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Abstract
The Evolution of Plastic Responses to Global Change:
Studies in Two Species of Coastal Marine Invertebrates
by
Samuel Neill Bogan

Global climate change will likely impose selective pressures on biodiversity to not
only increase limits for environmental stress, but the phenotypic plasticity of those limits.
While we know a great deal about natural selection on performance traits such as upper
thermal tolerance, our knowledge of the evolution of plastic responses to the environment
is limited. Whether and when the plasticity of performance traits like thermal tolerance and
body size incur fitness costs and benefits is unclear. Opposing theories and a lack of
empirical research have resulted in a poor understanding of genetic variation underpinning
adaptive phenotypic plasticity. Here I report the results of my dissertation research, which
aimed to study ecological and evolutionary processes shaping (1) fitness effects of plasticity
in thermal tolerance, (ii) intraspecific variation in plastic and evolved responses to
warming, and (iii) the heritability of plastic responses to the environment. Studying
populations and families of two coastal marine invertebrates, the intertidal copepod
Tigriopus californicus and the purple sea urchin Strongylocentrotus purpuratus, 1
demonstrated potential for plastic responses to global change to evolve via natural selection
evidenced by fitness effects and heritability of phenotypic plasticity. However, this
evolution may be constrained by factors including fitness tradeoffs between performance
and its plasticity, low genetic variation for maladaptive plasticity, and countergradient

variation in performance reducing genetic variation for plasticity.
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Chapter I: Introduction

The evolution of adaptive phenotypic plasticity is predicted to contribute to
biodiversity’s persistence under global climate change (Matesanz et al., 2010; Usui et al.,
2023). The evolution of plastic responses to global change via natural selection depends on
eco-evolutionary process affecting its fitness costs or benefits and its genetic variation,
which both remain poorly understood (Arnold et al., 2019; Hendry, 2016; M. Kelly, 2019;
Van Buskirk & Steiner, 2009). Furthermore, studies on the evolution and function of
plasticity in traits such as thermal performance have primarily been conducted in laboratory
settings, and the relative contribution of plasticity to phenotypic variance has rarely been
partitioned from evolved variation in natural populations (Acker et al., 2023; Schilthuizen
& Kellermann, 2014). If plasticity and its evolution are to be incorporated in the
management of species threatened by climate change (Donelson et al., 2023) or models
predicting adaptive responses by biodiversity to environmental change (Buckley &
Kingsolver, 2021), we need to develop comprehensive understandings of the function,
fitness effects, and genetic variance of plastic responses to global change drivers.

1.1. Studying the evolution of thermal plasticity: history and contemporary need
under climate change — Phenotypic plasticity is defined as change in a trait’s expression
between distinct environments independent of genetic variation in that trait (Pigliucci,
2001; Via et al., 1995). Plasticity affects nearly all measurable traits (DeWitt & Scheiner,
2004) and has been argued to be a property of genotypes (Pigliucci, 2006), a property of
traits (Parsons et al.,, 2020), and a property of genotypes specific to different traits
(Scheiner, 1993), but it is ubiquitously considered to be a heritable trait itself (Richards et

al., 2006). In this dissertation, I consider plasticity to be a property of genotypes specific



to different traits. Physiological mechanisms that promote acclimatization to variable or
novel environments are driven by the plasticity of molecular, cellular, and organismal
processes (Beldade et al., 2011) and frequently evolve across environmental gradients
(Conover et al., 2009). Many habitats are predicted to increase their mean temperature and
thermal variance as a result of warming (Lewis & King, 2017; Oliver et al., 2021), possibly
imposing positive selective pressures on ectotherms to increase their potential for thermal
acclimation and adaptive plasticity of thermal performance traits (AR5 Synthesis Report,
n.d.; Fox et al., 2019).

The extent to which adaptive thermal plasticity evolves via natural selection is
unclear (Arnold et al., 2019). Theoretical predictions that genetic variation for adaptive
phenotypic plasticity should be limited are starting to emerge (Walter et al., 2023), but
studies quantifying genetic variation in thermal plasticity have not accounted for whether
plasticity provides fitness costs or benefits (Campbell-Staton et al., 2021; Oostra et al.,
2018a). Additionally, our understanding of thermal plasticity as a functional trait, which
informs its evolution, requires field studies that go beyond the laboratory to observe and
test how thermal plasticity is induced and varies in nature (Clusella-Trullas et al., 2021;
Terblanche & Hoffmann, 2020). These limits to our knowledge of thermal plasticity’s
evolution are linked to historical obstacles in research on phenotypic plasticity in ecology
and evolution (Sommer, 2020). These obstacles now exist as frontiers in global change
biology that must be overcome to better predict how biodiversity will adapt to global
change and manage threatened species (Fox et al., 2019).

The first concept of plasticity was introduced as the Baldwin Effect in 1896, which

provided a foundation for future studies on the evolution of plasticity by stating that



‘learned characters’ can affect fitness and influence evolution (Baldwin, 1896). As
phenotypic plasticity became more widely studied, its ability to evolve or affect evolution
was largely ignored and considered to be inconsequential due to several semantic and
conceptual problems introduced by influential papers (Sommer, 2020). For example,
Waddington first described the process of genetic assimilation in 1957 whereby alternative
phenotypes are exposed to selection by phenotypic plasticity and become canalized for an
alternative phenotype under that selection pressure (Waddington, 1957). He proceeded to
frequently avoid the term genetic assimilation and was inconsistent in his terminology in
future papers (Waddington, 1977). This fueled skepticism about genetic assimilation, the
evolution of phenotypic plasticity, and its evolutionary role (Amundson, 2005). In 1965,
Bradshaw observed that plasticity in response to a common environmental variable could
vary significantly between species of the same genus and described the first concept of a
genotype-by-environment interaction, whereby the plasticity of a character is a genetically
encoded, independent quality of that character (Bradshaw, 1965). While this laid the
foundation for evolutionary research on phenotypic plasticity, it did not influence the
acceptance of plasticity’s evolutionary significance in the field (Sommer, 2020).

The publication of Mary Jane West Eberhard’s 1989 review ‘Phenotypic plasticity
and the origin of diversity’ marked a fundamental shift in evolution that spurred interest in
plasticity as an evolutionary process by addressing how pervasive environmentally-
responsive, alternative phenotypes are in nature and introducing several theoretical
predictions that remain of interest today (West-Eberhard, 1989). Many of these predictions
related to the evolution of plasticity via natural selection, conditions selecting for the

canalization of plastic traits, and conditions that give rise to genetic accommodation (a



genetic change in the environmental regulation of a phenotype) or genetic assimilation
(Ehrenreich & Pfennig, 2016). While there is empirical evidence supporting the existence
of these processes in nature, it remains difficult to predict when and how plastic traits may
evolve via natural selection. For example, directional selection on phenotypic plasticity has
been historically difficult to measure, potentially due to (i) theoretical issues regarding
when costs of plasticity should arise in nature and (ii) subsequent impacts of these
theoretical issues on experimental design (Hendry, 2016; Van Buskirk & Steiner, 2009).
These challenges undoubtedly stem from plasticity’s slow burn adoption in evolutionary
biology and must be overcome to improve predictions of biodiversity’s adaptation to
changing climates (Buckley & Kingsolver, 2021; M. Kelly, 2019; Kingsolver & Buckley,
2017).

1.2. Frontiers in the study of thermal plasticity and its evolution — The evolution of
thermal acclimation and the plasticity of thermal performance traits will likely affect how
biodiversity persists under future thermal stressors such as atmospheric and marine heat
waves (Buckley & Kingsolver, 2021; Pazzaglia et al., 2021). Numerous open questions
exist about factors that influence thermal plasticity’s evolution including (i) what promotes
canalization versus evolutionary increases in plasticity (van Heerwaarden & Kellermann,
2020), (ii) to what extent does plasticity buffer against or promote evolved variation in
thermal performance (M. Kelly, 2019; Stevens et al., 2023), and (iii) what eco-evolutionary
processes promote and sustain genetic variation for thermal plasticity (Bodensteiner et al.,

2021; M. Kelly, 2019).



The potential for canalization of upper thermal tolerance to be driven by tradeoffs
between thermal tolerance and its plasticity is becoming increasingly discussed, motivated
by observations that these two traits often negatively correlate in ectotherms (Barley et al.,
2021; Gunderson, 2023; M. C. Sasaki & Dam, 2021; Svensson et al., 2020; van
Heerwaarden & Kellermann, 2020). However, fitness tradeoffs between thermal tolerance
and thermal plasticity have never been reported in empirical studies and (van Heerwaarden
& Kellermann, 2020). Doing so requires an expansion of canonical quantitative techniques
for modeling the fitness costs of phenotypic plasticity so that they are fitted as a
contingency of basal thermal tolerance (Lande & Arnold, 1983). Modeling context
dependence in thermal plasticity’s fitness costs would address a hypothesized explanation
for why phenotypic plasticity frequently exhibits neutral costs such as those observed for
thermal plasticity (Arnold et al., 2019) — neutral costs of plasticity may be the net result of
positive and negative fitness effects that are contingent on unmeasured evo-evolutionary
variables such as tradeoffs with other phenotypes or differential costs between
morphotypes (Hendry, 2016; Van Buskirk & Steiner, 2009). Experimentally testing for a
fitness tradeoff between thermal tolerance and its plasticity would require the development
of expanded quantitative methods, contribute to evolutionary literature on the canalization
of plastic traits, and mark a novel test of a process that is may affect the evolution of thermal
physiology (van Heerwaarden & Kellermann, 2020).

Whether and how fitness tradeoffs between thermal tolerance and its plasticity
affect adaptation to future climate change depends on how thermal plasticity evolves in
natural populations in response to contemporary spatiotemporal variation in temperature

(Swaegers et al., 2023). It is easy to fall into the assumption that the plasticity of thermal



tolerance is obligately positive with respect to temperature and inherently adaptive. While
this can hold true in experimental systems exposing organisms to static treatments of
increased temperature, natural abiotic environments are highly variable and exhibit
multivariate abiotic changes that coincide with increased temperature (Dowd et al., 2015).
As a result, thermal plasticity can be maladaptive and reduced in a population or exhibit
evolutionary changes across space and time that are not consistent with an adaptive,
acclimatory response. Thermal plasticity may also account for a small proportion of
phenotypic variance in thermal tolerance across space or time, but plastic and genetic
contributions to intraspecific variation in thermal performance are rarely partitioned in
natural populations (Acker et al., 2023; Schilthuizen & Kellermann, 2014).

Alternative evolutionary processes affecting thermal plasticity include co- and
counter-gradient variation whereby genetic effects either align with or oppose the
directional effect of the environment in which a genotype exists. Interpreting studies of
thermal plasticity’s evolutionary constraints ultimately hinges on its function in natural
populations and how that function interacts with the evolution of thermal tolerance. Here,
genotype-environment covariance is a critical part of that function — does plasticity further
alter phenotype in the same direction as evolution or does a phenotype’s evolution
counteract plastic effects? Studies of covariation between genetic and environmental
effects during ‘evolution in action’ (e.g., seasonal or temporal environmental variation) are
scarce (Schaum et al., 2022) but necessary to determine how biodiversity will or will not

adapt to climate change (Albecker et al., 2022).



Adaptive changes in phenotypic plasticity depend on genetic variation
underpinning either adaptive or maladaptive plasticity (Pfennig, 2021). If insufficient
genetic diversity exists within a population for alleles underpinning the plasticity of a
phenotype, it cannot evolve under natural selection (Grether, 2005). While numerous
studies have measured genetic variance for the plasticity of singular phenotypes or the
fitness effect of plasticity in a trait, there is a need for measuring its joint heritability and
fitness effects, particularly in a global change context (M. Kelly, 2019). Progress toward a
general understanding of genetic variance for (mal)adaptive plasticity can be made by
measuring additive genetic variation underpinning the plasticity of one phenotype across
diverse taxa or genetic variance for the plasticity of a diverse array of phenotypes in one
species. While achieving the former is made difficult by a lack of power across studies
measuring the plasticity of the same traits in response to the same cues, the latter is made
possible by high throughput measures of organismal traits and/or molecular phenotypes
(Blows et al., 2015; Blows & McGuigan, 2016; Pavlyshyn et al., 2022; Verma & Ritchie,
2017).

Field and laboratory studies addressing eco-evolutionary processes shaping natural
selection on the plasticity of environmental traits, genetic variation for plasticity, and how
plasticity affects or interacts with the evolution of trait means each contribute a portion of
results to the joint set of information necessary for understanding how environmental
acclimation under environmental change evolves. To this end, I have aimed to study natural
selection on thermal plasticity, its genetic variation, and its interactions with genetic effects

on thermal tolerance in populations and families of two coastal, marine ectotherms.



1.3._Tigriopus californicus and Strongylocentrotus purpuratus: tractability and

value for the study of thermal plasticity’s evolution — Marine populations and species
exhibit stronger gradients in thermal limits across latitude relative to terrestrial systems (M.
Sasaki et al., 2022; Sunday et al., 2011) and are faced with increased severity and frequency
of unprecedented temperature anomalies such as marine heat waves (Oliver et al., 2021)
and changes in abiotic variables that correlate with temperature. Coastal populations of
invertebrates affected by both temperature and pCO2 inhabiting environments such as the
California Current also face future increases in the severity and frequency of coastal
upwelling were strong winds induce turnover of seawater that transports deep, cold, acidic
seawater to surface oceans (Huyer, 1983; Xiu et al., 2018). The diversity of thermal
physiologies, life histories, and population dynamics that exist among coastal marine
invertebrates provide valuable systems in which to study the evolution of phenotypic
plasticity in thermal acclimation (Albecker et al., 2021; D. J. Marshall et al., 2012; Sanford
& Kelly, 2011; M. Sasaki et al., 2022). I conducted thesis research on two coastal marine
invertebrates with starkly different life history strategies, population dynamics, ecological
niches, and utilities for studying the evolution of plastic responses to global change. These
species are the intertidal copepod Tigriopus californicus and the purple sea urchin
Strongylocentrotus purpuratus, both native to California’s Pacific Coast, where my
dissertation research was conducted (Pearse, 2006; Powlik, 1999).

The intertidal copepod Tigriopus californicus is a tractable, valuable study species
with which to test the tradeoff and limit hypotheses. 7. californicus is a harpacticoid
copepod inhabiting supralittoral splash pools distributed along the Pacific Coast of North

America between Alaska and Baja California (Edmands, 2001). These pools experience



dramatic diurnal and seasonal variation in temperature (Powlik, 1999), underscoring the
importance of thermal plasticity for this species. Populations of 7. californicus also exhibit
strong genetic differentiation and local adaptation across their biogeographic distribution,
likely aided by short dispersal distances, such that genetically fixed thermal tolerance
increases at lower latitudes (Barreto et al., 2018; M. W. Kelly et al., 2011; Sanford & Kelly,
2011). With a broad biogeographical distribution, populations possess genetically fixed
differences in their plasticity of thermal tolerance, but it remains unclear whether and how
this functional trait correlates with baseline thermal tolerance or latitude (M. W. Kelly et
al., 2011; Pereira et al., 2017). This variation in thermal physiology provides phenotypic
diversity that is necessary for evolutionary studies on thermal plasticity, which are made
tractable by a generation time as short as 21 days (Powlik et al., 1997), easily measured
fitness correlates, and the species’ mating habits. For example, external clutches of eggs
held by brooding females can be dissected, and averaged egg counts from one or several
broods per female correlate with their lifetime reproductive success and survival (Powers
et al., 2020). The multiple broods laid by a female in her lifetime are also unipaternal
(Burton, 1985) enabling the breeding of full-sibling cohorts often used as replicate family-
level genotypes by selection gradient study designs. In sum, the strong local adaptation of
T. californicus across a large biogeographical temperature gradient and its life history make
it ideally suited to explore fitness costs of thermal tolerance and its plasticity.

The purple sea urchin S. purpuratus has a longer generation time than T.
californicus (Leahy, 1986), but it provides tractability for generating highly controlled
experimental crosses and studying plasticity during early development (Cameron et al.,

1999; M. W. Kelly et al., 2013). Populations inhabiting environmental gradients or mosaics



exhibit genetic evidence of local adaptation and interpopulation variation in performance
and gene expression under ecologically relevant stress (Evans et al., 2017; M. W. Kelly et
al., 2013; Pespeni et al., 2013; Pespeni & Palumbi, 2013). In response to experimental
upwelling, S. purpuratus exhibits transgenerational and developmental plasticity of
differential gene expression, DNA methylation, and several performance traits including
larval growth rate, biomineralization, and lipid content (Bogan et al., 2023; Strader et al.,
2019, 2020, 2022; Wong et al., 2018, 2019). Significant genetic variation for the plasticity
of body size and biomineralization in response to upwelling exists in at least some
populations (Strader et al., 2022). However, it is not yet understood whether any of the
plastic responses described are adaptive, maladaptive, or neutral under the experimental
conditions used, how heritable this plasticity is, and whether plasticity’s fitness effects and
heritability covary.

1.4. Objectives — To understand the potential for natural selection to drive the
evolution of plastic responses to global change, I aimed to conduct the three following
laboratory and field studies. With these objectives, I studied eco-evolutionary processes
constraining thermal plasticity’s fitness effects, genetic variation in the plasticity of
environmental performance, and relative contributions of environmental versus genetic

effects on variation in thermal physiology among wild populations:

Chapter Il objective: Testing for fitness tradeoffs between thermal tolerance and its

plasticity in Tigriopus californicus. In this chapter, I aimed to test the longstanding

hypothesis that thermal tolerance and its plasticity negatively correlate in some ectotherms

because of fitness tradeoffs between the two traits. Under the fitness trade off hypothesis,
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thermally tolerant genotypes incur greater costs to reproduction and/or survival as the
plasticity of their upper thermal limit increases (A. Agrawal et al., 2010; Roff & Fairbairn,
2007; van Heerwaarden & Kellermann, 2020). To date, no study has explicitly tested
whether the costs of plasticity in thermal tolerance depend on genotypes’ basal thermal
tolerance.

I first determined that thermal tolerance and its plasticity indeed negatively
correlate across both populations and family-level genotypes of 7. californicus reared
under common garden conditions for two generations before developmental conditioning
to high and low temperature. Using a selection gradient model, I measured the fitness costs
of (i) thermal tolerance in high and low temperature and (ii) the plasticity of thermal
tolerance between developmental temperatures using fecundity as a fitness correlating
character. Lastly, I modeled interactive costs of basal thermal tolerance and thermal
plasticity to determine whether the costs of thermal plasticity were higher in thermally

tolerant genotypes.

