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ABSTRACT OF THE DISSERTATION 

 

Sensitivity and Exposure to Climate Change across Life Stages of Marine Invertebrates 

 

By 

 

Lauren L.M. Pandori 

 

Doctor of Philosophy in Ecology and Evolutionary Biology 

 

 University of California, Irvine, 2019 

 

Assistant Professor Cascade Sorte, Chair 

 

 

Climate change is resulting in unprecedented increases in both mean and extreme global 

temperatures, with widespread effects on Earth’s biota. It is difficult to predict the impacts of 

climate change, and resulting extreme heat events, on species with complex life cycles. 

Throughout their complex life cycles, life stages of marine invertebrates may experience unequal 

levels of environmental stress (exposure) and have differing thermal tolerances (sensitivity), 

which vary in space and time. A meta-analysis of differences in sensitivity across life stages of 

marine invertebrates revealed that, when exposed to the same levels of warming, younger life 

stages are more sensitive than older life stages (Chapter 1). We used field observations of 

environmental conditions experienced coupled with laboratory assessments of thermal tolerance 

to investigate whether thermal safety margins differed across three benthic life stages of the 

California mussel, Mytilus californianus. Our results demonstrated that thermal sensitivity 

decreased throughout ontogeny, and, since exposure trends were similar across life stages, 

sensitivity drove thermal safety margin differences across life stages and approaches (Chapter 2). 

Finally, we investigated how sensitivity and exposure vary across small-scale habitats in space 

and over four seasons for one year, calculating mortality risk for two benthic life stages of 

mussels. We deployed temperature loggers to document habitat-specific exposure patterns, 
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conducted lab thermal tolerance assays to calculate sensitivity, and used field surveys to 

determine whether risk patterns were reflected in abundance distributions. We found that 

sensitivity was more variable across seasons (time) than small-scale habitats (space), resulting in 

high temporal variation in mortality risk (Chapter 3). Together, these results highlight the 

importance of incorporating life stage and seasonal dynamics when predicting impacts of climate 

change on the survival of marine invertebrates.  
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INTRODUCTION 

 

Anthropogenic climate change has already impacted systems worldwide, leading to shifts 

in species’ ranges (Sorte et al. 2010, Chen et al. 2011), alterations in the timing of events 

(Parmesan and Yohe 2003), and changes in ecosystem functioning (Walther et al. 2002, Harley 

et al. 2006, IPCC 2014). Given that climate change will continue and accelerate, it is 

increasingly important to understand the impacts of climate variation on natural populations, and 

one approach to making future predictions is to focus on organismal thresholds of physiological 

tolerance to abiotic stressors. Predicting physiological thresholds is complicated for species with 

complex life cycles (Werner and Gilliam 1984, Kingsolver et al. 2011, Pankhurst and Munday 

2011), as physiological mechanisms of stress tolerance can vary over development (Conte 1984, 

Nakanishi 1995, Spicer 1995, Pörtner and Knust 2007, Pörtner and Farrell 2008). To date, there 

is no clear consensus on how responses to climate change are likely to differ across life stages of 

organisms (Russell et al. 2012). It is critical to elucidate ontogenetic differences, as alterations in 

the survival and development rates of vulnerable life stages can lead to changes in population 

dynamics with implications for species persistence (O’Connor et al. 2007, Carson 2011, 

Radchuk et al. 2013).  

Complex life cycles involve progression through multiple (2+) ecologically distinct 

stages (Istock 1967, Wilbur, 1980) and are present in 80% of extant taxa (Werner and Gilliam 

1984, Hentschel 1999). As a group, marine invertebrates comprise a high diversity of phyla, 

many of which exhibit complex life cycles (Roughgarden et al. 1988, Pechenik 1999). For 

example, intertidal bivalve mollusks progress through distinct life stages as follows: gametes 

(eggs and sperm) form embryos via external fertilization, which develop into dispersive 
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planktonic larvae, followed by sessile benthic juveniles (non-reproductive) and reproductively-

mature adults. Similarly, organisms which are pelagic throughout their life cycle, such as 

copepods, exhibit complex life cycles, progressing through embryo, naupliar, and copepodite 

stages before reaching reproductive maturity (Peterson et al. 1979). Stages often vary in 

vulnerability to stress (Ceballos-Osuna et al. 2013, Tangwancharoen and Burton 2014). For 

example, only the larval stage of the butterfly, Boloria eunormia, is negatively affected by 

warming, driving decreases of up to 88% in population growth rate under climate warming as 

compared to present day conditions (Radchuk et al. 2013). Therefore, it is critical to understand 

stage-specific demographic rates to evaluate potential “weak links” in life cycles, which can alter 

population trajectories under climate change (Russell et al. 2012).  

In marine systems, climate change exposes species to a variety of stressors, including 

warming, ocean acidification, and hypoxia. Vulnerability to climate change is a function of the 

physiological ability of an organism to tolerate environmental stress (“sensitivity”) and 

environmental conditions experienced at the organismal level (“exposure”). Sensitivity could 

decrease (and tolerance increase) during growth and development. For example, change in gene 

expression, such as increased production of stress proteins, takes place throughout development 

(Giudice et al. 1999) and can be correlated with thermal tolerance (Sorte and Hofmann 2005). 

Furthermore, as organisms develop, maturation occurs in the organs that regulate oxygen 

availability and ion exchange, increasing the ability to withstand environmental fluctuations in 

hypoxia (Nakanishi 1995, Spicer 1995) and warming (Pörtner et al. 2004, Pörtner and Knust 

2007, Pörtner and Farrell 2008). Additionally, due to the large amount of energy necessary to 

undergo developmental transitions, younger life stages have smaller metabolic reserves for 

resistance to, and repair after, stress exposure (Kurihara et al. 2004, Cripps et al. 2014). Older 
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life stages have more stored energy reserves, allowing them to withstand the costs (e.g. cellular 

repairs and increased metabolic rates) of sub-optimal conditions (Bulnheim 1974, Vetter et al. 

1999). Studies have shown that prior exposure to environmental stress can affect sensitivity, 

possibly through acclimatization, leading to greatest resistance in adults (Alfaro 2005, Sorte and 

Hofmann 2005, Kurihara and Ishimatsu 2008). At the same time, there is evidence that younger 

life stages can sometimes be less sensitive than older life stages: embryonic stages can be 

resistant to stress due to protective structures which isolate them from outside conditions, such as 

chorion shells that protect from acidification (Sedlacek 2008, Hansen et al. 2012). Additionally, 

it is hypothesized that gene expression changes among life stages of an intertidal copepod, 

Tigriopus californicus, are responsible for decreases in thermal tolerance as they progress 

through their life stages (Tangwancharoen and Burton 2014). While changes in sensitivity and 

exposure across ontogeny have been shown to modulate responses of marine invertebrates to 

climate change, the generality of these trends across a broad range of marine invertebrate taxa is 

unclear (Kroeker et al. 2010, 2013).  

Furthermore, under natural conditions, different life stages of marine invertebrates may 

be exposed to different levels of environmental stress. For example, life stages often use different 

resources and occupy separate habitats, influencing the levels and types of environmental stress 

they experience (Werner and Gilliam 1984). While innate properties of organisms determine 

their sensitivity, variation in habitat conditions governs exposure and, potentially, feedbacks to 

sensitivity through acclimation (Kingsolver et al. 2011, Pankhurst and Munday 2011). 

Differences in microclimate and acclimation that occur across life stages are common across 

both terrestrial (Kingsolver et al. 2011, Pincebourde and Casas 2015) and marine (Werner and 

Gilliam 1984, Schmidt and Rand 1999) invertebrates. For example, life stages of the hawkmoth, 
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Manduca sexta, experience distinct, small-scale thermal habitats, which may differ by up to 

10°C: nocturnal adults lay eggs on plant leaves, which hatch into larvae whose thermal 

conditions are governed by ambient temperature until they burrow into the soil to pupate 

(Kingsolver et al. 2011). Similarly, in intertidal mussels, pelagic larvae experience oceanic 

conditions, while benthic juveniles settle amongst algae or the byssal threads of adult mussels, 

where they find shelter from solar radiation and heat stress (Helmuth and Hofmann 2001, 

Jurgens and Gaylord 2016, Jurgens and Gaylord 2017). Thus, by occupying distinct small-scale 

habitats, different life stages may experience buffering of their exposure to stressors. 

Small-scale habitats may, therefore, lead to differences in selection pressure and 

acclimatization across life stages of marine invertebrates (Vetter et al. 1999, Lewis et al. 2013, 

Cripps et al. 2014, Alter et al. 2015). More specifically, differences in environmental conditions 

across small-scale habitats, coupled with inherent physiological differences in stressor tolerance 

across life stages, can lead to environmental filtering. Environmental filtering occurs when 

abiotic conditions select for particular traits (Kraft et al. 2015) and can yield increased tolerance 

in advanced life stages. For example, Bowler and Terblanche (2008) reviewed papers 

documenting differing temperature tolerance across life stages of insects. They found that 

ontogenetic differences in tolerance were not consistent across taxa and were affected by both 

innate physiological differences and to environmental filtering (Bowler and Terblanche 2008).  

To evaluate persistence potential of populations of organisms with complex life cycles, it 

is critical to assess how climate change affects the stage-specific exposure and sensitivity of 

individuals with a population (Radchuk et al. 2013). In my thesis work, I use this approach, 

pairing measurement of sensitivity and exposure, to predict impacts of climate change across life 

stages of marine invertebrates. Using a combination of field observations, lab experiments, and 
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meta-analysis, I address the following questions: (1) Does the sensitivity of marine invertebrates 

to climate change vary by life stage? (2) Does exposure to extreme heat events differ across life 

stages of a model species, the California mussel, Mytilus californianus? (3) Does exposure, 

sensitivity, and, by extension, mortality risk differ across life stages and habitats of M. 

californianus? 
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Abstract 

Predicting the effects of climate change on Earth’s biota becomes even more challenging 

when acknowledging that most species have life cycles consisting of multiple stages, each of 

which may respond differently to extreme environmental conditions. There is currently no clear 

consensus regarding which stages are most susceptible to increasing environmental stress, or 

“climate extremes”. We used a meta-analytic approach to quantify variation in responses to 

environmental stress across multiple life stages of marine invertebrates. We identified 287 

experiments in 29 papers which examined the lethal thresholds of multiple life stages (embryo, 

larva, juvenile, and adult) of both holoplanktonic and meroplanktonic marine invertebrates 

subjected to the same experimental conditions of warming, acidification, and hypoxia stress. 

Most studies considered short acute exposure to stressors. We calculated effect sizes (log 

response ratio) for each life stage (unpaired analysis) and the difference in effect sizes between 

stages of each species (paired analysis) included in each experiment. In the unpaired analysis, all 

significant responses were negative, indicating that warming, acidification and hypoxia tended to 

increase mortality. Furthermore, embryos, larvae, and juveniles were more negatively affected 

by warming than adults. The paired analysis revealed that, when subjected to the same 

experimental conditions, younger life stages were more negatively affected by warming than 

older life stages, specifically among pairings of adults vs. juveniles and larvae vs. embryos. 

Although responses to warming are well documented, few studies of the effects of acidification 

and hypoxia met the criteria for inclusion in our analyses. Our results suggest that while most life 

stages will be negatively affected by climate change, younger stages of marine invertebrates are 

more sensitive to extreme heating events.  
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Introduction 

Anthropogenic climate change has already impacted systems worldwide, causing 

alterations from organismal physiology to community composition, ecosystem functioning, and 

species ranges (Walther et al. 2002, Parmesan & Yohe 2003 Harley et al. 2006, Sorte et al. 2010, 

Chen et al. 2011, IPCC 2014). Over the next century, it is likely that the global average 

temperature will increase by 2 – 5°C (IPCC 2014) and ocean pH will decline by 0.4 pH units 

(Caldeira and Wickett 2005, IPCC 2014). Additionally, extreme events, including heat waves 

(Meehl and Tebaldi 2004, IPCC 2014) and ocean hypoxia (Justić et al. 1996, Diaz and 

Rosenberg 2008), are expected to become more frequent. Given these projections, it is 

increasingly important to understand the impacts of climate extremes on natural populations and 

their sensitivity (i.e., thresholds of physiological tolerance) to abiotic stressors.  

