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Abstract

Phenotypic plasticity and adaptive evolution enable population persistence in response to global
change. However, there are few experiments that test how these processes interact within and
across generations, especially in marine species with broad distributions experiencing spatially
and temporally variable temperature and pCO,. We employed a quantitative genetics experiment
with the purple sea urchin, Strongylocentrotus purpuratus, to decompose family-level variation
in transgenerational and developmental plastic responses to ecologically relevant temperature
and pCO,. Adults were conditioned to controlled non-upwelling (high temperature, low pCO-) or
upwelling (low temperature, high pCO,) conditions. Embryos were reared in either the same
conditions as their parents or the crossed environment, and morphological aspects of larval body
size were quantified. We find evidence of family-level phenotypic plasticity in response to
different developmental environments. Among developmental environments, there was
substantial additive genetic variance for one body size metric when larvae developed under
upwelling conditions, although this differed based on parental environment. Furthermore, cross-
environment correlations indicate significant variance for genotype-by-environment interactive
effects. Therefore, genetic variation for plasticity is evident in early stages of S. purpuratus,
emphasizing the importance of adaptive evolution and phenotypic plasticity in organismal

responses to global change.
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1. Introduction

As phenotypic distributions of populations are being shaped by rapid environmental
change, much attention has focused on individual species' ecological and evolutionary responses
to the altered environments [1]. Processes of selection and phenotypic plasticity can occur
simultaneously within a population, modifying demographic processes, and thereby linking
ecological and adaptive evolutionary phenotypic change to population persistence [1,2].
Phenotypic plasticity is the main mechanism by which populations can respond to environmental
change over the short-term [3]. Adaptive plastic responses, defined as plasticity that shifts
phenotypes towards trait values that maximize fitness, could occur across generations (parental
or carry-over effects) or within generations (intra-generational plasticity). Adaptive parental
effects are expected to occur when parental environments predict offspring environments, and
when observed, have small but significant effects on offspring traits [4—6]. Alternatively,
developmental plasticity is a type of intra-generational plasticity where environments
experienced during early development affect later stage phenotypes. Both parental effects and
developmental plasticity have the potential to shape population level responses to the
environment and pinpointing when in the life-cycle environmental change has the strongest
effect is key for predicting organismal responses to change.

While phenotypic plasticity can facilitate population persistence, it has limited
effectiveness during long-term environmental change. Phenotypic plasticity has developmental
constraints that could limit organismal responses to directional increases in environmental
change, such as temperature, and there may exist costs to maintaining plasticity [7,8]. Further,
plasticity will only be advantageous as long as the range of phenotypes produced across

environments by specific genotypes, or the reaction norms [9], continue to align with the
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phenotypic optima maximizing fitness in each environment [8]. When reaction norms are no
longer adaptive across environments, evolutionary adaptation is the only way populations can
persist [1,2]. Such microevolutionary responses can occur in population mean phenotype, or in
the level of plasticity itself [1,10].

Adaptive evolutionary responses to changing or novel environments rely on the existence
of additive genetic variance that aligns with the direction of selection on phenotypic variation
[11,12]. Additive genetic variance can be environmentally dependent, thus should be estimated
under a variety of scenarios representing predicted environmental changes [4]. Not only is the
amount of adaptive variation of a trait dependent on the environment, but the relative ranking
among genotypes of additive genetic values can change across environments, signaling additive
genetic variance for plasticity [10,13]. Evolutionary responses to selection, and hence population
adaptation to change, relies on both environment-specific additive genetic variance in trait mean
as well as the additive genetic variance in plasticity. To determine how populations will respond
to global changes and persist, it is essential to simultaneously evaluate the separate contributions
of plastic and evolutionary phenotypic shifts during population responses to environmental
change.

S. purpuratus are widely dispersed across coastal habitats along the California Current
Large Marine Ecosystem. Throughout their range, extending from British Columbia in the north
to Baja California in the south, S. purpuratus experience temperature and pH variation, mostly
due to seasonal upwelling, which is expected to increase in frequency and intensity in the
Anthropocene [14—17]. High pCO, alters the carbonate chemistry in seawater, reduces pH, and
directly impacts the ability of marine organisms to calcify, including early-stage sea urchins [18].