Chapter III objective: Quantifying evolved and plastic sources of variation in thermal
tolerance across seasonal changes in temperature in natural populations of Tigriopus
californicus. In this chapter, I combined natural history and hypothesis driven approaches
to understand the role of plasticity in upper thermal tolerance as a functional trait in natural
populations of T. californicus and to determine whether plastic variation in thermal limits
covaries with genetically fixed evolution during seasonal changes in temperature. Such
covariation can be representative of (i) co-gradient variation, whereby plastic effects on

upper thermal tolerance align with the direction of genetic effects on a trait in response
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seasonal increases in temperature, or (ii) countergradient variation, where thermal
plasticity opposes the direction of evolutionary change in upper thermal tolerance during
seasonal warming (Albecker et al., 2022; Stamp & Hadfield, 2020).

I 'achieved these aims by recording upper thermal limits of wild 7. californicus from
four latitudinally distributed populations in coastal California over a ten-month period and
integrating these phenotypic measures with time series temperature data that I recorded in
supralittoral pools at each collection site. Using common garden lines derived from animals
collected during peak summer and low winter temperatures, I estimated evolved seasonal
variation in upper thermal limits for each population and sex before deriving plastic,
seasonal variation in thermal tolerance from field-collected and common garden
phenotypic variation. By modelling the plastic and genetic contributions to total seasonal
variance exhibited by natural populations, I was able to calculate covariance between these

effects consistent with co-gradient or counter-gradient variation.

Chapter 1V objective: Measuring the heritability of adaptive transcriptional responses to

upwelling in Strongylocentrotus purpuratus. Predictions regarding whether adaptive

plasticity should generally exhibit sufficient or constrained genetic variance necessary for
its evolution is mixed (Chevin & Hoffmann, 2017; Sih et al., 2004). Evaluating whether
adaptive and maladaptive plasticity generally possess higher or lower genetic variance,
which requires large datasets of multiple phenotypes or taxa, has rarely been pursued but
will further our understanding of adaptive plasticity’s potential to evolve (M. Kelly, 2019).
Studying S. purpuratus, 1 integrated phenotypic assays of organismal performance traits,

fitness correlating traits, and RNA-seq derived from a quantitative genetic breeding design
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to test whether the heritability of transcriptional responses to ecologically relevant
environmental stress varies as a function its effects on phenotype and fitness.

Dams and sires were conditioned to simulated upwelling (low temperature + high
pCO2) or an ambient treatment during gametogenesis before 40 individual crosses were
conducted between parents from the same treatment group. Resulting embryos were then
reciprocally cultured under upwelling and ambient conditions through larval development,
at which time sampling for phenotyping and RNA-seq was performed. I leveraged selection
gradient models predicting fitness costs of phenotypic plasticity, structural equation
models of transcriptional plasticity’s phenotypic effects, and animal models estimating
additive genetic variance for transcriptional plasticity. By associating transcriptional
plasticity’s heritability, phenotypic association, and fitness outcome, I was able to measure
how heritable adaptive transcriptional plasticity is across the transcriptome and whether

this heritability varies according to differential expression’s fitness effects.
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Chapter II: Thermal plasticity has higher fitness costs among thermally tolerant

genotypes of Tigriopus californicus

Abstract

Under climate change scenarios, ectotherms will likely be faced with pressure to
adapt to novel thermal environments by increasing upper thermal tolerance and its
plasticity, a measure of thermal acclimation. Ectotherm populations with high thermal
tolerance are often less thermally plastic, a tradeoff hypothesized to result from (i) a
phenotypic limit on thermal tolerance above which plasticity cannot increase it any further
or (i1) fitness tradeoffs between the two traits. We empirically tested the limit and tradeoff
hypotheses by leveraging the tractability and thermal biology of the intertidal copepod
Tigriopus californicus. Using populations from 4 latitudinally-distributed sites in coastal
California, 6 lines per population were reared under a laboratory common garden for two
generations before 96 full sibling replicates (n = 4-5 per line) from a third generation were
developmentally conditioned to 21.5 and 16.5 °C until adulthood. We then measured the
upper thermal tolerance and fecundity of each sibship at high and low temperatures. We
detected a significant fitness tradeoff between baseline thermal tolerance and its plasticity.
T. californicus populations and genotypes with higher thermal tolerance were less
thermally plastic. Under our experimental conditions, we detected negative directional
selection on thermal plasticity under ambient temperature evidenced by reduced fecundity.
These fitness costs of plasticity were significantly higher among thermally tolerant
genotypes, consistent with the tradeoff hypothesis. This tradeoff was strongest under

ambient temperature. Thermal tolerance directly affected plasticity after controlling for
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fitness effects, indicating support for the limit hypothesis. Observed thermal plasticity and
fecundity were best explained by models incorporating both the limit and tradeoff
hypotheses rather than those with parameters associated with one. Our study provides a
novel empirical test of the fitness tradeoff and limit hypotheses. We discuss our results’
insights into how natural selection acting on thermal tolerance and its plasticity may be

constrained by limits and slowed by a fitness tradeoff.

1. Introduction

Increasing annual temperatures and frequent, severe heat waves may impose
selective pressures on ectotherms to adapt via positive directional selection on upper
thermal tolerance and its plasticity (Fig. 1A), which drives acclimation to novel
temperatures (Arnold et al., 2019; Huey et al., 2012). However, thermally tolerant
populations of ectotherms are often less thermally plastic (Barley et al., 2021; Stillman,
2003; van Heerwaarden et al., 2016; van Heerwaarden & Kellermann, 2020). Two
hypotheses may explain negative correlations between tolerance and plasticity. We refer
to these as the “limit” and “tradeoff” hypotheses (Fig. 1B). The limit hypothesis states that
plasticity may be limited in tolerant genotypes due to a phenotypic threshold above which
plasticity cannot increase tolerance any further (DeWitt et al., 1998; Serensen et al., 2016).
The tradeoff hypothesis states that thermal tolerance and its plasticity share an intrinsic
fitness tradeoff: thermal plasticity is more costly in tolerant genotypes and, conversely,
tolerance is more costly in plastic genotypes (A. Agrawal et al., 2010; Roff & Fairbairn,
2007). Measurements of thermal plasticity’s fitness costs are scarce, particularly in

ectotherms (Arnold et al., 2019), and, to our knowledge, no empirical tests of the fitness
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tradeoff hypothesis have been conducted (van Heerwaarden & Kellermann, 2020).
Studying populations of the intertidal copepod Tigriopus californicus that have evolved
strong phenotypic divergence in thermal tolerance and its plasticity (M. W. Kelly et al.,
2011; Pereira et al., 2017), we measured the fitness costs of genotypes’ thermal plasticity
conditional upon their thermal tolerance in a laboratory experiment. To evaluate the limit
and tradeoff hypotheses using strong inference, we conducted quantitative hypothesis
testing using our experimental results.

In a global warming context, the fitness tradeoff hypothesis is consequential to the
evolution of thermal tolerance and its plasticity. If tolerance and plasticity possess a fitness
tradeoff, adaptation to environments positively selecting for both traits may be hindered
such that increases in one phenotype come at the cost of the other. The evolutionary rates
of both traits are thus slowed. Under the limit hypothesis, simultaneous adaptation acting
on tolerance and plasticity should remain unhindered until populations approach a
phenotypic asymptote (Fig. 1 C). While these two models are not mutually exclusive and
can co-occur, determining their proportional contributions to negative associations
between tolerance and plasticity can improve predictions of how biodiversity will adapt to
future climates (Roff & Fairbairn, 2007; van Heerwaarden & Kellermann, 2020).

Due to practical and biological reasons, detecting fitness effects of phenotypic plasticity
has been historically challenging. The plasticity of thermal performance is no exception.
One method of measuring plasticity’s fitness costs is selection gradient estimation, where
a Lande and Arnold-style regression is used to predict a fitness-correlating trait across
genotypes and environments as a function of their phenotype within an environment and

their plasticity in that phenotype across environments (Lande & Arnold, 1983). Van
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Buskirk & Steiner quantitatively reviewed estimates of selection gradients acting on
phenotypic plasticity and found neutral costs in most studies with high absolute fitness
overrepresented among those with small sample sizes (Van Buskirk & Steiner, 2009).
Arnold et al. reviewed selection gradient estimates on thermal plasticity and found that
plasticity’s fitness effects were insignificant in 4 out of 5 studies restricted to plants and
birds (Arnold et al., 2019). Combining the results of two other studies in plants, fitness
costs of thermal plasticity were significant in 3 out of 7 measured traits (Choi et al., 2019;
De Lisle et al., 2022). It has been suggested that plasticity’s neutral costs are the result of
context-dependence that often goes unexplored. For example, plasticity may be more costly
or beneficial depending on the environment that selection gradients are measured in or
interactions between plasticity and other traits (Hendry, 2016). Fitness tradeoffs between
upper thermal tolerance and its plasticity represent context-dependence that may further
resolve thermal plasticity’s costs. Measuring selection gradients acting on thermal
plasticity in ectotherms is also an important step, as it is potentially more important in
responses to thermal stress relative to endotherms for which selection gradient estimates
do exist (Paaijmans et al., 2013).

We experimentally tested the fitness tradeoff and physiological limit
hypotheses by leveraging the thermal ecology and tractability of 7. californicus. We
cultured lines from 4 populations distributed over 4 °N of latitude under a laboratory
common garden for 2 generations before splitting a third generation of 96 full-sibling
genotypic replicates (n = 192 cultures) across high and low temperature developmental
conditions. We have observed that these populations exhibit a tolerance-plasticity tradeoff

across latitude. Once matured, we measured the generation time, body size, upper thermal
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tolerance, and fecundity of each sibship at high and low temperatures. Using a multivariate
expansion of the traditional Lande & Arnold selection gradient model (Lande & Arnold,
1983), we measured the direct effect of baseline thermal tolerance on thermal plasticity,
controlling for fitness (limit hypothesis), and fitness costs of thermal plasticity conditional
upon baseline tolerance (tradeoff hypothesis). Finally, we used likelihood statistics to
contrast support for these effects and their associated hypotheses given our experimental

observations.

2. Methods

2.1. Collection and common garden culturing of Tigriopus californicus —

Tigriopus californicus were collected during summer and winter from 4 latitudinally-
distributed populations (Fig. 1A) in coastal California over a four day period between
August 6th — 9th, 2021 and February 16th — 19th, 2022: the Bodega Marine Reserve in
Bodega Bay, CA (38.316394 °N, -123.071980 °W), Four Mile Beach in Santa Cruz, CA
(36.965262 °N, -122.125983 °W), the Kenneth S. Norris Rancho Marino Reserve in
Cambria, CA (35.540090 °N, -121.092475 °W), and Point Dume State Beach in Malibu,
CA (34.002035 °N, -118.805029 °W). Animals were collected from three splash pools at
each site, stored in 500 mL cups, and transported in coolers under a 12:12 hr photoperiod
to laboratory facilities at the University of California, Santa Barbara (UCSB). During 4
days of travel and one week of incubation in the lab per collection, transport coolers and
incubation maintained an average temperature of 19.96 °C and 13.00 °C during August

and February, respectively. These transport temperatures were -0.24 °C and -0.77 °C away
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Figure 1 | Hypothesized constraints on thermal plasticity. (A) Parameters associated with baseline upper
thermal tolerance (Tol) and its plasticity (PI) across a thermal reaction norm. (B) Visualizations of how
thermal plasticity is constrained under the limit and tradeoff hypotheses. (C) A conceptual diagram of
constraints on simultaneous adaptive evolution of thermal tolerance (‘Tol’; red) and its plasticity (‘P1’; blue)
under the fitness tradeoff hypothesis. Under an environment positively selecting for increases in both traits,
physiological limits (solid arrow) impose a maximum above which traits cannot increase (‘Max’; dotted line).
Fitness tradeoffs (dashed arrow) may limit adaptation via reductions in fitness among tolerant and plastic
genotypes, potentially preventing natural selection from achieving phenotypic optimums in either trait (grey
rectangle). Distributions represent hypothetical variance in tolerance and plasticity before selection
(transparent) and after (non-transparent).
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from mean in situ temperatures recorded at all sites 21 days prior to August and February
collections. During 4 days of transport, polystyrene collection cups received daily seawater
changes using aerated, 0.5 pum filtered seawater and received an ad libitum diet of 20%
spirulina fish food flakes (Handschumacher et al., 2010). Upon arrival at UCSB, collection
cups continued to receive daily seawater changes, were fed ad libitum, and were held in an
incubator set to 20.2 °C (August) or 13.8 °C (February) with a 12:12 hr photoperiod for 7
days before the initiation of common garden lines.

To remove environmental effects from phenotypic variation, 12 common garden
lines (n = 3 per population) were reared in the laboratory for 2 generations before a third
generation was split and conditioned to high and low temperatures until maturity.
Phenotyping for upper thermal tolerance and fitness correlated traits, described below, was
performed on temperature conditioned G3 cultures. These generations are referred to as G1
— G3 (laboratory-reared generations 1 — 3) from here forward. At initiation, n = 100 gravid
females per pool were added into new 500 mL polystyrene culture cups and incubated at
16.5 °C, the mean annual temperature recorded in situ across all four collection sites
between 2020 — 2021 (Fig. 1B). Gravid females were allowed to continuously hatch
clutches of eggs in culture until the emergence of copepoid stage offspring at which time
gravid females were removed. G1 and G2 cultures received seawater changes twice per
week and continued to be fed ad libitum until cultures matured, mated, and produced gravid
females. G1 and G2 cultures maintained mean salinities of 33.54 £ 0.53 ppt and 33.62 +
0.52 ppt. Once 100 or more females within a culture became gravid, G2 was initiated using

the same methods described for G1.
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2.2. Culturing of G3 sibships across high and low temperature —n = 12 gravid G2
females per line were added to individual 20 mL cultures in 12-well plates where they were
allowed to continuously hatch broods. Hatches were checked every 4 days and resulting
G3, full sibling nauplii were split between two 50 mL cultures incubated at a target of 16.5
and 21.5 °C that were recorded to be 16.42 £0.37 °C and 21.55 £ 0.40 °C over the duration
of G3 culture. Each gravid female continuously hatched until mortality or a maximum
number of 100 larvae had hatched. If a gravid female died, it was replaced with another
gravid female from the same line which was used to initiate new G3 cultures. Seawater in
50 mL G3 cultures was changed every 4 weeks, resulting in an average salinity of 35.15 +
2.20 and 34.87 £ 2.26 ppt under 16.5 and 21.5 °C, respectively. Females were allowed to
hatch over 4-weeks. The mean number of larvae per G3 culture equaled 40.52 £ 17.20 (Fig.
S1), 24.68x lower than the upper density of 7. californicus in situ (Powlik, 1996).

The developmental progress of G3 cultures was scored by tracking the maximum
life history stage of cultures during hatch checks: stages were scored as achieving the
naupliar larval stage, the juvenile copepoid stage, or maturity upon the presence of sexually
dimorphic mortality at stage-C6 molt as well as whether gravidity had been achieved by
mature females. The generation time of each population x temperature group was then
estimated using logit-transformed generalized linear models to determine the days post-
hatch at which 50% of a population progenates the next generation at a given temperature.
These generation times were then used to determine the relative ages of population x

temperature groups (i.e., days post-gravidity).
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2.3. Assays of upper thermal tolerance, body size, and fecundity — When cultures
achieved an average age of 16 — 26 days post-gravidity (Fig. S2) and presented no evidence
of mortality among stage-C6 adults, they were assayed for upper thermal tolerance and
stored in 1% formalin-buffered seawater for morphometric measurements and counts of
fecundity per brood. Upper thermal tolerance was measured using an LTso assay, a measure
of the temperature at which 50% of a population or group has died. LTs0 was measured by
adding mature males, mature females, and copepoids to 200 mL PCR tubes at an average
density of 1-6 animals per tube. This density has been demonstrated to not result in an
effect on LTso in 7. californicus via oxygen depletion (M. W. Kelly et al., 2011). 8 tubes
per sibship x temperature group were randomly distributed across thermal cycler plate
where they were ramped up to a 3 °C temperature gradient over 2 hrs at a ramping rate of
0.2 °C per 1.5 min. BMR was exposed to a 34 — 37 °C gradient, SC and RMR to 35 — 38
°C, and PTD to 36 — 39 °C. Animals were then allowed to recover at room temperature for
1 hr. Following the recovery period, survival was scored for mature males, mature females,
and copepoids from each sibship x temperature group. An average of 21.18 £+ 9.8 animals
per sibship x temperature group were assayed for LTso. The LTso parameter of each sibship
X temperature group was measured as an inflection point randomly varying across sibship
x temperature groups predicted by a non-linear logistic regression modeling survival as a
function of fixed effects for gradient temperature, age, season of collection and nested,
random effects for pool of origin and population of origin. By accounting for sex, we were
able to estimate LTso parameters controlling against the effects of variation in the

proportion of sexes represented in each culture.
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Total body length was measured in mature females via imaging on a compound
light microscope under 40x magnification as the total linear distance from the anterior end
of the cephalon to the caudal radius. Fecundity per brood was measured as a fitness-
correlated trait by dissecting and counting eggs in brood sacs from formalin-preserved
gravid females. Only egg sacs with matured eggs exhibiting nauplii morphology were
dissected to avoid underestimation of fecundity per brood. Brood sac dissections were
conducted on females collected up to 7 days after LTso assays to maximize the number of
fitness measurements per culture. The mean fecundity, female body length, and male body
length were calculated for each sibship x temperature group. Thermal tolerance and thermal
plasticity data were measured for 96 sibships reared across 2 temperatures for a total of
192 experimental cultures. Fecundity measures were successfully obtained for 109 cultures
representing 68 sibships (Table 1).

2.4. Selection gradient modeling — Selection gradients acting on LTso and its
plasticity were estimated using a multivariate adaptation of the Lande and Arnold
regression for measuring selection on correlating characters (Lande & Arnold, 1983). The
multivariate model was fit using brms, an R interpreter of the Bayesian modeling language
Stan (Biirkner, 2017a; Gelman et al., 2015). The two outcome variables of the multivariate
model were mean clutch size and the plasticity of thermal tolerance. A multivariate
approach was necessary to test both the physiological limit and fitness tradeoff hypotheses
in one singular model and perform quantitative hypothesis testing, which is described in
the next section of Methods. Mean egg clutch size of each sibship per temperature was
modeled as a function of fixed effects for temperature, LTso within a given temperature,

the plasticity of LTso across temperature, an interaction between the plasticity and baseline
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LTso, and nested random effects for sibship, pool of origin, population of origin, and season
of collection (Fig. 2). Statistical non-independence between LTso intercepts (baseline
thermal tolerance) and LTso slopes (plasticity of thermal tolerance) was controlled for using
an orthogonal polynomial transformation of the intercept value following guidance for
regressing intercepts and slopes from a single function (Kline, 2015).