Predicting such responses is complicated for species with complex life cycles (Werner 

and Gilliam 1984, Kingsolver et al. 2011, Pankhurst and Munday 2011), as physiological 

mechanisms of stress tolerance can vary throughout development (Conte 1984, Spicer 1995, 

Pörtner et al. 1998, Pörtner et al. 2004, Pörtner and Knust 2007, Pörtner and Farrell 2008). 

Complex life cycles involve progression through multiple ecologically distinct stages (Istock 

1967, Wilbur 1980) and are present in 80% of extant animal taxa (Werner and Gilliam 1984, 

Hentschel 1999). As a group, marine invertebrates exhibit high phyletic diversity, in which 

complex life cycles are common (Roughgarden et al. 1988, Pechenik 1999). For example, 

intertidal bivalve mollusks progress through distinct life stages as follows (Figure 1): gametes 

(eggs and sperm) form embryos via external fertilization, which develop into dispersive 

planktonic larvae, followed by sessile benthic (non-reproductive) juveniles and reproductively-
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mature adults. Similarly, many holoplanktonic organisms, such as pelagic copepods, exhibit 

complex life cycles, progressing through egg, naupliar, and copepodite stages before reaching 

reproductive maturity (Peterson et al. 1979). 

In marine systems, climate change exposes invertebrates to a variety of stressors, 

including warming, ocean acidification, and hypoxia in both a gradual, press-type change and 

extreme acute pulse events. Responses to these varying types and intensities of stressors may 

differ by life stage (Ceballos-Osuna et al. 2013, Tangwancharoen and Burton 2014). 

Vulnerability to climate change is a function of sensitivity and exposure, the former of which is 

the focus of this study. The impact of environmental stress on an organism, or sensitivity, can 

change during growth and development, as shown for the larvae of benthic species (Hamdoun 

and Epel 2007, Kapsenberg and Hofmann 2014). For example, embryonic stages of zooplankton 

can be resistant to acidification stress due to the presence of protective structures which isolate 

them from surrounding conditions (Sedlacek, 2008, Hansen et al. 2012), and studies of copepods 

have shown that larvae can be more sensitive than embryos due to the high metabolic costs of 

undergoing developmental transitions (Kurihara et al. 2004a, 2004b, Cripps et al. 2014). 

However, in many cases, stress tolerance is expected to increase with age. Maturation of 

regulatory functions occurs during development, including organisms’ capacities to withstand 

environmental fluctuations in oxygen concentration (Spicer 1995), temperature (Pörtner et al. 

2004, Pörtner and Knust 2007, Pörtner and Farrell 2008) and pH (Conte 1984). As organisms 

develop, they also accrue energy reserves, allowing them to withstand the costs (e.g., cellular 

repairs and increased metabolic rates) of sub-optimal conditions (Bulnheim 1974, Vetter et al. 

1999). In addition to following typical developmental pathways, organisms can also develop 

stress tolerances that reflect their environmental histories: individuals exposed to greater levels 
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of stress may be forced to either acclimate or perish (Hofmann and Somero 1995, Roberts et al. 

1997, Giudice et al. 1999, Alfaro 2005, Kurihara and Ishimatsu 2008, Gleason and Burton 2013).  

To date, there is no clear consensus on how sensitivity to climate extremes may differ 

across life stages of marine invertebrates (Russell et al. 2012, Kroeker et al. 2013, Cripps et al. 

2014). The current literature both provides support for (Byrne 2012, Harvey et al. 2013) and 

against (Brunetti et al. 1985, Tangwancharoen and Burton 2014, Przeslawski et al. 2015) the 

hypothesis that younger life stages of marine invertebrates are more sensitive to climate change 

stressors than older stages, while others highlight inconsistencies among responses (Kroeker et 

al. 2010, 2013). Resolving this question has direct implications for predicting whether 

populations will persist versus go extinct under future climate change, as population growth rates 

of many ectotherms are related to environmental conditions such as temperature (Pepin 1991, 

O'Connor et al. 2007). For example, although adults of the butterfly Boloria eunormia are 

resistant to warming, the larval stage is negatively affected by warming which leads to decreases 

of up to 88% in population growth rate as compared to present day conditions (Radchuk et al. 

2013). Similarly, nauplii of a calanoid copepod, Acartia tonsa, are more sensitive to acidification 

than older life stages (Cripps 2014). Therefore, it is critical to understand how stage-specific 

demographic rates are affected by environmental stress to evaluate potential “weak links” in life 

cycles, which can alter population trajectories under climate change (Russell et al. 2012). 

In the current study, we address an important limitation of previous studies, which is that 

no prior publication has compared responses of multiple life stages across the same species 

evaluated in the same experiment under the same environmental conditions. We, therefore, take a 

within-species approach to test the hypothesis that younger life stages are more sensitive than 

older life stages. We use a meta-analysis framework that incorporates both unpaired (individual 
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life stage) and paired (multiple life stage) comparisons in our analysis of the effects of three 

climate stressors (warming, acidification and hypoxia) across four life stages (embryo, larva, 

juvenile and adult) on the survival of marine invertebrates. Our specific questions were: (1) Do 

responses of marine invertebrates to climate change vary across life stages? (2) Are responses 

affected by treatment magnitude and treatment duration? (3) In experiments with two or more 

distinct life stages subjected to the same experimental conditions, are younger or older stages 

more sensitive to climatic stressors? Our goal in addressing these questions was to identify which 

stage is the most sensitive “weakest link” under extreme climatic conditions. 

 

Methods 

Study identification and data extraction 

We searched ISI Web of Science for studies documenting the effects of three climate 

stressors - warming, acidification and hypoxia - on marine invertebrates (see Appendix 1 for 

search terms). Our search through 1 January 2017 yielded c. 56,000 papers. After excluding c. 

53,000 based on titles, we reviewed 2,637 abstracts. Of these, we selected papers which: (1) 

considered multiple life stages of a species subjected to the same experimental conditions 

(including stressor magnitude and duration), (2) presented extractable data, and (3) recorded a 

response with direct impacts on population demographic rates (e.g., we did not include metrics 

such as heat-shock protein expression because this can indicate both increased metabolic cost or 

increased survival under stress; Feder and Hofmann 1999). Although we focus here on studies 

that investigated lethal thresholds, we also present analyses based on condition metrics (e.g., 

growth and physiological indicators of stress) in Appendix 2. Ultimately, we included 287 

experiments reported in 29 peer-reviewed papers (published between 1981 and 2016), all of 
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which presented results of laboratory experiments (i.e., no field studies met our criteria for 

inclusion) across three stressors (213/38/38 for warming/acidification/hypoxia). For all 

appendices, see Pandori & Sorte (2019).  

We extracted data for responses to control and treatment levels of climate variables 

utilizing WebPlotDigitizer v3.9 (Rohatgi 2011). In cases where use of WebPlotDigitizer might 

not be accurate, such as overlapping data points, raw data were requested from authors and 

included when available. In all cases, we used the author’s definitions of ambient (control) 

conditions. While each publication was considered a distinct “paper”, we defined “experiment” 

as addressing the effect of distinct parameters on a discrete set of individuals. Therefore, a single 

paper could include multiple experiments. For example, if authors performed tolerance 

experiments on two life stages (juveniles and adults) of three different species, this one paper 

would include three distinct “experiments” for the paired analysis, and six distinct “experiments” 

considered in the unpaired analysis. If experiments included response measures at multiple time 

points, only the final time point was included in our database. If more than one species was 

considered in the same experiment, both species were used, and if an experiment involved the 

manipulation of more than one stressor, the impacts of both stressors were considered by 

comparing the impact of each independent stressor while the other was held at ambient 

conditions. If organisms were raised in laboratory conditions, only individuals naïve to 

experimental conditions were considered in our analyses. While extracting data, we also 

recorded the species and habitat type (intertidal or pelagic, for the adult stage) of the study 

organism and experimental treatment magnitude (in °C or pH units for warming and 

acidification, respectively), duration (in hours), and latitude (degrees from equator).  
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 We condensed the life stages of both holoplanktonic and meroplanktonic marine 

invertebrates into four stages (embryo, larva, juvenile, and adult) based on the author’s 

descriptions and with reference to Pechenik (1999) (Figure 1). If multiple responses were 

reported per stage, the average value was used in our analyses. The complete dataset is included 

in the supplementary materials (see Appendix 3). Given that median experimental duration was 6 

hours, the data are most representative of acute responses. 

Data analysis 

This meta-analysis only includes experiments that quantified the responses of multiple 

life stages of a species to climatic extremes using identical experimental designs. Thus, we 

analyzed our dataset in two ways: (1) a paired analysis and (2) an unpaired analysis. In both 

analyses, we calculated the natural log of the response ratio [𝐿𝑅𝑅 = 𝑙𝑛 (
𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒
)] 

(Hedges et al. 1999) to quantify the impacts of extreme climate conditions on each life stage. We 

used this unweighted effect size metric because it allowed for the inclusion of the most 

experiments in our analysis (Englund et al. 1999), while we also calculated a weighted effect size 

metric (Hedges d; Hedges and Olkin 1985) for comparison. The results of these weighted 

analyses are presented in Appendix 4. We added a small positive number (+0.001 to lethal 

thresholds and +1 to condition metrics) before calculating LRRs to avoid response values ≤ 0. 

All data analyses were conducted in R Statistical Software (R Core Team 2010). 

In the unpaired analysis, we calculated mean effect sizes and bootstrapped (10,000 

iterations) 95% confidence intervals (95% CIs) for each life stage (adult, juvenile, larva, embryo) 

of marine invertebrates responding to a given stressor (warming, acidification, hypoxia) (Adams 

et al. 1997) using the boot package in R (Davidson and Hinkley 1997, Canty and Ripley 2017). If 

95% CIs did not overlap zero, the effect was considered significant.  
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 In the paired analysis, we quantified response differences across life stages using the 

LRR difference (LRR difference = LRRolder life stage – LRRyounger life stage) (e.g. Figure 2). Most 

experiments included two life stages, so we calculated the difference between the older and 

younger life stage. In two papers, there were more than two life stages included in a single 

experiment, so we calculated the difference between all possible combinations of older and 

younger life stages. Here, positive effect sizes indicate that older life stages were more resistant 

to a given stressor, while negative effect sizes indicate that younger life stages were more 

resistant. For example, if the effect size (LRR) was -3 for adults and -7 for juveniles, the LRR 

difference would be + 4, indicating that adult survival was higher than juvenile survival under 

the experimental conditions. As with the unpaired analysis, we calculated mean effect sizes and 

95% bootstrapped CIs, and considered the effects where the CIs did not overlap zero to be 

significant.  

In both the unpaired and paired analyses, a two-step model fitting approach was used in 

the metafor package in R (Raudenbush 2009, Viechtbauer 2010) to investigate how 

characteristics of study organisms and experimental design affected responses to climate change 

stressors. This approach included estimating heterogeneity (using restricted maximum-

likelihood; REML), followed by parameter estimation (using linear mixed effects modeling) in 

order to test for the contributions of fixed effects (characteristics of interest) while accounting for 

the random effect of experiment (Viechtbauer 2005, Raudenbush 2009). Fixed effects tested 

included life stage, adult habitat type (intertidal or pelagic), and treatment magnitude, duration, 

and latitude (as continuous variables). Experiment was included as a random effect to account 

for non-independence between comparisons (Bates et al. 2015). To assess whether patterns were 
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driven by the response of the most studied species, we conducted a sensitivity analysis, as 

described in Appendix 5. 