As S. purpuratus larvae are planktotrophs with long pelagic larval durations, body size and
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skeletal features are critical for the ability to capture food and can influence predation rates,
swimming speeds, and stability in flowing water [19-21]. Phenotypic plasticity in larval
morphometrics has been observed before in S. purpuratus, both in response to high pCO, alone
[22-25] but also in upwelling conditions mirrored in this experiment [26—28]. In previous
experiments, larval cultures were generated from pooled gametes of multiple adults, thus
phenotypes represent treatment averages across multiple genotypes and lack resolution to
separate the contributions of parental effects, developmental plasticity, or genetic effects on
variation in the measured traits [28—30]. Here, we used a quantitative genetic analysis to partition
out the roles of the environment, genetics, and parental effects on observed variation in
phenotypic plasticity of larval body size morphometrics. Thus, our experimental design enabled
us to further extend these studies by quantifying family-level variation in plastic responses to
upwelling and non-upwelling conditions and compare evolvability to short-term plastic
responses at ecological time scales, which together extend our knowledge of how marine

organisms will respond to global change.

2. Methods

(a) Collection and adult conditioning

S. purpuratus is an external fertilizer that spawns large numbers of gametes between January and
May. Adult urchins were collected by hand on SCUBA from two sites (25km apart) with similar
habitat quality [31], in August and September (site details in ESM1). Urchins were placed in one
of four 90-liter glass tanks per treatment (10 urchins per tank, 4 tanks per treatment), while
keeping track of site identity (details in ESM1). Adult conditioning was conducted under two

regimes differing in temperature and pCO,: Non-upwelling (N) (mean values 17°C and 596patm
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pCO,) and Upwelling (U) (mean values 12.8°C and 1,117patm pCOQO,), approximately four
months (ESM1 table S1). Throughout this conditioning, urchins were fed Macrocystis pyrifera in
excess once per week.

Temperature and pCO, levels were maintained throughout the conditioning period using
heat pumps regulated by Nema 4X digital temperature controllers and a flow-through CO,
mixing system, modified from Fangue et al. [32]. Treated seawater was evenly pumped from two
reservoir tanks to conditioning tanks at a rate of 20L/hr and temperature, pH, salinity, total

alkalinity, and carbonate chemistry were monitored regularly (ESM1).

(b) Crossing design, spawning, and larval culturing
Due to the large number of crosses necessary for this project, we employed a staggered cross-
classified North Carolina II breeding design (figure 1). Spawning and generation of crosses
began on January 7, 2019. Gametes from 2 males and 2 females conditioned in the N treatment
were reciprocally crossed to yield 4 unique families. Each of these families was partitioned
among four cultures, two reared in the N treatment (NN) and two reared in the U treatment (NU).
The next day, the same crossing scheme was performed with parents from the U treatment, and
families reared in either the U treatment (UU) or the N treatment (UN). The 16 cultures
generated on a single day were designated as a block (1 parental treatment X 4 families X 4
cultures), and this block design was repeated 10 times in succession, alternating parental urchins
from non-upwelling and upwelling, for a total of 160 cultures across 40 total families.
Fertilizations were performed in ambient seawater conditions and embryos were placed
in rearing containers prior to the first cleavage, in either the same conditions as their parents or

the reciprocal condition (figure 1). Larval cultures were set up in a flow-through seawater system
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with two reservoir tanks per treatment, as in the adult conditioning, feeding 6L nested buckets
(one bucket fitted with 30uM mesh nested within another standard bucket) at a flow rate of
3L/hr. Each pair of nested buckets formed one culture container. Temperature and pH of
reservoir tanks were measured daily while salinity and pH of larval cultures was measured 24
hours post fertilization (hpf) (ESM1). Larval cultures were maintained at a concentration of 10
larvae/mL until the early echinopluteus stage, prism, defined by the beginning of tripartite gut

differentiation, where the gut begins to form distinct sections (figure 1).