An additional transformation on slopes was necessary to control against the effect
of regression to the mean in driving negative correlations between baseline tolerance and
plasticity. For example, if the baseline tolerance of a genotype is high it is likely that its
thermal tolerance under warmer conditions will increase less. The probability that a high
baseline tolerance is also accompanied by a large plastic change is inherently low because
the secondary phenotypic measurement is likely to regress to the mean. A transformation
controlling for regression to the mean for plastic traits was originally proposed by Kelly &
Price and applied to thermal tolerance data by Gunderson & Revelle (Gunderson, 2023;
Gunderson & Revell, 2022; C. Kelly & Price, 2005). Our application of this transformation
was conducted in exact concordance with Gunderson, 2023.

Slope coefficients estimated by this model represent the direction and strength of
directional selection acting on LTso, its plasticity, and their interaction. An interaction may
be antagonistic such that the fitness costs of trait’s plasticity are greater among sibships
with a higher trait value or synergistic such that positive directional selection on plasticity
is strongest among sibships with high trait values (Fig. 1).

Before fitting the component of the multivariate model testing for a direct effect of
baseline thermal tolerance on plasticity, two regressions predicting plasticity as a function

of (i) tolerance and fitness (fecundity) or (ii) tolerance without fitness were fit to estimate
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what percentage of tolerance’s effect on plasticity is driven by fitness costs. Only 2.22%
of baseline tolerance’s effect on plasticity was explained by fitness. Thus, the multivariate
model did not incorporate a predictor for fitness in the model of plasticity as a function of
tolerance, visualized in blue in Fig. 2. Equations 1 and 2 describe the two outcomes of the
multivariate model where w = mean fecundity of sibship 7 under temperature e, S = season
of collection, L = mean body length per gravid female, X = LTso, int = the intercept of
LTso, pl = the plasticity of LTso, and Z = random intercepts associated with nested effects
(Fig. 2) or population alone in the case of Z,. Excluding fitness as a predictor also avoided
a recursive model structure whereby fitness affected plasticity and plasticity affected
fitness (Cortina, 2014; Kiiveri et al., 1984). Mean female body length was included as a

fixed effect in order to control for its direct impact on egg clutch size (Voordouw et al.,

2005).
Wie = Hy + Prei + B2Sie + BsLlie + PaXie + BsXie + BeplX; + B7intX;plX; + Z1b; + € (Eq.1)
plX; = pu, + BgintX; + Z,b; + € (Eq.2)

The significance of fixed effects was evaluated across all models using a probability
of direction test, a Bayesian corollary of the p-value for determining effect existence. Fixed
effects were deemed significant if 95% confidence intervals of posterior distributions did

not overlap 0 (Makowski, Ben-Shachar, Chen, et al., 2019a).
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Figure 2 | Visual representation of multivariate selection gradient model. A directed acyclic diagram
generalizing the multivariate model testing the physiological limit (blue) and fitness tradeoff (orange)
hypotheses is shown. The limit hypothesis is evaluated by predicting the plasticity of thermal tolerance (P1)
as a direct function of baseline thermal tolerance (e.g., the intercept of LTso’s reaction norm; Tol). The
tradeoff hypothesis is evaluated by fitting a Lande and Arnold-style selection gradient model that includes
the fitness consequence of an interaction between LTso pl and LTso int. Not pictured are singular effects of
season-of-collection, mean female body length, and interactive effects between ‘Temp’ and ‘LTs¢, ‘PI’, and
‘Pl x Tol’ predicting ‘Fitness’. These parameters were excluded to simplify this visual generalization of the
model.
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2.5. Quantitative hypothesis testing — Quantitative support was measured and
compared for the physiological limit and fitness tradeoff hypotheses in driving negative
associations between thermal tolerance and its plasticity in 7. californicus. Two distinct
parameters were fit within the selection gradient model that were associated with the two
hypotheses: [,intX;plX; and fgintX; (Eq. 1 & 2). The limit hypothesis was tested by
predicting the plasticity of thermal tolerance as a function of baseline LTso. The tradeoff
hypothesis was tested by predicting mean clutch size as a function of interactive fitness
costs between the baseline thermal tolerance and its plasticity. The marginal likelihood of
the full model was compared to three alternative models that lacked one or both parameters
using a Bayes factor test (Berger & Pericchi, 1996) in the R package bayestestR
(Makowski, Ben-Shachar, & Liidecke, 2019).

2.6. Collection of in situ time series temperatures — 3 TidBit MX5000 temperature
loggers per site were installed in supralittoral pools containing 7. californicus where they
continuously recorded at a 10-minute interval between February, 2020 — April, 2022.
Loggers were observed to be submerged 97.5% of the time during routine collections at
each site. T. californicus were present in pools at the start and end of all recording periods
included in the time series temperature dataset. If pools containing loggers had evaporated,
data were filtered out of temperature time series until the last observed submersion. In the
event of evaporation, active loggers were relocated and submerged in a new supralittoral
pool containing 7. californicus.

2.7. Estimation of baseline thermal tolerance and thermal plasticity via logistic
regression — The LTso of each sibship x temperature culture was estimated by fitting a

quasibinomial logit-linked generalized linear mixed model to binary survival data collected
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from thermal gradient assays. The model included fixed effects for interactions between
gradient temperature and (i) sex, (i1) latitude, (iii) developmental temperature, (iv) an
interaction between sex and developmental temperature, and (v) an interaction between
latitude and developmental temperature. The model also included a nested random effect
whereby culture sibships were nested within pools, pools were nested within collection
seasons, and seasons were nested within populations. The logistic regression was fit using
the glmer() function of the R package ‘nlme’(Pinheiro et al., 2023).

The fixed ‘Sex’ variable included categories for females, males, and juvenile
copepoids whose sexes were unknown. LTso per culture was estimated from this model
while controlling against variation in proportions of each sex across cultures. This was
achieved by exporting fitted survival estimates per sibship x temperature culture assuming
uniform sex within and across all cultures. The LTso parameters of each culture were then
individually modeled using the base glm() function of R and the dose.p() function of the R
package ‘MASS’, which exports inflection point parameters from logistic regressions
(Ripley et al., 2023). The LTso estimates of culture’s reared under low developmental
temperatures were used as a metric for a sibship’s’ baseline thermal tolerance in further
analysis. Plasticity was measured as the change in LTso across low to high temperature
conditions for a given sibship.

2.8. Transformation of baseline thermal tolerance and thermal plasticity — Two
statistical artifacts have the potential to inflate the negative effect of baseline thermal
tolerance on thermal plasticity. Firstly, these two metrics are statistically non-independent
because they are derived from the intercept and slope of a common linear function. If the

intercept (baseline tolerance) of this function increases and LTso of the high temperature
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treatment is held constant, the slope (plasticity) must decrease. Non-independence was
controlled for by transforming baseline tolerance as an orthogonal polynomial, reducing
multicollinearity between baseline thermal tolerance and its plasticity (Smith & Sasaki,
1979). This transformation was achieved by centering baseline tolerance via subtraction of
its mean and squaring the centered baseline tolerance variable. The product of the squared
term’s mean multiplied by the centered predictor variable was then subtracted from the
centered variable itself, resulting in an orthogonal polynomial. This orthogonal polynomial
was used a predictor variable representing baseline thermal tolerance in all subsequent
regressions modeling baseline tolerance’s effect on plasticity.

Regression to mean also has the potential to inflate negative associations between
baseline thermal tolerance and its plasticity. If a replicate’s reaction norm possesses high
thermal tolerance under low temperature, it is unlikely that the subsequent value under high
temperature increases by the average plasticity slope. It will more likely regress to the
overall mean of thermal tolerance. We applied a method described by Kelly & Price (2003)
and implemented by Gunderson (2023) on thermal tolerance data that estimates the
proportion of observed plasticity explained by regression to the mean (D) and subtracts it

from the plasticity measure such that

b= p(Xq _)?1) - (X, _Xz) (Eq.3)

where p is the correlation between observation X (phenotype in treatment one) and X>
(phenotype in treatment two). The implementation of this approach for thermal tolerance
data is detailed in an R script by Gunderson, 2023, (Gunderson, 2023; Gunderson & Revell,

2022; C. Kelly & Price, 2005).
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The effect of baseline LTso on the plasticity of LTso was modelled using a linear
mixed model predicting adjusted plasticity as a function of an orthogonal polynomial
transformation of the LTso intercept and a random nested effect assigning each observation
to a sibship nested within a pool, nested within collection season, nested within population.
This linear mixed model was fit using the methods described below under ‘Bayesian model
fitting and specification’.

2.9. Bayesian model fitting and selection — Three groups of Bayesian linear mixed
models (LMMs) were fit to predict the plasticity of LTso and/or fecundity. These were (i)
a univariate linear mixed model predicting baseline LTso’s effect on thermal plasticity
described above, (ii) the multivariate linear mixed model predicting fitness costs of LT'so,
its plasticity, and the effect of baseline LTso on plasticity, and (ii1) iterative versions of the
multivariate model used for quantitative hypothesis testing. All LMMs were fit using a
studentized gaussian distribution to reduce spurious or extreme model predictions. Student-
t priors set to 3 degrees of freedom were assumed for all parameters (Biirkner, 2017b).
Markov Monte Carlo chains were run using 40,000 iterations with a 10,000-iteration
warmup. All continuous outcome and predictor effects were called using a Z-score
transformation prior to fitting to increase model convergence. The multivariate model of
fecundity and thermal plasticity restricted against residual correlation.

Selection gradients acting on LTso and its plasticity were fit using a multivariate
model that also predicted plasticity as a function of baseline LTso. Across all iterations
subjected to selection, the selection gradient portion of the model predicted mean fecundity
per sibship as a function of developmental temperature, season of collection, LTso, the

plasticity of LTso, an interaction between baseline LTso and its plasticity, and interactions
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between developmental temperature and LTso, its plasticity, and the interaction of the two
terms. All iterations were also fit with a random effect nesting sibship, pool, season of
collection, and population. Fixed and random effects held constant across all iterations are
described in Fig. S5 as the ‘base model’. Because cultures varied in their mean body size
of gravid females, mean age, and density, these three variables were also fit as alternative
fixed effects in multiple model iterations (Fig. S5). Each iteration is listed in Figure S5,
accompanied by a Bayes factor measuring its relative marginal likelihood (Berger &
Pericchi, 1996). The model that generated the highest Bayes factor was selected and

reported under Results.

3. Results

3.1. Environmental temperatures at collection sites — In situ temperature loggers
deployed between 2019 — 2023 revealed an expected latitudinal thermal gradient such that
temperatures increased toward lower latitudes. However, this cline was driven by the
northern- and southern-most sites. The two mid-latitude locations (SC and RM) exhibited
comparable mean annual temperature (Fig. 3). Diurnal and seasonal variation did not vary
by latitude and were comparable across all sites except for RM, which exhibited less
variation on both diurnal and seasonal timescales (Fig. 3B). Lastly, latitudinal clines in
temperature were strongest during winter months and were weak-to-absent during

Summers.
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3.2. Intraspecific variation in performance traits and their thermal plasticity —
Populations and sexes exhibited significant differences in upper thermal tolerance,
organismal performance, and the plasticity of these traits across temperature. Upper
thermal tolerance exhibited a significant latitudinal cline such that baseline tolerance
decreased toward higher latitudes at a rate of -0.44 °C LTso per °N latitude. Females were
also more thermally tolerant than males by an average of +0.19 °C LTso. As the thermal
tolerance of populations increased toward lower latitudes, the plasticity of thermal
tolerance decreased. This negative correlation was primarily driven by females, which
showed strong reductions in thermal plasticity as tolerance increased. In males, thermal
plasticity was affected less by baseline tolerance (Fig. 4A). Scaling between sibships’
thermal tolerance and its plasticity was significant after controlling against (i) non-
independence between the intercept and slope of LTso reaction norms and (ii) regression to
the mean. Non-independence only explained 0.48% of baseline tolerance’s negative effect
on plasticity while regression to the mean explained 47.97% of the effect.

Body size and generation time varied by population. Body size increased toward
higher latitudes (Fig. S3A), while generation time did not exhibit a latitudinal pattern (Fig.
S3B). In response to high temperature, body size and generation time both decreased. Body
size was less plastic among northern populations, a latitudinal effect opposing the direction
seen for the plasticity of thermal tolerance. The plasticity of generation time varied
randomly across populations, with SC exhibiting no apparent thermal plasticity in this trait

(Fig. S3B).
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Figure 3 | Tigriopus californicus collection sites and thermal environments. (A) Coordinates of four intertidal
collection sites in coastal California, USA. (B) Mean in situ temperatures recorded in supralittoral pools
inhabited by T. californicus at each collection site over a two-year period between summer 2020 and summer
2022. Error bars depict £ 95% CI. (C) Mean daily temperature is plotted across time in each collection site.
Color depicts latitude in all panels. Horizontal dashed lines depict the high and low experimental
temperatures used in this study. Vertical gay bars depict the 50-day period (the approximate minimum
lifespan of T. californicus) prior to two field collections in August of 2021 and February of 2022.
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3.3. Fitness costs of thermal plasticity and their dependence on tolerance — Upper
thermal tolerance exhibited neutral selection under high temperature and significant
positive directional selection at low temperature such that fecundity increased among more
tolerant genotypes. Differences in selection on thermal tolerance between treatments was
evidenced by a significant interaction between temperature and LTso in the selection
gradient model (Fig. 5A). An insignificant interaction between temperature and thermal
plasticity also shaped fitness: a trend of negative directional selection acted on the plasticity
under low temperature and yielded a neutral effect under high temperature (Fig. 5A).
Positive selection on tolerance and negative selection on plasticity under low temperature
were consistent with canalization.

Fitness costs of plasticity in thermal tolerance were significantly greater among
thermally tolerant genotypes while plasticity bore neutral fitness effects among the least-
tolerant genotypes. This tradeoff between basal tolerance and plasticity was strongest under
low temperature as evidenced by a significant three-way interaction between temperature,
basal thermal tolerance, and its plasticity. The two-way interaction between basal tolerance
and plasticity was also significant. Selection gradients acting on thermal plasticity in the
lowest and highest terciles of baseline thermal tolerance equaled -0.089 £ 0.099. and -0.790
+ 0.181, respectively, under low temperature. The dependence of thermal plasticity’s costs

on baseline tolerance was consistent with the fitness tradeoff hypothesis (Fig. 5B).
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Figure 4 | Negative correlation between baseline thermal tolerance and thermal plasticity at population and
genotype levels. (A) Upper thermal tolerance measured as LT’ is plotted across developmental temperatures
grouped by population (color) and sex (shape and line type). Error bars represent 95% confidence intervals
of LTso parameter estimates. (B) Thermal plasticity, measured as the Qo of LTso, is plotted across baseline
thermal tolerance measured as the intercept of LTs’s reaction norm across developmental temperature. Each
point depicts a single sibship whose population is represented by color. The gray confidence interval depicts
best fit to raw Qo of LTso. Solid lines depict fitted regressions to adjusted Q19 of LTso for each population,
which are represented by color. This adjustment reduced the influence of regression to the mean on negative
correlations between baseline thermal tolerance and its plasticity using the method described by Kelly &
Price, 2005, and Gunderson, 2023.
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Temperature and female body length significantly affected sibships’ mean egg
clutch size per brood. Including these parameters in the selection gradient model controlled
for their effects on fecundity, permitting robust estimation of the fitness costs of LTso and
its plasticity. The high temperature treatment reduced egg clutch sizes by an average of
15.4% (3.25 eggs). Female body length had a positive but weak effect on fecundity (Fig.
S4).

3.4. Quantitative support for the limit versus tradeoff hypotheses — The negative
correlation between baseline thermal tolerance and its plasticity was attributable to a direct
effect of tolerance on plasticity, controlling for fitness effects. After controlling for fitness,
the direct effect of baseline tolerance on plasticity was responsible for only 2.22% of the
negative association between the two traits. Using model selection and marginal
likelihoods, quantitative support for the phenotypic limit and fitness tradeoff hypotheses
were measured and compared. A ‘limit’ model incorporating parameters for direct effects
of baseline thermal tolerance on thermal plasticity possessed a relative likelihood of 1.74x
compared to a null model assuming neither hypothesis. A ‘tradeoff” model, which included
parameters predicting fitness costs of thermal plasticity conditional upon baseline
tolerance, had a marginal likelihood of 6.74x compared to the null.

The ‘limit + tradeoff” model outperformed iterations incorporating singular
hypotheses and achieved a marginal likelithood of 11.37x compared to the null. These
results demonstrated that our experimental observations of thermal plasticity and fecundity
supported both the limit and tradeoff hypotheses, and that these two mechanisms are not
mutually exclusive. Rather, the data were best explained by models jointly accounting for

both hypotheses (Fig. 6).
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Figure 5 | Selection gradients acting on upper thermal tolerance and its plasticity. Each point represents a
sibship within a given developmental temperature (low = blue; high = red). (A) Mean-standardized average
clutch sizes per sibship x temperature culture are plotted across mean-standardized upper thermal tolerance
(LTso). Mean-standardized average clutch sizes per sibship x temperature culture are plotted across mean-
standardized plasticity of upper thermal tolerance (Qio of LTs). (B) A fitness tradeoff between baseline
thermal tolerance and its plasticity is visualized by plotting mean-standardized clutch sizes across the
plasticity of thermal tolerance (Qio of LTso) grouped by terciles of baseline thermal tolerance (low — high
LTso).
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Figure 6 | Quantitative hypothesis testing using model selection. The marginal likelihoods of three models
containing parameters associated with the fitness tradeoff (orange) and/or physiological limit hypothesis

(blue) are plotted relative to a null model lacking these parameters. Marginal likelihoods relative to the null
model were computed using the Bayes factor method.
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4. Discussion

Whether and how thermal plasticity evolves via natural selection has remained an
open question since first being discussed by Feder et al. and Huey & Kingsolver (Feder et
al., 1987; Huey & Kingsolver, 1989). Addressing this issue stands as a challenge in studies
of adaptation to climate change and novel thermal environments (Arnold et al., 2019; van
Heerwaarden & Kellermann, 2020). We provide the first empirical support, to our
knowledge, for the fitness tradeoff hypothesis in shaping negative associations between
ectotherms’ upper thermal tolerance and its plasticity by finding that fitness costs of
thermal plasticity are greater among thermally tolerant genotypes. By measuring and
comparing quantitative support for the fitness tradeoff and physiological limit hypotheses
in driving this negative correlation in 7. californicus, we contextualized the relative
importance of fitness tradeoffs in shaping responses by thermal plasticity to directional
selection in nature. Here we discuss our results as they relate to (i) the evolution of
phenotypic plasticity at large, (i1) theory and prior empirical research regarding the co-
evolution of thermal tolerance and its plasticity, and (iii) forecasts of adaptation by
ectotherms to warmer, more variable climates.