 We assessed the possible impacts of publication bias on our analysis through calculation 

of unweighted fail-safe numbers (Orwin 1983, Rosenthal 1979, Rosenberg 2005) in the metafor 

package in R (Viechtbauer 2010) (Appendix 4, Table S1). These values indicate the number of 

non-significant effect sizes that would be necessary to make significant patterns non-significant 

(Orwin 1983, Rosenthal 1979). Therefore, larger fail-safe numbers indicate more robust findings. 

As in Rosenthal (1979), fail-safe numbers greater than 5N + 10, where N is the sample size, were 

considered to be robust to publication bias.  

 

Results 

Our database contains 287 measured lethal thresholds of marine invertebrates across the 

three stressors (213/38/38 for warming/acidification/hypoxia) from 29 published papers (Table 1, 

Appendix 3). Additional papers reporting non-lethal condition metrics are shown in Appendix 2. 

These metrics included measures of growth, metabolism, and behavior that have direct impacts 

on population demographic rates. Study organisms spanned six phyla: Annelida, Arthropoda, 

Chordata, Cnidaria, Echinodermata, and Mollusca. While all six phyla were represented in our 

warming comparisons, only two were represented in comparisons of acidification (Arthropoda, 

Echinodermata), and three were represented in comparisons of hypoxia (Annelida, Arthropoda, 

Mollusca).  

In the paired analysis, younger life stages were more negatively affected than older life 

stages by warming (Figure 2). However, no such effects were observed for acidification or 

hypoxia, for which our datasets contained fewer experiments (Figure 2). Linear mixed effects 
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(LME) models also revealed significant effects of life stage pairings on effect size differences for 

warming (LME Z = 3.22, P = 0.001), but not acidification or hypoxia (Z and P values for all 

analyses are reported in Appendix 6), and these differences were significant between adults and 

juveniles and between larvae and embryos (Figure 3). We found no significant effects of 

treatment magnitude or duration in the paired analysis, but did find greater differences between 

effect sizes for organism that occupy intertidal habitats as adults than those that occupy pelagic 

habitats as adults (LME Z = -2.64, P = 0.01). These results were not driven by responses of the 

most studied species (Appendix 5). 

In the unpaired analysis of lethal thresholds of warming, acidification, and hypoxia, all 

significant effects were negative, with younger life stages often more negatively affected than 

older life stages (Figure 4). Specifically, LME models revealed differences among life stages for 

warming (LME Z = 3.94, P < 0.001) but not acidification or hypoxia, for which fewer data were 

available (Appendix 6). There were also significant effects of treatment magnitude, but not 

duration (Appendix 6) or latitude (Appendix 7), for warming (LME Z = -11.6, P < 0.001) and 

acidification (LME Z = 3.09, P = 0.02). More specifically, as the magnitude of acidification 

increased (decreasing pH), the effect size also became more negative, and this relationship was 

less pronounced for warming (Appendix 8, Figure S2).  

 Fail-safe number calculations indicated the robustness of results against sampling bias. In 

the unpaired analysis, fail-safe numbers for all warming and hypoxia results were much greater 

than the 5N + 10 threshold of Rosenthal (1979) to indicate robustness to sampling bias 

(Appendix 9, Table S3a), while those for acidification were often below the threshold. In the 

paired analysis, all fail-safe numbers were above the robustness threshold (Table S3b). For 

example, fail-safe numbers for both paired warming and hypoxia were >200 (Table S3b; i.e., 
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>200 experiments with LRR = 0 would be needed to change the significant results to non-

significant).  

 

Discussion 

Our results indicate that younger life stages, particularly embryonic and larval stages of 

marine invertebrates, were most sensitive to acute warming. This conclusion is supported by two 

congruent findings, both of which are robust to sampling bias: (1) in the unpaired analysis, effect 

sizes were most negative for younger life stages, and (2) in the paired analysis, younger life 

stages were generally more sensitive than the older life stages, regardless of pairing. 

Additionally, life stage and life stage pairing were both significant factors in the linear mixed 

effects model analysis of the unpaired and paired warming data, respectively. Despite smaller 

sample sizes, life stages responded similarly to hypoxia. These results that appeared to be robust 

to sampling bias, but responses to acidification were not significant and prone to sampling bias. 

We report results of the first meta-analysis investigating paired differences in responses 

of study organisms to climate change stressors across their life stages from embryos to adults and 

also the first meta-analysis to consider life stage differences in responses to hypoxia. The 

robustness of our findings is also supported by consistency with a prior meta-analysis (using an 

“unpaired” approach), which demonstrated that younger life stages of marine invertebrates were 

more negatively affected by warming than older life stages (Harvey et al. 2013). More 

specifically, our results suggest that tolerance tends to increase as organisms progress through 

their life stages (Figure 4a-c; also see Dupont et al. 2010, Kroeker et al. 2010, 2013, and Harvey 

et al. 2013). Kroeker et al. (2010, 2013) have also reported negative, yet variable, effects of 

acidification. Interestingly, our results differ from those of Przeslawski et al. (2015), who 
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demonstrated that marine invertebrate larvae can be more sensitive to warming and acidification 

than embryos. This difference could partially be explained by variation in methods and data 

selection criteria, as we were specifically focused on studies allowing a paired analysis of 

differences between ages of single taxa.  

While an increasing number of studies document the life stage-specific responses of 

marine invertebrates to climate extremes, many gaps still exist. There were few studies that met 

our selection criteria documenting responses to acidification and hypoxia as compared to the 

better studied warming responses (Table 1). These publication gaps were evident in our 

comparisons with low sample sizes and fail-safe numbers; notably, results for responses to 

acidification across life stages of marine invertebrates were not robust to sampling bias (Table 

S3). The majority of papers which met inclusion criteria in our analyses were published after 

2010, suggesting an increasing consideration of response differences across life stages. 

Additionally, we only addressed single stressors in this study, while, in natural environments, 

multiple stressors can occur simultaneously. For more complete assessments of climate change 

sensitivities of marine invertebrates, we call for more studies on the effects of acidification, 

hypoxia, and multiple stressors across life stages.  

In this study, we examined the sensitivity to climate change across life stages of 

organisms subject to the same treatment magnitudes and stressors. However, it is important to 

consider that under natural conditions, different life stages may be exposed to different levels of 

environmental stress. For example, life stages often utilize different resources and occupy 

separate habitats, influencing the levels and types of climate stressors they experience (Werner 

and Gilliam 1984). This variation in habitat is likely to determine differential stress 

acclimatization (which may have been displayed by individuals in our meta-analysis if they had 
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been recently field-collected) as well as differential environmental exposure (Kingsolver et al. 

2011, Pankhurst and Munday 2011). Variation in microclimates and acclimation that occur 

across life stages are common across both terrestrial (Kingsolver et al. 2011, Pincebourde and 

Casas 2015) and marine (Schmidt and Rand 1999, Werner and Gilliam 1984) invertebrates. For 

example, life stages of the hawkmoth, Manduca sexta, experience distinct thermal micro-

environments, which may differ from ambient temperature by up to 10°C (Kingsolver et al. 

2011, Woods 2013). Nocturnal adults lay eggs on plant leaves, which hatch into larvae, whose 

body temperatures transition from being governed by leaf temperature to being governed by 

ambient air temperature as they grow (Woods 2013). Similarly, intertidal mussels experience 

distinct thermal micro-environments as they progress through their life stages (Helmuth and 

Hofmann 2001, DeNesnera 2016, Jurgens and Gaylord 2016). Mussel larvae experience oceanic 

conditions, which might be correlated to their thermal tolerance as intertidal recruits (Sorte et al. 

2018). As benthic juveniles, mussels can occupy habitats with varying amounts of shelter from 

solar radiation and heat stress (Helmuth and Hofmann 2001, Jurgens and Gaylord 2016), which 

can give rise to differences in tolerance across life stages (Vetter et al. 1999, Lewis et al. 2013, 

Cripps et al. 2014, Alter et al. 2015). A key next step in determining vulnerability to climate 

change would be to pair measures of climate sensitivity (as collated here) with observations of 

climate exposure (body temperatures across habitats) between life stages, including across 

multiple stressors that occur simultaneously. 

Mortality already tends to be high for early life stages of marine invertebrates under 

current climatic conditions (Pechenik 1999, Rumrill 1990). Our results suggest that unless 

exposure balances out differences in sensitivity, warming could disproportionately impact 

younger life stages, making this an even more pronounced bottleneck in population dynamics 
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(O'Donnell et al. 2009, Findlay et al. 2010, Russell et al. 2012). Future studies would ideally 

investigate the physiological and ecological mechanisms of persistence across life stages, 

including potential for acclimation, adaptation, and migration (Sorte et al. 2011, 2018, Suckling 

et al. 2014, 2015, Parker et al. 2015, Samani and Bell 2016), to predict the impacts of climate 

change on marine invertebrate species. 
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Table 1.1 Summary of papers documenting survival of multiple life stages (embryo [E], larva 

[L], juvenile [J], and adult [A]) of marine invertebrates under three climate change stressors 

(warming [°C], acidification [pH], and hypoxia [DO]) included in our database.  
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Figure 1.1 Life stages of marine invertebrates included in our analysis, with a mussel as a 

representative species. Stages (taxon specific) were categorized as in Pechenik (1999).  
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Figure 1.2 In the paired analysis, younger life stages were more sensitive than older life stages to 

lethal effects of warming (but not hypoxia and acidification). Means ± bootstrap 95% confidence 

intervals for effect sizes (LRR). *Significant difference. Sample sizes are adjacent to life stages 

on y-axis.  
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Figure 1.3 In the paired analysis of lethal warming thresholds, all life stage pairs had positive 

LRR differences, indicating that younger life stages were more sensitive. Means ± bootstrap 95% 

CIs for effect size (LRR) differences. *Significant difference. Sample sizes are adjacent to life 

stages on the y-axis, and the CI for adult-juvenile is ± 0.098.  
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Figure 1.4 In the unpaired analysis, all significant lethal effects of climate change stressors on 

all life stages considered were negative. Note that LRR scales differ across panels. Means ± 

bootstrap 95% CIs for effect sizes (LRR). *Significant difference, ND = no data. Sample sizes 

are adjacent to life stages on y-axis.  
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CHAPTER 2 

Thermal safety margins differ across ontogeny for the California mussel, Mytilus californianus 
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Abstract  

It is difficult to predict the impacts of climate change and increasing extreme heat events 

on species with complex life cycles. Throughout ontogeny, different life stages may experience 

unequal levels of environmental stress (exposure) and have differing thermal tolerances 

(sensitivity). We used field observations of environmental conditions mussels experienced 

coupled with laboratory assessments of thermal tolerance to investigate whether thermal safety 

margins (a metric describing the difference between thermal limits and the thermal conditions 

organisms experience) differed across life stages of a sessile intertidal invertebrate: the 

California mussel, Mytilus californianus. Our results demonstrate that all benthic life stages of 

M. californianus are present throughout the year, and that they experience body temperatures 

during periods of emersion that are cooler than ambient temperatures. Sensitivity decreased 

throughout ontogeny, and, since exposure trends were similar across life stages, sensitivity drove 

thermal safety margin differences across life stages and approaches. Because the body 

temperatures of mussels across their benthic life stages can be up to 10°C cooler than ambient, 

the thermal safety margin of mussels is much larger than otherwise predicted at a given ambient 

temperature. Together, these results suggest that ontogenetic patterns of sensitivity drive risk of 

mortality for California mussels that decreases as mussels age.  
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Introduction 

Anthropogenic climate change is negatively impacting the earth’s ecosystems, and its 

effects have already been observed across biological scales (IPCC 2014). Increases in mean 

global surface temperature and extreme heat events have affected organismal physiology 

(Pörtner and Farrell 2008), species’ ranges (Parmesan and Yohe 2003, Pecl et al. 2017), and 

ecosystem functioning (Harley 2006, IPCC 2014). Impacts can be particularly rapid when 

changes in climate drive selective, mass mortality events and local extinctions (Wegner et al. 

