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ABSTRACT 

 

Temperature can have profound impacts on the reproductive and developmental aspects of 

marine ectotherms. I examined how varying temperatures impact egg size, energy content, 

larval survival, and settlement dynamics across generations in the marine annelid Hydroides 

elegans. This work aimed to highlight the adaptive mechanisms marine invertebrates may 

employ to cope with rapidly changing oceanic temperatures. Through a series of interconnected 

studies, I explored the phenotypic plasticity of egg characteristics, thermal tolerance of larvae, 

settlement, and oxygen consumption rates, focusing on the significance of transgenerational 

and within-generation thermal responses. My first study investigated the effects of maternal 

rearing temperature on egg size, fecundity, and energy content in the marine annelid Hydroides 

elegans, a free-spawning benthic annelid invasive to Hawai'i. Results demonstrated that 

parental rearing temperature significantly affects egg size  and fecundity, with cooler 

temperatures favoring larger eggs and higher fecundity. Interestingly, while egg size typically 

decreased with increasing temperature, the energy content of the eggs exhibited an inverse 

relationship, with smaller eggs from warmer temperatures containing more energy as well as 

higher energy densities This finding challenges the common assumption that larger eggs 

contain more energy, suggesting that temperature-driven changes in egg size may not align 

with adaptive responses but rather represent physiological constraints. My second study 

explored the thermal tolerance and survival strategies in larval stages of the marine annelid 

Hydroides elegans under varying thermal conditions. We investigated the roles of larval 

acclimation and maternal effects at different rearing temperatures to understand potential 

adaptive responses to thermal stress. We found  significant effects of larval rearing temperature 

on thermal tolerance, with higher rearing temperatures generally corresponding to lower LT50 

values, suggesting decreased thermal tolerance in larvae that were raised at the highest 

temperature. Maternal rearing temperature and the interaction between larval and maternal 

temperatures showed less consistent impacts on larval survival, inconsistent with the hypothesis 

that transgenerational plasticity significantly enhances thermal tolerance in this species. My 

final study investigated the influence of transgenerational and larval environmental 

temperatures on the settlement dynamics and metabolic rates of Hydroides elegans larvae. 

Conducted across a temperature gradient of 21°C, 25°C, and 29°C, this study examines 

whether parental exposure to elevated temperatures affects settlement rates and oxygen 

consumption (proxy for metabolic rate) of offspring. Results indicate day post fertilization was 

the only factor affecting settlement rate but that larval rearing temperature significantly affects 
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metabolic rates, with larvae at 29°C displaying higher oxygen consumption, suggesting an 

increase in energy expenditure per unit time. Conversely, parental temperature showed only a 

marginal influence on larval settlement, with no significant transgenerational effects on 

metabolic rates. 
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CHAPTER 1: INTRODUCTION 

Temperature is a key factor determining the physiology and distribution of marine species due to 

its effects on biological rates and physiological function (Hochachka and Somero 2002). 

Temperature has profound consequences for population connectivity (Lopez-Duarte et al. 2012), 

biogeography, and the spatial distribution of life-history strategies (Marshall et al. 2012), as well 

as food web dynamics (Brodersen 2015). Knowledge of the physiological responses of an 

organism to temperature can enhance our understanding of a species’ evolutionary and 

ecological history as well as vulnerability to future climate scenarios (Somero 2011).  

The physiological effects of temperature on an organism are extensive and can vary across 

different life-history stages (Pecorino 2013). In benthic marine invertebrates with planktonic 

larvae, offspring may experience different thermal environments than adults and may also 

exhibit stage-dependent tolerance to thermal stress (Byrne and Przeslawski 2013). Planktonic 

larvae and early juveniles have been shown to be sensitive to abiotic stressors and high larval 

mortality may act as a bottleneck for future populations (Pineda et al. 2007). Therefore, 

successful recruitment of larval stages is imperative to the persistence of adult populations, 

especially for sessile organisms unable to escape unfavorable conditions (Pineda et al. 2012).  

Sea surface temperatures and frequency of temperature anomalies (marine heat waves) in the 

ocean are increasing faster than many marine species can genetically adapt (Chevin et al. 2010, 

Bell, 2013). Acclimation through phenotypic plasticity may be a more immediate and efficient 

mechanism to cope with these environmental shifts, providing a temporary buffer for 

evolutionary adaptations to take place (Morley et al. 2019, Pottier et al. 2022). One way 

organisms may be able to cope with increased sea-surface temperature is through s specific type 

of phenotypic plasticity, acclimatization, defined as a phenotypic change within an organism’s 

lifetime, occurring within a single generation (Byrne et al. 2020). Thermal tolerance has been 

shown to exhibit a plastic response to environmental temperature (Gunderson et al. 2017, Rohr et 

al. 2018, Morley et al. 2019, Pottier et al. 2022), and investigating the thermal tolerances of 

populations is essential for predicting species' responses to climate change (Sunday et al. 2014, 

Pinsky et al. 2019). The bulk of thermal tolerance studies focus on adult organisms (Truebano et 

al. 2018), with limited investigation into how plasticity in thermal tolerance may vary across 
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different life stages, a key puzzle piece considering that empirical evidence suggests that thermal 

stress responses can be stage-specific (Radchuck et al. 2013, Bodensteiner et al. 2021). 