4.1. Evolution and costs of phenotypic plasticity — Measuring and detecting fitness
costs or benefits to phenotypic plasticity has proven challenging (Hendry, 2016; Van
Buskirk & Steiner, 2009), and the plasticity of thermal performance is no exception
(Arnold et al., 2019). While plasticity should theoretically incur fitness effects, selection
gradients acting on plasticity are frequently neutral (Van Buskirk & Steiner, 2009). It has
been suggested that one source of plasticity’s apparently neutral fitness effects is that they

are conditional on traits and/or environmental variables untested in selection gradient
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studies (Hendry, 2016; Van Buskirk & Steiner, 2009). With respect to the plasticity of
thermal performance, these conditional variables may include (i) how predictable and
variable temperature is during an experiment, such that moderate variation may dampen
directional selection (Bitter et al., 2021), and (ii) intraspecific variation in fitness
consequences attributed to sex, morphotypes, or other phenotypically distinct groups
(Hangartner et al., 2022; Svensson et al., 2020).

Our ability to detect significant fitness consequences of thermal plasticity was
likely improved by accounting for the contingencies of plasticity’s fitness costs on
developmental temperature and basal thermal tolerance. Our experiment employed static
temperature conditions that likely contributed to the maladaptiveness of thermal plasticity
evidenced by significant, negative selection gradients under low temperature (Fig. 5B). An
absolute selection gradient of >0.2 is often regarded as a minimum threshold above which
selection is considered evolutionary significant (Scheiner & Berrigan, 1998; Van Buskirk
& Steiner, 2009). We measured thermal plasticity selection gradients of -0.397 + 0.084
under low temperature and a neutral gradient of -0.006 + 0.052 under high temperature.
We also found that thermal plasticity’s fitness costs exhibited intraspecific variation such
that they significantly increased in more thermally tolerant families (Fig. 5B).

We did not predict that thermal tolerance and its plasticity would bear neutral
fitness effects under high temperature. We posit two alternative explanations for this result.
Firstly, the neutral effect of plasticity may have been the net effect of thermal plasticity’s
fitness benefit under high temperature and fitness costs incurred by the static, invariable
nature of thermal conditions. Alternatively, high temperature had a direct negative effect

on fecundity. This may have reduced fecundity to an extent that is washed out variation in
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the selection gradient model attributable to the fitness costs of thermal tolerance and its
plasticity. We also did not predict that LTso would incur positive fitness effects under low
temperature. One explanation of this result is that laboratory conditions often select for
upper thermal tolerance even when developmental temperatures are low or ambient.
Positive directional selection on LTso resulting from laboratory selection has been observed
during experimental evolution in the calanoid copepod Acartia tonsa (M. C. Sasaki & Dam,
2021).

4.2. Fitness tradeoffs shaping thermal plasticity — Fitness tradeoffs between
thermal tolerance and its plasticity have become increasingly more discussed in global
change biology and evolution, but experiments directly measuring interactive fitness
effects of each trait have not been reported (van Heerwaarden & Kellermann, 2020) and
are limited by traditional, univariate selection gradient models (Lande & Arnold, 1983).
Experimental evolution studies exposing lines to positive selection for upper thermal
tolerance have subsequently observed decreases in the plasticity of thermal tolerance (M.
W. Kelly etal., 2011, 2017; Morgan et al., 2022; M. C. Sasaki & Dam, 2021). However, it
cannot be determined from these studies whether fitness tradeoffs or physiological limits
caused reductions to plasticity without measuring (i) the fitness costs of plasticity and
tolerance and (ii) the direct effect of tolerance on plasticity, controlling for fitness effects.
Furthermore, studies measuring thermal plasticity’s fitness costs have largely detected
neutral effect (Arnold et al., 2019). In instances where significant costs or benefits were
detected, traditional selection gradient models prohibited the fitting of interactive costs
between thermal tolerance and its plasticity because their non-independence must be

statistically controlled (Kline, 2015). Our expansion of the Lande & Arnold regression
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enabled us to determine for the first time whether significant costs of plasticity in thermal
tolerance changed as baseline tolerance increased. With this easily executed modification
of the Lande & Arnold regression, our method can be applied to existing data from
selection gradient experiments to begin evaluating the prevalence of fitness tradeoffs
between thermal tolerance and its plasticity.

Thermally tolerant genotypes of 7. californicus in the top tercile of baseline LTso
exhibited a thermal plasticity selection gradient of -0.369, resulting in 3.27x greater
negative directional selection on plasticity relative to the lowest tercile of baseline
tolerance (Fig. 5C). This difference greatly exceeded a threshold of 0.2 representing
significant variation in selection gradients_(Scheiner & Berrigan, 1998; Van Buskirk &
Steiner, 2009). Among studies on 9 species including plants, birds, and insects, directional
or stabilizing selection on thermal plasticity was significant in 4 out of 14 reported traits
and also greater than a gradient of 0.2 in 2 out of 14 traits (Arnold et al., 2019; Choi et al.,
2019; De Lisle et al., 2022; Svensson et al., 2020; Valdés et al., 2019). Not only was the
interactive fitness effect of thermal plasticity and baseline tolerance significant in our
study, but it drove large increases in costs relative to the fitness effects of thermal plasticity
measured in other systems.

Fitness tradeoffs between thermal tolerance and its plasticity may arise via two
mechanisms termed ‘resource acquisition allocation’ (or ‘resource allocation’) and ‘genetic
tradeoff’. Under the resource allocation model, energy is limiting and divided between
biological processes such that investment in thermal tolerance and plasticity comes at the
cost of investment in fitness-correlated traits like reproduction (Roff & Fairbairn, 2007;

van Noordwijk & de Jong, 1986). Under a genetic tradeoff, thermal tolerance and its
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plasticity share a negative genetic correlation attributed to (i) antagonistic pleiotropy where
an allele increasing one phenotype has a decreasing effect on the other or (ii) linkage
disequilibrium where distinct alleles have independent effects on tolerance and plasticity
but are frequently co-inherited (Williams, 1957). Indeed, it has been long established that
thermal tolerance and thermal plasticity/acclimation capacity can share negative genetic
correlations (Debes et al., 2021; Ushakov, 1977). While our study’s design was unable to
determine whether significant fitness tradeoffs between thermal tolerance and its plasticity
were attributed to resource allocation or a genetic tradeoff, pursuing this question is
essential for determining how the fitness tradeoff may shape the evolution of thermal
physiology. This is largely due to genetic tradeoffs being less prohibitive to the effects of
drift and selection on phenotypic variation (Roff & Fairbairn, 2007).

4.3 Implications for adaptation to novel thermal environments — Under
environments positively selecting for both upper thermal tolerance and thermal plasticity,
adaptation may be constrained by physiological limits to tolerance (Kempes et al., 2019)
and slowed by fitness tradeoffs between the two traits as visualized in Figure 1C (A. F.
Agrawal & Stinchcombe, 2008; Stearns, 1989). We found evidence that both limits and
tradeoffs may drive a negative association between thermal tolerance and its plasticity in
T. californicus: the most likely model of thermal plasticity and fecundity incorporated
parameters associated with both hypotheses rather than one or none (Fig. 6). One
contributor to this result may be nonlinear reaction norms wherein more tolerant genotypes
induce plasticity at temperatures greater than those used in our study. Expanding our study
design to non-linear measurements of plasticity across thermal performance curves can

eliminate this confounding effect (Schou et al., 2017). However, physiological limits
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imposed a strong effect on variation in thermal plasticity and we expect that some of this
relationship may remain after accounting for non-linear reaction norms. It therefore
remains possible that both physiological limits and fitness tradeoffs jointly shape variance
in thermal plasticity among T. californicus, but the relative effect strength of each process
must be investigated further using experimental designs permitting non-linear thermal
reaction norms.

In addition to empirical research, theoretical models represent an opportunity to
study the joint influence of limits and tradeoffs on the evolution of thermal tolerance and
plasticity (Buckley & Kingsolver, 2021; Gibert et al., 2019). Models of thermal tolerance
and plasticity’s effect on persistence under climate change have not accounted for these
interactions and generally treat tolerance and plasticity as independent, additive effects
(Chevin et al., 2010). By modeling the joint evolution of thermal tolerance and plasticity
by varying parameters associated with their genetic correlation, physiological limits to
plasticity, and the strength of their fitness tradeoffs, we may generate new theory regarding
constraints on adaptation to novel thermal environments.

Numerous ectotherms exhibit negative associations between thermal tolerance and
its plasticity and are threatened by climate change and/or are commercially significant. The
domestication of Atlantic salmon, a fisheries species threatened by warming (Thorstad et
al., 2021), has reduced CTmax and increased thermal plasticity (Debes et al., 2021).
Similarly, Olympia oysters experiencing local extinction attributed to heatwaves and other
factors (Raymond et al., 2022; zu Ermgassen et al., 2013) exhibit reduced thermal plasticity
in tolerant populations (Bible et al., 2020). If fitness tradeoffs between thermal tolerance

and plasticity are prevalent across other ectotherms, the breeding of ‘heat hardened’
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aquaculture stocks and assisted evolution efforts for species at risk under climate change
must balance selection for basal thermal tolerance and plasticity (Gibbin et al., 2017). By
accounting for fitness tradeoffs, optimal selection regimes may adaptively increase both
traits to thresholds that do not reduce survival or reproduction.

We did not predict that thermal tolerance and its plasticity would bear neutral
fitness effects under high temperature. The neutral cost of plasticity may have been the net
effect of its fitness benefit under high temperature and fitness costs due to the static nature
of thermal conditions. Alternatively, high temperature’s direct negative effect on fecundity
may have reduced fecundity to an extent that is washed out variation in the selection
gradient model attributable to the fitness costs of thermal tolerance and its plasticity. We
also did not predict that LTso would incur positive fitness effects under low temperature.
One explanation of this result is that laboratory conditions often select for upper thermal
tolerance even when developmental temperatures are low or ambient. Positive directional
selection on LTso resulting from laboratory selection has been observed during

experimental evolution in the calanoid copepod Acartia tonsa (M. C. Sasaki & Dam, 2021).

5. Conclusion

Negative correlations between ectotherms’ upper thermal tolerance and thermal
plasticity, though often observed, have received little mechanistic investigation. Due to a
lack of statistically robust methods for accounting for the effect of regression-to-the-mean
on this negative correlation across ectotherms (Gunderson, 2023; Gunderson & Revell,
2022), the significance of this phenomenon during thermal adaptation has remained an

open question. The presence of a fitness tradeoff between thermal tolerance and its
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plasticity in 7. californicus signifies that these two traits are unlikely to evolve
independently of one another, a relationship that may affect thermal adaptation in nature.
Rather than simultaneous selection on thermal tolerance and its plasticity driving optimal
changes in both traits, thermal tolerance and plasticity may evolve in a three-legged race
by which adaptive change in one trait comes at the cost of the other. The generalizability
of the effect of fitness tradeoffs on negative correlations between tolerance and plasticity
should be investigated further in ectotherms to uncover the extent to which this mechanism
shapes thermal physiology in metapopulations. Such studies should be performed with
careful investigation of alternative hypotheses such as the physiological limit, which we

found likely to operate alongside fitness tradeoffs in 7. californicus.
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Chapter II1: Contributions of phenotypic plasticity and evolution to seasonal

variation in the thermal tolerance of Tigriopus californicus

Abstract

Adaptation to novel thermal environments depends on whether and how plastic
versus genetic changes in thermal performance covary — e.g., whether their effects are
additive, antagonistic, or synergistic. Studying 4 latitudinally distributed populations of
Tigriopus californicus, a short-lived intertidal copepod exhibiting local adaptation to
temperature, I measured the upper thermal tolerance (LTso) of males, females, and
juveniles from wild animals during 5 collections across 10 months of seasonal changes in
temperature. I recorded time series temperatures across this 10-month duration and
conducted point measures of dissolved oxygen (DO) and salinity during collections. By
rearing wild-caught animals from high summer and low winter temperatures under
common garden for 3 generations and remeasuring upper thermal tolerance, I calculated
the proportion of seasonal and interpopulation variance in LTso attributed to genetic and
environmental sources before modeling their covariance. Seasonal variation in temperature
was comparable between sites, but autocorrelation between DO and salinity and
temperature changed across latitude — southern sites exhibited higher salinity and lower
DO following warming. Seasonal variation in LTso was non-linear in each population and
decreased with latitude such that southern populations increased LTso toward a thermal
optimum of ~16.0 °C before it declined toward maximum in sifu temperatures. Plasticity
accounted for 5.27 — 21.94% of total seasonal variation in LTso and largely opposed the

direction of genetic change. Plastic and genetic changes in LTso across season shared
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significant, negative covariance — evolved increases in LTso during warming accompanied
plastic decreases in LTso that reduced its total variance. My results demonstrate that
phenotypic plasticity and evolution jointly shape seasonal variation in thermal tolerance of
T. californicus in nature in a manner consistent with countergradient variation, potentially

due to compensation against maladaptive, plastic reductions in thermal tolerance.

1. Introduction

Populations and species will likely need to increase their thermal performance in
response to warming by both evolving and plastically modifying these phenotypes to keep
pace with rates of global climate change (Donelson et al., 2019; Sgro et al., 2016). The
ability of biodiversity to mount plastic and evolutionary responses to warming depends on
(1) the extent to which plastic versus evolved changes in thermal performance occur in
nature and (ii) how these two processes covary with one another (Diamond et al., 2017;
Leonard & Lancaster, 2020; Schilthuizen & Kellermann, 2014; Sgro et al., 2010). Plastic
and evolutionary changes in phenotypes occur across dramatically different timescales,
posing a challenge to investigating these two issues. Species with short life cycles
experiencing strong seasonal variation in temperature are one set of study systems that can
potentially overcome these obstacles (M. C. Sasaki & Dam, 2020; Warner & Shine, 2005).
To this end, I studied plastic versus genetic contributions to seasonal variation in upper
thermal tolerance in wild populations of the short-lived, intertidal copepod Tigriopus

californicus.
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The strength and direction of thermal plasticity accompanying evolved differences
in thermal performance can impact adaptation to temperature (Fig. 7). Negative
correlations between plasticity and evolutionary change in thermal tolerance may result
from plasticity buffering against natural selection on trait means (Crispo, 2008; Oostra et
al., 2018b). By contrast, plastic populations exhibiting greater evolutionary rates in thermal
tolerance can be the product of plasticity first evolution, whereby plasticity promotes the
expression of cryptic genetic variants that become subject to selection (Crispo, 2007; M.
Kelly, 2019; Levis & Pfennig, 2016). Assuming plasticity and/or evolved changes in
thermal tolerance in response to warming can be negative, negative covariance between
the two processes would represent countergradient variation (CnGV), visualized in Figures
1B - 1C where maladaptive plasticity is genetically compensated for (Conover et al., 2009).

CnGYV in thermal performance has been documented between populations
of ectotherms across spatial variation in temperature (Dwane et al., 2023; Fangue et al.,
2009; Gardiner et al., 2010; Villeneuve et al., 2021). Covariance between thermal plasticity
and the genetic effects on thermal performance (COVae) should also theoretically occur in
response to temporal sources of thermal change such as heatwaves, but temporal studies of
COVge measuring evolution in action remain sparse (Schaum et al., 2022). It is argued that
understanding temporal COVge will provide meaningful improvements to predictions of
how biodiversity will adapt to climate change by (i) determining whether environments
induce phenotypic change toward or away from directions favored by natural selection and
(i1) reducing genotype-environment interactions shaping genetic variation for plasticity

(Albecker et al., 2022; Conover et al., 2009; Tiiziin & Stoks, 2018).
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Beyond its importance in nature, quantifying plastic versus genetic contributions to
seasonal variation in thermal performance represents an important step in my thesis
research on the evolution of thermal plasticity in 7. californicus. The influence of thermal
plasticity’s evolution on organisms’ persistence under climate change depends on the
extent to which plasticity shapes intraspecific variation in thermal performance in wild
populations. If seasonal fluctuations in thermal physiology are largely evolved, thermal
plasticity may not be an important functional trait or contribute to adaptive responses to
future climate change. However, phenotypic change associated with thermal stress in wild
populations is rarely partitioned into plastic versus evolved responses (Acker et al., 2023;
Schilthuizen & Kellermann, 2014).

Studying covariation between plastic and evolved sources of variation in thermal
physiology across season is critical to my research on 7. californicus and a necessary
contribution to the fields of evolutionary and global change biology, particularly with
respect to temporal co-gradient variation. In 7. californicus for example, our only
knowledge of co-gradient variation in plastic and evolved differences in thermal tolerance
are derived from laboratory estimates and applied to spatial variation across populations
(M. W. Kelly et al., 2011; Pereira et al., 2017). While space-for-time substitutions have
been of immense value to studies of environmental adaptation (Blois et al., 2013; Wogan
& Wang, 2018), evolutionary responses to temporal variation in temperature provide a
more realistic example of how ectotherms will or won’t adapt to novel thermal

environments (Damgaard, 2019).
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I measured variation in upper thermal tolerance across seasonal changes in
temperature in 4 latitudinally distributed populations of 7. californicus. By remeasuring
the thermal tolerance of common garden lines derived from wild 7. californicus, 1
estimated the proportions of seasonal change in thermal tolerance that resulted from
phenotypic plasticity and genetic effects. Lastly, I modeled covariance between plastic and
evolved changes in thermal tolerance in wild populations across season. These efforts
determined the extent to which phenotypic plasticity shapes intraspecific variation in
thermal tolerance of 7. californicus across time and its potential role in shaping the

evolution of thermal physiology.

2. Methods

2.1. Site selection and recording of time series temperatures — 4 rocky intertidal
sites in coastal California distributed across 4.31 °N of latitude were selected as collection
sites for this study due to (i) the status of two sites as protected, ecological research stations,
(i1) their even distribution across latitude, (iii) similarities in the angle of their coastlines,
which can affect diurnal warming rates (Seabra et al., 2011), and (iv) an abundance of T.
californicus at each site. In order of decreasing latitude, these sites are the Bodega Marine
Reserve in Bodega Bay, CA (BMR), Four Mile Beach in Santa Cruz, CA (SC), the Kenneth
S. Norris Rancho Marino Reserve in Cambria, CA (RMR), and Pt. Dume State Beach in
Malibu, CA (PTD). Coordinates of each site are listed in Chapter 2. TidBit MX 3000
temperature loggers (Onset Computer Corp.) were non-invasively installed in 3 pools per
site at the beginning of the study and set to a 10-minute recording interval. Loggers were

twice transferred to different pools at BMR due to evaporation.
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2.2. Collection of T. californicus and environmental point measures — Collections
were performed under California Fish and Wildlife scientific collecting specific use permit
S-192200007-19260-001 between June, 2021, and April, 2022. 5 field collections of T.
californicus were conducted at each site at a target interval of every other month. Following
collection, animals were transported to laboratory facilities at UCSB for phenotyping and
rearing of common garden lines (Table 1). Sites were visited once per day over a 4-day
period during each collection excluding October, 2021, during which a final collection to
BMR was prohibited due to flooding and extreme wave action, resulting in a delayed
December, 2021 collection. To control for bias in the timing of collections, site visits
during each collection period were arranged so the mean positions sites in the order of
visits were equivalent at the end of the study. All collections were performed within a £2
hr window of low tide. Based on laboratory studies, this timespan incorporates
approximately 2.5 — 6 generations of population turnover (Powers et al., 2020). This period
likely included weak, include random variation in genetic and environmental effects on
phenotype due to wave action, flooding of pools, and pool evaporation. However, pool
evaporation only occurred in 3.33% of pools in which temperature loggers were deployed.