2008, Ciais et al. 2003, Garrabou et al. 2003, Depcyzynski et al. 2013, Riegl et al. 2015). The 

ability of individuals to survive increasingly extreme thermal conditions is a function of both 

their sensitivity (inverse of tolerance) and exposure (body temperatures experienced) to 

increasing temperatures (Pandori and Sorte submitted), which themselves are likely to vary in 

space and time across life stages (Helmuth and Hofmann 2001, Radchuk et al. 2013, Pandori & 

Sorte 2019). 

Prior research has shown that sensitivity decreases as marine invertebrates progress 

through their life cycle stages. More specifically, in a meta-analysis that compared responses 

across older and younger life cycle stages of the same species, mortality was higher for younger 

stages than older stages when exposed to extreme warming (Pandori and Sorte 2019). This 

pattern can occur due to multiple mechanisms of tolerance which change throughout ontogeny, 

including the extent of energy resources available to offset the metabolic cost of stressor 

tolerance (Kurihara et al. 2004, Cripps et al. 2014), and development of organs involved in stress 

tolerance (Pörtner et al. 2004, Pörtner and Knust 2007, Pörtner and Farrell 2008). Although the 

specific mechanisms driving differences across taxa are not well resolved, the finding that 
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sensitivity varies across life cycle stages of marine invertebrates is increasingly well supported 

(Byrne and Przeslawski 2013, Pandori and Sorte 2019). However, whether this leads to greater 

mortality of younger life stages is unknown, because of the potentially modifying effects of 

exposure on mortality risk. 

Thermal exposure may vary across ontogeny for species with complex life cycles 

(Kingsolver et al. 2011, Istock 1967), which include the majority of extant animal taxa 

(Hentschel 1999). Ecologically distinct life stages may occupy separate thermal niches (Werner 

& Gilliam 1984), or vary in size (Woods 2013, Helmuth 1998, Helmuth 1999), and thus differ in 

their exposure to potentially lethal thermal conditions. 55-85% of benthic marine invertebrates 

produce planktonic embryos and larvae (Thorson 1950, 1966), which are exposed to relatively 

stable sea temperatures during their pelagic phase (Diederich and Pechenik 2013), yet may be 

exposed to more variable thermal conditions during their benthic phase (Helmuth and Hofmann 

2001, Helmuth et al. 2006, Jurgens and Gaylord 2016, Jurgens and Gaylord 2018). This is the 

case for the slippershell limpets, Crepidula fornicata, which experience temperatures far below 

their sensitivity limits during their dispersive embryonic and larval stages, and conditions 

perilously close to their tolerance limits during benthic stages (Diederich and Pechenik 2013). 

Many organisms increase in size across their life stages, and larger individuals have higher 

thermal inertia, altering their exposure to thermal stressors (Helmuth 1998, Helmuth 1999, 

Woods 2013). Differences in thermal exposure can influence sensitivity to thermal stress due to 

phenotypic plasticity and selective mortality (Bowler 2005, Bowler and Terblanche 2008, Kraft 

et al. 2015). Because differential exposure could either amplify or subdue the mortality risk of 

young individuals, it is important to consider both exposure and sensitivity of organisms across 

their life stages when predicting responses to climate change.  
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 One method to integrate exposure and sensitivity across life stages of organisms with 

complex life cycles is through the calculation of a thermal safety margin (Pincebourde and Casas 

2015). This metric describes the difference between thermal limits (a measurement of sensitivity) 

and thermal conditions organisms experience (a measurement of exposure) through a range of 

possible environmental conditions (Pincebourde and Casas 2015). The measurement of thermal 

conditions organisms experience can also include the relationship between body and 

environmental temperature, in a more “well-informed approach” (Pincebourde and Casas, 2015). 

For example, Pincebourde and Casas examined the sensitivity and exposure of the hawkmoth, 

Manduca sexta, to thermal stress (2015). They found that thermal sensitivity decreased 

throughout ontogeny, and thermal exposure increased due to progression among stage-specific 

habitats (Pincebourde and Casas 2015). Eggs were most sensitive to extreme temperatures but 

occupied the most thermally benign habitats on the underside of leaves; after larvae hatched, 

they shift to leaf mine habitats, where they were exposed to a more stressful thermal environment 

(Pincebourde and Casas, 2015). Thermal safety margins were similar across life stages 

throughout a range of ambient temperatures despite differences in sensitivity (Pincebourde and 

Casas 2015). Therefore, consideration of both sensitivity and exposure across the whole life 

cycle is necessary to predict the effects of climate change on species with complex life cycles 

(Radchuk et al. 2013).  

Here, we use a field experiment to investigate whether (1) thermal exposure, (2) 

sensitivity, and, by extension, (3) thermal safety margins differ across life stages of a sessile 

intertidal invertebrate: the California mussel, Mytilus californianus. Mussels are a critical 

foundation species in intertidal habitats, creating habitat for a diverse group of associated 

organisms (Suchanek 1992). Mussels have a complex life cycle, where pelagic dispersive larvae 
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metamorphose and settle on intertidal substrate. After attachment, recruits become juveniles, 

which grow and mature into reproductive adults. Size differs greatly between mussel settlers (~ 1 

mm in length) and adults (~ 30-100 mm in length), potentially altering levels of thermal 

exposure between life stages, even under the same ambient conditions (Helmuth 1999, Woods 

2013). Furthermore, thermal exposure likely varies by location within the heterogeneous, small-

scale habitats that mussels occupy (Werner and Gilliam 1984, Helmuth and Hofmann 2001, 

Seabra et al. 2011, Jurgens and Gaylord 2016, Jurgens and Gaylord 2018). We hypothesized that 

(1) thermal sensitivity decreases through ontogeny for benthic life stages of M. californianus 

(based on findings across marine invertebrates; Pandori & Sorte 2019) and that (2) thermal 

exposure decreases throughout ontogeny, since larger life stages have higher thermal inertia 

(Helmuth 1999). Combining these metrics, we expected younger life stages would have the 

smallest thermal safety margins (and highest vulnerability to thermal extremes) due to both their 

decreased thermal inertia and high sensitivity to thermal extremes.  

 

Methods 

Study site 

In this study, we tested whether thermal exposure and sensitivity to extreme heat differed 

between three benthic life stages of California mussels (Mytilus californianus) at Crystal Cove 

State Park (33.5687 ° N, -117.8351 ° W) in Newport Beach, CA (USA). At this site, the average 

elevation of the lower and upper edges of the mussel zone were measured and used to define the 

three tide heights (m above MLLW, mean lower-low water) considered in our experiment: low 

(0.6 m, lower edge), mid (1.2 m) and high (1.8 m, upper edge).  
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Life stage definitions and abundance 

 We defined the three benthic life stages (recruit, juvenile, and adult) based on size 

(length) and characterized the relative abundance of each life stage across space (tide height) and 

time (seasons). To determine the size of mussel recruits and patterns of larval settlement, we 

used a common and well-developed method for the evaluation of settlement: deployment of N = 

10 Tuffy® kitchen scrubbers in the mid intertidal zone from June 2014 date to August 2015 

(except during December 2015 – May 2016, when N = 5 collectors were used) (Menge et al. 

2009). Tuffy® kitchen scrubbers mimic common mechanical recruitment cues used by mussels 

(Menge et al. 2009). Collectors were replaced monthly and were immediately transported to the 

lab where mussel recruits were removed, scored as live or dead (based on observed movement), 

counted, and measured under a dissecting scope using a stage micrometer (as in Sorte et al. 

2018). Settlement rates were calculated as the average number of settlers per collector per day of 

deployment. The difference between minimum and maximal length at settlement was used to 

determine the maximal growth rate for recruiting mussels during the month-long deployment 

period. The recruit size class was then calculated by multiplying the maximal growth rate (2.6 

mm/month) by the length (4 months; Fig. 2.2b) of the annual recruitment pulse, which gave a 

maximum recruit size of ~10 mm. 

 The size thresholds for mussels in the juvenile (non-reproductive) and adult 

(reproductive) stages were determined based on the presence or absence of mature gonad tissue. 

We collected all mussels in N = 5 100 cm2 plots in each of three (low, mid and high) intertidal 

zones in December 2015 and measured mussel lengths with calipers. Gonad tissue was exposed 

by severing the adductor muscle, and the presence or absence of gonad tissue in the mantle and 

gonoducts (structures through which gametes are released from gonad tissue) was recorded. If 
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present, gonad tissue was removed and examined under a dissecting microscope (Discovery V8 

SteREO, Zeiss, Oberkochen, DE) at 20x magnification within 6 hrs of mussel collection. We 

classified individuals as juveniles or adults based on visual inspection of gonads, particularly the 

level of gamete maturity and storage within the mantle cavity as in Phillips (2007). Juvenile 

mussels were those lacking visible gonad tissue or gonoduct development. Adult mussels had 

thickened, mature reproductive tissue in their gonads and well-developed gonoducts. To 

determine if threshold size at adulthood differed across the three tide heights, we compared the 

minimum adult length across the N = 5 plots. We then averaged length measurements for all 

juvenile and adult mussels separately for each of the N = 5 plots and evaluated size differences 

across tide heights using an ANOVA. All statistical analyses were conducted in RStudio (R Core 

Team, 2015).  

We found that the minimum mussel length at reproductive maturity was consistent across 

tide heights (Fig. 2.1). Therefore, we classified adult mussels as those greater than 30 mm in 

length. While minimum size did not differ across tide heights (low = 29 mm, mid = 31 mm, high 

= 33 mm), we found that the average length of mussels in the adult stage differed across tide 

heights (ANOVA, F = 7.81, P < 0.01). Adults in the low intertidal zone grew to larger average 

sizes at adulthood than mussels the high intertidal zone. Mussels greater than maximum recruit 

size (10 mm) and less than 30 mm in length consistently did not have mature reproductive tissue, 

and thus were classified as juveniles. 

After determining the relationship between mussel length and life stage, we conducted 

surveys to determine the abundance of recruits, juveniles, and adults across tide heights and 

seasons at our study site. We placed a horizontal transect along the low, mid and high mussel 

zone (0.6, 1.2, and 1.8 m above MLLW, respectively), and quantified all mussels in 0.0625 cm2 
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quadrats in 1 cm size bins (N = 5 quadrats in 2015 – March 2016 and N = 10 in 2016 – 2017). 

The life stage size thresholds given above were used to convert from size class bins to life stages 

abundances across seasons and years for M. californianus.  

 

Quantification of thermal exposure 

 To evaluate abiotic conditions mussels are exposed to across their life stages, we 

examined trends in temperature, food availability, and daytime emersion from June 2014 – 

September 2017. Water temperature and chlorophyll a (a proxy for food availability) data were 

downloaded from the Southern California Coastal Ocean Observation System (SCCOOS, 

http://sccoos.org) Newport Pier station (5.6 km from the study site). Intertidal conditions were 

monitored using iButton temperature loggers (Maxim Integrated, San Jose, USA), deployed in 

the mid intertidal zone (0.6 m above MLLW) at our field site, which recorded temperature with 

an accuracy of ±1°C at 30 min intervals from June 2014 – July 2017 (except August & 

September 2015). Since we were interested in exposure to extreme thermal conditions, we 

calculated the daily maximum temperature across the study period for use in further analyses. 

Daytime tidal emersion estimates integrated tide level estimates at 30 min intervals and daily 

sunset/sunrise times from the WWW Tide/Current Predictor (http://tbone.biol.sc.edu/tide). 

Daytime emersion was calculated as the percent of observations between sunrise and sunset 

when the tide level was less than 0.6 m above MLLW (the lower edge of the mussel bed).  

