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Abstract

Projections for population viability under climate change are often made using estimates
of thermal lethal thresholds. These estimates vary across life history stages and can be valuable
for explaining or forecasting shifts in population viability. However, sub-lethal temperatures can
also lead to declines in vital rates and ultimately shape fluctuations in the reproductive viability
of populations. For example, anomalous climatic events can suppress reproduction and lead to
recruitment failure well before early life stages or adult stages become affected. These sub-lethal
impacts make the effects of climate change more severe than lethal thresholds predict. Despite a
growing awareness of this issue, tying sub-lethal effects to observed recruitment failure remains
a challenge especially in marine environments. Here, we experimentally show that sub-lethal
thermal suppression of female gametogenesis offers a plausible explanation for historical
collapses in sea urchin recruitment during marine heatwaves. These sub-lethal thermal
sensitivities of reproduction can narrow the thermal envelope for population viability compared

to what lethal limits predict.
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Introduction

Predicting the impact of warming and extreme heatwaves on ecosystems and populations
remains one of the most daunting but important tasks in ecology and conservation. Information
about the future dynamics and viability of populations can be gleaned from measuring thermal
lethal thresholds (or critical thermal limits - CTLs) in controlled settings, as well as from
historical patterns of population performance in nature. For the latter, extrapolating historical
patterns without understanding processes that shaped them remains dubious; meanwhile,
expectations from CTLs often underpredict the abruptness and magnitude of population
responses to warming in nature '3, For example, warming and heatwaves may lead to
recruitment failure in populations even when temperatures remain below lethal thresholds 4.
Thus, the realized thermal niche of many species (i.e., thermal regimes in which a population
exhibits viability over time) is often narrower than expected based on CTLs for individual life
stages (gametes, juveniles, adults, etc. - ¢). Combining inference from laboratory studies and
historical patterns and analysis can provide a more comprehensive understanding of the

processes that shape recruitment and population dynamics.

One pathway by which sub-lethal temperatures can alter population viability is by
affecting gametogenesis, maturation, and/or sterility. Reproductive phenology for a diversity of
plants and animals responds directly to temperature 7 and as such, temperature can significantly
impact reproductive success and thereby fitness and productivity in a warming world. In plants,
for example, warmer winters can lead to crop failure by disrupting vernalization pathways. This
family of processes, in which plants require specific thermal cues, as well as other environmental
patterns or thresholds for induction of flowering and seed/fruit development has long been
studied and understood in agricultural and laboratory plant systems e.g., 3. Likewise, a diversity

of animal taxa can exhibit infertility or low fecundity at sub-lethal temperatures %4,

Yet for animals, and marine organisms with planktonic larvae in particular, it remains
unclear if and to what extent patterns of recruitment failure in nature are shaped by sub-lethal
thermal suppression of reproduction. This gap remains, in part, for several reasons. First,
attributing causality to observed changes in year-class strength remains a challenge for animals

with dispersive reproductive propagules. Shifts in recruitment may be explained by variation in
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food supply ', trends in reproductive and mating success '®, shifts in dispersal !7, or a host of
other factors that may also be directly or indirectly related to warming. Second, thermal limits
are often estimated using constant temperatures; yet in the oceans, temperature is highly
dynamic, and those dynamics can shape patterns of reproduction. Thus, while it is well known

that sub-lethal temperature can limit reproduction in marine invertebrates '%1°

, it remains less
well understood if dynamic heatwave trends can induce such limitations and/or plausibly explain
collapses in recruitment. If climate change and extreme events in nature lead to suppressed
gametogenesis well before lethal limits of organisms are reached (e.g., thermal stress that
decreases larval, juvenile, or adult survival), then declines in population viability and

contractions in distributions may occur much more quickly than expected from currently

established critical thermal limits.