(c) Morphometric measurements of eggs and larvae

Unfertilized egg and prism samples were preserved in 2% formalin buffered with 100mM
NaBO; (pH 8.7) in FSW. Due to differences in temperature-dependent developmental delay,
prism larvae in N developmental treatments (17°C) were sampled between 45-46hpf and prism
larvae in U developmental treatments (13°C) were sampled between 55-56hpf (figure 1).
Photographs (N>30 eggs per dam; N>30 prism larvae per culture) were taken using a Motic
10MP digital camera fitted to an Olympus BX50 compound microscope and Motic Images Plus
software. All measurements, calibrated using a stage micrometer, were obtained using ImageJ
(https://imagej.nih.gov/ij/). For each unfertilized egg, three independent diameter measurements
were averaged per egg to account for any potential irregularity in shape. For each prism, two
measurements were taken, spicule length defined as the length from the tip of the body rod to the
branching point of the postoral rod and body length. For each culture the proportion of
developmental abnormality (N>30 larvae per culture) was also scored. All measurements were
taken by two researchers to minimize variation and bias, which was included in the models

below.
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(d) Statistical Analysis

Differences in egg diameter between treatments were quantified using a linear mixed model with
a fixed effect of parental treatment (U or N) and random effects of dam identity and block using
the Ime4 package (v1.1-27.1) [33]. Relationships between egg diameter and prism
morphometrics were assessed with a linear regression. Quantitative genetic linear mixed models
employing a character state approach (where the expression of a single phenotype in a given
environment defines a character state [10]) were used to decompose phenotypic variation in
larval spicule and body lengths into contributions from plasticity, adaptive potential, and parental
effects. We fit separate, identical model structures for spicule and body length within a Bayesian
framework and used a Markov chain Monte Carlo (MCMC) algorithm to sample posterior
distributions as implemented in the package MCMCglmm (v2.29) [34]. All MCMCglmm models
assumed Gaussian error distributions and response variables were multiplied by 100 before
analyses to improve model convergence; results are reported for the scaled values of the response
unless otherwise indicated.

For each larval trait, spicule length and body size, we modeled the interaction of each
distinct parental conditioning environment (N and U) with the two rearing environments of their
offspring (N and U). In the crossing design (figure 1), the gametes of parents were always
crossed with gametes from parents of the same conditioning environment, meaning the data from
N parents are independent of data from U parents. Thus, we modeled data from each parental
conditioning environment in separate models. Utilizing Bayesian inference allowed direct
comparison of posterior probability distributions for model parameters of interest across different

models [35].
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For each larval trait and parental conditioning environment model (4 total) we fit separate
intercepts for each larval development environment (N and U) to estimate population mean
larval plasticity across the two character states [10] and a measurer identity fixed effect (two-
level continuous covariate with values —0.5 and 0.5) to control for an average difference between
measurers. Random effects of dam and sire were fitted to estimate the variances in maternal or
paternal effects, respectively. Random effects of block and culture identity were included to
account for phenotypic similarity among larvae due to shared block effects or container
environments, respectively. Preliminary models indicated homogeneity of variances between
larval environments for the dam, sire, block, and culture effects. Thus, a single, common
variance across environments was fit for each of these random terms. We also fit separate larval
environment residual variances, but the cross-environment covariance was fixed to zero as this is
not estimable when individuals are only measured in a single environment.

Additive genetic (co)variances within and across larval rearing environments were
estimated to evaluate the adaptive potential of larval morphological traits and to quantify
variation in genotype-by-environment interactions. We fit random effects of individual identity
and associated these with a generalized inverse of the numerator relatedness matrix [36,37] that
was calculated from a pedigree constructed based on the breeding design using the nadiv
package [38]. Cross-environment additive genetic covariances are estimable, unlike residual
covariances, because related individuals in the two environments provide information about the
cross-environment covariance of genetic effects [39,40]. To interpret our estimates of cross-
environment additive genetic correlations, we ranked family mean additive genetic values for

comparison between larval rearing environments (ESM6).
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Models employed diffuse normal prior distributions for all fixed effects (mean=0,
variance=10'") and univariate parameter expanded prior distributions for rearing culture, block,
dam, and sire variance components with a scaling factor of 1000 to give scaled non-central F-
distributions with one numerator and denominator degrees of freedom [34,41]. A multivariate
parameter expanded prior was used for the additive genetic covariance matrix that gave a
uniform marginal prior distribution for the correlation. A weak inverse Wishart prior was set for
the matrix of residual variances (model details are provided within R code at
https://github.com/qgevoeco/QGplasticity S purpuratus).