 To assess body temperatures, which can differ from ambient environmental temperatures, 

we took in vivo measurements of recruit, juvenile, and adult mussel body temperature along with 

adjacent environmental temperatures in the field. Body temperature measurements were made by 

http://sccoos.org/
http://tbone.biol.sc.edu/tide
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inserting a small thermistor between the shell valves (K-type probe, Omega Engineering) ~5 mm 

into mussel tissue, and logging temperatures at 1 min intervals (HH506RA Logging 

Thermometer, Omega Engineering, Norwalk, USA) for a > 60 min period. An iButton 

temperature logger was placed adjacent to each monitored mussel to measure environmental 

conditions. Paired body and environment temperature measurements were taken on 3 days per 

month for 9 months between January and December 2015. During each day of the experiment, 6 

mussels (across 2 size classes and 3 tide heights) were monitored. The relationship between 

environment and mussel body temperature was determined by calculating the average difference 

between in vivo (body) and environmental (air) temperatures across the full time series for each 

individual on each date. We used linear regressions to evaluate the relationship between this 

difference (between body and environment temperature) and mussel length, as well as the 

relationship between the difference (between body and environment temperature) and ambient 

temperature.  

 

Thermal sensitivity assay 

 Thermal sensitivity was quantified by measuring the LT50 (thermal exposure that led to 

50% mortality) across the three benthic life stages of M. californianus. All life stages were 

subjected to a 6-hr thermal exposure, and treatment temperatures were chosen based on previous 

studies (Sorte et al. 2018, Pandori & Sorte in review). To measure recruit sensitivity, we 

removed live recruits from Tuffy® settlement collectors during months of peak recruitment 

(May and June 2015) and placed them in 1.5 mL centrifuge tubes with a 1 cm2 piece of seawater-

soaked chamois cloth (to prevent desiccation). Recruits (average length 1.02 ± 0.05 mm) were 

subjected to the following treatment temperatures: 18 (ambient seawater temperature), 28, 30, 
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and 32°C in a dry bath (methods adapted from Jenewein & Gosselin 2013, as in Sorte et al. 

2018). Due to natural variation in settlement rates, sample sizes ranged from N = 3-13 

individuals per treatment temperature each month.  

Thermal sensitivity (LT50) measurements differed slightly for juvenile (10 – 20 mm) and 

adult (> 30 mm) mussels. Mussels in these stages were collected from the mid intertidal zone (in 

December 2016, and March, June and September 2017) and placed in 150 mL plastic tubes with 

a 4 cm2 piece of chamois cloth and holes in the cap to prevent oxygen depletion. Juveniles and 

adults were exposed to the following treatment temperatures: 18, 32, 36, and 40°C (N = 9 per 

treatment each month) maintained by 28 L digital water baths (Pandori & Sorte submitted). For 

both life stages, tubes were heated from ambient to treatment temperatures over a ~ 40 min 

period (Sorte et al. 2018, Pandori & Sorte submitted). 

For all life stages, thermal conditions in control (no mussel) tubes were recorded at 1 min 

intervals by Omega HH506RA logging thermometers. Following exposure, juvenile and adult 

mussels were transferred to a recirculating seawater system for an 18-hr recovery period at 18°C 

prior to survival assessments. During this recovery period, 1.5 mL centrifuge tubes containing 

recruits were filled with 18°C seawater, and water was replaced at the 9 hr point. Recruit survival 

was assessed under a dissecting microscope by observing recruits for movement or response to 

gentle probing (Sorte et al. 2018). Juvenile and adult survival was assessed by inspection for 

movement (Sorte et al. 2019). LT50 for each life stage was calculated using logistic regressions 

between measured treatment temperature and proportional survival in the MASS package 

(Venables and Ripley 2002) in R (RStudio Core Team 2015). To test for differences in 

sensitivity across life stages, we used ANOVA followed by Tukey post-hoc tests. 
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Thermal safety margin calculation 

 We calculated the thermal safety margin for each life stage across habitat temperatures, 

defined as the difference between sensitivity and exposure at a given ambient temperature (as in 

Pincebourde and Casas 2015). Positive values indicate that an organism is exposed to conditions 

below its sensitivity limits, while negative values indicate an organism is in its “danger zone”, 

where exposure (ambient conditions) exceeds sensitivity (LT50). Thermal safety margins (TSMs) 

were calculated two ways: (1) TSM (air), where environmental temperatures were compared to 

LT50 values, and (2) TSM (body), where the relationship between ambient and in vivo 

temperatures was used to discount environmental temperatures.  

 

Results  

 Across their life stages, mussels experienced seawater and intertidal conditions that 

varied seasonally. Mussel settlement was largely seasonal and took place during the spring and 

early summer months. Prior to settlement, planktonic larvae experienced oceanic conditions of 

relatively high chlorophyll a levels (a proxy for food availability) and lower water temperatures 

(Fig. 2.2a). After settlement in the intertidal zone, mussels experienced both oceanic and 

terrestrial conditions, and those that arrived in the settlement pulse in the spring and summertime 

were exposed to high air temperatures and long periods of daytime emersion (Fig. 2.2c). Across 

study years, the abundance of recruits, as well as total mussel abundance, increased following 

settlement events (Fig. 2.2b). All benthic life stages (recruits, juveniles and adults) were present 

throughout the year, where they experienced seasonal patterns of terrestrial (during low tide) and 

oceanic (during high tide) conditions. Exposure to high temperatures occurred most often in the 
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spring and summer, when both daytime emersion and intertidal daily maximum temperatures 

were highest (Fig. 2.2c).  

Mussel body temperatures were cooler than their environment across all ambient 

temperatures and become increasingly disparate as ambient temperature increased (Fig. 2.3). 

There was a negative linear relationship between the difference between in vivo mussel and 

ambient temperature and ambient temperature, which was consistent for all three life stages 

(recruits R2 = 0.52, P = 0.001; juveniles R2 = 0.56, P < 0.001; adults R2 = 0.33, P < 0.001). 

Despite prior studies documenting clear relationships between body size and the difference 

between in vivo and ambient temperature (Woods 2013), we found no such link (R2 = 0.01, P = 

0.28).  

Sensitivity to a 6-hr heat event varied across life stages of M. californianus (ANOVA, F 

= 52.82, P = 0.005) (Fig. 2.4). Recruits were more sensitive than juveniles or adults (Tukey 

HSD, P < 0.01), but there was not a significant difference between juvenile and adult sensitivity 

(Tukey HSD, P = 0.86). Since LT50 and sensitivity are inversely related, lower LT50 values 

indicate increased sensitivity to thermal extremes. More specifically, recruit LT50 was 29.0 ± 1.2 

°C, while juvenile and adult LT50 were 34.3 ± 0.6 °C, and 35.2 ± 0.5 °C, respectively. 

The TSM (body) approach that accounted for the difference between body temperature 

and air temperature increased the predicted safety margin for all life stages; however, at all 

ambient temperatures, recruits were much closer to their sensitivity threshold (LT50) than 

juvenile or adult mussels (Fig. 2.5a). Juvenile and adult mussels, due to their similar sensitivity 

and negative relationships between body temperature and ambient temperature, had similar 

thermal safety margins. When thermal safety margins were compared to the distribution of daily 

thermal maxima in the mussel zone throughout the study period, all mussels were predicted to 
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have experienced thermal conditions which exceeded their sensitivity limits (LT50) and led to 

mortality (Fig. 2.5b). More specifically, recruits experienced temperatures which exceeded their 

LT50 values in 7% of observations (~ 1 day per year during the study period), while < 1% of 

observations exceeded the LT50 values of juveniles and adults (which occurred once in 910 

days).  

 

Discussion 

 Through our investigation of thermal sensitivity and exposure across three benthic life 

stages of California mussels, we found that, across ambient temperatures, recruits are much 

closer to their thermal limits (have a smaller thermal safety margin) than juveniles or adults. This 

finding is driven primarily by differences in sensitivity across life stages, since all life stages 

considered were present across seasons and exposure patterns were similar across the stages 

considered in our study. More specifically, mussel body temperatures during periods of emersion 

are cooler than ambient temperatures across all life stages. Additionally, the predicted thermal 

safety margin of mussels is much larger, at any ambient temperature, if the relationship between 

body and ambient temperatures is taken into account [TSM (body)]. Together, these results 

suggest that ontogenetic patterns of sensitivity drive risk of mortality for California mussels. 

We found that mussel settlement occurred during periods of peak tidal emersion (and, 

thus, maximum air temperatures) in the spring/early summer, and recently settled recruits are 

most sensitive to extreme heat events. Our observed settlement patterns are consistent with both 

the findings of Smith et al. (2006), which show a distinct settlement period in the spring, and 

other accounts which demonstrate settlement throughout the year (Broitman et al. 2005, Hines 
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1979). Thus, recruits were recorded in our surveys throughout the study period. These recruiting 

mussels had higher thermal sensitivity (lower LT50 values) than more advanced life stages, a 

trend which is consistent with prior meta-analyses (Byrne and Przeslawski 2013, Pandori and 

Sorte 2019). Since our documentation of thermal sensitivity was dependent on the abundance of 

settling mussels collected in a given month, our ability to assess seasonal differences in tolerance 

was limited. Despite this, our prior work has shown that, while sensitivity can differ by season, 

differences across life stages are consistent across seasons (Pandori and Sorte submitted). Given 

that life stages experience similar exposure patterns to thermal stress, observed differences in 

sensitivity are more likely to be due to physiological differences between life stages (Pörtner et 

al. 2004, Sorte and Hofmann 2005, Cripps et al. 2013) than patterns of differing prior exposure 

(Bowler 2005, Kraft et al. 2015).  

Contrary to expectation, as well as the studies reviewed above, we found no significant 

relationship between mussel size and exposure. Instead, our exposure measurements indicated 

that all benthic life stages of M. californianus exhibited similar negative relationships between 

ambient temperature and the difference between in vivo (body) and ambient temperature. Our 

study is also the first to document in vivo differences in body temperatures experienced across 

benthic life stages of mussels, which encompassed 107 mussels across a > 30 mm size range. 

Inclusion of the negative relationship between body and ambient temperature for all life stages is 

critical to understanding responses to climate change (Radchuk et al. 2013, Pincebourde and 

Casas 2015). For example, if these relationships were not taken into account, predictions of 

mussel mortality would be much higher at much lower environmental temperatures. For 

example, if we only consider the TSM (air) calculations, we would predict 50% mortality for 

mussel recruits at 29 °C. However, thermal conditions in the intertidal often exceed 29°C during 
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peak recruitment periods (Fig. 2.2c), and recruiting mussels persist throughout the year (Fig. 

2.2b). Inclusion of the relationship between body and ambient temperatures in calculation of 

TSM (body) increased the temperature where recruits are at risk of 50% mortality to 35 °C, 

which is a much less common event (Fig. 2.4). Furthermore, it is possible that we overestimated 

the exposure of M. californianus recruits, the smallest benthic life stage, because our body 

temperature measurements used individuals occupying exposed surfaces of the mussel bed. 

Because mussel recruits are often found among byssal threads of adult conspecifics (de Nesnera 

2015), they may experience greater amelioration of thermal conditions than documented here 

(see Jurgens and Gaylord 2017, 2018). Therefore, we consider our predicted thermal safety 

margins to be conservative and expect that recruits may be exposed to even more benign 

conditions than we documented.  These results highlight the importance of integrating life stage-

specific measures of sensitivity and thermal exposure to predict the impacts of extreme heat 

events on California mussels. 