For populations of purple sea urchins (Strongylocentrotus purpuratus - an ecologically
important herbivore) in Southern California, recruitment tends to collapse during warm EI Nifio
events?’ (Figure 1A). This phenomenon is remarkably consistent over time (extending back at
least six decades), even though temperatures during the reproductive season in southern
California (late fall and early winter 2%?! Figure 1B) are almost always below those considered to
be lethal for adults (~25 °C??). Moreover, winter temperatures in the Santa Barbara Channel
when larvae are present (~ 11-16°C) are generally well below the thresholds thought to impede
multiple phases of larval survival?? (fertilization and early-phase survival of San Diego, Santa
Barbara, and British Columbia animals declines from high to low between 20-22°C - SK,
unpublished data). Specifically, purple urchins tend to spawn in the winter and spring, coinciding
with favorable (low temperatures and high food availability) conditions for larvae 2. Larvae
persist in the plankton from approximately 28 days to several months depending on food
availability and temperature 43, Adult urchins build gonads over the course of the summer and
fall with gametogenesis occurring in the fall and early winter. El Nifio conditions in Southern
California are characterized by warmer water temperatures in summer, fall, and winter than
during neutral years or during La Nifia conditions, but still exhibit seasonal cooling (Figure 1B).
One proposed explanation for decreases in recruitment in southern California during El Nifio is
that temperatures experienced during these events suppress gametogenesis even though energetic

investment in gonads may be sufficient for reproduction 2628, Specifically, Pearse 2
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87  demonstrated that high temperatures decrease gamete production at sub-lethal levels (i.e., at
88  21°C vs 14°C), but these high temperatures exceed the extreme values experienced in the

89  spawning season.

90 In this study, we used S. purpuratus to test whether historical collapses in larval supply
91  and year-class strength (i.e., abundance for a given young-of-year cohort) can, in part, be

92  explained by sub-lethal thermal suppression of reproduction. Specifically, we used laboratory

93  experiments to ask whether dynamic marine heatwaves that have led to collapses in larval supply
94  also affect reproduction in terms of both gonad production and gametogenesis. We compared

95  effects of simulated heatwaves to simulated historical cool trends, as well as the outcomes under

96 a gradient of constant conditions (i.e., the thermal performance under constant temperatures).
97  Results

98 Simulated El Nifio and warming conditions led to decreased gonad production as well as
99  suppressed gametogenesis in S. purpuratus with no mortalities associated with any treatments.
100  Declines in gonad production associated with high temperatures were consistent for constant
101  exposure to 20°C and the El Nifo treatment that shifted from 21 to 18°C with a mean of 20°C
102 (Figure 4). In contrast, the dynamic La Nifa treatment (shifting from 18 to 14°C, with a mean of
103 16°C) led to reduced gonad production compared to a constant mean temperature of 16°C. The
104  effect of treatment on reproductive status differed depending on whether the thermal
105  environment varied over time (El Nifio and La Nifia versus constant temperatures) and by sex.
106  With a mean of 16°C, we saw no effect of dynamic La Nifia or constant temperatures on male or
107  female reproductive status. For females, both constant high temperatures and the El Nifio
108  treatment led to a substantial reduction in oogenesis; for males, only the dynamic El Nifio
109  treatment affected spermatogenesis, with no change observed across constant temperatures from
110 10 to 20°C. Below, we detail these results in terms of gonad production and sex-specific
111 gametogenesis, comparing effects among the constant temperature treatments and dynamic El

112 Nifo and La Nifia treatments.
113 Gonad production

114 Exposure to the highest temperatures (for both dynamic and constant treatments with

115  mean of 20°C) negatively affected both male and female gonad production (cumulative gonad
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116  mass, Figure 4) with a 42% decrease (95% highest probability density interval [HPD]: 28-55%)
117  compared to a constant temperature of 16°C. Gonad production did not differ for the El Nifio
118  (7.03g [95% HPD: 6.20g — 7.96g]) and constant treatment that shared the same mean value of
119  20°C (7.2g, [95% HPD: 5.97g — 8.50g]). In contrast, the dynamic La Nifa treatment (declining
120  from 18 to 14°C with mean of 16°C) showed a reduction in gonad mass (26% - HPD: 15 — 38%))
121  compared with a constant value of the same mean (16°C - 8.69g [95% HPD: 7.68g— 9.77g] vs
122 11.84g[95% HPD 10.71g — 13.15g], respectively). The lowest temperature imposed a smaller,
123 but still significant reduction (22% reduction, 95% HPD: 4-39%) compared to that at 16°C. The
124 disparity in gonad production for the El Nifio and La Nifia was much smaller than when