A possible additional mechanism for coping with increased environmental temperatures is 

through transgenerational phenotypic plasticity, where parental thermal history influences the 

thermal tolerance of offspring and can act as a buffer to rapid environmental change (Jensen et 

al. 2014, reviewed in Donelson et al. 2016, Byrne et al. 2019, Zhao et al. 2020, Wong and 

Hofmann, 2020, Chamorro et al. 2024).  The earliest life-history stages of many organisms are 

thought to be the most vulnerable to abiotic stressors (Byrne et al. 2011, Pandori and Sorte 2018)  

and the sub-lethal effects of temperature can be stronger during earlier stages due to rapid 

cellular development and high risks of abnormalities (Byrne and Przeslawski 2013).  This weak 

link in the ontogeny chain can be mediated by maternal (and possibly paternal) intervention via 

pre-zygotic mechanisms such as supplying offspring with nutrients, hormones, mRNA, or other 

factors that alter the physiological state at fertilization (Hamdoun and Epel, 2007, Meistertzheim 

et al., 2009, Lister et al. 2015, Wang et al. 2015; reviewed in Munday et al. 2013). 

  

Transgenerational effects may co-occur with larval acclimation, and the two in combination can 

result in thermal tolerance in offspring that exceeds the tolerance of the parental generation 

(Salinas et al. 2012). However, phenotype-environment mismatches can also result in decreased 

larval performance when offspring are exposed to environments different from those experienced 

by the previous generation (Massamaba-N’Siala  et al. 2014, Putnam and Gates, 2015) . This 

mismatch can have dire consequences for dispersing larvae that move away from their parental 

environment (Jensen et al. 2014, Cortese et al. 2022, Pettersen et al. 2024) or if the environment 

changes between the parent and larval generations.  

This dissertation research had three main objectives. My first objective was to investigate how 

temperature might affect maternal provisioning, measured by egg size, fecundity, and energy 

content in the marine annelid, Hydroides elegans, which serves as a proxy for broadcast 

spawning invertebrates with benthic adults and planktonic larval stages. Historically, egg size 

has been considered a proxy for maternal contribution to her offspring, mostly in terms of 

energetic reserves (Thorson 1950, Wehrtmann and Kattner 1998, McEdward and Morgan 2001, 

Byrne et al. 2008, Prowse et al. 2008, McAlister and Moran 2012).  However, within species, the 
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relationship between egg size and energy content is not always positively correlated (McEdward 

and Carson 1987, McEdward and Coulter 1987, Marshall and Keough 2007, McAlister and 

Moran 2012, Byrne and Sewell 2017, Marshall et al. 2018, Davidson et al. 2019). In many 

ectotherms, females that undergo gametogenesis at warmer temperatures produce smaller eggs 

than females reared at cooler temperatures (freshwater gastropod; Brackenbury and Appleton 

1991, butterfly; Blanckenhorn, 2000, dung fly; Fischer et al. 2004, zebrafish; Bownds et al. 

2010). We wanted to test whether rearing female Hydroides elegans, at specific points within 

their temperature range (21, 25, or 28 ℃), would result in differences in egg size and whether 

those differences correlated with egg energy content or fecundity.  

Our second objective was to investigate transgenerational and within generational thermal 

plasticity in the larvae of H. elegans. Several studies have investigated the thermal tolerance 

windows of larvae throughout ontogeny (Portner 2005; Lamare et al. 2014; Storch et al. 2011; 

Byrne et al. 2011; Small et al. 2015), but few studies have looked at the ability of larvae to 

acclimate to different thermal environments (Blaxter 1960; Kelly et al.2011; Moyano et al.2016). 

Previous work has also highlighted the effects of parental thermal history on larval thermal 

tolerance and found that the thermal tolerance of larvae is often affected, either positively or 

negatively, by the thermal history of the parental generation (Marshall 2008; Byrne 2011; 

Munday 2014; Ross et al. 2015, Karlitz et al. 2019, Wong and Hofmann 2020, Minuti et al. 

2021). We investigated the relative contributions of larval acclimation and maternal effects on 

larval survival (measured by LT50) during early development in the marine annelid Hydroides 

elegans. We hypothesized that larvae reared at higher temperatures would exhibit a higher 

thermal tolerance (measured by LT50), and additionally that larvae produced from mothers reared 

at elevated temperatures would also show increased survival when exposed to higher temperature 

compared to larvae from mothers reared at cooler temperatures.  