T. californicus were collected from 5 distinct supralittoral pools per site during each
collection using noninvasive hand tools and transferred into 500 mL polystyrene cups. DO
was measured in 10 pools per site per collection using an Oxyguard Polaris probe
(Oxyguard International). Salinity was measured in the same 10 pools per collection using
a refractometer whose measurements were calibrated against n = 3 seawater samples per
site visit measured with a YSI salinity probe at UCSB laboratory facilities. 500 mL cups

received seawater changes immediately following collection and were given oxygenated,
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50 um-filtered seawater controlled to a temperature +2 °C of the daily mean temperature
of the site measured via TidBit MX 3000 loggers. Animals were fed ground 20% spirulina
fish food flakes ad libitum upon seawater changes.

Animals were held in coolers during the 4 days of each collection trip and exposed
to a 12 hr light:dark cycle regulated by LED lights installed within coolers. Cooler
temperatures were monitored and manipulated with ice packs, resulting in transport
temperatures that achieved a mean of £0.51 °C of in situ temperatures recorded in 21 d
prior to collections, controlling against artificial effects of transportation temperature on
seasonal variation in thermal performance. Each collection cup received daily seawater
changes and feedings as described above.

2.3. Laboratory maintenance of collections, LTs0 assays, and common garden
rearing — On arrival to UCSB, animals were housed in incubators set to the mean
temperature recorded at all 4 sites in the 21 d prior to collection and received daily seawater
changes until phenotyping. LTso assays were conducted on one population per day 4 d post-
collection as described in Chapter 2 with the following adjustments. n =4 females or males
were combined per 200 puL assay tube on a 96 well plate. The distributions of females,
males, and pools were randomly arranged across 96 well plates to control against positional
effects during thermal gradient exposure. The pools animals were collected from were
recorded during thermal tolerance scoring. Common garden lines were established from
August, 2021, and February, 2022, collections and maintained for 3 generations before
being phenotyped for LTso. Methods for common garden rearing and phenotyping are

described in Chapter 2. LTso data used in this study were derived from low temperature
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common garden cultures (16.42 °C) which were comparable to the annual average
temperature of 16.51 °C recorded across all sites.

Survival assays of F1 offspring from each population under the common garden
were conducted. N = 12 nauplii larvae from each of the 3 lines per population per month
were reared in individual 50 mL culture housed in 12-well plates stored inside common
garden incubators for 21 days. This period spanned metamorphosis into the copepoid
(juvenile) and sexual maturity. Survival was scored in each culture every 2 days. Seawater
changes were conducted every 4 days. Animals were fed an ad libitum diet of 1 small 20%
spirulina fish food flake per culture. Survivorship analysis was conducted in the R package
‘Survival” v.3.5-5.

2.4. Modeling plastic versus genetic changes in LTs0o— Variation in the LTso of field
collected T. californicus was modeled using a logit-linked, binomial generalized linear
model that predicted survival as a function of thermal gradient exposure, latitude, sex (i.e.,
female, male, or unknown juvenile), a second-order polynomial of the mean temperature
at populations’ collection sites 50 days prior to collection, and an interaction between a
categorical population variable and the 50 d mean temperature polynomial. In situ
temperatures were modeled using a polynomial because a likelihood ratio test comparing
linear versus polynomial effects revealed that LTso’s association with temperature was
significantly more likely to be non-linear. The interaction between temperature and
population fitted population as categorical rather than a continuous effect of latitude to
prevent bias toward predicting that seasonal variance in LTso depended on latitude. The

LTso of common garden lines was modeled using the methods described in Chapter 2,
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resulting in coefficients of seasonal, genetically fixed divergence in LTso for each
population, sex, and population x sex group.

The proportion of seasonal variance in LTso explained by environmental effects
was modeled using a Bayesian approach predicting August LTso— February LTso of field
collected animals (V;) as a function of a random intercept for each population (Z;) and a
fixed effect of genetic divergence in LTso between seasonal common garden lines of each
population (f,). Because total phenotypic variance is a function of genetic and plastic
effects, the random intercepts for each population represent coefficients for plastic changes

in LTso across seasons (Eq. 4). Bayesian model fitting is described in Section 2.5.

Vi:Zi+ ﬂlXi+8 (Eq4')

The proportion of seasonal LTso variance explained by plasticity was then
calculated as the plasticity coefficient divided by change in LTso between August and
February in field collected animals. Total seasonal variance in LTs0 explained by plasticity
was calculated using the equation below, where E equals plasticity of population i, /i
equals the linear parameter of in situ temperature’s effect on LTso in that population, /%

equals the quadratic parameter of temperature’s effect on LTso, and P equals the proportion

of seasonal divergence in LTso explained by plasticity in that population (Eq. 5).

E; = (ﬁ1,i+ﬁ2,i)*Pi (Eq.5)
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2.5. Modeling covariance between plastic and genetic effects on LTso — Covariance in
genetic and environmental effects on LTso across seasonal fluctuations in temperature was
modeled for all sex x population groups including juvenile unknowns to maximize the
number of observations included in the model (n = 12). Evolved ALTso was calculated as
the difference in basal LTso between seasonal common garden lines as described above.
Plastic ALTso was calculated per population x sex using a different method than described
above for plasticity per population. There was not sufficient power to apply this Bayesian
method to 12 sex-by-population groups as opposed to 4 populations. Seasonal plasticity
was calculated as the total ALTso of field collected animals across season - evolved ALTso.
Because estimations of a coefficient derived from another measure that it will be regressed
with creates issues of non-independence and regression to the mean, this calculated
difference was transformed using (i) a Kelly & Price transformation described in Chapter
2 to remove the effect of regression to the mean and (ii) an orthogonal polynomial
transformation, also described in Chapter 2, controlling against statistical non-
independence between plastic and evolved ALTso (C. Kelly & Price, 2005; Kline, 2015).

Covariance between effects of adjusted, plastic ALTso(VE) and evolved ALTs0 (V)
on total ALTso observed in the field (Vr) was modeled using a linear mixed model
predicting Vp as a function of Vg, Vg, and a random effect of population and calculating
covariance between the Ve and V¢ parameters derived from this model using the vcov()
function in R stats. Bootstrapping was used to determine the likelihood of measuring the
observed COVgE upon resampling using the ‘boot’ function of the R package boot v1.3-
2.81 set to 10,000 resamples of data used to model observed COV gk (Davison & Hinkley,

1997).
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3. Results

3.1. Environmental variation across season and latitude — Variation in mean annual
temperature across latitude is reported in Chapter 2 and decreased toward northern sites.
Seasonal changes in temperature varied across sites but not as a function of latitude. In this
chapter, I found that seasonal differences in mean temperature 50 days prior to August,
2021, and February, 2022, collections were highest at the southernmost site (PTD) and
equaled 8.04 °C. SC, the second most-northerly site exhibited a seasonal difference of 7.55
°C and BMR, the most northern site, 7.49 °C. RMR exhibited the least seasonal variation
in temperature equaling 4.94 °C, 35.73% lower than other sites. This dramatic reduction in
temperature seasonality was driven by RMR’s location within a region that receives the
highest levels of marine fog along the range of this study (Iacobellis & Cayan, 2013). Fog
and cloud cover may have limited maximum temperatures and reduced diurnal variation in
temperature as well.

Diurnal variation in temperature was also unaffected by latitude (Fig. 8) and was
highest in PTD at a mean difference of 20.00 °C £1.17 95% CI between daily minima and
maxima. Diurnal variation in temperature was second highest in SC (16.29 +0.36 °C)
followed by BMR (13.11 £0.37 °C) and RMR (12.35 £0.25 °C). Point measures of DO
revealed that, as expected, oxygen increased in supralittoral pools between sunrise and
midday. However, rates of diurnal increases in DO varied according to latitude such that
midday DO maxima were highest in northern sites and limited in southern sites (Fig. 8).
Point measures of salinity also revealed a latitudinal effect — when low tides occurred
during midday and thus exposed supralittoral pools to greater evaporation (Geng et al.,

2016), salinity increased more in southern, low latitude sites (Fig. 8). Interestingly,
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latitudinal thermal gradients were strongest in winter months versus summer (Fig. 9).
These results collectively demonstrate that latitudinal thermal gradients were variable
across season and associated with greater DO and lower salinity toward higher latitudes.

3.2. Intraspecific variation in LTso between populations, sexes, and seasons —
Latitude, sex, and seasonality each shaped intraspecific variation of upper thermal
tolerance in 7. californicus. LTso decreased with latitude at a rate of -0.5583 +0.0105 °C
per °N (p < 2e-16; Fig. 10A) and was higher in females than males by 0.5664 +0.1437 °C
(p = 8.08e-05; Fig 10B). LTso also exhibited non-linear variation across seasonal changes
in temperature — LTso increased between annual thermal lows and a thermal optimum of
~16.0 °C, the approximate annual mean temperature across all sites, before decreasing
toward annual maximum temperatures (Fig. 10B).

Seasonal variance in LTso decreased with latitude (y> = 13.372; p = 0.0375)
such that southern populations exhibited positive relationships between in sifu temperature
and LTso while northern populations exhibited stronger, negative associations between
temperature and LTso. In Figure 11A, this effect is plotted as total seasonal variation in
LTso per °C, which was estimated as the summed second-order polynomial coefficients
fitted to each population’s non-linear change in LTso across temperature. Here, the linear
coefficient representing the directionality of temperature’s effect on LTso was added to the
quadratic coefficient representing the ‘steepness’ of their non-linear relationship. As a
result, strong linear relationships with low rates of change across temperature amounted to
less seasonal variance in LTso than populations that exhibited strong linear and quadratic

effects (Fig. 11A).
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Figure 8 | Diurnal abiotic variation across latitude. Temperature (top), dissolved oxygen (DO; middle), and
salinity (bottom) of Tigriopus californicus pools at all sites are plotted across time of day to visualize diurnal
variation in abiotic factors. Temperature data are derived from time series measurements. DO and salinity
values are derived from point measures recorded during 7. californicus collections. Points represent
individual measurements. Salinity changes in salinity across time represent an effect of the timing of low tide
rather than true diurnal fluctuations.
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3.3. Plastic and evolved contributions to seasonal variation in upper thermal
tolerance — Plastic changes in LTso between seasons randomly varied across populations
while the quotient of plastic variance in LTso divided by its evolved divergence between
seasons increased toward southern populations: BMR = -0.8354; SC = -0.4757; RMR = -
0.1883; PTD = 2.8759. Multiplying total seasonal variance in LTso per population by the
proportion of variance explained by plastic effects revealed that directional plasticity in
LTso varied by latitude such that northern populations exhibited strong, negative plasticity
of LTso in response to warming while southern populations plastically increased LTso (Fig.
11B).

Despite most populations exhibiting negative, linear relationships between in situ
temperature and LTso, almost all populations and sexes experienced positive associations
between temperature and genetically fixed, seasonal changes in LTso. The strength of
evolved variation in LTso differed between populations. BMR and PTD exhibited
insignificant increases of +0.0075 +£0.0162 °C (p = 0.6445) and +0.0204 £0.0104 °C (p =
0.0533) in LTso per °C of thermal variation between August 2021 and February 2022. SC
and RMR significantly increased genetically fixed LTso by +0.0574 £0.0122 °C (p =
2.609e-06) and +0.0803 £0.0157 °C (p = 3.104e-07) per °C of seasonal variance (Fig. 11C).
Populations with high LTso exhibited significantly reduced survival under common garden
conditions (p = 0.0437), an effect that was marginally worse among winter collections

compared to summer (p = 0.0752).
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3.4. Covariance between plastic and genetic differences in upper thermal tolerance
— Plastic variation in LTso between seasons estimated for all combinations of population x
sex negatively covaried with genetically fixed changes (Fig. 12). On average, an evolved
increase in LTso of 1.0 °C was accompanied by a plastic decrease of -0.8588 +0.3179 °C
(Q2.5 =-1.4459; Q97.5 = -0.1911). After correcting for regression to the mean and non-
independence’s effects on the relationship between genetic and plastic effects on LTso
using the Kelly & Price transformation (C. Kelly & Price, 2005) and orthogonal polynomial
transformation (Kline, 2015), bootstrapped estimates of LTso COVe equaled a mean of -
0.13193 £0.0975 SD. The distribution of bootstrapped COV e possessed 95% confidence
intervals not overlapping with 0, demonstrating significant countergradient variation (Fig.
12B). Bootstrapped COVge was calculated by controlling for the effect of population
because severe multimodality in COV e resulted from models that did perform this control.
Sex was not included as a control and the resulting COV g distribution thus exhibits minor

bimodality (Fig. 12B).
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Figure 12 | Countergradient variation in temporal changes to thermal tolerance across seasons. (A)
Untransformed estimates of evolved variation in LTs per °C of seasonal warming are plotted across plastic
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4. Discussion

Whether and how the plasticity of a trait covaries with its genetic variation affects
its functional and evolutionary roles in populations (Urban et al., 2020) and the evolution
of that trait and its plasticity under environmental change (Albecker et al., 2022; Stamp &
Hadfield, 2020). Studying populations of 7. californicus across seasonal changes in
temperature during a single year, I observed patterns of temporal CnGV in upper thermal
tolerance and quantitative support for the hypothesis that thermal tolerance’s plasticity
covaries with its genetic variation. Below I discuss potential causes and consequences of
this CnGV in the context of adaptation to global change. I also highlight contrasts between
the results of field and laboratory experiments in 7. californicus that help explain this result
before making recommendations for field and experimental research on thermal adaptation
informed by these disparities.

4.1. Potential mechanisms of temporal, countergradient variation in thermal
tolerance — CnGV is often discussed in the context of adaptive evolution as a processed
called genetic compensation, whereby maladaptive environmental effects on phenotype are
compensated against by evolved divergence in trait means over space and time (Grether,
2005). While it has been argued that CnGV is necessarily driven by maladaptive plasticity
(Albecker et al., 2022), it is possible that maladaptive genetic effects such as constraint on
a phenotype due to genetic correlation with another phenotype under selection can be
compensated for by adaptive, plastic changes. This process is called plastic compensation
and is traditionally discussed as a secondary compensation against maladaptive plasticity

(Morris & Rogers, 2013).
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I observed that high LTso came at a significant cost of larval survival that decreased
under warmer temperatures to a marginally significant extent such that variation in LTso
was neutral during summer. Furthermore, survival is one component of total fitness. While
high thermal tolerance may have a survival cost under cool temperatures, this does not
require that high thermal tolerance is maladaptive under warm temperature. Thus, whether
genetic variance in LTso is adaptive, neutral, or maladaptive in wild populations of 7.
californicus requires further investigation. Because evolved increases in upper thermal
tolerance following warming have generally been found to be adaptive in ectotherms
(Diamond et al., 2018; Gilbert & Miles, 2017; Logan et al., 2014), I make that assumption
throughout the remainder of this chapter and propose that observed CnGV may result from
genetic compensation against maladaptive plasticity. This assumption permits the
following hypothesis to explain CnGV in LTso — thermal stress reduces upper thermal
tolerance via condition dependence, where a reduction in energy or resources at high
temperature prohibits investment toward LTso (Buchanan et al., 2013; Rowe & Houle,
1997). As a result, positive directional selection on LTso may compensate against
maladaptive, condition-dependence (Grether, 2005). Determining how negative plasticity
or condition-dependence in LTso arises in natural populations, despite its thermal plasticity
being exclusively positive in laboratory studies, is critical for understanding how CnGV of
thermal tolerance arises in 7. californicus.

4.2. Negative thermal plasticity in the natural environment — Thermal plasticity in
wild populations of 7. californicus was predominantly negative such that the linear
coefficient of LTso’s quadratic variation across in situ temperatures was negative in all

populations except for PTD. This negative thermal plasticity contrasts positive plasticity
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in LTso with respect to temperature observed in the laboratory in Chapter 2 (Bogan et al.,
in revision) and by others (Healy et al., 2019; M. W. Kelly et al., 2011; Pereira et al., 2017).
It is common for laboratory experiments to be uninformative of processes in the wild
(Calisi & Bentley, 2009). As such, I expected the magnitude of thermal plasticity in LTso
to differ between field and laboratory measures of thermal plasticity, but contrasts in their
directionality were unexpected. Interestingly, one published study in 7. californicus does
report negative thermal plasticity of upper thermal tolerance. Studying field-collected 7.
californicus with known, in situ thermal histories, Siegle et al. found that prior exposure to
high accumulation of temperature (daily-degree hours) resulted in reduced survival under
simulated heatwaves (Siegle et al., 2018). To my knowledge, Siegle et al. 2018 is the only
published study of changes in thermal tolerance across temperature by 7. californicus that
simulates or accounts for high diurnal variance experienced by wild populations.

Three non-competing hypotheses may explain negative thermal plasticity of LTso
inwild T. californicus. Increased thermal variation can affect the strength and directionality
of plasticity in thermal tolerance, which aligns with contrasting findings in 7. californicus
between studies leveraging static and variable temperature treatments (Healy et al., 2019;
M. W. Kelly et al., 2011; Pereira et al., 2017; Siegle et al., 2018). Increasing the magnitude
and frequency of variation in abiotic factors including temperature has been shown to
reduce organismal performance (Kapsenberg et al., 2018; Morash et al., 2018) and
influence the strength and direction of plasticity (K. E. Marshall et al., 2021; Morash et al.,

2018).
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Secondly, multiple stressors that autocorrelated with temperature in the natural
environment may exacerbate negative effects of thermal stress on performance (Ban et al.,
2014; Folt et al., 1999; Gunderson et al., 2016) or alter cues for phenotypic plasticity
(Bonamour et al., 2019; Chevin & Lande, 2015). Indeed, I found that salinity and DO both
shared autocorrelation with temperature in 7. californicus pools in space or time. The
combined effects of reduced oxygen, high salinity, and high temperature may collectively
result in changes to the strength or direction of plasticity in thermal tolerance relative to
single stressor experiments. Increases in salinity have been found to increase thermal
tolerance in 7. californicus (Denny & Dowd, 2022), but DO does not (Dinh et al., 2020).
This effect of salinity may have contributed to why the southernmost site (PTD), which
exhibited the largest increases in salinity (Fig. 8), was the only population to mount a
positive, plastic change in LTso in response to warming (Fig. 10).