125  comparing constant temperature treatments of 20°C and 16°C despite having the same mean

126  temperature differential. This reduced effect resulted in part from the aforementioned decline in
127  gonad size in La Nifia versus equivalent but constant mean. Model comparison showed >99%
128  stacking weight for the temperature and treatment effects, and no support for differences among

129  sexes in the gonad mass overall or interaction among treatment effects with sex.
130  Reproductive status

131 The EI Nifio treatment led to a significant reduction in gametogenesis for both males and
132 females. Specifically, far fewer females in the El Nifio treatment reached Stage IV compared to
133 La Nina treatment for both males and females (Figure 5). Yet this effect was more extreme for
134  females compared to males. Female urchins incubated in La Nifa treatment actively produced
135  mature gametes (89% [95% HPD: 77-94%] of females in stage IV, Figure 5 A). In contrast, only
136  15% [95% HPD: 4-28%] of El Nifio females were in stage IV (Figure 5A), while most females
137  were in stage 1. This decline in reproductive status associated with El Nifio amounted to an

138  estimated 74% reduction for females compared to La Nifa (Figure 5 A, HPD: 56-91% decline in
139  females in stage IV). For male urchins, these results were consistent but less extreme. 92% of La
140  Nina males were stage IV [HPD: 77 - 99%] vs 44% of El Nifo females [HPD: 23 -67%]—a

141  reduction of 48% [HPD: 23 — 72%] - Figure 5 C). Results were consistent across the four

142 replicate mesocosms for each treatment (Figure 5 C).

143 Our results also indicate that temperature dynamics, and not just their mean values, can
144 alter reproductive response depending on sex. Simulating a dynamic, historical El Nifio trend

145  resulted in a reduction in the proportion of males investing in spermatogenesis in contrast to no
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shift under a constant mean temperature. Specifically, male animals subjected to the El Nifio
treatment (simulated seasonal peak and decrease from 21 to 18°C with a mean of 20°C)
compared to a constant 20°C throughout showed substantially lower rates of full maturity (stage
IV) with a reduction from 81.2 to 47.8% (a difference of 37% [95% HPD: 8% to 65%], Figure 5
C, D). In contrast, we observed similarly low rates of full maturity for females subjected to the El
Nifio simulation when compared to constant 20°C (15% for El Nifio vs 25% for constant 20°C,
Bayesian P = (.28, (Figure 5A, B). These outcomes are supported by a sex by treatment
interaction on top of the temperature by sex estimates (>99% stacking weight from loo cross
validation for the full model compared to models without any of the treatment, sex, or interaction

terms).
Discussion

Global warming and extreme heatwaves present a significant threat to ecosystems
worldwide. It is well understood that range limits contract and abundances decline well before
lethal limits for entire populations are reached. Yet mechanistically, explaining how and why
such sub-lethal thermal regimes affect populations remains a challenge. In this study, we show
how thermal suppression of reproduction can, in part, provide a plausible explanation for
historical collapses in larval supply associated with warming events. These results provide two
key general conclusions. First, sublethal impacts of warming events on reproduction may lead to
recruitment failure and population declines before lethal upper thermal limits for individual life
stages are experienced. This insight is derived from the results of our lab experiments in the
context of our historical observations of larval supply. Second, dynamic temperature treatments
that reflect real world trends in historically observed heatwaves, in comparison to constant
temperatures, exert a more pronounced effect on reproductive development; thus, ignoring the
dynamics of thermal regimes may underpredict the magnitude of thermal effects. Importantly,
these results raise questions regarding physiological processes by which temperature shapes
gametogenesis, and how such effects may vary in and among populations over time. These
effects will almost certainly interact with other stressors such as food availability for adults sensu