My final objective for this dissertation research was to investigate the sublethal effects of 

increased temperature on larvae of H. elegans. Although previous studies have focused on the 

effect of increasing temperature on the survival of marine invertebrate larvae at the most extreme 

climate scenarios, there are several potentially significant physiological impacts of temperature 

stress below lethal extremes that can impair processes such as feeding, growth, settlement and 

energy expenditure (Gosselin and Qian 1997, Lathlean et al. 2013, Small et al. 2015). 



 
 

4 

Specifically we investigated settlement success and oxygen consumption rates; settlement of 

marine invertebrate larvae is crucial for sustaining adult populations, and both the timing and 

success of settlement has been shown to be significantly influenced by temperature (Keough and 

Downes 1982, Gosselin and Qian 1997, Lathlean et al. 2013), while oxygen consumption rates 

can be used as a proxy for metabolic demand and energy utilization and studies have shown that 

even sublethal temperature increases can elevate metabolic demands, thereby, affecting larval 

energy budgets and developmental outcomes (Pechenik 1987, Edmunds et al. 2001, Kipson et al. 

2012, Viladrich et al. 2022). Temperature directly affects metabolic rate and performance 

(Angilletta 2009) and understanding how temperature affects important physiological functions 

of larvae, such as metabolism, can help predict the biological implications of climate change on 

these organisms (Small et al. 2015). We investigated the contribution of transgenerational and 

larval thermal acclimation to the successful settlement and rate of oxygen consumption (proxy 

for metabolic rate and energy expenditure) of larvae of the marine annelid, Hydroides elegans at 

21, 25 and 29 ℃. We hypothesized offspring produced by parents at higher temperatures would 

have increased settlement rates at higher developmental temperatures and reduced oxygen 

consumption rates compared to offspring produced from parents at the cooler temperatures.  

Climate change poses a major threat to global biodiversity and ecosystem functioning (Portner 

and Farrell 2008). The response of populations to climate-change pressures can be summarized 

by three basic strategies: range shifts, adjustment to conditions via acclimatization, or adaptation 

to new conditions by means of genetic changes (Teplitsky et al. 2008). Which strategy, or 

combination of strategies, will be utilized by different populations is dependent on timescale, life 

history, dispersal ability and a variety of other factors. An understanding of physiological 

mechanisms and responses of individuals to abiotic stressors is necessary to make accurate 

predictions about population and ecosystem responses to climate change (Calosi et al. 2007).   
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CHAPTER 2: TEMPERATURE, EGG SIZE AND  ENERGY CONTENT  IN THE MARINE  

ANNELID, HYDROIDES ELEGANS 

 

Abstract 

 

Egg size has played a major role in our understanding of life histories of free-spawning marine 

invertebrates, because for many taxa the egg is the only contribution made by the mother to her 

offspring and the contents of the egg fuel larvae through the non-feeding period; therefore, 

understanding the effects of temperature on egg energy is important for predicting the 

downstream impacts of temperature-driven changes in egg size on offspring performance. This 

study investigated the effects of maternal rearing temperature on egg size, fecundity, and energy 

content in the marine annelid Hydroides elegans, a free-spawning benthic annelid invasive to 

Hawai'i. We raised laboratory lines from multiple founder sets across a temperature gradient 

(20°C, 25°C, and 28°C) reflective of their natural and introduced range to assess the effect of 

parental rearing temperature on life history traits. Results demonstrated that parental rearing 

temperature significantly affects egg size  and fecundity, with cooler temperatures favoring 

larger eggs and higher fecundity. Interestingly, while egg size typically decreased with 

increasing temperature, the energy content of the eggs exhibited an inverse relationship, with 

smaller eggs from warmer temperatures containing more energy (p=0.02) as well as higher 

energy densities (p<0.01). This finding challenges the common assumption that larger eggs 

contain more energy, suggesting that temperature-driven changes in egg size may not align with 

adaptive responses but rather represent physiological constraints.Historically, egg size has been 

correlated with important life history traits and used as a proxy for maternal investment in 

offspring, However, our results show that environmentally induced changes in egg size decouple 

the positive correlation between egg size and egg energy observed when larger egg size was 

artificially selected for in this species.  Our results goe against many expectations of life history 

theory, and this contradiction may have a number of implications for the utility of egg size for 

making predictions about the life history characteristics of marine invertebrates.  A better 

understanding of how these factors interact and influence each other is necessary to accurately 

interpret environmentally induced changes in egg size.  
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Introduction 

The “temperature size rule” (TSR) is a widely observed phenomenon in which organisms 

grow larger when reared at lower temperatures (Atkinson 1994, Atkinson and Sibly 1997, 

Fischer et al. 2004, Laptikhovsky 2006, Steigenga and Fischer 2007, Kingsolver and Huey 2008, 

Walczynska et al. 2015). The TSR is seen both within the lifespan of individuals and as a 

maternal effect; higher temperatures in the mother’s environment often result in the production 

of smaller offspring. In many ectotherms, females that undergo gametogenesis at warmer 

temperatures produce smaller eggs than females reared at cooler temperatures (freshwater 

gastropod; Brackenbury and Appleton 1991, butterfly; Blanckenhorn, 2000, dung fly; Fischer et 

al. 2004, zebrafish; Bownds et al. 2010). While this phenomenon is not universal, it is broadly 

found in a wide variety of free-spawning species (Hart 1995, Levitan 1996, Levitan 2006, 

Marshall et al. 2008, Fearman and Moltschaniwskyj 2010; Oyarzen and Strathmann 2011; meta-

analysis of marine fish, Barneche et al. 2018; reviewed in Foo and Byrne, 2017), as well as 

species whose offspring are brooded or otherwise protected during development (Reitzel et al. 