All benthic life stages of M. californianus were exposed to conditions which exceeded 

their thermal sensitivity thresholds during the study period. However, since exposure patterns 

were largely consistent across life stages, our mortality predictions were driven by differences in 

thermal sensitivity. The finding that all life stages are currently exposed to conditions which 

exceed their safety margins is especially concerning in light of widespread foundation species 

declines (Ellison et al. 2005, Sorte et al. 2017). In southern California, M. californianus biomass 

has declined 50% since the 1970s, with changes in climate, anthropogenic disturbance, and 

alterations in food availability as probable causes (Smith et al. 2006). Our study demonstrates 

that recruits are the “weakest link” among the benthic life stages of M. californianus, which 

likely contributes to observed population declines (Smith et al. 2006). Younger life stages are 
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often the most sensitive stages in the life cycles of marine invertebrates, potentially affecting 

persistence potential under climate change (Pandori and Sorte 2019).  
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Figure 2.1 Minimum size of M. californianus at reproductive maturity (indicated by diamonds) 

is consistently ~ 30 mm across tide heights, while average size at adulthood increases from the 

low to high intertidal zone. Average juvenile size (blue) increases with increasing tide height 

(ANOVA, F = 3.90, P = 0.02) and adult size (green) decrease as tide height increases (ANOVA, 

F = 7.81, P < 0.01). Average size differences are more pronounced for adults than juveniles. 

Bars indicate mean size ± SE across three tide heights at Crystal Cove State Park (Newport 

Beach, CA, USA).  
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Figure 2.2 Water temperatures are highest in late summer (a). While settlement peaks in spring, 

all three benthic stages are present throughout the year (b). Intertidal conditions are hottest 

during times of peak emersion in the spring and early summer (c). Summary of (a) water 

conditions and (c) intertidal conditions experienced (b) during settlement and by mussels across 

their benthic life stages. Water temperature, chlorophyll and settlement data are shown as 

monthly mean ± SE collected by L. Pandori at Crystal Cove State Park (Newport Beach, CA, 
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USA) and SCCOOS (http://sccoos.org/). Average abundance was calculated through surveys of 

N = 15 (July 2015 – March 2016) and N = 30 (December 2016 - September 2017) 0.0625 m2 

quadrats across three tide heights at Crystal Cove State Park (Newport Beach, CA, USA). 

Alternating gray and white bars delineate 6-month periods. Air temperatures are average daily 

maxima during each month of the study, while daytime emersion values are monthly averages 

calculated from tidal predictions (http://tbone.biol.sc.edu/tide).  
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Figure 2.3 Mussel body temperatures are cooler than ambient environmental temperatures, and 

differences increase as ambient temperature increases (Linear regressions, R2 > 0.33, P < 0.001 

for all stages). Negative values indicate mussel temperatures are cooler than their environment, 

and each point represents a single mussel of 107 total individuals measured on 3 days in each of 

9 months between January and December 2015.  
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Figure 2.4 Sensitivity to a 6-hr thermal exposure varies across life stages of M. californianus 

(ANOVA, F = 52.82, P = 0.005). Recruits are more sensitive than juveniles or adults (Tukey 

HSD, P < 0.01). Lines show binomial regressions fit to the relationship between proportional 

survival and measured treatment temperature. LT50 values (temperature lethal to 50% of 

individuals) ± SE are noted adjacent to the 50% mortality line.  
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Figure 2.5 (a) Across ambient temperatures, mussel recruits are closer to their thermal limits and 

have a smaller safety margin, than juveniles or adults. Thermal safety margins increase when 

using the TSM (body) approach (solid lines) as compared to the TSM (air) approach (short 

dashed lines), which does not consider the relationship between body and ambient temperatures 

(dashed lines). (b) Daily maximum temperatures recorded at the lower edge of the mussel zone 

(0.6 m above MLLW) throughout the study period (Fig. 2.2c) exceeded the thermal safety 

margin of mussels across all life stages (long dashed lines), but thermal maxima exceeded safety 

margins of recruits (7% of observations) more frequently than juveniles or adults (< 1% of 

observations for either stage).  
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CHAPTER 3 

Spatial and temporal scales of exposure and sensitivity driving mortality risk patterns across life 

stages of a critical foundation species 
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Abstract  

Impacts of increases in extreme heat events under climate change may differ across 

ontogeny for species with complex life cycles. Different life stages may (1) experience unequal 

levels of environmental stress that vary across space and time (exposure) and (2) have different 

stress tolerances (sensitivity). We used a field experiment to investigate whether exposure, 

sensitivity, and mortality risk differed between life stages of a marine foundation species (the 

mussel Mytilus californianus) across thermal gradients in space (habitat, elevation and site) and 

time (season) in California, USA. We deployed temperature loggers to document habitat-specific 

exposure patterns, conducted lab thermal tolerance assays to calculate sensitivity, and used field 

surveys to determine whether risk patterns were reflected in abundance distributions. Exposure 

to extreme temperatures was highest in solitary habitats and during summer and fall. Juvenile 

mussels were more sensitive to extreme heat than adults, and sensitivity for both life stages was 

highest in summer and fall. Spatial occurrence patterns were congruent with risk assessments for 

both life stages (i.e., higher occurrence in lower risk habitats), while risk was more temporally 

variable for adults than juveniles. These results highlight the importance of incorporating life 

stage and seasonal dynamics when predicting impacts of climate change.  
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Introduction 

Climate change has impacted ecosystems worldwide, resulting in shifts in organismal 

physiology, species’ ranges and ecosystem functioning (IPCC 2014). Extreme heat events have 

increased in frequency, intensity, and duration (IPCC 2014), driving declines in population sizes 

across systems (Kingsolver et al. 2013, Riegl et al. 2015). Whether extreme heat events lead to 

selective mortality (e.g., Kingsolver 1989, Wegner et al. 2008) or mass mortality (e.g., Ciais et 

al. 2003, Garrabou et al. 2009, Depczynski et al. 2013) is largely dependent on the level of 

heterogeneity in mortality risk across space and time (Helmuth and Hofmann 2001). 

Furthermore, it is becoming increasingly clear that risk may differ greatly across life stages 

within a species, with large implications for population dynamics (Pandori & Sorte 2019). 

Increases in extreme heat events are expected to continue and accelerate (Karl and Trenberth 

2003, Meehl and Tebaldi 2004, IPCC 2014). Therefore, it is crucial to understand the patterns 

and processes of mortality risk across life stages within natural populations in order to anticipate 

alterations in demographic rates and population trajectories under climate change.  

Risk of mortality is a function of both: (1) “exposure”, the environmental conditions an 

organism experiences and (2) “sensitivity”, the physiological ability of an organism to tolerate 

environmental conditions (Gilman et al. 2006). Species with multiple life stages – including most 

invertebrates (Istock 1967) – often utilize different resources and occupy separate habitats across 

their life stages, influencing their exposure to climatic conditions (Werner and Gilliam, 1984, 

Kingsolver et al. 2011, Pincebourde and Casas 2015). For example, discrete life cycle stages of 

the hawkmoth, Manduca sexta, experience distinct thermal conditions across habitats, which 

may differ by up to 10°C (Kingsolver et al. 2011). Hawkmoth adults lay eggs on plant leaves, 

which maintain cooler than ambient temperatures. Eggs then hatch into larvae, whose thermal 
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conditions are governed by ambient temperature (therefore, warmer) until they burrow into the 

cooler soil to pupate (Kingsolver et al. 2011). Similarly, many coastal marine species experience 

relatively stable sea temperatures as pelagic larvae while thermal conditions become more 

variable once they settle into a range of nearshore habitats (Helmuth and Hofmann 2001, 

Helmuth et al. 2006, Jurgens and Gaylord 2016, Jurgens and Gaylord 2018).  

Thermal exposure can cause mortality when conditions exceed organismal tolerance 

limits. Previous research has shown that across invertebrates, younger life stages are often more 

sensitive to thermal stress than older (particularly adult) life stages (Kingsolver et al. 2011, 

Byrne and Przeslawski 2013, Pandori and Sorte 2019). This variation in responses across life 

stages can occur due to multiple mechanisms, including differences in cellular responses to stress 

(Giudice et al. 1999, Sorte and Hofmann 2005), organismal energy reserves to offset metabolic 

cost of stressor tolerance (Kurihara et al. 2004, Cripps et al. 2014), or development of organs 

involved in stress tolerance (Pörtner et al. 2004, Pörtner and Knust 2007, Pörtner and Farrell 

2008). Given previous research indicating that exposure and sensitivity are likely to differ across 

life stages, it is important to consider both factors when predicting how populations will respond 

to future extreme warming events (i.e., “risk”). 

Exposure patterns can also influence sensitivity: heterogeneity in thermal exposure across 

habitats can lead to variation in sensitivity within a population due to selective mortality 

(environmental filtering; Kraft et al. 2015) and phenotypic plasticity in thermal tolerance 

(Bowler 2005). For example, Bowler and Terblanche (2008) reviewed studies of thermal 

tolerance across insect life stages and found that ontogenetic differences were explained by both 

environmental filtering (selective mortality following thermal exposure) and innate physiological 

differences across life stages. When exposure and sensitivity are below thresholds for mortality, 
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the product of their interaction may be acclimation, leading to changes in thermal sensitivity 

(Pankhurst and Munday 2011). Prior exposure to sub-lethal temperatures has been shown to 

increase thermal tolerance (and decrease sensitivity) through mechanisms of heat hardening 

(Bowler 2005), such as increased heat-shock protein production (Gleason & Burton 2013) and 

changes to membrane stability (Bowler 2005). Thus, it is important to consider the role of 

exposure in driving both selection and acclimation, yielding increased tolerance in advanced life 

stages. 

Here, we used a field experiment to investigate whether (1) exposure, (2) sensitivity, and, 

by extension, (3) mortality risk differ across life stages and habitats of a sessile marine 

invertebrate species likely to encounter high thermal heterogeneity across habitat space and 

seasons: the California mussel Mytilus californianus. Mussels are a critical foundation species in 

rocky intertidal habitats (Suchanek 1992), where they are subjected to both marine (during high 

tide) and terrestrial (during low tide) conditions. Temperature often sets species’ upper limits in 

intertidal habitats (Connell 1972, Menge and Sutherland 1987, Somero 2002, Vasseur et al. 

2014). Within the intertidal zone, thermal conditions can vary at small spatial scales, altering 

inhabitants’ exposure (Werner and Gilliam 1984, Helmuth and Hofmann 2001, Seabra et al. 

2011, Jurgens and Gaylord 2016, Jurgens and Gaylord 2018) and potentially sensitivity (Jimenez 

et al. 2015) to stressful thermal conditions. M. californianus has a complex life cycle with 

pelagic larval stages that metamorphose into sessile benthic juveniles. Although juvenile mussels 

often settle onto byssal threads of conspecifics (de Nesnera 2016, Jurgens and Gaylord 2016, 

Jurgens and Gaylord 2018), they also occur in a variety of other habitats. For example, solitary 

mussels have no shade or neighbors (Fig. 1a), while aggregated mussels exist in a 3-dimensional 

matrix (Fig. 1b), and thermal conditions have been shown to vary by over 5°C between these two 
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habitat types (Jurgens and Gaylord 2018). Additionally, mussels live in sheltered habitats, under 

rock overhangs or algae (Schiel et al. 2016), with decreased exposure to solar radiation (Fig. 1c). 

Finally, mussels inhabiting tide pools are never exposed to aerial stressors (Fig. 1d). Since 

habitats differ in thermal conditions, life stages within them are likely to experience different 

thermal exposure and effects on sensitivity (via environmental filtering or acclimation), leading 

to a mosaic of mortality risk (Dowd et al. 2015) that determines the “selectivity” of extreme heat 

events. 