29 or shifts in physical dispersal, gametogenesis, or heatwave conditions.
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Heatwave events in both marine and terrestrial settings are often highly dynamic,
characterized by rapid fluctuations in temperature. Thus, experiments that utilize constant
temperatures ignoring such fluctuations may yield erroneous insights. Here, we show that male
but not female stages of maturity differed between constant versus El Niflo temperature profiles
that shared the same mean value (20°C). This outcome also yields insight into a possible fitness
benefit from suppressing gametogenesis during El Nifio. Early-stage larval viability (within 48
hours) declines rapidly between 20 to 22°C (SK unpublished data for these subjects as well as
for animals from San Diego). Thus, males in the El Nifio treatment incubated briefly at 21°C at
the onset of the experiment may delay production of mature sperm until temperatures have
consistently dropped well below potential thresholds for larval mortality, even though mean
temperatures for all treatments at the end of the experiment, and in nature, lie well below such
values. Because male gametogenesis may be completed more quickly, these disparities may
reflect a more rapid reaction time to decreases in temperature. Females exposed to a constant
18°C proceeded with vitellogenesis and produced mature gametes; those subjected to El Nifio
treatment that ended at 18°C did not. In contrast, overall gonad production (mass) differed
between La Nifia and constant temperatures but not for El Nifio. These disparities in gonad
production appear to result from nonlinear averaging (e.g., Jensen’s inequality) associated with
dynamics of feeding, metabolism, and/or structural growth allocation 3. Importantly, our study
ended in December, when temperatures approach winter lows (Figure 1). Even in El Nifio years,
winter temperatures are likely sufficient to facilitate reproduction over the long term (Figure 1).
Thus, rather than inducing skip-spawning, thermal suppression of gametogenesis in fall and early
winter may instead lead to a shortened spawning season. Because urchin settlement timing aligns
with peak phytoplankton production 2, such effects may lead to other negative impacts on
recruitment such as match-mismatch dynamics 3!. Moreover, our dynamic treatments are limited
to a specific set of trajectories and our constant treatments do not include 21°C or above (the
maximum temperature of the El Nifio treatment); thus, future work may benefit from assessing
how brief or consistent incursions into the 21°C range, and the timing of such incursions, affect
male sperm production. Thus, while our study highlights a single process that can plausibly
contribute to recruitment failure, it may be one of many interacting factors that shape temporal

trends in larval supply. As a result, future studies may benefit from documenting gonad
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production and stages of maturity over time to assess how and when gamete production proceeds

under different heatwave conditions both in the field and in controlled settings.

While our experiments were conducted using sea urchins from British Columbia (where
waters are cooler than in Southern California), the results are consistent with prior insights from
across California. Specifically, field observations in southern California indicated reproduction
(assessed via seasonal gamete extrusion 2® and histology?’) may have been suppressed during
analogous high temperature periods, and Cochrane and Engelman?® suggested that 17°C was the
approximate threshold above which gametogenesis may be suppressed. A prior experiment by
Pearse®® in Monterey Bay, California showed that a constant 21°C suppressed male and female
gametogenesis compared to constant 14°C. We show that for females, this suppression appears
to occur above 18°C but at or below 20°C. Importantly, these results align with the thermal
limits of early-stage larvae for animals from both British Columbia and San Diego, California
(survival of larvae 48 hr. post fertilization, prior to feeding, declines from near 100% to near 0%
in the 20-22°C range - SK unpublished data). Overall, these data highlight a need for further
study focused on the processes that regulate suppressed or delayed reproduction. Specifically, do
such responses vary by population or geographic region? How do depth, signal amplitude, or
acclimatization affect these outcomes? Moreover, how reproductive phenology varies in space
and over time has yet to be examined across the range from Baja California to Alaska. Evidence
for such variation exists in response to other stressors for this species e.g., *2. Thus, we argue our
experiments demonstrate a thermal sensitivity that represents a plausible explanation for
historical collapses in larval supply. Yet examining the genetic and plastic basis of how
reproduction may respond to changes in temperature regime remains an important and

unanswered question both in this species and more broadly.

These experiments present plausible evidence for how and why historical collapses in
larval supply occur during marine heatwaves. Yet there are likely a myriad of factors that occur
during marine heatwaves that may shape recruitment in addition to, or in synergy with
suppression of reproduction. First, food stress occurs during El Nifio events in southern
California 3. Such trends might exacerbate the effects of temperature on gamete production as
food limitation for adults may alter thermal energetic performance (e.g., via “metabolic

meltdown” ?°). In these experiments, we focused on well-fed adult animals to avoid confounding

8



bioRxiv preprint doi: https://doi.org/10.1101/2023.09.28.559919; this version posted September 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