2012, Marshall and Bolton 2007, Collins and Salazar 2009, Marshall and Keough 2007, Collin 

and Spangler 2012). Together, this pattern is referred to as “the offspring temperature-size rule 

(OTSR)” (Robertson and Collin 2015, Pettersen et al. 2020). Primary mechanistic explanations 

for the OSTR are not fully understood, but a leading hypothesis is that growth rate may increase 

with temperature proportionally more than developmental rate, leading to less efficient use of 

biomass during oogenesis and ontogeny (Angilletta et al. 2002, Kamler 2005, Portner et al. 

2006). Smaller size at higher temperatures could also be a result of weight-specific metabolism 

reducing the scope for growth. As temperature increases, so does metabolic rate which can 

decrease the efficiency with which energy is converted to growth (Sobral and Widows 1997, 

Anestis et al. 2010). Data are largely lacking for non-model invertebrates, for most of whom the 

OTSR has not been tested or described; even when the OTSR has been demonstrated in a 

particular taxon, very little is known about how temperature influences other factors like egg 

composition and egg energy, for which egg size is often assumed to be a proxy (Moran and 

McAlister 2009). 

 

Understanding the effects of temperature on egg energy is important for predicting the 

downstream impacts of temperature-driven changes in egg size on offspring performance (Hart 
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1995, Fox and Czesak 2000, Marshall and Keough 2007).  For decades, egg size has played a 

major role in our understanding of life histories of free-spawning marine invertebrates because, 

for many taxa, the egg is the only contribution made by the mother to her offspring and the 

contents of the egg fuel larvae through the non-feeding period (Thorson 1950, Wehrtmann and 

Kattner 1998, McEdward and Morgan 2001, Byrne et al. 2008, Prowse et al. 2008, McAlister 

and Moran 2012). Due to its importance to offspring development and also because it is 

relatively easy to measure (Moran and McAlister 2009), egg size is frequently used to make 

inferences about complex individual, population, and species-level traits such as larval fitness, 

developmental mode, dispersal, population connectivity, and geographic range (Thorson 1950; 

Wehrtmann and Kattner 1998; Bernardo 1996, Emlet and Hoegh-Guldberg 1997, O'Connor et 

al.2007; Moran and McAlister 2009; Byrne and Sewell 2019). These inferences are generally 

based on the assumption that larger eggs contain more energy and represent a higher per-

offspring maternal investment, driving fundamental evolutionary and energetic trade-offs 

between egg size, fecundity, larval reliance on exogenous food, and planktonic duration (Emlet 

et al. 1987, Sewell and Manahan 2001, McEdward and Morgan 2001,Villinksi et al.2002, Moran 

and McAlister 2009; Marshall et al. 2018, Levitan 2000, Laptikhovsky 2005, Byrne et al. 2008).  

 

While egg size is positively correlated with egg energy in most interspecific comparisons 

(McEdward and Morgan 2001), when this assumption is tested at lower levels, i.e., within 

species or within mothers, it often becomes unreliable (McEdward and Carson 1987, McEdward 

and Coulter 1987, Marshall and Keough 2007, McAlister and Moran 2012, Byrne and Sewell 

2017, Marshall et al. 2018, Davidson et al. 2019). Likewise (and possibly as a consequence), egg 

size variation within species may not result in detectable life history effects or fitness benefits 

(Marshall and Keough 2005, Allen and Marshall 2014). Further complicating our understanding 

of the causes and consequences of egg size variation within species and individuals is the 

recognition that the size of the eggs in any given clutch, and any egg within a clutch, is 

determined by a combination of genetics, maternal effects, and interactions between the two 

(Fischer 2004).  However, the underlying mechanisms responsible for the OTSR are still largely 

unknown, and it is unclear whether changes in egg size with temperature have any broad 

adaptive significance (Fischer et al. 2004), or simply represent a physiological constraint or 

energetic limitation that arises with warmer temperature (Blackenhorn 2000).   
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In this study, we investigated the phenotypic plasticity of egg size, fecundity, and energy 

content in relation to parental temperature in the marine annelid Hydroides elegans (Haswell 

1883; Serpulidae). H. elegans is a free-spawning, biofouling benthic annelid found in tropical 

and subtropical waters worldwide. At the location of this study, Hawaiꞌi, H. elegans is invasive  

(Hadfield 1999). Fertilization and development occur in the water column; larvae of H. elegans 

are planktotrophic and, when fed ad libitum, become metamorphically competent after 

approximately 5 days at 25°C (Nedved and Hadfield 2008).  Larvae metamorphose and settle in 

response to natural biofilms (Qiu and Qian 1998; Miles and Wayne 2009), and juveniles develop 

as protandrous hermaphrodites (Ranzoli 1962).   