Models were run for an initial burn-in of 200000 (spicule length) or 130000 (body length)
iterations, after which every 1000™ iteration was retained in the posterior distribution to yield
2000 sample MCMC chains for each model that had absolute autocorrelation values <0.1. We
report the marginal posterior mean, mode, and 95% highest posterior density credible interval
(95%CI) and for key parameters plot full marginal posterior distributions alongside prior
distributions to further facilitate interpretation (ESM4).

Narrow-sense heritability was calculated as additive genetic variance (V) divided by
total phenotypic variance (Vp), where Vp)= Vo + Vam * Ve T Veaiure T Voock T Viesidual-
Evolvability (I4; [42]), which is a mean standardized additive genetic variance, was calculated as
Va / INT?, where INT is the model intercept for a given developmental environment and
represents the phenotypic mean, marginalizing over measurer effects. Heritability gives an
absolute measure of expected evolutionary change, whereas evolvability expresses a proportional
change and is therefore more suitable for comparative purposes [42]. Note, heritability and
evolvability of the scaled response (i.e., spicule or body length x 100) are the same values for the

response on the un-transformed scale. Posterior distributions were obtained for all summary
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statistics (e.g., heritability, 1., and differences between Vas as well as Ias) and differences
between marginal posterior distributions by calculating desired values across each MCMC

sample.

3. Results

(a) Environmental conditioning reveals plasticity of larval traits
There was an effect of developmental environment on larval phenotypes: we observed a
reduction in spicule length in larvae developed in U conditions compared to N (figure 2).
However, spicule length in the U developmental environment depended on parental
conditioning. Larvae where both the parents and embryonic development occurred in upwelling
conditions (UU) had higher mean spicule length than larvae that developed in N conditions after
parents were conditioned in U (NU) (figure 2a). For example, there is a 0.953 probability that
UU spicule length is at least 7% larger than NU (or 6.2um larger) as calculated across the full
probability distribution of differences (ESM 4). As with spicule length, embryonic development
in U led to decreased mean body length (figure 2b), with the combined effect of parental and
development U environments (UU) increasing mean body length from just the development U
treatment (NU). After controlling for random effects of dam and block, there was no significant
difference in egg diameter observed between the two parental treatments (p=0.511). Further, egg
size was not a good predictor of larval body size morphometrics (spicule length: R*=-0.017,
p=0.5546, body size R*=-0.025, p=0.876) (ESM3 figure S1). The proportion of developmental
abnormalities was scored amongst all crosses and was highest in larvae from parents conditioned
to upwelling that experienced upwelling embryonic development as well (UU) (ESM3 figure

S2).
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(b) Components of variation in larval traits

To assess the potential evolutionary responses to abiotic conditions associated with upwelling,
we quantified variance components of larval body size metrics. Additive genetic variance
depended on developmental environment: additive genetic variances for spicule length are larger
in the upwelling developmental environment (ESM2 table S2; ESMS figure S3a-d). The
marginal posterior mean (95% CI) difference between additive genetic variance when larvae
developed in U environments as opposed to N was 1.12 (-0.268 to 2.54) when parents were
conditioned in N (i.e., NU-NN) and 0.407 (-0.854 to 1.51) when parents were conditioned in U
(UU-UN). Though the credible intervals span zero for these differences, there is 0.945 and 0.770
probability that the estimates differ from one another (i.e., difference is greater than zero for the
NU-NN and UU-UN differences, respectively). The similarity of the U developmental
environment posterior means and modes as well as large differences between prior and posterior
probability density curves indicate high posterior probability that is informed by the data and not
the prior (ESM5 figure S3b,d). In contrast, body length shows much less additive genetic
variance for all treatments (ESMS5 figure S6a-d). The posterior means for all treatments are less
than approximately 0.25 and the lower credible interval limits all converge to zero indicating
relatively high posterior probability at small values of effectively zero (ESM4).