Lastly, unmeasured biotic factors that can autocorrelated with temperature such as
the quality and quantity of food resources can vary in the wild and affect thermal
performance (Hardison et al., 2021) and its plasticity across temperature (Hardison et al.,
2023). Latitudinal gradients in DO within supralittoral pools (Fig. 8) may have been due
to site specific differences in wave exposure (Helmuth et al., 2006) and/or photosynthesis
(Truchot & Duhamel-Jouve, 1980). Latitudinal gradients in wind driven wave forcing have
been recorded across the range of sites sampled for this study in the California Current or
Southern California Bite (Pares-Sierra et al., 1993; Pares-Sierra & O’Brien, 1989), but the
quantity of difference in DO observed across season and latitude is greater than what
should be caused by differences in wave action (Marks, 2008; Volaric et al., 2018).

Determining the extent to which latitudinal gradients affect algal communities in the
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supralittoral zone and how variation in these community-level interactions shape thermal
tolerance may be of value for understanding variation in thermal physiology across
latitudinally distributed populations.

4.3. Evolutionary consequences of countergradient variation in thermal tolerance
— CnGYV in thermal tolerance by wild 7. californicus populations suggests that adaptive
plasticity may be limited in the species’ natural environment, reducing its potential
contributions to adaptive, evolved responses to novel thermal environments. If negative
thermal plasticity in LTso results from condition-dependence however, condition
dependence is theoretically associated with the maintenance of genetic variation for trait
means and their plasticity (De Lisle & Rowe, 2023; Rowe & Houle, 1997). T. californicus
exhibited a high interpopulation variation in the strength and direction of thermal plasticity
(Fig. 10). While the species exhibits low dispersal and gene flow between populations,
metapopulations that do share connectivity or possess sufficient genetic diversity for LTso
reaction norms may have the potential for evolutionary changes in thermal plasticity under
future temperatures (Hamilton & Miller, 2016). Additionally, Chapter 2 demonstrates that
populations contain genetic variation for the plasticity of thermal tolerance.

COVGE can affect the evolution of trait means and their plasticity by increasing or
maintaining genetic variance in trait means (Conover et al., 2009) and reducing genetic
variance for reaction norms or genotype x environment interactions. COVge and GxE are
inversely related because COVgk is driven by collinearity in reaction norms of populations
or genotypes between environments (Albecker et al., 2022). The presence of CnGV for
thermal tolerance in 7. californicus may therefore be a constraint on the evolution of

thermal plasticity while potentially aiding the evolution of baseline thermal tolerance.
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However, any constraint of CnGV on genotype-environment interactions may be
overpowered by the exceedingly greater variation for LTso reaction norms across genotypes
(Biological coefficient of variation, BCV = 0.70) than for basal LTso (BCV = 0.02) as
shown in Chapter 2. While some of the difference in genetic variance for reaction norms
and trait means may be driven by varying estimation errors for the two traits, it is interesting
that high GXE was evident in common garden lines while animals that developed in the
wild exhibited COVe. This discrepancy may be an issue of scale. GXE was experimentally
measured at a family level while COVge was measured at the population level. It also
remains possible that COVgk is stronger in nature than in laboratory studies and, thus, GXE
is reduced in the wild. Studying the relative influence of GXE and COVge for thermal
tolerance in natural populations of 7. californicus will be an important step in
understanding constraints on the evolution of thermal plasticity and acclimation under

global change.

5. Conclusion

It is easy to rely on an adaptive narrative when discussing or studying thermal
plasticity. When temperatures increase for a sustained period, we often expect that thermal
acclimation should adaptively increase ectotherms’ upper thermal tolerances. Laboratory
studies have generally found this to be true, often relying on a putative assumption of
positive thermal plasticity’s fitness benefits. Here we show that in wild populations of T.
californicus, the functional and evolutionary roles of thermal plasticity are far more
complex than appreciated by experimental studies. 7. californicus LTso was plastically

reduced rather than increased in response to high in situ temperatures. This reduction in
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thermal tolerance was compensated against by evolved increases in LTso in response to
warming consistent with countergradient variation. If the negative plasticity of upper
thermal tolerance is attributed to maladaptive stress and/or energetic limitation, my results
demonstrate that adaptive responses to seasonal variation in temperature rely more on
genetic rather than environmental effects. More broadly, this result supports a functional
role for thermal plasticity that is not a silver bullet for adjusting physiology in response to
thermal stress. Rather, thermal plasticity may be perturbed by thermal stress experienced
in nature, requiring compensatory mechanisms preserving the distance of ectotherms upper

thermal limit from environmental temperatures.
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Chapter IV: The heritability of adaptive molecular responses to upwelling across

families of the purple sea urchin

Abstract

The evolution of adaptive phenotypic plasticity is theorized to promote persistence
under environmental change. Plasticity’s evolution hinges on sufficient heritability across
phenomes and how this heritability covaries with its fitness effects. Some research has
addressed this issue at the scale of singular or several traits, but a comprehensive
understanding of genetic variation for adaptive and maladaptive plasticity is lacking. We
conditioned parents and larvae of the purple sea urchin Strongylocentrotus purpuratus to
experimental upwelling (an ecologically relevant stressor) and integrated RNA-seq,
phenotyping of plastic organismal responses to stress, and measures of fitness-correlated
traits in a quantitative genetic breeding design. We quantified (i) the heritability of
transcriptional plasticity phenome wide, (i1) differential expression’s effect on adaptive and
maladaptive phenotypic plasticity, and (iii) covariance between the heritability of
transcriptional plasticity and its associated fitness effects. In response to developmental
exposure, larvae induced widespread differential expression, decreased biomineralization,
and reduced body size. Models of selection on plasticity predicting developmental
abnormality (a proxy for larval survival) detected strong fitness benefits for maintaining or
increasing biomineralization under upwelling and weakly adaptive effects of reduced body
size. Differential expression was predominantly associated with adaptive rather than
maladaptive plasticity of both traits. Lastly, the heritability of differential expression

significantly increased as the fitness benefit of its phenotypic effect grew. 50.42 — 54.31%
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of differential expression associated with adaptive plasticity exhibited heritability. Our
results demonstrate higher heritability of adaptive versus maladaptive phenotypic plasticity
phenome wide and bear implications for evolution of acclimatory responses and

phenotypic canalization under novel, future environments.

Introduction

The phenotypic plasticity of physiology and performance has received attention for
its ability to facilitate adaptive organismal responses to environmental change on
ecological timescales (Bozinovic & Portner, 2015; Hofmann & Todgham, 2010) and,
increasingly, its potential to evolve and promote persistence under future climates (Corl et
al., 2018; M. Kelly, 2019; Vinton et al., 2022). Plasticity can be adaptive, neutral, or
maladaptive (Donelan et al., 2020). Its evolution hinges on the strength and direction of
natural selection acting upon it (Hendry, 2016) and the degree of heritable genetic variance
underpinning it, which can be epistatic to or uncorrelated with genetic variation in
phenotypic means (Kovuri et al., 2023; Scheiner & Lyman, 1991). It has been stated for
over a decade that we lack a comprehensive understanding of how plasticity’s heritability
varies for one trait across taxa or within a single organism across different traits (Bufford
& Hulme, 2021; Napier et al., 2023; van Kleunen & Fischer, 2005). By extension, it is
unknown whether there is generally greater or equal heritability for adaptive versus
maladaptive plasticity (M. Kelly, 2019). Studying the purple sea urchin Strongylocentrotus
purpuratus, we tested the hypothesis that phenotypic plasticity’s heritability covaries with

its fitness costs at a phenome wide scale.
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A small number of empirical studies on singular traits or suites of multiple traits
have uncovered patterns of genetic variation for (mal)adaptive plasticity that help explain
its evolution. For example, heat tolerant populations of Anolis lizards exhibit canalization
of transcriptional traits whose plasticity is maladaptive under acute thermal stress and
possess greater interpopulation divergence at cis-regulatory sites of maladaptively
regulated genes, suggesting that genetic variation in maladaptive plasticity fueled adaptive
canalization of pathways related to thermal stress (Campbell-Staton et al., 2021). Similarly,
species adapted to high altitudes exhibit the loss of ancestral plasticity in several pathways
that, when induced under chronic low oxygen, result in maladaptive pathologies
(Durmowicz et al., 1993; Velotta et al., 2018). In each example, it remains unclear whether
canalization was driven by greater standing genetic variation underpinning maladaptive
plasticity prior to selection or the shear strength of negative selection against maladaptive
responses. This area of research would be improved by integrating fitness associated
measures of plasticity across a multitude of traits with measures of genetic variation for
plasticity across those traits.

A larger body of theoretical research has studied the joint influence of plasticity’s
genetic variance and fitness effects on adaptation. Adaptive plasticity possessing low
genetic variation may enable populations to persist under novel environments at the cost
of limiting adaptative evolution of trait means. Alternatively, maladaptive plasticity’s may
drive adaptation if it possesses a high degree of genetic variance and can unmask otherwise
cryptic phenotypes that are subsequently canalized (Ghalambor et al., 2007). Adaptive
plasticity may experience evolutionary increases and improve populations’ abilities to cope

with predictable environmental variation when plasticity is sufficiently heritable (Bitter et
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al., 2021). Non-heritable, maladaptive plasticity may result in the evolution of genetic
compensation to counteract its effects (Crispo, 2007; M. Kelly, 2019; Morris & Rogers,
2013). Essential to these predictions is whether and how the genetic variation and
heritability of plasticity varies as a function of its fitness consequences and theoreticians
have urged the need for empirical research in this area (Chevin & Hoffmann, 2017).

Two primary avenues exist for studying plasticity’s heritability and adaptiveness
across large biological scales. The response of singular phenotypes to a common
environmental variable can be studied across diverse taxa through data synthesis and
metanalysis (van Kleunen & Fischer, 2005). Secondly, phenomic approaches can be
leveraged to quantify these parameters for the plasticity of thousands of traits within a
single species or populations. The former is obstructed by a low number of studies that
collectively measure genetic variation and fitness costs of plasticity for common traits. -
omic scale approaches such as transcriptomics, metabolomics, and high throughput
morphological imaging (e.g., CT scanning and LiDAR) integrated with genotype-
phenotype or quantitative genetic techniques have enabled estimation of phenome wide
distributions of genetic variation (Blows etal., 2015; Blows & McGuigan, 2016; Pavlyshyn
et al., 2022; Verma & Ritchie, 2017). To our knowledge, no studies have integrated
phenome wide estimations of genetic variance for plasticity with measures of fitness-
correlating traits to determine whether plasticity’s heritability varies according to its fitness
outcomes.

Studying the purple sea urchin Strongylocentrotus purpuratus, we integrated RNA -
seq (producing a phenome wide array of plasticity in transcriptional phenotypes) with

assays of performance and fitness-correlated traits in a quantitative genetic crossing design
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of larval families exposed to ecologically relevant, abiotic stress. We quantified the
heritability of transcriptional plasticity and its effect on adaptive phenotypic plasticity
before modeling their covariance. Adults and larvae were conditioned to control and
experimental treatments mimicking variation in temperature and pCO:2 under coastal
upwelling frequently experienced by S. purpuratus, whereby wind-driven, upward
movement of deep seawater lowers the temperature and increases the pCO: of surface

oceans (Gruber et al., 2012).

2. Methods

2.1 Adult conditioning, crossing, and larval culture — Adult urchins were collected
from 2 coastal sites in the Santa Barbara Channel in August and September of 2018: Naples
Reef (34.4221216, -119.95154) on August 23, 2018, and from Arroyo Quemado Reef
(34.46774988, -120.11905). Adults were distributed across 4 90 L tanks per parental
treatment at a density of 10 urchins per tank. Adults acclimated to parental treatments for
approximately 4 months: non-upwelling = 17°C and 596 patm pCO2; upwelling = 12.8°C
and 1117 patm pCO2. Flow rates to adult tanks equaled 20 1 h™!. Adults were fed fresh
Macrocystis pyrifera ad libitum with food changes and tank cleanings conducted once per
week. Seawater temperature was controlled using heat pumps regulated by Nema 4X
digital temperature controllers. pCO2 was controlled using a flow-through CO2 mixing
system adapted from Fangue et al. (Fangue et al., 2010).

Fertilizations were conducted using a staggered cross-classified North Carolina II
breeding design. During each phase of the staggered cross, 2 males and 2 females from a

common adult condition were reciprocally crossed and their resulting offspring were
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cultured under non-upwelling and upwelling conditions until the prism stage of larval
development. Each cross x larval treatment group was reared using 2 technical replicate
culture buckets, resulting in 16 larval cultures per staggered cross. This process was
repeated 5x for non-upwelling and upwelling crosses, alternating in order between parental
treatments, resulting in 40 crosses reared across 160 technical replicates and 80 biological
replicates (Fig. 13).

Larvae were cultured in replicate flow-through 6 L nested buckets (i.e., an inner
bucket with 30 uM mesh openings nested in an exterior bucket) at a flow rate of 3 L h™!
and a density of 10 larvae ml™! until the early prism stage of larval development signified
by the onset of tripartite gut differentiation. Temperature and pH were regulated in larval
culture buckets as described above for adult conditioning. Point measures of temperature,
salinity, total alkalinity, and pH for adult and larval tanks are described by Strader et al.
2022.

2.2. Phenotyping of performance and fitness-correlated traits — Three phenotypes
were measured in larval cultures: (i) percent developmental abnormality (a corollary of
survival), (i1) larval body size, and spicule length per unit body size (a corollary of
biomineralization). Morphometric measurements of body size and spicule length were
performed on n > 30 larvae per technical replicated stored in 2% formalin buffered with
100 mM NaBOs (pH 8.7) in filtered sea water. Body size was defined as the maximum
linear distance of a prism body and spicule length defined as length from the tip of the body
rod to the branching point of the post-oral rod. Abnormality was scored on n > 30 larvae
during sampling and was measured as the percentage of larvae exhibiting unsuccessful

gastrulation. Because RNA-seq was performed using pooled RNA samples per culture,
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performance and fitness-correlating phenotypes were integrated with gene expression data
using culture means rather than per-animal values.

2.3. RNA extraction, sequencing, and bioinformatic processing — Total RNA was
extracted with Trizol from pooled samples of 6,000 prism-stage larvae per culture replicate.
Extractions were performed on 1 technical replicate per cross x developmental treatment
resulting in 80 RNA extractions. Total RNA quantity and quality was evaluated via
Nanodrop, gel electrophoresis, and Qubit quantification before library preparation. RNA-
seq libraries were prepared using polyA enrichment and were quality checked via LabChip
GX. Strand specific PE 150 bp reads were sequenced on a single NovaSeq S4 lane.

[Mlumina Universal Adapters were removed from paired end reads using CutAdapt
v4.4 (Martin, 2011) and reads were trimmed and quality filtered using Trimmomatic v0.39
set to paired end mode, trailing and leading clip = 3, sliding window = 4:15, minimum
length = 36, and headcrop = 10 (Bolger et al., 2014). All trimmed reads passed quality
check via FastQC v0.12.1 (Andrews, n.d.). Forward strands of paired reads were aligned
to the ‘Spur_5.1° reference genome assembly (Sodergren et al., 2006) using hisat2 v2.2.1
(Kim et al., 2019). Forward rather than paired reads were aligned to reduce computational
load. Resulting SAM alignments were sorted and converted to BAM using SAMtools v1.6
(Li et al., 2009). Reads were counted per transcript from sorted BAM files using
featureCounts v1.6.3 input with the ‘Spur 5.1’ gtf annotation set to a MAPQ alignment

quality cutoff of 10 (Liao et al., 2014).
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Figure 13 | Crossing and experimental designs. This graphic depicts adult and larval conditioning to ambient,
non-upwelling (blue) and stressful, experimental upwelling conditions (yellow). Crosses between cohorts of
conditioned adults are depicted with lines. Reciprocal rearing of offspring resulting from each cross is
depicted with arrows directed toward larval non-upwelling and upwelling conditions.
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2.4 Tests of differential expression — Transcript read counts were normalized in
edgeR v3.40.2 as counts per million (CPM). Read counts were filtered to keep all
transcripts exhibiting CPM > 0.5 in at least 75% of the 80 replicates. Differential
expression (DE) was modeled using a negative binomial generalized linear model (glm)
fitted with edgeR’s robust, tagwise dispersion parameter using the robust iteration of the
model fitting function ‘GLMQLFit’ and the DE test function ‘GLMQLFTest’ (Robinson
et al., 2010). Expression was predicted as a function of two non-interacting, categorical
variables for parental and developmental environment. Models were fit with non-
interacting environmental predictors because the study’s design only enabled the
measurement of Va for developmental rather than transgenerational plasticity. Fitting an
interaction between both effects would confound interpretation of Va for developmental
plasticity. Significant DE was evaluated using FDR adjusted p-values (alpha < 0.05).
Functional enrichment was tested using a rank-based Mann Whitney U test of Gene
Ontology terms input with logFC coefficients for DE. This test determines whether a given
GO term’s logFC distribution is significantly skewed from the mean of the background,
filtered transcriptome (Wright et al., 2015).

2.5 Measuring the adaptiveness of differential expression — The effect of DE on the
plasticity of body size and biomineralization (body size-normalized spicule length) was
measured using structural equation models (SEMs). SEMs were derived from two linear
models: (i) phenotype predicted as a function of transcript abundance, developmental
environment, and parental environment and (ii) scaled, signed transcript abundance
predicted as a function of developmental and parental environments. Scaled transcript

abundance was signed such that samples with low expression resulting in a negative scaled
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value were multiplied by the direction of the transcript’s DE under upwelling. The effect
of developmental environment on phenotype mediated by DE was estimated for each
transcript using mediation analysis performed with the ‘mediate’ function of the R package
mediation v4.5.0 set to 1000 simulations (Tingley et al., 2014). Positive mediation effects
indicated that changes in gene expression in the direction of DE were associated with
higher levels of body size or biomineralization under upwelling. Negative mediation
effects indicated that DE was associated with reduced phenotypic values under upwelling.
To understand how the strength of DE impacted phenotypic outcomes, linear regressions
were performed between transcriptome wide, absolute logFC and a second-order, quadratic
polynomial for the phenotypic effects output by SEM.