 

Egg size of H. elegans varies between individuals (Miles et al. 2007, Miles and Wayne 

2009), and the egg size of a particular female likely derives from a combination of genetic and 

maternal effects. Artificial selection for large eggs resulted in a ~10% increase in both egg size 

and egg energy after five generations, with additive genetic variance accounting for ~48% of 

differences in egg size (Miles et al.2007, Miles and Wayne 2009). Egg size is also affected by 

female age and spawn number (Miles and Wayne 2009). The effects of temperature on egg size 

have not been investigated in H. elegans, and have been studied in only a handful of other 

marine annelids. In other annelids, parents maintained at cooler temperatures in lab and parents 

experiencing cooler temperatures in the field produced larger eggs (Simonini and Prevedelli 

2003, Massamba-N’Siala et al. 2014, Chakravarti et al. 2016, Gosselin et al. 2019).  

 

  We used laboratory-reared lines of H. elegans to measure the effects of maternal rearing 

temperature on egg size and egg energy content. To create lines, we raised animals from four 

different sets of founders in a common garden for a minimum of two generations to reduce 

maternal effects, and then we raised animals from each line from settlement to reproductive 

maturity at three temperatures that span their natural and introduced range (20, 25, and 28 °C) to 

measure temperature effects on egg size. For one of the four sets of founders (red line), we also 

measured the relationship between egg size and egg energy to determine whether temperature-

driven changes in egg size represented greater per-offspring maternal investment. Since egg size 

can potentially have profound effects on offspring size, developmental rate and survival, 
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determining the effects of temperature on egg size can shed light on how populations and species 

may respond (or not) to warming oceans (Jones and Berkelmans 2011, Hoegh-Guldberg and 

Poloczanska 2017). Likewise, because the true currency of most egg-size effects is energy, not 

size, understanding how temperature-driven changes in egg size reflect (or do not reflect) 

changes in per-offspring energy is of fundamental importance to understanding the OTSR from 

both life-history and adaptive perspectives (McAlister and Moran 2012, Moran et al. 2013, 

Falkner et al. 2015).  

 

Methods 

Collection, spawning, and laboratory culture 

To establish laboratory cultures, wild adults were collected from Vexar plastic mesh 

screens that had been hung for one month at one meter below the low tide line on a floating pier 

at Pearl Harbor (Figure 1A) (21.357330°N, 157.959888°W) (Nedved and Hadfield 2009). To 

induce spawning of wild-collected adults, the posterior end of the tube of each worm was 

cracked using forceps until gametes were released (Miles and Hadfield 2007). Eggs from each 

female were then rinsed and concentrated into 500 μl of 1-μm filtered seawater; Sperm from 

males was collected and immediately stored on ice until needed. Individual females produced 

2000-5000 eggs on average, which was insufficient for establishing lab lines, so eggs from 

multiple females were pooled to start each line (18-25 females per line). To ensure fertilization 

success, each set of pooled eggs was fertilized with pooled sperm from 17-20 males collected at 

the same time (Table 1).  

 

Experiments were biologically replicated using four different laboratory lines that were 

established independently and at different times, using unique sets of adults. The four lines were 

coded for organizational purposes as “yellow”,“pink,” “blue” and “red” (Table 1). To establish 

each line, eggs (~20,000-150,000 combined from 18-25 females) and sperm (0.5mL of diluted 

sperm from 17-20 males) were mixed in 1L of 1-μm filtered seawater for one h to reach 100% 

fertilization. Eggs were considered to be 100% fertilized when all eggs in a 10-μl aliquot from 

the egg/sperm solution had cleaved (Pechenik et al. 2007), which occurred ~1 h after 

fertilization.  Larval cultures were established at a density of 10 larvae/ml and, for each separate 

experiment, nine replicate one-liter glass beakers containing ~10,000 larvae each were 
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maintained in a B.O.D. low temperature incubator (VWR, Model 89508-420) at 25°C. Larvae 

were fed 60,000 algal cells/ml of the marine alga Isochrysis galbana on Day 1, after which 

feeding was increased to 120,000 algal cellsml-1. Starting on Day 2, larvae were fed daily and we 

changed the water in cultures every other day by concentrating larvae on a 20-μm filter and then 

gently rinsing them into clean beakers containing new, freshly filtered sea water. 

Larvae were scored as competent to settle when 50% of the culture had developed three posterior 

body segments (Miles and Hadfield 2007).  For all cultures, larvae were competent to settle by 

five days after fertilization.  