The objective of this study was to investigate the relative importance of multiple spatial 

and temporal scales for determining exposure, sensitivity, and mortality risk for M. 

californianus. We hypothesized that exposure to thermal conditions would vary across spatial 

scales, with increased thermal exposure in less sheltered habitats and at higher tidal elevations 

(Helmuth and Hofmann 2001, Seabra et al. 2011, Schiel et al. 2016, Jurgens and Gaylord 2016), 

and with season. If thermal conditions differed across space and time, we hypothesized that there 

would be a negative relationship between exposure to thermal stress and sensitivity (i.e., 

individuals collected from higher stress habitats and seasons would have higher tolerances due to 

combined effects of environmental filtering and acclimation) and that this relationship would be 

stronger for adults (which represent a later time point in the life cycle) than juveniles. We also 

hypothesized that juvenile and adult mussels would occur more frequently in cooler habitats 

(such as tide pool and sheltered habitats) and that these patterns would become more pronounced 

at higher tidal elevation, due to increases in thermal stress (Bertness and Callaway 1994, de 

Nesnera 2016). Importantly, this study allows us to move beyond general patterns (across life 

stages and broad spatial scales) to predict mortality risk at the scales of individuals and to 

evaluate whether occupancy patterns illustrate markers of selective mortality.  
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Methods 

 

Experimental approach and study sites  

In this study, we tested whether mussel thermal exposure, sensitivity to extreme heat, and habitat 

associations differed between juvenile and adult mussels across two spatial gradients (tide height 

and habitat type) and one temporal gradient (season) at two replicate sites. We defined mussel 

life stages through assessment of reproductive maturity (as in Petes et al. 2008). Mussels < 20 

mm in length did not have mature gonads and were classified as juveniles, and mussels > 30 mm 

in length had mature gonads and were classified as adults (Appendix 1).  Measurements of 

thermal exposure, sensitivity, and habitat associations were conducted for populations at two 

replicate sites: Crystal Cove State Park (33.5687 ° N, -117.8351 ° W) and Little Corona del Mar 

(33.5881 ° N, -117.8672 ° W), located 3.7 km apart in Newport Beach, California (USA). At 

each site, the average elevation of the lower and upper edges of the mussel zone were measured 

and used to define the three tide heights (m above MLLW, mean lower-low water) considered in 

our experiment: low (0.6 m, lower edge), mid (1.2 m) and high (1.8 m, upper edge). We 

conducted all measurements in four seasons (winter, spring, summer and fall) between 

September 2016 and September 2017. For all appendices and supplementary materials, see 

Pandori & Sorte (submitted).  

 

Quantifying exposure to extreme thermal conditions 

To determine if exposure to thermal stress differed across habitats, we designed and 

deployed N = 3 temperature monitoring stations at each of the three tide heights at both sites 

(Appendix 2, Figure S2). Stations were constructed from a galvanized wire mesh structure 
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containing habitat mimics. Thermal conditions in solitary habitats were mimicked by placing 

iButton temperature loggers (Maxim Integrated, San Jose, CA, USA) atop the mesh, while 

aggregate conditions were mimicked by securing loggers within a torus of plastic TuffyTM 

kitchen scrubber mesh. Sheltered thermal conditions were mimicked by attaching loggers 

beneath a wire mesh arch covered in white plastic. The entire station was secured to the rock 

adjacent to a tide pool, where conditions in this fourth habitat type were monitored by loggers 

attached to the bottom of pools. Loggers recorded temperatures every 30 min and were replaced 

every two wks for the one-year duration of the experiment (September 2016 - September 2017). 

Comparisons between temperatures recorded by iButtons differed from those of mussel body 

temperatures by an average of 1.3 ± 0.3 °C, similar to the measurement error of the loggers 

themselves (Appendix 2, Figure S3).  

 We used linear regressions between iButton data and meteorological data from the 

University of California, Irvine Center for Environmental Biology weather station at the Crystal 

Cove State Park Research Cottage (http://128.200.14.200/index.html#) to interpolate predicted 

values for missing data (all R2 values were > 0.3, Table S1). iButton failure rates were high at the 

Little Corona del Mar site. Therefore, we present only results for all experiments at the Crystal 

Cove State Park site in the manuscript text, and results from Little Corona del Mar are presented 

in Appendix 6 of the supplementary material. We conducted Kolmogorov-Smirnov tests to 

determine if the distribution of daily maximum 6-h moving average thermal conditions differed 

across habitats at each tide height and season for each site. To evaluate general trends across 

sites, we constructed heat maps of temperature data (Fig. S4; Fig. S5 includes interpolated 

values). 
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Thermal sensitivity assays and calculation of LT50  

 To determine whether sensitivity to thermal extremes differed across mussel life stages 

habitats, and seasons, we conducted thermal tolerance assays to calculate an LT50 (6-hr 

temperature exposure that led to 50% mortality) for each life stage (juvenile and adult) of 

mussels across habitats (solitary, aggregate, sheltered, and tide pool), tide heights, sites, and 

seasons. We collected N =3 individuals per life stage × habitat × tide height × season × site 

combination. We randomly assigned individuals to one of the following treatments: control 

(ambient sea water temperature for each season, see Fig. S6), 32°C, 36°C and 40°C. These 

conditions were chosen because they represent points of 100% expected survival (control) and 

100% expected mortality (40°C, based on our preliminary studies), and thermal conditions 

experienced by individuals in the field (Fig. S7b). These methods are analogous to those used by 

Sorte et al. (2018a,b) except that each replicate was run on a different (adjacent) day (i.e., N = 1 

for each of 3 days), reducing pseudoreplication. Mussels were placed in 150 mL plastic tubes 

with a 4 cm2 piece of seawater-soaked chamois cloth at the bottom to prevent desiccation and 

holes in the cap to prevent oxygen depletion. Tubes were placed into 28 L digital water baths and 

heated from ambient lab temperature (~ 22°C) to treatment temperature in a ~36-min ramp, with 

a heating rate of 0.4°C /min (a heating rate similar to that observed in the field; Figure S6). 

Thermal conditions in control (no mussel) tubes were recorded at 1 min intervals by Omega 

HH506RA (Norwalk, CT, USA) logging thermometers for the 6-hr exposure duration. Following 

this heat exposure, mussels were transferred to a running seawater system for an 18-hr recovery 

period at ambient temperature prior to assessment of survival. 



 

83 
 

 As our metric of thermal sensitivity, we calculated LT50 using binomial regressions 

between 6-hr average exposure temperature and proportional survival in the MASS package 

(Venables and Ripley 2002) for each life stage × habitat × tide height × season × site 

combination. To test for differences in thermal tolerance across life stages, habitats, tide heights, 

seasons, and sites, we used ANOVA followed by Tukey post-hoc tests. All statistical analyses 

were conducted in R Studio (RStudio Core Team 2015). 

 

Estimating mortality risk under extreme thermal conditions 

 We examined patterns of mortality risk across intertidal habitats using the probability of 

exposure to a daily 6-hr average temperature exceeding the sensitivity threshold (LT50) of 

mussels within a particular life stage × habitat × tide height combination for each season at each 

site, or P(Exposure>LT50). This was assessed by first calculating the daily maximum 6-hr 

moving average temperature for each habitat × tide height combination for periods of tidal 

emersion on each day of station deployment (Sept. 2016 – Sept. 2017) and creating a cumulative 

distribution function (CDF) to summarize the data. Since LT50 values were estimated quarterly 

whereas temperatures were measured continuously, we defined seasons by date of LT50 

assessment representing the midpoints of the temperature time series (e.g., LT50 values from 

mid-December were used to calculate risk in a CDF generated for 05 November – 02 February). 

This CDF was then used to calculate the probability of observing a daily maximum 6-hr moving 

average temperature that exceeded the sensitivity (LT50) of both juvenile and adult mussels 

within a given habitat × tide height combination at each site. We then multiplied each probability 

by the number of days in a season (89 - 93 days, dependent on the length of the astronomical 

season) to calculate the proportional probability of experiencing > 50% mortality in a given 
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season for each life stage × habitat × tide height combination. Since these composite values were 

un-replicated, we examined whether risk differed across life stages using a Kruskal-Wallis test, 

where risk values were pooled across seasons, tide heights, and habitats. We tested whether risk 

differed across seasons for each life stage using t-tests, pooling risk values across tide heights 

and habitats.  

 

Habitat association surveys 

 Habitat associations and population abundances of individuals across life stages, tide 

heights, habitat types and sites were documented via field surveys at both sites in each of the four 

seasons (December 2016 - September 2017). We surveyed N = 10 quadrats (0.0625 m2) at each 

of the three tide heights at each site. In each quadrat, we visually estimated the percent cover of 

each habitat space (solitary, aggregate, sheltered and tide pool) and the number and life stage 

(using calipers) of mussels present in each habitat spaces. It is important to note a distinction 

between habitat spaces and mussels within habitats: “solitary habitat space” was defined as area 

without existing mussels or sheltered (overhanging rock or canopy algae), while “solitary 

mussels” were defined as mussels not in direct contact with any other mussels (or similar 

aggregations of the gooseneck barnacles Pollicipes spp.). Similarly, aggregate habitat space was 

defined as area with existing mussels or Pollicipes) aggregations, while aggregated mussels were 

defined as mussels within aggregate habitat space. Sheltered habitat space was defined as 

overhanging rock or canopy algal cover. When they occurred in sheltered and tide pool habitats, 

both solitary mussels and mussel aggregates were classified as occurring in “sheltered” or “tide 

pool” habitats, regardless of aggregations or lack thereof. To compare habitat spaces and thermal 

records, we considered both unsheltered and sheltered solitary habitat space as “sheltered” 
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habitat, and unsheltered aggregate habitats as “aggregate” habitat. Thus, to summarize, mussels 

were characterized primarily by the most important determinant of thermal exposure – either tide 

pool or shelter – first, with aggregate and solitary designations secondary for non-tide pool or 

unsheltered mussels. 

We characterized both the distribution of habitat space, as well as mussels’ occurrence 

across habitats, by calculating the average proportion of space (% cover in each quadrat) 

comprising each habitat across tide heights for each site. To summarize occurrence patterns, we 

examined the average abundance of juvenile and adult mussels across each habitat and tide 

height combination. We also calculated the standardized percent difference (SPD) between the 

proportion of juvenile or adult mussels within a given habitat and the proportion of space 

available for a given habitat (Appendix 5, Fig. S8; as in de Nesnera 2016). 

 

Results  

Exposure to extreme thermal conditions (defined as the top 10% of observations 

measured by data loggers) differed significantly across space (tide heights and habitats) and time 

(seasons) at both sites (K-S tests, p < 0.0125; Table S2) (Fig. 2 and Fig. S9). At Crystal Cove 

State Park (Fig. 2), 90th percentile temperatures increased from the low to the high intertidal zone 

(KS tests, p < 0.0125), where exposure to extreme temperatures was highest in the high 

intertidal. Temperature exposure also varied across habitats (KS tests, p < 0.0125). At all tide 

heights, solitary habitats had higher 90th percentile temperatures than aggregate and sheltered 

habitats, and tide pool habitats were always coolest. Additionally, there were significant 

differences in exposure across 53 of 66 tide height × habitat combinations tested (Appendix 6, 

Table S2a). Thermal exposure also differed over time for 7 of 12 tide height and habitat 
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combinations (Fig. 2, Appendix 6, Table S3a).  90th percentile temperature was highest in 

summer and fall, while winter had the lowest exposure to thermal extremes (Fig. 2).  

We investigated patterns of thermal sensitivity of juvenile and adult mussels to extreme 

heat events across space (four intertidal habitats at three tide heights) and time (four seasons) and 

found that sensitivity varied significantly between life stages (ANOVA, F1,81 = 25.77, P < 0.01) 

and seasons (ANOVA, F3,81 = 34.85, P < 0.01). Juvenile mussels died at lower temperatures 

(indicating higher sensitivity) than adult mussels across all habitats (Fig. 3) and seasons (Fig. 4). 

Seasonally, thermal sensitivity was lowest (LT50 was highest) during the winter and spring and 

highest (LT50 was lowest) during the summer and fall (Fig. 4). There were no significant 

differences in thermal sensitivity across habitats at either site (P > 0.05, Appendix 6c), and there 

was no difference across tide heights at the Crystal Cove site (ANOVA, F2,81 = 1.39, P = 0.26). 

However, there was a significant difference between tide heights at Little Corona del Mar, with 

greater sensitivity at lower tide heights (ANOVA, F2,81 = 5.24, P = 0.01).  