To determine the extent of among-genotype variability in the family-level plastic
response, and hence genetic variation underlying phenotypic plasticity, we quantified cross-
developmental environment genetic correlations. For spicule length, the marginal posterior
distributions of the cross-development environment additive genetic correlations have posterior

means and modes close to zero and are broad (figure 3e,f), with credible intervals that span most
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of the range of possible values, indicating some relative re-ranking of genotypes as they are
expressed in the two development environments (figure 3a,b). The upper limits of these credible
intervals are 0.81 or less (ESM2 table S2), excluding values near 1, hence indicative of
significant variance for genotype-by-environment interactive effects. Similarly for body size, the
marginal posterior distributions of the cross-developmental environment additive genetic
correlations are broad (figure 3g,/), with means and modes close to zero and credible intervals
that span most of the range of possible values (ESM2 table S3), indicating relative re-ranking of
genotypes as they are expressed in the two development environments (figure 3¢,d). For body
size there are differences in cross-development environmental genetic correlations depending on
parental condition as there is approximately 0.63 posterior probability for a negative cross-
environment genetic correlation among larvae of non-upwelling parents versus 0.67 posterior
probability for a positive cross-environment genetic correlation among larvae of upwelling
parents. This suggests varying magnitudes of variance in genotype-by-environment interactions
(figure 3g, /), but uncertainty limits the importance of this conclusion.

For both spicule length and body size, dam, sire, block, and culture variances that capture
any remaining parental, non-additive genetic, or environmental effects all independently
contributed little to overall phenotypic variance (ESM2 tables S2 & S3, ESM5 figures S4 & S7).
Within each parental environment of both larval body size traits, sire and dam variances did not
differ between development environments, and hence were constrained to be equal in the model
(see Methods), indicating trans-generational parental effects did not vary based on offspring
development environment. Residual variances were largely similar between development
environments, both within and among parental treatments, and similar in magnitude to the

additive genetic variance (ESM2 tables S2 & S3, ESMS figures S5 & S8).
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(c) Evolvability of larval body size and spicule length
To quantify the potential for S. purpuratus evolutionary responses to U conditions simulated in
the lab, we assessed potential differences in heritability (h?) and evolvability (I,) to allow
comparisons across additive genetic variance estimates from different environments or even
different traits. Similar to additive genetic variance, we observed relatively smaller values of
heritability and evolvability in spicule length of larvae that developed in N environments (i.e.,
NN and UN; figure 4a-d, ESM2 table S2, ESMS5 figure S3e-4). When larvae developed in U
conditions, substantial levels of heritability and moderate evolvability were observed with
differences in magnitude between the two larval U treatments depending on parental
environment (figure 4b,d, ESM2 table S2, ESM5 figure S3f/4). The marginal posterior mean
(95% CI) difference between evolvability when larvae developed in U environments as opposed
to N was 0.0161 (0.000753 to 0.0344) when parents were conditioned in N (i.e., NU-NN) and
0.00462 (-0.00486 to 0.0146) when parents were conditioned in U (UU-UN). Though the
credible interval spans zero for the difference between larval development environments when
parents were conditioned in U (UU-UN), there is 0.676 probability that this difference is 0.0025
or greater. In contrast to spicule length, the heritability and evolvability values for body length
were lower for both treatments when the parents were in N conditions (NN and NU) and
decreased further when the parents were reared in the U environment (UN and UU; figure 4e-A,

ESM2 table S3, ESMS5 figure S6e-h).