 

Settlement was cued using clear, square plastic vinyl chips measuring 10 x 10 mm that 

had been placed in a single layer in flowing seawater at the Kewalo Marine Laboratory, 

Honolulu, HI, for 10 d to develop a natural biofilm (Miles and Hadfield 2007). Biofilmed chips 

were placed in individual wells of six-well, sterile VWR Tissue Culture Plates. Each well 

contained a single settlement chip in 10 ml of 1-μm filtered sea water. Approximately 20-25 

larvae were added to each well using a pipette, and larvae in the wells were fed by adding 

120,000 algal cells ml-1 every day for five d. After five days in the wells (~10 d after 

fertilization), each chip was examined and all juvenile worms were manually culled except the 

animal nearest to the center of the chip (to avoid inadvertent selection for larger individuals) 

(Hadfield and Nedved 2008).  Animals were removed by scraping away the outer worm tube and 

all visible tissue. After culling, the water in each well was changed every other day and growing 

worms were fed during each water change at a concentration of 120,000 cells ml-1 of I. galbani 

(Hadfield and Nedved 2008). 

 

Temperature treatments 

Prior to temperature treatments, each line was maintained for at least two generations at 

25°C under common garden conditions on a 12 h light-dark cycle to minimize maternal effects.  

Spawning, fertilization, and larval and juvenile/adult rearing conditions (except for temperature 

treatments) were the same throughout all experiments. At the start of each temperature 

experiment, gravid adult worms from each line were spawned, reared, settled and culled at 25 °C 

as described above. After culling, juvenile worms (five d post-settlement) were moved into 

incubators and reared at one of three temperatures: 21, 25, and 28 °C. These temperatures span 
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the mid to upper range of this species over its geographic range (Nedved and Hadfield 2008). To 

ensure sufficient numbers of gravid females for egg size measurements, we reared 180 

individuals at each temperature for each experimental generation. Worms were periodically 

examined for visible signs of gravidity, meaning obvious pink (eggs) or opaque white (sperm) 

coloration from the mid-body to posterior end of the tube. When at least 80% of the individuals 

appeared to be gravid at a particular temperature treatment (4-6 weeks from settlement), adults 

were spawned and egg size and fecundity were measured.  

 

Egg size and fecundity 

For each line and generation, eggs from 13-25 visibly gravid females from each 

temperature treatment were collected to measure egg size and fecundity. To measure size, an egg 

suspension from each female was placed on a microscope slide under a coverslip on clay feet to 

prevent flattening of the eggs, and photographed.  For each female, the first 30 eggs randomly 

observed under a compound microscope were imaged using Qcapture Suite software (Media 

Cybernetics Inc., Bethesda, MD) and egg volume was calculated using the longest egg diameter 

and its perpendicular, measured using FIJI imaging software (Schindelin et al. 2012). Volume of 

each egg was calculated using the mean diameter in the equation for the volume of a spheroid 

(V=4/3π*a2c).  

Fecundity was measured for each female by suspending all her eggs in 500 l of FSW 

and counting the total number of eggs in three 3 to10-μl (depending on total number of eggs) 

aliquots of the egg suspension using a Graticules S50 Sedgewick Rafter Counting Chamber. A 

female’s fecundity was then estimated as the average number of eggs per microliter from the 

three subsamples, multiplied by the total volume of the egg suspension.  

 

Egg energy 

Energy content was measured in only the red line. Eggs from individual females from all 

temperatures were pipetted into microcentrifuge tubes and counted and measured as above. 

Known numbers of eggs were then frozen and stored at -80 °C until analyzed for energetic 

content.  
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For energy analysis, samples were thawed and sonicated on ice to homogenize the 

sample. Energetic content of eggs was determined using the dichromate oxidation technique of 

McEdward and Coulter (1987), as modified by Miles and Wayne (2008) and further modified 

here. In brief, a volume containing 300 eggs from each sample was pipetted into three replicate 3 

ml glass Pyrex tubes, and the volume in each tube was made up to 500 μl with distilled water.  

Tubes were then briefly vortexed to mix and incubated in one mL of 85% phosphoric acid for 10 

minutes at 110 °C. Tubes were allowed to cool to room temperature before adding one ml of 

0.04% potassium dichromate. Solutions were vortexed again, and then incubated at 110 °C for 

10 minutes.  

 

Reduction of the dichromate concentration (as a proxy for carbon content) was 

determined through colorimetry using a microplate reader (Epoch 2, BioTek Instruments Inc.), 

using glucose as a standard. Total energy was calculated by converting μg C to mJ (1 μg C= 39 

mJ) (Johnson 1949). Egg energy density was calculated for each sample by dividing the mean 

egg volume (nl) of the mother who produced those eggs by the per-egg energy content (mJ) in 

the sample.    

 

Data Analysis 

The effects of parental rearing temperature and line on egg size and fecundity were 

examined with restricted maximum likelihood (REML) estimates of a mixed model ANOVA 

with temperature and line as fixed effects. For the egg size analysis, where 30 eggs were 

measured per female, female ID was coded as a random effect. A LSMeans Differences Tukey 

HSD post-hoc test was then used to perform pairwise comparisons across parental temperatures 

and lines. Prior to analysis, all data were visually checked for departures from normality and 

equal variance.  