The fitness costs and benefits of plasticity in body size and biomineralization were
measured using a Lande & Arnold selection gradient model (Lande & Arnold, 1983) as
described in Chapter Two, whereby a fitness correlated trait (proportion of normal
development, a larval corollary of survival) was modeled as a function of developmental
and parental environment, body size or biomineralization per cross in each environment,
and the plasticity of body size or biomineralization of a cross between developmental
environments. Selection gradient models included a random effect identifying each cross
and controlling for genetic covariance using a relatedness matrix generated from the
experimental pedigree using the R package nadiv v2.17.2 (Wolak, 2012). Selection
gradient models were fitted in brms v2.19.6 (Biirkner, 2017a), an R interface to the
Bayesian programming language Stan (Carpenter et al., 2017). Models assumed uniform
priors, employed 40,000 MCMC iterations with a 5,000 iteration warm up, and a beta-

distributed generalized linear regression model family. Beta distribution was selected
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because the proportion of normal development is constrained between 0 and 1. A Bayesian
approach was selected for fitting because of the flexibility of packages such as brms for
accommodating relatedness matrices within a beta distributed model family. These
selection gradient models predicted whether positive versus negative plasticity of larval
body size and biomineralization promoted greater fitness under upwelling stress. The
significance of fitness effects were tested using probability of direction, which determines
whether the > 95% of posterior distribution falls above or below 0 (Makowski, Ben-
Shachar, Chen, et al., 2019b). Selection gradient coefficients were then multiplied with the
phenotypic effects of DE on plasticity for body size and biomineralization to calculate the
associated fitness effect of transcriptional plasticity.

2.6 Estimating the heritability of gene expression and its plasticity — Va for gene
expression and DE were measured across all transcripts using animal models fit with the
‘relmatLmer’ function of the R package Ime4qtl v0.2.2 (Ziyatdinov et al., 2018). Within
animal models, DE was measured as the foldchange of gene expression across
developmental environment for a given cross. Mean-standardized CPM (gene expression)
was predicted as a function of fixed effects for developmental and parental environment,
random effects for dam and sire, and a random effect for cross identity. Genetic covariance
between crosses was estimated using the relatedness matrix described above. Mean-
standardized DE fold changes were predicted using an identical animal model lacking a
fixed effect for developmental environment. 4> was derived from each model as the
heritable proportion of total variance in gene expression or DE. Differences in /? of
baseline gene expression and gene expression were modeled transcriptome wide using a

beta distributed glm fitted using the R package betareg v3.1-4 (Griin et al., 2012).
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Covariation between DE’s heritability and adaptive, phenotypic effects were
modelled using three different approaches addressing the questions (i) ‘Does the
probability of heritability (/a > 0.1) vary as a function of DE’s effect on adaptive plasticity
in body size or biomineralization?’, (ii) ‘Does total heritability (/a as a continuous variable)
vary as a function of DE’s phenotypic effects?’, and (iii) ‘Does total heritability vary
according to the fitness costs of DE’s combined effect on plasticity in body size and
biomineralization?’. Tests of questions i and ii were performed by modelling the
probability of 4> > 0.1 using binomial glm’s. Continuous /> was modeled as a beta-
distributed glm. Each model type fitted two continuous predictor variables for the
phenotypic effect of DE on body size and biomineralization signed toward the adaptive
direction of that effect under parental upwelling, which induced yielded fitness effects of
plasticity as opposed to neutral effects under parental non-upwelling. Models of continuous
h? set parameters for DE’s phenotypic effects as a second order polynomial to
accommodate non-linear variation in A2 across the parameter space. For question iii, DE’s
total effect on adaptive plasticity was calculated as the summation of the SEM-predicted
coefficient for DE of transcript i’s effect (£) on body size (S) and biomineralization (B)
multiplied by the selection gradient (/) acting on each plastic trait under upwelling, such
that adaptive plasticity associated with transcript i = (Es,i x fs.:) + (Esi X fs.;). Covariance
between DE /% and its total adaptive effect on plasticity was modeled using a beta-

distributed glm in the R package betareg v3.1-4 (Griin et al., 2012).
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3. Results

Parental and developmental upwelling increased percent abnormality in larvae,
particularly in cultures conditioned to the treatment transgenerationally and
developmentally, indicating that upwelling induced greater stress (Strader et al., 2022).
Developmental conditioning to experimental upwelling induced widespread differential
expression enriched for GO terms involved in but not limited to cellular responses to stress,
lipid and carbohydrate metabolism, oxidoreductase activity, and ribosomal organization
and biogenesis. DE induced by developmental upwelling was primarily associated with
decreases in larval body size and increases in biomineralization (Fig. 15). The plasticity of
body size and biomineralization both yielded significant fitness effects measured as
variance in the proportion of normal development among larval families — reductions in
larval body size following parental upwelling were adaptive while plastic increases in
biomineralization were adaptive. Thus, most DE was putatively adaptive while a
significant but smaller fraction of gene expression changes were associated with
maladaptive plasticity. Using a heritability threshold of 4% > 0.1, 50.42 — 54.31% of
adaptive transcriptional plasticity exhibited significant heritability. The heritability of DE
did not vary between transcripts associated with adaptive versus maladaptive changes in
biomineralization. However, DE associated with adaptive reductions in body size was
significantly more heritable than DE associated with maladaptive increases in size (Fig.
16). We further describe these results below.

3.1. RNA-seq alignment, quality checking, and filtering — Following trimming,

RNA-seq libraries achieved a mean size of 37.07 + 5.09 million reads and a mean mapping

efficiency of 74.14 + 1.80%. After filtering read-count filtering for transcripts with > 0.5
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CPM in at least 75% of all samples, 12,953 transcripts were retained for downstream
analysis. Outlier detection was performed with filtered read count data using
arrayQualityMetrics v3.54.0 (Kauffmann et al., 2009), which flagged two half sibling
crosses from parental and developmental upwelling treatments as significant outliers
resulting in their removal from the dataset and resulting in n = 78. Mean variation in gene
expression across samples equaled a BCV of 0.12.

3.2. Differential expression induced by parental and developmental upwelling —
Parental conditioning to upwelling induced upregulation of 1,582 transcripts and
downregulation of 1,539. These differentially expressed genes (DEGs) included 50 and 29
upregulated and downregulated transcripts with an absolute logoaFC > 1.0 (Fig. 14). DEGs
induced by parental upwelling were enriched for 71 biological process (BP) GO terms, 49
molecular function (MF) terms, and 30 cellular component (CC) terms. Upregulated
transcripts included enrichment for the BP/MF terms involved in cellular signaling, cell
adhesion, transmembrane and development localized to CC terms including the
endoplasmic reticulum, cell membrane protein complexes, and extracellular region.
Downregulated transcripts were enriched for the BP/MF terms involved in ATP
metabolism, ribosomal structure/biogenesis, mitochondrial organization, and
oxidoreductase activity localized to the ribosome, mitochondrial matrix, and cytosol.

Developmental exposure to upwelling induced upregulation of 2,246 transcript and
downregulation of 2,205. With a >1.0 logFC cutoff, these included 38 upregulated and 184
downregulated transcripts. 39.73% of DEGs induced by transgenerational effects were also
differentially expressed in response to developmental conditioning (Fig. 14).

Developmental upwelling DEGs were enriched for 89 BP GO terms, 53 MF terms, and 37
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CC terms. Upregulated transcripts were enriched for BP/MF terms related to chromatin
remodeling, mitochondrial organization, ATP metabolism, cellular responses to stress and
DNA damage, ubiquitination, and ribosomal structure/biogenesis. These upregulated terms
were localized to catalytic complexes, nuclear and organelle lumen, ribosomes, and the
nucleolus. Downregulated transcripts were enriched for BP/MF terms related to
cytoskeletal organization, cell adhesion, oxidoreductase activity, and metabolism of lipids
and carbohydrates localized to the cytoskeleton, cell junctions, cell membranes, and
endosomes.

Upregulated transcripts related to ribosomal function included several ribosomal
subunits and 16 DEAD-box proteins involved in the initiation of translation. Included in
cellular responses to stress was the significant upregulation of 8 heat shock proteins
including 3 Hsp70 and 5 Hsp40 chaperones. Interestingly, 8 heat shock proteins were
significantly downregulated in response to upwelling, indicating that they were more
highly expressed under warmer conditions. These included all 3 Hsp90 isoforms present in
the S. purpuratus genome as well as 2 Hsp70 and 3 Hsp40 chaperones. These functional
enrichment results collectively demonstrate a suite of complex molecular responses to
multivariate, abiotic environmental change brought on by experimental upwelling, a third
of which were commonly induced by parental and larval conditioning.

3.3. Effects of differential expression on adaptive versus maladaptive plasticity —
SEMs predicting DE’s effect on plastic changes in body size and biomineralization
responding to developmental upwelling identified 231 transcripts associated with larger
body size, 564 with reduced body size, 125 associated with increased biomineralization,

and 113 with decreased biomineralization. Selection gradient models predicting the

88



proportion of normal development per replicate culture (a fitness correlated trait) as a
function of body size or biomineralization and their plasticity estimated fitness benefits of
(1) plastic reductions in size under upwelling and maintenance of or plastic increases in
biomineralization under upwelling. When larvae were spawned from parents exposed to
upwelling, plastic reductions in body size incurred a selection gradient of 0.04 + 0.01
percent normal development scaled plasticity -1 and plastic increases in biomineralization a
gradient of 0.25 + 0.10 percent normal development scaled plasticity -1 gy o0esting that fitness
benefits of reductions in body size were weak (Fig. 15). Thus, DE associated with
reductions in body size or increases in biomineralization were associated with adaptive or
weakly adaptive phenotypic outcomes. Interestingly, the plasticity of both traits did not
exhibit detectable fitness costs or benefits when larvae were spawned from non-upwelling
parents.

As the absolute fold change of a transcript’s DE increased, the adaptive effect of
DE on reduced body size and/or increased biomineralization significantly increased.
Associations between DE and effects on phenotypic plasticity toward maladaptive
directions were weaker, demonstrating that DE induced by developmental upwelling was
predominantly associated with adaptive plasticity (Fig. 15). Transcripts associated with
reduced body size under upwelling were enriched for h BP/MF terms involved in cellular
signaling, transmembrane transport, and ribosomal biogenesis localized to cell junctions
and the nucleolus. In stark contrast to transcripts associated with plasticity of larval body
size, DE driving increases or decreases in biomineralization exhibited not functional

enrichment across all GO term categories.
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Figure 14 | Differential expression induced by parental and developmental exposure to upwelling. (A)
Loading of samples to principal coordinate axes derived from filtered, normalized read counts. Parental and
developmental treatments are represented by color. Paths connect single crosses and their change in loading
between non-upwelling (“N”’; no point) and upwelling (“U”; point) treatments. (B) Mean difference plots of
transcript logFC across average CPM per transcript, grouped by parental and developmental effects of
upwelling. Significant downregulation is depicted in blue and upregulation in red.
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3.4. The phenome-wide heritability of adaptive versus maladaptive plasticity —
Baseline gene expression (CPM) was significantly less heritable than DE by a mean of
0.0803 £ 0.0135 7% (p = 2.52¢"%) and was uncorrelated with 42 of DE (Fig. 14A). 52.82%
of significant DE induced by developmental conditioning exhibited /4? greater than or equal
to 0.10 (i.e., at least 10% of in DE’s variance was heritable). The average 4> of DE equaled
0.2992 £+ 0.1579. 6.52% of DEGs were both heritable and associated with adaptive
plasticity of body size, but 54.31% of adaptive DE related to body size was heritable. These
transcripts exhibited a nearly identical mean /4?relative to all DE equaling 0.2878 £ 0.1515.
Substantially less DE was heritable and associated with maladaptive plasticity of body size,
equaling only 1.48% of all DEGs. Heritable, maladaptive DE related to body size exhibited
amean h%of 0.26 £+ 0.14.

1.35% of DEG’s were heritable and associated with maladaptive increases in
biomineralization under upwelling, which was observed to be more adaptive than plastic
reductions in larval size (Fig. 15). This proportion was 4.83x lower than heritability among
DEGs associated with adaptive plasticity in body size. 50.42% of DEGs associated with
adaptive increases in biomineralization were heritable, achieving a mean /4% of 0.2730 +
0.1307. 1.01% of DEG’s were heritable and associated with maladaptive reductions in
biomineralization.

DE associated with adaptive reductions in body size under upwelling was
significantly more heritable than DE associated with maladaptive increases in body size.
As the effect of DE on adaptive decreases in body size grew, 4> remained constant (8=
6.40; p = 1.05¢7) and the probability of 4> > 0.1 significantly increased (8= 136.95;p =

2.45¢%). h? and the probability of heritability decreased as maladaptive effects of DE on
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Figure 15 | Effects of differential expression on adaptive plasticity. (A — B) The effects of plasticity in body
size and biomineralization on normal development grouped by parental environment are plotted in A and B,
respectively. Points represent phenotypic means of crosses reared in each environment. Environments are
depicted by color such that non-upwelling (N) is blue and upwelling (U) is yellow. Error bars depict standard
deviation in each trait among replicates of each cross. (C — D) Absolute logFC of differential expression
induced by developmental upwelling is plotted across differential expression’s association with upwelling
effects on body size and biomineralization in A and B, respectively. Points represent transcripts. Points are
colored according to whether differential expression drove phenotypic plasticity toward adaptive (red) or
maladaptive (blue) directions, measured as the product of differential expression’s phenotypic effect and the
selection gradient acting on that phenotype. Solid lines depict fitted quadratic curves + 95% CI. Plot
background color corresponds to the product of differential expression’s phenotypic effect on the plasticity
of body size or biomineralization and the selection gradient for plasticity of each trait, resulting in an inferred
fitness level induced by differential expression (red = high; blue = low).
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increased body size grew (8= -5.47;p =2.70¢; Fig. 16B). DE’s association with adaptive
biomineralization plasticity had an insignificant, positive effect on its #° (Fig. 16B).

DE’s summed effect on the adaptive plasticity of biomineralization and body size,
measured as the summation of DE’s phenotypic effects on both traits multiplied by
selection gradients acting on their plasticity, was positively correlated with probability of
heritability (f = 0.04; p = 0.027). Thus, DE was more heritable when associated with
adaptive phenotypic plasticity. For illustrative purposes, variation in DE’s logFC, /% and
total effect on adaptive plasticity are plotted as a fitness landscape in Figure 17 — positive
fitness effects are enriched among transcripts with DE 42> 0.1 and absolute logFC > 1.0.

Upregulated, adaptive DE was almost entirely heritable while downregulated,
adaptive DE exhibited a larger proportion of 4> < 0.1. Minimal changes in gene expression
did not appear to result in strong effects on fitness, as evidence by a valley of neutral fitness
costs associated with DE in Figure 17 compared to fitness peaks and valleys that exist at
high absolute logFC. These valleys, negative fitness effects associated with DE, were
enriched within the most extreme downregulation (Fig. 17).

Transcripts with high DE heritability and strong negative, adaptive effects on body
size under upwelling were enriched for the BP/MF GO terms related to ribosomal
biogenesis, RNA processing, and transmembrane transport localized to the nucleolus.
Heritable DE associated with maladaptive increases in body size was enriched for BP/MF
terms related to amide formation, a component of peptide synthesis during translation, and
ribosome structure localized to the cytosolic ribosome and large ribosomal subunit (Fig.
17). Heritable DE with strong adaptive effects on the plasticity of biomineralization was

not enriched for any GO terms.
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Figure 17 | Transcriptome wide distribution of differential expression, its heritability, and associated
fitness effects. The distribution of heritability of differential expression (DE) in response to upwelling is
plotted as /2 across the distribution of DE’s fold change (logFC). Color represents the fitness outcome
associated with DE’s effect on phenotype — the summed products of DE’s phenotypic effects on body size
and biomineralization multiplied by the selection gradients acting on the plasticity of each trait (yellow =
high fitness; blue = low fitness).
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Figure 18 | Functional enrichment of differentially expressed genes with high heritability and strong absolute
effects on the plasticity of body size. Enriched gene ontology (GO) terms are derived from a Mann Whitney
U test of variation in the product of differential expression’s heritability and DE’s effect on adaptive plasticity
of body size in response to upwelling. Trees depict clustering of GO terms based on shared transcripts. Red
GO terms are enriched within heritable differential expression associated with adaptive reductions in body
size in response to developmental upwelling exposure. Blue terms are enriched within heritable differential
expression associated with maladaptive increases in body size under upwelling.
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4. Discussion

4.1. Greater heritability of adaptive versus maladaptive plasticity — We observed
that the phenome wide heritability of DE significantly increased when DE was associated
with adaptive, phenotypic responses to developmental conditioning under upwelling
(Figures 16 — 17). Additionally, 50.42 — 54.81% of DE and adaptive DE exhibited 4> > 0.1.
This degree of genetic variation for DE and its enrichment within transcripts exhibiting
adaptive plasticity exceeds observations in other phenome-scale studies of plants and
animals. Studying cross-environment genetic correlations (a measure of genetic variance
in plasticity) for gene expression in a tropical butterfly, Oostra et al. measured low genetic
variation for DE between two morphological phenotypes (Oostra et al., 2018a). Studying
Anolis lizards, Campbell-Staton et al. found that higher frequencies of SNPs within cis-
regulatory regions of genes associated with putatively maladaptive decreases in CTmax
under thermal stress while cis-regulatory mutations proximal to genes with putatively
adaptive DE did not vary relative to genomic background. This study’s design differed
from our own in that plasticity was measured at a population level — distinct genotypes
were reared under each treatment rather than single genotypes or families being split across
treatments. However, fitness effects of thermal plasticity were assumed and were thus
putative (Campbell-Staton et al., 2021).

Multiple factors may contribute to high genetic variance and heritability for
transcriptional plasticity under upwelling in S. purpuratus. S. purpuratus larvae are widely
dispersed during their planktonic phase resulting in a high connectivity across spatial scales
and high genetic diversity within populations (Edmands et al., 1996; Palumbi & Wilson,

1990; Pespeni & Palumbi, 2013). Its dispersal distances can be wide enough that larvae are
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frequently transported across areas of major and minor upwelling in the California Current
and Southern California Bight (Chan et al., 2017; Pespeni & Palumbi, 2013; Zaytsev et al.,
2003). S. purpuratus populations exhibit evidence of local adaptation to regional
differences in pCO2 despite high rates of gene flow (Evans et al., 2013; Pespeni et al.,
2013). These findings collectively suggest that an individual population should possess
high genetic variation in trait means and/or plastic responses associated with coastal
upwelling. A second reason we may have observed greater genetic variation for plasticity
phenome wide is our study’s fidelity to the multiple abiotic variables that autocorrelate
with temperature in nature such as pCOz. Plasticity frequently evolves as a response to
multiple autocorrelating, environmental cues (Bonamour et al., 2019; Dore et al., 2018;
Valladares et al., 2007) and experimental treatments mimicking natural variation may
better illicit evolved, plastic responses possessing genetic underpinning. Lastly, genetic
variation is often more highly expressed under stressful conditions (Hoffmann et al., 1999).
We observed moderate-to-high levels of developmental abnormality in many larval crosses
indicative of a baseline level of stress across replicates brought on by parental conditioning
or stress incurred in situ prior to adult collection.