4. Discussion

(a) The role of plasticity in shaping larval traits
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We observed phenotypic plasticity in S. purpuratus larvae reared in different developmental
environments, which has similarly been observed in other independent studies [27,28]. Both
spicule length and larval body size were reduced when reared in upwelling conditions even after
controlling for potentially confounding effects of developmental delay. We found evidence of
genetic variation in phenotypic plasticity, or genotype-by-environment interactions (GxE),
suggesting genotypes exhibit different plastic responses to an upwelling developmental
environment (figure 3). Rankings of additive genetic values across families become reordered
amongst full siblings exposed to different developmental conditions. S. purpuratus habitats tend
towards being highly heterogeneous, characterized by highly dynamic upwelling regimes that
vary in time and space [29,43] which will likely grow in frequency and intensity in future years
[15,16]. These heterogeneous environments appear to have favored plasticity and maintenance of
GxE in prism stage morphometrics, therefore slopes of reaction norms are not likely to be under
strong directional selection. While it is known that larval body size morphometrics are important
predictors of later stage survival and settlement, our results suggest prism stage morphometrics
measured here are either under relaxed selection [44], or selection that maintains variation in
GxE. While we measured morphometrics in early pre-feeding larvae, it is possible that later stage
larval feeding morphometrics could be under stronger selection pressure, potentially contributing
more to fitness, settlement, and survival. Ultimately, the temporal links between larval skeletal
morphometrics and larval survival should be further investigated in each environment to
discriminate between alternative explanations for the maintenance of variation in GXxE.
Nevertheless, the variation in additive genetic value between families in response to different

developmental environments in our study, indicative of a genetic basis for phenotypic plasticity
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in early stages of S. purpuratus, has important implications for the ability of this ecologically
important species to persist under future global change scenarios.

We investigated the role of parental effects, a form of phenotypic plasticity, on egg size
and larval body morphometrics. Egg size, a fitness trait associated with fertilization success and
postzygotic survival, is a direct result of maternal investment through provisioning of energy
reserves [45-48]. We observed no differences in mean egg diameter between dams conditioned
in the two treatments (ESM3 figure S1) when controlling for random effect of dam, similarly to
previous studies examining parental effects of upwelling stress [28,29]. Egg size has significant
influences on larval survival and recruitment success for a diversity of broadcast spawning
marine invertebrates; in echinoderms, egg volume and energetic content are highly correlated
[49], however, egg size is not always a robust predictor of energetic content in planktotrophic
species [46], including echinoderms ([28,29,50,51]). Our study did not find egg size to predict
larval size (ESM3 figure S1), although egg size was measured over a small range and energetic
content was not quantified. However, parental effects on prism larvae morphometrics were
observed (figure 2), suggesting parental conditioning induces latent effects that impact larval
fitness while early development from early embryo through gastrulation appear constrained and
unaffected by the environment, effects that are similarly observed in a previous experiment in S.
purpuratus [28]. This combined evidence of parental effects on larval morphometrics in S.
purpuratus could be explained by parental investment in mRNAs critical for development,
epigenetic processes, or differential investment of key nutrients in the eggs [27,52,53].
Transgenerational plasticity is mostly likely to occur when parental environments are predictive
of larval environments [54,55], which we observed: larvae developed in upwelling were larger

when their parents were also conditioned in upwelling conditions (figure 2). This suggests that
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parental effects are a likely mechanism contributing to larval phenotypic change in response to
environmental conditions in S. purpuratus. Predictable high magnitude variation in
environmental parameters such as temperature and pH that occur throughout the life cycle of S.
purpuratus is likely to favor the maintenance of phenotypic plasticity. If this predictability
breaks down, broadcast spawning invertebrates such as S. purpuratus might be more likely to
exhibit bet-hedging type strategies to maintain populations, although this strategy lacks empirical

support in S. purpuratus populations studied to date [56].