234
235
236
237
238
239
240
241
242
243
244
245

246
247
248
249
250
251
252
253
254
255
256

257

258
259
260
261
262

available under aCC-BY-ND 4.0 International license.

effects of food availability. But the results shown here raise the question of whether declines in
availability and productivity of macroalgae can exacerbate responses of gametogenesis. Second,
El Nifio events are thought to be coupled with shifts in ocean circulation that might alter patterns
of phytoplankton production (i.e., larval food) as well as the delivery of planktonic larvae to
suitable settlement sites. These trends may also affect reproduction as urchin spawning may be
sensitive to changes in phytoplankton-derived chlorophyll 335, Thus, even in the cases where
offspring are produced from successful maturation and spawning, shifts in larval survival and
delivery may further compound effects of heatwaves. Finally, we conducted these experiments
with healthy animals with no evidence of disease, yet temperature 3¢ in tandem with density may
increase disease prevalence and disease related mortality 37-*8. Therefore, our results focus on one
key vital rate among many that may simultaneously respond to abiotic and biotic conditions

during extreme events known to alter dynamics of populations.

Marine heatwaves have led to substantial reorganization of ecosystems. This trend has

been particularly apparent in recent years in temperate rocky reefs 34°

with resulting, negative
effects on ecosystem services and biodiversity 6. While extreme events can impose direct and
observable effects on mortality, sub-lethal effects, when present, may be far more frequent and
insidious because they occur below lethal thresholds and may have less immediately visible or
observable impacts e.g., !°. This study is among the first to show that widespread, historical
collapses in larval supply in the field can partially and plausibly be explained by sub-lethal
suppression of gametogenesis resulting from marine heatwaves. Moreover, our study
demonstrates the value of long-term population studies and quantifying non-lethal physiological

and reproductive sensitivities when considering thermal envelopes and the population-level

impacts of global warming and heatwaves.
Methods

To quantify how different thermal regimes affect investment in gonads and development
of gametes in male and female urchins, we conducted a large-scale 10-week experiment in which
300 animals were incubated in replicate 340L mesocosms that simulated dynamic El Nifio (N =4
mesocosms, 60 animals per treatment) or La Nifia (N =4 mesocosms, 60 animals) conditions

based on historical, empirical benthic temperature time series from Scripps Pier in La Jolla,
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California*’ (trends: Figure 1B, map: Figure 1C) that coincide with historical collapses in larval
supply in Southern California. We paired these treatments with a range of fixed temperature
incubations (10, 13, 16, 17, 18, 20°C, N = 2 mesocosms, 30 animals per treatment), two of
which matched the mean temperature of the El Nifio (20 °C) and La Nifa (16 °C) (Figure 1). We
chose this benthic time series rather than satellite derived sea surface temperature information
because the latter provides high quality spatial representations of sea surface temperature but not
at depths where subtidal animals reside *8. Experiments were conducted at the Marna Lab at the
Hakai Institute’s Quadra Island Ecological Observatory in Heriot Bay, British Columbia due to

availability of sophisticated seawater systems for careful, replicated temperature manipulations.
Field Collections and Acclimation

We collected sea urchins by hand on SCUBA in the vicinity of Ucluelet, British
Columbia, Canada (48.94°N, 125.56° W) from a depth of 20-25 ft relative to mean tide in
September 2021 and transported them to the Marna Lab. We transferred sea urchins to flow-
through sea tables and allowed them to recover for a period of one week before inserting animals
into the mesocosm system. We selected healthy individuals within a constrained size range for
incubations (n = 300, mean test diameter = 56.09 mm, range test diameter = 42.12 — 69.46 mm).
Finally, we assigned animals to mesocosms at random at ambient temperature and exposed each
assigned mesocosm to a temperature ramp, where the ramp reached target temperatures after two
weeks from the initial incoming, ambient temperature (mean across all tanks of 13.3°C, SD =
0.3°C) to avoid thermal shock. Once initial target temperatures were reached, they were
maintained or, for the dynamic treatments, were manually adjusted daily in the AM (~8am each
day) as needed by 0.5 °C increments in a scheduled manner to match historical mean El Nifio and