Using cumulative distribution functions (CDFs) to integrate data for both exposure and 

sensitivity, we found that risk varies across life stages (K-W test, X2 = 15.69, P = 0.03) and 

seasons. For both juvenile and adult mussels, risk is highest in the summer and fall, when both 

daily maximum temperatures and sensitivity are highest (Table 1). Risk was higher for juvenile 

mussels than for adults, where the average annual probability of experiencing 50% mortality is 

0.21 and 0.16, respectively. Risk differed across 5 of 6 seasonal comparisons for adults and 1 of 

6 for juveniles (seasonal averages were compared by pooling tide height and habitat risk values). 

These results indicate that, although adults have lower annual risk of mortality, risk is more 

variable across seasons for adults than juveniles.   
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 While all habitat types are present across all tide heights, juvenile and adult mussels 

occur most frequently in aggregate and sheltered habitats (Figure 5). Despite solitary habitat 

representing the largest proportion of available space, few juvenile and adult mussels occurred in 

the solitary habitat. However, occupancy was greater than availability for aggregate habitat for 

both life stages and across all tide heights. The coolest sheltered and tide pool habitats 

represented 12% and 5% of space, while 27% and 13% of mussels were observed in these 

habitats, respectively (averaging across tide heights and, for mussel counts, life stages). Mussels 

were most abundant at lower tide heights; at the high tide height, 89% of available habitat was 

solitary, and <1% of mussels were observed in this warmest habitat. 

 

Discussion 

Our results highlight the importance of including life stage and seasonal variance in order 

to predict the impacts of extreme heat events. In this study, we investigated the interplay between 

exposure, sensitivity, and risk of encountering conditions which exceed organismal tolerances. 

Our results demonstrate that exposure differed across both space (habitats and tide heights) and 

time (seasons). More specifically, we found that exposure to extreme temperatures was highest 

in the high intertidal, and in solitary habitats, especially during the summer and fall seasons. 

While exposure patterns differed significantly across small spatial scales, sensitivity and risk 

were most influenced by seasonal trends in exposure to high heat conditions. Sensitivity was 

highest (LT50 values were lowest) in the summer and fall seasons, with juvenile mussels always 

more sensitive than adult mussels. Mortality risk estimates were more strongly driven by 

seasonal patterns than habitat-scale differences in exposure and sensitivity. However, the 

importance of spatial scale was reflected in occurrence patterns: juvenile and adult mussels were 
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most abundant in low-exposure habitats, such as aggregates of conspecifics and habitats with 

algal or rock shelter from solar radiation. Together, these results suggest that temporal patterns of 

exposure and sensitivity can overwhelm (but not erase the impact of) spatial pattern in 

determining mortality risk, which differs significantly between life stages.  

We found evidence of heterogeneity in exposure to extreme temperatures across small scale 

habitats in space and time. In space, higher tide heights had higher aerial temperatures, (Connell 

1972, Helmuth 1998, Helmuth 1999), which are associated with higher body temperatures across 

intertidal taxa (Denny et al. 2006). Additionally, exposure differed across habitats at small spatial 

scales, where sheltered and tide pool habitats were cooler than solitary and aggregate habitats 

(Fig. 2). Our results are consistent with prior studies, which have shown that mussel aggregations 

(Jurgens and Gaylord 2016) and macroalgal cover (Schiel et al. 2016) play a role in stress 

amelioration and that exposure to high temperatures were highest in the summer and fall 

(Helmuth et al. 2006, Jurgens and Gaylord 2017). Temporal trends can vary across geographical 

scales, as intertidal thermal conditions are governed by the interplay between air temperature and 

the timing of low tide, both of which vary across seasons. In southern California (USA), air 

temperatures are highest in the summer and fall seasons, while low tides occur during the day in 

the fall and winter seasons. Seasonal variation in thermal conditions can affect population 

demography and community interactions. For example, the upper tide height limits of sea stars 

(Pisaster ochraceus), are determined by seasonal variations in thermal conditions, with probably 

impacts on their mussel M. californianus prey (Pincebourde et al. 2008).  

Across habitats and seasons, we found that juvenile mussels were more sensitive to 

temperature extremes than adult mussels, consistent with results of our recent synthesis that 

spanned marine invertebrate species (Pandori and Sorte 2019). However, our results do not 
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support the hypothesis that greater thermal exposure is associated with increased thermal 

tolerance, as previously shown by Bowler (2005). Instead, we found that sensitivity was highest 

(tolerance was lowest) during times of high thermal exposure (the hottest seasons of summer and 

fall; Fig. 4).While prior exposure can increase tolerance via acclimation, environmental stress 

can also lead to increased metabolic costs (Jansen et al. 2007) with reduced energy available to 

support tolerance mechanisms (Fitzgerald-Dehoog et al. 2012). Increased metabolic cost also 

increases resource requirements, and food availability varies across seasons. In the Southern 

California Bight, surface productivity is highest in the spring and lower in all other seasons 

(Hayward and Venrick 1998, Mantayla et al. 2008). Given that thermal exposure is highest, and 

food availability is lowest, during the summer and fall seasons, it is possible that depletion of 

metabolic resources influenced sensitivity patterns observed in our study.  

A key limitation of previous studies is their sole focus on exposure or sensitivity. Here, 

we integrate exposure and sensitivity to predict mortality risk. From this integration, we 

discovered that risk patterns vary more in time than in space, as indicated by high mortality risk 

in the summer and fall seasons, when both sensitivity and exposure to extreme heat were highest. 

In southern California, mussel recruitment is highest in the spring and early summer (Suchanek 

1981), and mussels reach the juvenile stage 4-8 months after settlement (Seed 1969, Blanchette 

et al. 2006). Our juvenile mortality risk estimates (where 21% of days exceed LT50) are lower 

than field measurements of juvenile mortality (de Nesnera 2016 reports 70-92%). There are 

several drivers of mortality that were not included in our risk estimate, including exacerbation of 

thermal stress by desiccation, dislodgement by waves, and community interactions (e.g., 

competition and predation) (Suchanek 1978, 1981).  
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While solitary habitat was most abundant at our sites, mussels, regardless of life stage, 

most commonly occurred in aggregate or sheltered habitats. Mussel occurrence patterns could 

occur due to two main mechanisms: recruit habitat choice and environmental filtering. Mytilus 

recruits exhibit behaviors such as cue recognition (Petersen 1984, Morgan 2001) that modulate 

settlement patterns among small-scale habitats (Morgan 2001). After settlement, M. 

californianus recruits and juvenile exhibit habitat shifts from algal association to mussel bed 

association, which promote survival and growth (de Nesnera 2016). Mussel distributions at many 

scales can also be determined by thermal conditions which may exceed tolerance limits, resulting 

in selective or mass mortality events, which can influence adult distributions at site-level scales 

(Johnson and Geller 2006). If environmental filtering (Kraft et al. 2015) played a role in 

establishing distribution patterns across habitats, we would expect that adult mussels living in a 

hotter habitat would be less sensitive to thermal extremes (the same expectation, but different 

mechanism, leading to our hypothesized inverse relationship between exposure and sensitivity). 

We found no evidence for an inverse relationship, neither with juveniles nor adults. This finding 

suggests that any environmental filtering related to differential juvenile tolerance is not 

distinguishable from the baseline mortality of younger life stages or that any selective mortality  

occurred in the recruit stage, before mussels reached threshold size for inclusion in our study. 

Overall, our occurrence data suggest that spatial scales are more important than indicated by our 

risk assessment (which highlighted season and life stage as primary drivers of mortality risk), 

perhaps due to additional sources of mortality (e.g., desiccation, physical disturbance, 

community interactions) that differ across space.  

 Our study demonstrates that risk of encountering conditions which exceed tolerance 

limits varies more across temporal scales than small spatial scales. These results occur as a direct 
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result of both differences in exposure (thermal conditions experienced) and sensitivity (lethal 

thermal tolerance limits) over time. We found that thermal conditions exceed tolerance limits 

more for juvenile mussels than adults, and more so in the summer/fall than in the winter/spring. 

Given that risk did not differ significantly across habitats, our results highlight an increasing risk 

of mass mussel mortality (not habitat-specific environmental filtering) as both global average 

temperature and the occurrence of extreme heat events increase (IPCC 2014). Fortunately, the 

great majority of mussels occur in habitats of lower exposure, such as aggregates and sheltered 

habitat, making the likelihood of such mass mortality events relatively low. However, as mussels 

decline in southern California (USA), mussel bed cover and depth are decreasing (Smith et al. 

2006). This trend suggests that locally, availability of aggregate habitat will decrease and solitary 

habitat will increase, potentially leading to an amplifying feedback of increasing risk and 

mortality. Since foundation species create thermal refugia for a diverse assemblage of associated 

species (Helmuth et al. 2006, de Nesnera 2016, Jurgens and Gaylord 2017), declines in 

foundation species across ecosystems (Smith et al. 2006, Sorte et al. 2018), coupled with 

warming global climate (IPCC 2014), could result in increasing seasonal mass mortality events 

in coastal habitats.  
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Table 3.1 Seasonal and annual probability of 50% mortality, or the probability mussels are 

exposed to conditions that exceed their thermal sensitivity (LT50) varies across the intertidal 

zone. Darker shading indicates that mussels are at increased risk of mortality, and the rightmost 

columns are the sum of risk across seasons for each life stage. Younger mussels are at a 

significantly higher risk than adults (KW test, P = 0.03). Values presented are calculated from 

data collected at the Crystal Cove State Park site (CA, USA).  
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Figure 3.1 Habitats mussels occupy in the southern California rocky intertidal zone. (a) Solitary 

mussels are not in contact with others, while (b) aggregated individuals are in contact with 

conspecifics. (c) Shetlered individuals occur under rock or algal shelter. Mussels also occur in 

(d) tidepools, where they are (always, if not nearly always) submerged.  
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Figure 3.2 Distributions of extreme thermal conditions (defined as the top 10% of observations) 

differ significantly across tide height and habitat combinations at Crystal Cove State park (K-S 

tests, P < 0.0007). Additionally, distributions differed between seasons at tide height and habitat 

combinations, at the locations indicated by bold bar outlines (K-S tests, P < 0.0125). Points 

indicate 90th percentile temperatures during each season, while bars indicate annual 90th 

percentile temperatures.   
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Figure 3.3 Sensitivity to extreme heat events varies across life stages of M. californianus 

(ANOVA, F = 25.77, P < 0.001). There were no significant differences across tide heights or 

habitats. Values presented are the average ± SE of LT50 (temperature lethal to 50% of 

individuals) for juvenile (triangle symbol) and adult (circle symbol) mussels, subjected to 6-hr 

thermal challenges at 4 treatment temperatures (18, 32, 36 and 40 ⁰C) followed by an 18-hr 

recovery, summarized across seasons at the Crystal Cove State Park site (CA, USA).  
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Figure 3.4 Sensitivity to extreme heat events varies across seasons (ANOVA, F = 34.85, P < 

0.01), with lower sensitivity (higher lethal temperature, LT50) in winter and spring than in 

summer and fall. Values presented are the average ± SE of LT50 for juvenile (triangle symbol) 

and adult (circle symbol) mussels, subjected to a 6-hr thermal challenge at 4 treatment 

temperatures (18, 32, 36, and 40 ⁰C) followed by an 18-hr recovery, summarized across habitats 

at the Crystal Cove State Park site (CA, USA).  
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Figure 3.5 Proportion of available habitat space (dotted bars and left axis; all values sum to 1) 

and abundance of juvenile and adult mussels across habitats (solid bars and right axis; average of 

N = 30 quadrats) across tide heights at Crystal Cove State Park (CA, USA). Juvenile and adult 

mussels do not occupy habitats in direct relationship to their availability and are, rather, most 

abundant in sheltered and aggregate habitats.  
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