(b) The potential for adaptation to global change

Adaptation to global change relies on sufficient natural genetic variation and genetic
correlations between selected traits. Larval body size is an important, often heritable, fitness trait
amongst diverse marine invertebrates but can vary based on differences in environmental effects
[25,57,58]. We observe higher additive genetic variance, heritability, and evolvability for spicule
length among larvae reared in upwelling conditions, compared to larvae reared in non-upwelling.
This indicates more potential for adaptive responses to conditions expected to occur under
anthropogenic change. S. purpuratus spawning activity occurs seasonally between December and
April, months characterized by upwelling episodes, which can last multiple days [29]; therefore,
the conditions in our experiment are relevant to what larvae are likely to experience in the wild.
Heritability values here are similar to previous estimates in S. purpuratus larval morphometric
traits after exposure to high pCO, [25]. Further, molecular experiments have shown that
upwelling conditions induce a stress response in S. purpuratus larvae [52]. This indicates that we
observe higher adaptive potential in larvae experiencing stressful environmental conditions,

despite additive genetic variance observed to be lower in unfavorable conditions in most studies
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[59], including in sea urchins [58]. However, the majority of studies examining additive genetic
variance under stressful conditions employ a novel stress, whereas the conditions in our
experiment were chosen as end-points of temperature and pH already occurring naturally in their
environment.

Measures of evolvability allow us to quantify the relative extent to which phenotypes can
evolve in response to selection. In particular, evolvability is better suited than heritability for
comparing adaptive potential among environments, traits, or even species since evolvability
expresses change in proportion to the current trait mean (heritability expresses potential absolute
change) and heritability depends on the phenotypic variation in the population which itself can
be affected by the selective environment independent of the amount of additive genetic variance
[42]. We observe high evolvability in larvae reared under some conditions but not others,
suggesting a strong role of the environment in the evolvability of larval fitness traits in S.
purpuratus. For example, for larval spicule length, our posterior mean evolvability estimates
those developing in non-upwelling conditions (0.00205 and 0.00230 for parental conditioning in
non-upwelling and upwelling, respectively) are similar to the median evolvability of 0.001 for
length measures from 1,025 estimates compiled by Hansen & Pelabon [60]. However, our
evolvability estimates for spicule length of larvae developing in upwelling conditions (0.0182
and 0.00692 for parental conditioning environments non-upwelling and upwelling, respectively)
were well above the 75" percentile of 0.0047 from that same study. Minimal correlations among
larval rearing environments suggest that the highly variable environment S. purpuratus
experiences may limit the rate at which adaptation could occur. There is higher evolvability of
spicule length in larvae produced from adults conditioned in non-upwelling but developed in

upwelling (figure 4b, NU treatment) as opposed to those coming from parents conditioned to
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upwelling and during embryonic development (figure 4d, UU treatment). This difference in
evolvability amounts to 0.0112 (posterior mean; 95%CI: —0.00463 to 0.0301), which represents a
potential evolutionary change in mean phenotype of approximately 1.1% more in the NU versus
UU treatments over a single generation. This observation suggests a subtle effect of parental
conditioning on the genetic contribution to phenotypic variance under upwelling conditions. We
also find effects of parental conditioning on plasticity and genetic contributions to phenotypic
variance. Plastic phenotypes, or those that shift in response to the environment, are biased toward
traits that have high additive genetic variance [61], which we observe in larval responses to
upwelling. These correlations can often be explained by developmental constraints that limit
phenotypic change in a particular direction. This is likely true in S. purpuratus early stages—
phenotypic change on spicule length appears to be less constrained, having both the potential to
be phenotypically plastic and able to be acted on by selection, as opposed to body size which
could be more constrained by development. However, spicule length plasticity is inherently
limited by the body size of the larvae, so further study into the genetic correlations and co-
variances between these two traits would be insightful as to how these traits contribute to

evolvability.

(c) Trade-offs in larval fitness traits

Developmental environments have been shown to shape later stage phenotypes in a
diversity of organisms and these changes in phenotypes can have trade-offs as well as latent
effects on later stages [62—-64]. We found subtle effects of parental environment on larval traits;
of the larvae reared in the upwelling environment, having parents also conditioned to upwelling

(UU) led to an increase in spicule length compared to larvae whose parents were conditioned in