La Nifia daily temperature conditions.
Mesocosm System

We placed urchins in a custom-built array of twenty replicated 340 L acrylic mesocosms
supplied with flow-through UV sterilized and filtered seawater (Figure 3: , Integrated Aqua
Systems, Inc., Vista, CA, USA). Each mesocosm was capable of independent control of
temperature and animals were provided a lighting regime for all mesocosms using LED fixtures

(Aquamaxx, CA, USA) programmed to provide 10L:14D with two-hour linear light intensity

10
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transition periods for dawn and dusk (0-100% from 07:00 to 09:00 “dawn”, and 100-0% from
17:00 to 19:00 “dusk”). Each mesocosm independently maintained temperature treatments using
a heat exchanger fitted with a titanium coil regulated by a dual stage digital temperature
controller (Resolution = 0.1°C, Dwyer Instruments, LLC.®, Michigan City, IN, USA). The
mesocosm system employed central cooling (Aermec Mits Airconditioning Inc., Mississauga,
ON, Canada) and heating (boiler array, Viessmann Manufacturing Company Inc., Warwick, RI,
USA) to supply independent heat exchangers with on-demand cold and warm glycol loops for
down- and up-regulation of water temperature, respectively. We manually checked and re-
calibrated sensors, as needed, using digital traceable thermometers twice daily to control

potential temperature sensor drift. We randomly assigned mesocosms to the specified treatments.
Animal husbandry

We fed individuals uniform dry pellets combining several macroalgal species formulated
for the aquaculture of S. purpuratus (Urchinomics Canada Inc., Halifax, NS, Canada). Animals
in mesocosms were fed twice per week, and we removed uneaten food and refuse every 72 h.
Food rations were determined by trial and error in a prior pilot study to ensure all animals had
consistent access to food over time. To optimize access for all mesocosm inhabitants to abundant
food, we enclosed subjects and food in aquaculture baskets (two baskets per mesocosm, 7 or 8
animals per basket, Thunderbird Plastics) such that food was always readily accessible, and
movement was not impeded. Each animal was supplied approximately 2.7 grams of pelleted food
twice per week (either 19 or 21 grams per basket for the baskets with 7 and 8 individuals,

respectively in each mesocosm) for the duration of the experiment.
Histological and gonad assays

At the end of the experiment, we measured all individuals to test for changes in height
and diameter (using precision digital calipers) and wet mass (to the nearest 0.1 g). Animals were
then sacrificed to measure gonad and histological properties. After cracking urchin tests, we
rapidly removed gonads for sampling. We excised a second gonad from each animal, which was
weighed to the nearest 0.01g and categorized the remaining gonads visually for evidence of
gamete production (macroscopic egg extrusion or sperm extrusion). Using a clean, sterile scalpel

we excised an approximately 2mm cross section from one gonad which we immediately placed

11
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in a histological cassette, preserved in Hartmann’s fixative for 24 hours, and transferred to 70%
EtOH. Preserved gonads were embedded in paraffin, sliced, stained using eosin and hematoxylin,
and mounted. We assessed gonad samples for sex and developmental stage using four visual
subsections and the entire sample collectively to ensure agreement among subsamples.
Histological slides were scored on a scale of I to IV (sensu #°), where representative stages are

depicted in Figure 1.
Statistical Analyses

We estimated the probability of individuals in each reproductive stage as a function of
mean temperature by sex and in response to El Nifio and La Nifia treatments using a Bayesian
regression model with a multinomial likelihood. We modeled the response to mean temperature
using a non-parametric Gaussian process smoother. To account for treatment effects, we
included a categorical effect of treatment (constant, El Nifio, La Nifia). Gonad mass was modeled
with a Gamma likelihood and log link with the log of test diameter included as a covariate to
account for gonad-body size allometry. Because gonad mass was expected to exhibit a concave
response to temperature, a 3" order polynomial was used for mean temperature. For both
analyses, intercepts were allowed to vary randomly by mesocosm.