 

To determine whether egg energy changes with egg size, we used an ANCOVA to 

compare the linear regression of mean egg energy on mean egg volume for each female for two 

temperature treatments (21 and 28 °C) for the “red” line. The response variable egg energy (mJ) 

was modeled by temperature (categorical) and egg volume (continuous) as well as the interaction 

between the two.  We compared the mean egg energy? density for each temperature treatment 
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using Standard Least Squares and a LSMeans Differences Student’s t for a pairwise comparison. 

All analyses were performed in JMP Pro 14 (JMP®, Version PRo 14. SAS Institute Inc., Cary, 

NC, 1989–2021). 

 

Results 

On average, across all lines, eggs from females raised at 21 and 25 °C were 1.13x and 

1.11x larger, respectively, than eggs from females raised at 28 °C (Fig 2.2.).  The mixed-model 

ANOVA showed an overall significant effect of parental rearing temperature on egg size (Table 

2.2.) (p<0.0001, df=2, F ratio=96.9; Table 2.3A); Tukey post-hoc tests shoed that eggs from 

females reared at 21 and 25 °C had significantly larger egg volume (0.050 and 0.049 nl, 

respectively) than females reared at 28 °C (0.044 nl), but there was no significant difference 

between eggs from females reared at 21 and 25 °C (Table 2.3A,Fig 2.2; p<0.001. df=2, F 

ratio=96.85).  There was a significant effect of line on egg size (Table 2.3B; p < 0.0001, df = 3, F 

ratio = 1758.95); for example, the pink line consistently produced larger eggs than the yellow, 

blue or red lines. There was also a significant interaction between temperature and line (p < 

0.0001, df = 6, F ratio = 33.6; Table 2.3) meaning that individual lines responded to temperature 

differently. 

Temperature also had significant effects on fecundity. Females raised at 28 ℃ produced 

significantly fewer eggs than females at 21 or 25 ℃ (Fig 2.3; Table 2.4; p = 0.04, df = 2, F ratio 

= 3.19). Line also had a significant effect on fecundity (p < 0.0001, df = 3, F ratio = 18.5; Table 

2.4), with the blue line making more eggs than the others overall. 

 

For the single line for which we measured organic content (red line), there was an overall 

inverse relationship between egg size and organic content. Although females from this line had 

the largest largest eggs when reared at 21 °C  their eggs contained significantly less overall 

energy than the smaller eggs of females reared at 28 °C (Fig. 2.4A) (0.29mJ and 0.43mJ, 

respectively; ANCOVA, df = 1, F ratio = 6.24, p = 0.02). Eggs produced by females reared at 21 

°C were also less energetically dense (0.82 mJ/nl) compared to eggs from females reared at 28 

°C (1.43mJ/nl) (ANOVA, df = 1, F ratio = 16.38, p < 0.001) (Fig 2.4B.).  
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Discussion 

Overall, our size data for eggs of H. elegans were broadly consistent with the offspring 

temperature-size rule, as well as the temperature-size rule overall (Honkoop and Van der Meer 

1998, Atkinson et al. 2001, Collin and Salazar 2010, Robertson and Collin 2015, Pettersen et al. 

2019); when data from all six experiments on four different lab-reared lines were analyzed 

together, eggs from females raised at the warmest temperature had eggs that were ~10% smaller 

than eggs from females from the lower two temperatures. Temperature-driven differences in egg 

size were smaller than differences between the parental lines, however; for example, the pink 

line produced eggs that were double the volume of the red line. Parental lines also showed 

somewhat different responses to temperature, as demonstrated by a significant temperature-by-

line interaction in the overall model. Our most surprising result was that organic content 

measurements (performed on a single line only) showed that egg energy was inversely related to 

egg size, meaning smaller eggs contained more energy than larger eggs. This pattern is the 

opposite of the underlying assumption of many life history models, that egg size is positively 

correlated with energy content (Clark 1993, Jaeckle 1995, Anger et al. 2002, McEdward and 

Morgan 2001, Oliphant et al. 2013; Oliphant and Thaje 2013). Taken together, these patterns do 

not clearly fit in an established framework of adaptive plasticity. Instead, because egg size and 

egg energy were inversely related, this suggests that if patterns seen in our experiments are an 

adaptive response, then selection for plasticity has acted in different directions on these two 

attributes.  Alternatively, our results may be due to nonadaptive physiological effects of 

temperature on oogenesis. 