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

non-upwelling (NU). However, we observed a higher proportion of developmental abnormalities
amongst UU crosses, characterized by embryos that failed to successfully gastrulate. At the time
of adult collection, individuals were likely experiencing conditions more similar to non-
upwelling, therefore higher abnormalities could be explained by a mismatch between wild and
captive conditions for parental upwelling conditioned individuals. While upwelling parental
exposure may confer some benefit to larvae developing in upwelling conditions, there is a
compensatory trade-off in that many of the larvae derived from the UU crosses show higher
mortality as evident by early developmental abnormalities. As only properly developed larvae
were selected for morphometric analysis, this shows that the UU survivors were on average
larger than UN individuals. There is a well-established trade-off between growth and sensitivity
to high pCO, in coastal marine invertebrates, where slowed growth or reallocation of energy in
high pCO; facilitates high tolerance [64,65]. In the tropical urchin Tripneustes gratilla, parental
conditioning to high temperatures and high pCO, led to more resilient larvae with a trade-off of
reduced size [66]. While abnormality was high in UU crosses, the benefit of increased size

relative to UN crosses suggests a complex role of parental effects on early life-history stages.

5. Conclusion

Climate models predict more frequent and severe incidences of upwelling in the future, which
will directly impact calcifying organisms within the California Large Marine Ecosystem, such as
S. purpuratus [15,16]. However, incorporating selection on larval body size into predictive
models show that negative effects of OA are likely overestimated, as larval body size exhibits
high heritability under these scenarios and S. purpuratus maintains large population sizes that

will enable adaptive responses to selection [67]. Our data builds upon this work to reveal that
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effects are maintained in more ecologically relevant upwelling conditions (high pCO, and low
temperature). Additionally, we report the influence of parental environment on estimates of
adaptive genetic variation, which will alter how strong adaptation to increased upwelling may
impact these populations. Further, we report genetic variation in phenotypic plasticity, or
genotype by environment interactions, showing that phenotypic plasticity itself has potential to
evolve in this population. Therefore, in considering future upwelling scenarios, it is likely that
both phenotypic plasticity and adaptation will contribute to S. purpuratus population responses

to stressful periods of upwelling.
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Figure Legends

Figure 1. Experimental crossing design. Adult urchins were conditioned for four months to
either non-upwelling conditions (N) or upwelling conditions (U). Gametes from two males and
two females from each condition were crossed reciprocally, generating four distinct crosses, each
replicated four times. Two replicates from each cross were reared in the same condition as the
parents (NN, UU) or the opposite condition (NU, UN). Two by two crosses for each parental
condition were performed 5 times in succession for a total of 40 unique crosses. Spicule length

and body length were measured in prism stage larvae, pictured.

Figure 2. Strongylocentrotus purpuratus larvae exhibit phenotypic plasticity. Marginal
posterior means and 95% credible intervals (error bars) of parameters estimated in linear mixed
models for spicule (a) and body (b) length of larvae reared in either non-upwelling (N) or
upwelling (U) developmental environments. Parents were either conditioned in the non-
upwelling (circles) or upwelling (triangles) environments (black solid lines connect treatment
means from the same parental environment). Plotted colors and letters refer to treatment

combinations as detailed in figure 1.

Figure 3. Variation in family-level genetic reaction norms and correlations. Ranked family
mean additive genetic value for spicule length (a, b) and body length (¢, d). Family mean
additive genetic values were calculated across all posterior samples to produce a posterior
distribution, from which the posterior mode was ranked for each larval environment. Black (top
10 ranked families in Non-Upwelling larval environment) and grey (bottom 10 ranked families

in Non-Upwelling larval environment) lines connect family mean genetic value ranks across
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developmental environments and point colors refer to treatment combinations as detailed in
figure 1. Cross-developmental environment additive genetic correlation of larval spicule length
(e, /) and larval body size (g, 4). Marginal posterior MCMC samples (histogram bars with the
range of samples depicted underneath by the thin black line), kernel density estimate (pink line),
posterior mean (red diamond) and mode (blue cross), 95% credible interval (grey bar), and prior

density (grey line).

Figure 4. Evolvability. S. purpuratus spicule (a-d) and body (e-4) length marginal posterior
MCMC samples (histogram bars with sample range depicted underneath by the thin black line),
kernel density estimate (black line), posterior mean (red diamond) and mode (blue cross), 95%
credible interval (grey bar), and prior density (grey line) for the evolvability (I4). Colors refer to

treatment combinations as detailed in figure 1.