We directly compared parameter posteriors within models and to ensure that comparing
parameters within models was robust to model (structural) uncertainty, we conducted model
comparison using approximate leave-one-out cross validation (loo) and generated weights using

stacking 30-32

. These methods measure the predictive accuracy with a loo approximation and
generate weights by generating weights of models that maximize the predictive accuracy of the
potential models. The selected models represented >99% of posterior model weight and thus
results presented are from these models. We sampled posteriors using brms in R 3%, We ran
models with vague priors, and conducted sensitivity analyses to ensure varying prior
distributions and hyperparameters did not qualitatively affect the results. We ran models for
2000 iterations for each of four chains after a 2000 iteration warmup period, and checked

convergence visually and ensuring that that parameters had convergence diagnostics (Rhat) less

than 1.001. Data and code from this study are available at https://www.bco-

dmo.org/project/818918.
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366  Figure 1: A) Historical mean annual (large points) and monthly mean (small points) larval

367  settlement on standardized brush samplers across six sites in southern California vs Multivariate
368  El Nifio Index (MEI) since 1990 (reproduced from Okamoto et al.??). Colors correspond to the x-
369  axis representing cooler (negative) and warmer (positive) temperatures associated with the MEI
370  in Southern California. B) Historical benthic temperatures from Scripps Pier 4. Small points:
371  daily means. Black line: historical seasonal mean. Red and blue lines: historical El Nifio & La
372  Nina seasonal trends, respectively, from the data that were simulated in mesocosms (the period
373  simulated in the experiment is indicated by the vertical grey bar). Horizontal dotted lines:

374  constant mean temperatures simulated in replicate mesocosms. C & D) Mean satellite derived
375  sea surface temperature from September through December in four strong (C - 1993, 1996, 1999,
376 & 2010) and poor (D - 1994, 1997, 2004, & 2015) years for larval settlement from 1990 to 2016
377  “8. Note that C & D are visualized to show comparative spatial trends, though satellite-derived
378  temperature data may be biased relative to in situ benthic temperature data. Sites in C represent
379 the six historical settlement collection locations that all show negative correlations with the MEI.
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Figure 2: Gonad sections stained with hematoxylin and eosin with scale bar representing

500 um. A-B Female ovaries in Stage I (A) and Stage IV (B) arrows indicate small
previtellogenic oocytes, vitellogenic oocytes in the process of meiosis, and mature ova. C-D.
Females in stage | are largely devoid of developing and vitellogenic oocytes with substantial
reserves invested in nutritive phagocytes (light pink), Stage II has few developing oocytes, Stage
IIT has some developing oocytes with few, scattered mature eggs, and Stage IV has many mature
eggs (dark, solid circles) and some developing oocytes (dark circles with visible, central
germinal vesicle). Male testes showing stage I (C) with few developing columns of
spermatocytes, and stage IV (D) with large sections of the gonad converted to mature
spermatozoa. Males in stage I have few visible developing spermatocytes (columns of dark
purple around the margins), males in stage Il have dense columns of spermatocytes, males in
stage II1 have few small pockets of spermatozoa, and males in stage IV have large pockets of
spermatozoa and rapidly disappearing somatic tissue (light pink).
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395

396  Figure 3: A) Mesocosms at the Hakai Institute’s Quadra Island Ecological Observatory with
397  trays holding experimental subjects. B) Experimental subjects consuming controlled,
398  manufactured Urchinomics algal feed pellets.
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402  Figure 4: Final gonad mass vs mean temperature. Black circles and the smooth trend represent
403  fixed temperature treatments; the red diamond and blue square represent La Nifa and El Nifio
404  thermal treatments, respectively. Error bars and bands represent the 80, 90, and 95% highest
405  probability density interval of the posterior.
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408  Figure 5: Proportion of adult females (A, B) and males (C, D) in each reproductive stage by

409  treatment (EI Nifio (squares), La Nifa (diamonds), or constant temperature (circles)) and mean
410  temperature. A) Proportion of females in stage V. B) Proportion of females in stages I (dotted
411  red lines, red points), II (dashed grey lines, grey points, and III (solid purple lines, purple points).
412  C) Proportion of males in stage IV, and D) proportion of males in stages I, II, and III (same

413  symbology as females). Circles represent empirical means for constant temperature treatments,
414  while El Nifio and La Nifia points represent posterior mean estimates. Constant temperature

415  treatments had two replicate mesocosms per treatment and 15 animals per mesocosm. El Nifio
416  and La Nifia had four replicate mesocosms and 15 animals per mesocosm. Uncertainty

417  bands/intervals represent 95% (light/thin) and 90% (dark/thick) from the multinomial regression.
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