Heritability was not only high for DE induced by upwelling — it increased for DE
yielding adaptive effects on phenotype (Figures 16 — 17). Ultimately, our study cannot
pinpoint sources of genetic variants underpinning adaptive plasticity, but two hypotheses
are worth highlighting. Firstly, plastic responses that were maladaptive in our study may
incur strong fitness costs and stabilizing selection for reduce plasticity resulting in limited
genetic variance (Price & Langen, 1992). Adaptive plasticity by larvae in response to

upwelling could evolve if physiological processes promoting acclimation during plasticity
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are not canalized by developmental constraint (Debat & David, 2001). If we assume
responses to upwelling are under positive or stabilizing selection for high plasticity in some
populations, high genetic variation for adaptive plasticity could be maintained by
fluctuating selection caused by variation in the severity of coastal upwelling across the
wide range and dispersal distance of S. purpuratus. For example, Hallson et al. observed
that lines of seed beetles reared under fluctuating selection acting on thermal performance
exhibited significantly greater genetic variance for thermal plasticity of developmental rate
after 18 generations of selection (Hallsson & Bjorklund, 2012). However, it is important
to contrast these empirical results with theory predicting decreased genetic variance for
plasticity under more variable environments (Jong & Gavrilets, 2000). It is possible that
fluctuating selection across the seascape acting on adaptive phenotypic plasticity has
promoted increased genetic variation and subsequent heritability for transcripts associated
with plasticity.

4.2. Functional enrichment within heritable, adaptive plasticity — Fitness benefits
of plasticity during developmental conditioning to upwelling are likely contingent on
whether affected pathways are developmentally canalized — e.g., whether DE can be
induced by any process other than ontogeny (Siegal & Bergman, 2002). Under this
framework, DE that compensates for variation in developmentally canalized processes or
induces uncanalized changes to cellular functions are expected to be more associated with
adaptive plasticity. Variation in ribosomal function during development bears harmful
effects on organismal function (Freed et al., 2010; Ordas et al., 2008), and multiple GO
terms enriched among transcripts differentially expressed in response to developmental

upwelling exposure were indicative of cellular responses to ribotoxic stress.
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Heritable and adaptive changes in gene expression were enriched for GO terms
associated with ribosomal biogenesis while maladaptive, heritable DEGs retained enriched
functions indicative of ribotoxic stress such as downregulated ribosomal subunits (Fig. 18).
Induced ribotoxic stress can result in the downregulation of ribosomal subunits in tandem
with Heat Shock Factor 1’s induction of the cytosolic, 70 kda heat shock protein Hsc70
and Hsp40 chaperones (Albert et al., 2019). These are the two classes of heat shock proteins
that were upregulated in response to developmental upwelling. However, hsp’s were
collectively split between being upregulated or downregulated in response to upwelling,
potentially due to positive correlations between the expression of some chaperones and
temperature, and thus require further scrutiny (Feder & Hofmann, 1999). Abiotic stress can
perturbate ribosomal function via denaturation of ribosomal proteins/RNAs or misfolding
of nascent proteins that disrupt proximal ribosomes (De & Miihlemann, 2022; lordanov et
al., 1998). The extent to which ribosomal biogenesis and structure was overrepresented
among transcripts with heritable, (mal)adaptive plasticity suggests that maintenance of
translation and ribotoxic stress responses may be critical for acclimation and adaptation to
upwelling.

4.3. Evolutionary implications of heritable, adaptive plasticity — The heritability of
phenotypic plasticity, and how this heritability covaries with its fitness effects, can impact
the evolution of plasticity itself and the traits it acts on (Fox et al., 2019; West-Eberhard,
2003). Under climate change, these evolutionary effects are important for predicting
whether future climates will drive canalization of tolerance or increase acclimatory
potential via directional selection on heritable plasticity (Svensson et al., 2020; Van ASCH

et al., 2007). Coastal upwelling is predicted to become more frequent and severe in the
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California Current under climate change, primarily through increases in upwelling-
favorable winds (Xiu et al., 2018). Our results suggest that there is high genetic variance
and heritability for plastic responses by larval S. purpuratus to upwelling. This heritability
should facilitate evolutionary increases in plasticity if these responses are adaptive under
future upwelling such as they were in our study. However, alignment of plasticity’s
adaptiveness between our experimental conditions and future climates cannot be assumed.
Firstly, upwelling yields highly multivariate changes in oxygen, organic nutrients, and
physical processes that were not manipulated in our study (Huyer, 1983). Secondly,
environmental cues inducing adaptive plasticity may be modified under climate change —
specific abiotic cues that induce adaptive responses to upwelling may be muted or become
unreliable indicators under future climates (Bonamour et al., 2019; Renaud et al., 2022).
The relationship between plasticity’s adaptiveness and the probability of
heritability was largely linear, and it is important to underscore the evolutionary
implications of low genetic variation observed for maladaptive plasticity across the
phenome. 29.07% and 52.32% of DEGs associated with plastic changes in body size and
biomineralization drove phenotypic change toward maladaptive directions (Fig. 15). Non-
heritable, maladaptive plasticity is generally predicted to result in the evolution of
compensatory mechanisms such as those characterizing countergradient variation — when
phenotypic change is maladaptive but cannot be removed by selection, secondary plasticity
must evolve to neutralize net phenotypic variance, a process termed genetic compensation
(Grether, 2005). Genetic compensation can be energetically costly (Morris & Rogers,
2013). Thus, genetic compensation’s evolution is potentially suboptimal to equal genetic

variation in adaptive and maladaptive plasticity resulting in canalization of traits whose
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variance is costly. Our observed levels of heritability for adaptive plasticity suggest that
the evolution of plasticity promoting genetic compensation may not be hindered by low,

standing genetic variation.

Conclusion

Understanding plasticity’s evolution as a function of its fitness costs and genetic
variation will improve predictions of adaptive responses by biodiversity under climate
change, but this pursuit faces an obstacle of scale — integrating measures of plasticity’s
heritability and fitness effects to a sample size of traits necessary for general inferences is
challenging. By leveraging RNA-seq integrated with measures of organismal performance
and fitness correlating traits, we resolved a phenome scale picture of plasticity’s heritability
in response to an ecologically relevant stressor. Our results demonstrate that, in our specific
case study of a pervasive coastal herbivore, adaptive plasticity is associated with increased
heritability across the phenome. Ecological and physiological research on S. purpuratus
has demonstrated a high level of resilience to environmental perturbations such as marine
heatwaves relative to other coastal fauna (Chamorro et al., 2023; Rogers-Bennett & Catton,
2019; Smale, 2020). Our findings further support the potential for S. purpuratus to maintain
this resilience via evolution of phenotypic plasticity in multiple physiological pathways.
More broadly, we hope that our results motivate the study genetic variance for plasticity
across phenome-scale or biodiverse datasets so that we may better understand the evolution

of plasticity across diverse taxa.
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Chapter V: Conclusion

Phenotypic plasticity’s ability to both affect and evolve via natural selection has
captivated evolutionary biologists and ecologists for a half century (Pigliucci, 2005; West-
Eberhard, 2003). Progress in the study of these processes has been sporadic despite
continual investigation since their theoretical origin (Sommer, 2020). The greatest
biological obstacle to deriving meaningful, predictive results from studies of plasticity’s
evolution and evolutionary impact is arguably challenges to accounting for constraints such
as its genetic variation (Kovuri et al., 2023; Munar-Delgado et al., 2023), limits, and fitness
costs (Schneider, 2022). While the complex roles of plasticity in evolution has motivated
its study (West-Eberhard, 1989), overcoming the obstacle of complexity is less an
academic issue and more motivated by necessity — improving predictions or management
of biodiversity’s adaptation to climate change requires more accurate evolutionary models
of variation in the plasticity of performance traits (Donelson et al., 2023; Reside et al.,
2018). Such models require parameters drawn from empirical measures of plasticity’s
genetic variation and costs.

In chapters 2 — 4 of my dissertation, I demonstrated that the plasticity of
physiological and molecular responses to global change drivers across populations and
families of two coastal marine invertebrates exhibits sufficient additive genetic variation
and/or fitness effects to evolve via natural selection under novel, future environments.
However, genetic variation and fitness effects of plasticity were both limited by constraints
whose detection represent novel contributions to evolutionary ecology and global change
biology. Firstly, fitness costs of phenotypic plasticity depended on a trade off with trait

intercepts evidenced by thermally tolerant genotypes of 7. californicus incurring greater
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reproductive costs of plasticity in thermal tolerance. Secondly, additive genetic variance
and heritability of transcriptional plasticity in S. purpuratus varied as a function of its
associated effects on phenotype and larval survival (i.e., proportion of normal
development) such that maladaptive plasticity was less heritable than adaptive plasticity
across the transcriptome. While there is potential for adaptive plasticity to evolve via
natural selection under upwelling, the ecologically relevant stressor simulated in this study
of S. purpuratus, limited heritability for maladaptive plasticity indicates that there is
evidence of constraint on the evolution of transcriptional plasticity via natural selection
(Crespi, 2000). In keeping with the history of convolutions to the study of plasticity’s
evolution, my study of fitness tradeoffs to thermal tolerance and its plasticity in sifu nature
suggest that my experimental evidence is not predictive of covariance between these two
traits in nature. In this chapter, I expand further on the components of my research that
have yielded meaningful or novel results for evolutionary ecology, contemporary
populations, and future biodiversity before describing complex or equivocal results that
motivate future areas of research.

1. Context dependence in plasticity’s fitness effects and genetic variation — Fitness
costs of phenotypic plasticity have been historically difficult to detect (Arnold et al., 2019;
Hendry, 2016; Van Buskirk & Steiner, 2009). The detection and accurate measure of these
variables was achieved in my thesis research by accounting for context dependence:
ecological and evolutionary covariates included in my experimental design and models that
explained a significant proportion of plasticity’s fitness costs and heritability. For example,
the fitness costs of LTso’s plasticity in 7. californicus depended on upper thermal tolerance

and was only apparent in the most tolerant genotypes. Fitness effects of plasticity in
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biomineralization and body size in S. purpuratus only arose in larvae spawned from
stressed, upwelling conditioned parents. The heritability of transcriptional plasticity varied
according its associated phenotypic and fitness effect. Through experimental means, |
found that understanding plasticity’s adaptiveness and genetic variation requires
accounting for complex, eco-evolutionary processes such as fitness tradeoffs between
traits, transgenerational effects, and multiple modes of plasticity (e.g., stress and
maladaptation versus inducible stress responses). These contingencies align with
predictions posed by Marshall, and Van Buskirk & Steiner suggesting that detection and
measurement of plasticity’s fitness costs and genetic variation can be obscured by context-
dependence on unmeasured ecological and evolutionary processes (D. J. Marshall, 2008;
Van Buskirk & Steiner, 2009). In specific eco-evolutionary contexts such as parental
exposure to stress, relatively high levels of selection on genetic variation for the plasticity
of environmental performance exist.

2. Translating experimental findings into predictions for natural populations — This
context dependence has implications for the evolution of phenotypic plasticity associated
with unique ecologies of the species they were detected in. S. purpuratus and T.
californicus exhibit contrasting life histories with respect to larval development. S.
purpuratus larvae have a planktonic stage that is widely dispersed, resulting in levels of
connectivity and gene flow between populations. The naupliar, crawl-away larvae of T.
californicus are benthic and are only transported out of pools and between distinct
populations during periods of extreme coastal sheering (Powlik, 1999), resulting in lower
connectivity and high genetic structure among populations (Barreto et al., 2018; Edmands,

2001; Lima et al., 2019). Because fitness costs of plasticity by S. purpuratus arose in larvae
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from upwelling conditioned parents, adaptation to the stressor via natural selection on
plastic responses may be facilitated in situ by parental exposure to upwelling in source
populations. Interestingly, regions of the California Current and Southern California Bite
with the greatest frequencies and severity of wind driven upwelling also exhibit long sea
surface transport of larvae (Bashevkin et al., 2020). This suggests that genetic variation for
plastic responses to upwelling may be facilitated by positive covariance between parental
conditioning to upwelling and larval transport in addition to its periodic, temporal
variation. In 7. californicus, the ability of fitness tradeoffs between thermal tolerance and
its plasticity to shape their negative correlation across populations may be facilitated by
canalization’s ability to evolve more readily in populations with low-to-moderate genetic
diversity and connectivity (Barreto et al., 2018; Lima et al., 2019).

Confirming these hypothesized effects of life history on the evolution of phenotypic
plasticity, which are derived from the results of controlled experiments, will require field
research. It is likely that the context dependence observed in my experiments is only a
small representation of the complexity shaping natural selection on plasticity in nature, and
the results of Chapter III underscore this point. While my field study of LTs0’s plasticity in
T. californicus confirmed that its importance in shaping intraspecific variation in thermal
tolerance, it laid bare the poor ability of experiments to predict plasticity’s function in the
natural environment.

My research and past laboratory studies of 7. californicus have shown that
conspecifics increase LTso following developmental conditioning to high temperature, and
I show in Chapter III that seasonal temperatures and LTso generally share negative

correlation in their natural habitat where temperature is more stochastic and covary with
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salinity, dissolved oxygen, and community-level processes (Huggett & Griffiths, 1986).
Furthermore, countergradient variation in LTso existed between plastic and evolved
responses to seasonal variation in temperature while Chapter II observed visual evidence
of co-gradient variation (i.e., genetic and plastic variation in LTso increased in populations
or treatments with warmer temperatures).

Studies of context dependence in plasticity’s fitness effects and genetic variation in
natural populations must account for a great deal of complexity not reflected in laboratory
experiments. My results from Chapter III suggest that understanding plasticity’s evolution
in natural populations can be aided by two approaches — conceptualizing thermal plasticity
as a functional trait (i.e., how it varies and affects biology in nature) and accounting for
multiple stressors, adding to a choir of their advocacy in the literature, particularly in global
change biology (Gunderson et al., 2016; Heilmeier, 2019).

3. The evolution of adaptive plasticity under climate change — Climate change will
increase environmental variation and, when that variation is predictable, may positively
select for increased acclimation potential (Bitter et al., 2021). Alternatively, high
environmental means may select against plasticity and drive the canalization of tolerance
(Salachan & Serensen, 2022). Whether biodiversity can adapt to novel climates depends
in part on evolutionary rates of adaptive plasticity in environmental performance (Buckley
& Kingsolver, 2021; M. Kelly, 2019; Kingsolver & Buckley, 2017; Matesanz et al., 2010).
Rates of evolution can be slowed by fitness tradeoffs between traits and countergradient
variation should reduce genotype-environment interactions associated with genetic
variation in plasticity (A. F. Agrawal & Stinchcombe, 2008; Albecker et al., 2022; Stearns,

1989). The results of my dissertation suggest that the evolution of phenotypic plasticity via
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natural selection is no exception. In 7. californicus, fitness tradeoffs between thermal
tolerance and its plasticity have the potential to slow rates of evolution in both traits when
they are both under strong, positive directional selection. Countergradient variation in LTso
among wild populations is likely a constraint on genetic variation for thermal plasticity in
nature.

The finding that breakdown and maintenance of ribosomal function represent
genetically correlated, (mal)adaptive, plastic responses to environmental stress underscores
the value of integrating ecophysiological and evolutionary approaches in a global change
biology. The persistence of organisms under global change drivers depends in part on
physiological pathways that breakdown and/or yield adaptive potential under global
change drivers (Somero, 2010). Identifying these two pathways is not possible without
integration of evolution and physiology that goes beyond a comparative framework and
measures fitness corollaries and/or genetic variation for plasticity and acclimation.
Identifying physiological responses to environmental change with potential for adaptation
can aid management of threatened species (Donelson et al., 2023) and support efforts such
assisted evolution and climate proofing of food systems or threatened species by better
identifying phenotypes for selection (Gibbin et al., 2017; van Oppen et al., 2015). As an
example of the potential application of my thesis research toward such efforts, Chapters 11
and III suggest that heat hardening efforts for ectotherms selecting for upper thermal
tolerance and/or thermal plasticity may need to account for fitness tradeoffs between the
two traits to best optimize the fitness of selected lines by fine tuning their relative selection.

Chapter III demonstrates that only some of the total extent of physiological responses to
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stress are both heritable and adaptive and that the ability of these plastic phenotypes to be
selected depends on their genetic correlation with maladaptive responses.

Integrating ecophysiology and evolution also raises questions about what is
ultimately adaptive. In Chapter 111, I observed that unexpected decreases in upper thermal
tolerance during seasonal warming were associated with greater reproductive output by 7.
californicus. This calls into question whether increased thermal tolerance under warming,
often deemed putatively adaptive, benefits fitness. When faced with environmental
extremes, organisms may result to different strategies for persisting under such stress. By
divesting from the probability of their survival under acute thermal extremes, 7.
californicus may divert energy toward reproduction and the probability of successfully
progenating offspring. Predictions of biodiversity’s adaptation to climate change, and
studies of plasticity in general, often assume that increases in tolerance are adaptive and
promote persistence across generations (Nettle & Bateson, 2015) and may benefit from
assessing whether this assumption holds across taxa.

Motivated by plasticity’s complexity, my thesis research has resolved the nature of
its evolution and effects on evolution in areas previously untested or receiving little
investigation, contributing to advances in the study of plasticity in ecology and evolution
that have been hindered by its circuitous history. These findings bring value beyond
evolutionary biology and have the potential to influence predictions and conservation of
biodiversity threatened by climate change. Models and management efforts related to
biodiversity’s adaptation to global change drivers such as high, variable temperatures or
increased coastal upwelling should (1) incorporate processes for the evolution of plastic

responses to global change and (ii) take careful consideration in parameterizing limits to
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the evolutionary rate of plasticity such as fitness tradeoffs between traits, varying levels of
genetic variation for plasticity, and covariation between environmental and genetic

variance.
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Figure S1 | Mean density of Tigriopus californicus per culture. Error bars depict standard
deviation. The left and right columns denote low (16.55) and high (21.55) developmental
temperatures.
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Figure S4 | Weak but positive effect of mean female body size on fecundity per brood. Each points represents
a single sibship x temperature culture replicate. Mean female body length is measured from gravid females
for which egg sack dissections were conducted in order to measure mean clutch size.
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Figure S5 | Selection of multivariate selection gradient models with and without parameters associated with
mean culture age and density. ‘Base’ refers to the selection gradient model reported in the main body of the
manuscript whose specifications are described in detail under Methods. ‘Base +...” refers to iterations of this
model that contained additional parameters for either (i) mean culture age measured in days post-gravidity
or (i) mean culture density.
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