat. Reserve 6 36.30 16.4 0.4048 34.7338 -118.3786 828
Point Mugu State Park 7 41.66 17.2 0.4515 34.0880 -119.0343 91
Carrizo Plains National Monument 8 37.99 15.2 0.4721 35.2125 -119.8765 597
Fort Ord UC Reserve 9 37.72 13.8 0.5603 36.6868 -121.7784 46
Sedgwick UC Reserve 10 57.61 16.3 0.6738 34.7054 -120.0560 425
Blue Oak Ranch UC Reserve 11 58.87 14.6 0.6901 37.3808 -121.7384 542
Hastings UC Reserve 12 53.80 14.5 0.7947 36.3855 -121.5551 659
McLaughlin UC Reserve 13 98.10 14.6 0.9292 38.8602 -122.4166 701
Montaria de Oro State Park 14 43.18 14.1 0.6416 35.3022 -120.8732 74
Coal Oil Point UC Reserve 15 48.67 14.3 0.6467 34.4086 -119.8786 8
Kenneth S. Norris UC Reserve 16 46.17 13.6 0.6832 35.5227 -121.0725 61
San Luis Obispo Inland 17 59.54 14.9 0.7699 35.4094 -120.5485 433
Landels-Hill Big Creek UC Reserve 18 89.13 14.4 0.8155 36.0817 -121.5935 20
Younger Lagoon UC Reserve 19 80.78 12.4 1.1485 36.9493 -122.0671 28
Bodega Bay UC Reserve 20 86.18 11.6 1.2708 38.3171 -123.0698 2

Past Sites
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Figure S1. Linear models evaluating how climate of collection site and time period (past and present) influence
traits, in overlapping past (1958-1960) and present (2017) populations of E. californica. Traits of seed diameter,
percent germination and stamen number do not show clinal variation in E. californica in past and present
collections, although there is marginally significant clinal variation in percent germination. Seed diameter exhibited
a marginally significant difference between our two time periods, decreasing over time, but percent germination and
stamen number did not. Time did not change the relationship between traits and climate. Statistics in Table S2.

Table S2. Summary statistics from linear models evaluating how climate (Aridity for seed
diameter and Mean Annual Temperature for Percent Germination and Stamen Number) of
collection site and time period (past and present) influence traits and if the effect of time period

varies across a climatic gradient, in overlapping past (1958-1960) and present (2017) populations
of E. californica.

Seed Diameter Percent Germination Stamen Number
F P F P F P
Climate 2.51 0.1442 4.39 0.0625 0.19 0.6755
Time 3.34 0.0974 0.92 0.3603 0.28 0.6115
Climate:Time 0.47 0.5098 0.00 0.9792 0.99 0.3575

P-value significance: * <0.05, ** <0.01, ***<0.001. Seed diameter, n = 7; Percent Germination, n = 7; Stamen Number, n = 5.
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Figure S2. Present collection observed and predicted trait data in overlapping past (1958-1960) and present (2017)
populations of E. californica. Predicted values for the present are based on the past trait data collected by Cook.
Observed present seed diameter and stamen number were lower than predicted for all populations, while observed
present percent germination was not different than predicted. Populations in the arid part of the range exhibited a
larger difference in observed and predicted seed diameter and stamen number. There was no difference in the clinal
relationships of observed and predicted percent germination. Statistics in Table S3.

Table S3. Summary statistics from linear models evaluating how observed and predicted values
of traits relate to one another, respond to climate (Aridity for seed diameter and Mean Annual
Temperature for Percent Germination and Stamen Number) of collection site and if the
relationship of observed and predicted traits varies across the climatic gradient, in overlapping
past (1958-1960) and present (2017) populations of E. californica.

Seed Diameter Percent Germination Stamen Number
F P F P F P
Climate 14.57 0.0034** 16.80 0.0021** 196.18 <0.001***
Category (obs. vs. predict.) 54.47 <0.001*** 1.04 0.3314 115.30 <0.001***
Climate*Category 6.76 0.0265* 0.07 0.7902 14.82 0.0085**

P-value significance: * <0.05, ** <0.01, ***<0.001. Seed diameter, n = 7; Percent Germination, n = 7; Stamen Number, n = 5.
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