 

The inverse relationship between egg size and energy goes against many expectations of 

life history theory, and this contradiction has a number of implications for the utility of egg size 

for making predictions about the life-history characteristics of marine invertebrates. Most 

adaptive benefits of large eggs, such as increased starvation resistance (Hutchinson 1951, Glazier 

1992, Yampolsky and Scheiner 1996), off-setting of higher metabolic costs at higher 

temperatures (Brown et al. 2004, O’Connor et al. 2007) or reducing developmental time 

(Pastorok 1981, Clark 1983, Strathmann 1985, Stearns 1992, Levin and Bridges 1994, Podolsky 

and Strathmann 1996, Ernsting and Isaaks 2000, Baldanzi et al. 2018), make the assumption that 



 
 

21 

larger eggs can be reliably predicted to contain more energy than smaller eggs. These types of 

adaptive benefits are unlikely to fit into an explanatory framework for the temperature-driven 

changes in egg size in our study, since the egg size-energy relationship does not fit the 

expectation. 

 

While positive links between egg size and energy are a key assumption of most adaptive 

frameworks for egg size evolution, for free spawners like H. elegans, one adaptive explanation 

that does not rely on a concurrent increase in energy is the relationship between egg size and 

fertilization success. Large eggs provide a better target for sperm and thus give a fitness 

advantage when sperm are limiting; conversely, in sperm-rich environments small eggs may be 

favored because large egg size increases the risk of polyspermy (Levitan 1993, Levitan 1995, 

Levitan 2000, Levitan 2006, Huchette et al. 2004, Parker et al. 2018, Deaker et al. 2019, 

Gosselin et al. 2019). In this adaptive framework, egg-target size can be increased without a 

concurrent increase in egg energy through a variety of mechanisms including egg hydration or 

addition of low-energy-cost jelly coats (Rothschild and Swann 1952, Epel 1990, Podolsky and 

Stratmann 1996). Temperature, through its influence on sperm swimming speed and duration, 

can have complex but important interactions with egg size in promoting successful fertilization 

for free-spawning marine invertebrates (Levitan 1993). Larger eggs at decreased temperatures 

may compensate for decreased sperm velocity at lower temperatures (Bownds et al. 2010), while 

smaller eggs at increased temperatures may help reduce the chance of polyspermy at high sperm 

concentrations (Vogel et al. 1982, Servedio 2001, Marshall et al. 2002). While the predicted 

temperature effect on egg size broadly matched our findings, because smaller eggs were seen at 

the highest temperature, we performed all experimental fertilizations at a common temperature 

and furthermore saw close to ~100% fertilization in all treatments with no evidence of 

polyspermy. Thus, we feel it is unlikely that our results can be attributed to an adaptively plastic 

response optimizing fertilization success at different temperatures.   

 

In the absence of an established adaptive framework that can explain our results, a non-

adaptive explanation must be considered. Temperature-induced changes in egg size may be a 

result of a direct or indirect effect of temperature on oogenesis mediated through maternal or 

cellular physiology (Yampolsky and Scheiner 1996). For example, even if females invest a 
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constant amount of biomass into offspring at different temperatures, if the developing egg loses 

more biomass due to respiration at higher temperature, this will result in smaller eggs at elevated 

temperatures (Yampolsky and Scheiner 1996, Angilletta et al. 2004). Under this scenario, 

however, we would not expect to see egg energy density increase with temperature. Temperature 

may also affect the process of oogenesis in other ways that alter the relationship between egg 

size and egg energy (Garrido and Barber 2001, Ettinger- Epstein et al. 2007, Gonzalez- Ortegon 

and Gimenez 2014; reviewed in Moran and McAlister 2009). Warmer temperatures may drive a 

reduction in egg size if increasing temperature speeds up the rate of egg maturation more than 

the loading of material into the eggs during oogenesis (Fischer et al. 2003, Blackenhorn 2008). 

In annelids specifically, oogenesis is regulated by hormones (Olive et al. 1998) and the 

endocrine system oversees the production and levels of oogenetic and vitellogenic hormones. 

Both hormone production and levels of circulating hormones can be sensitive to temperature 

(Geister et al. 2008). If warmer temperatures increase the production of hormones that control 

the rate of egg maturation, without a parallel increase in the rate of vitellogenesis, this could 

result in smaller eggs at maturity.  

 

While these oogenetic processes are poorly understood in most organisms (including 

Hydroides), there are several examples of taxa in which temperature-egg-size effects are driven 

by a greater effect of warmer temperature on oocyte maturation compared to vitellogenesis 

(urchin: Garrido and Barner 2001; butterfly: Fischer et al. 2003, marine snail: Ly and Collin 

2021, bryozoa: Marshall et al. 2021). In these studies, however, egg size and egg energy were 

either positively correlated or this relationship was not measured (Garrido and Barner 2001, 

Fischer et al. 2003). In contrast, our energetics data suggest that warmer temperatures increased 

the relative loading of energy into eggs while size simultaneously decreased. There was also a 

positive relationship between egg size and fecundity, and when total maternal investment was 

measured, overall per-female reproductive effort was similar across temperatures. Temperature-

driven changes in oogenesis may have altered the energy density of eggs by changing 

biochemical composition, for example if oogenesis at higher temperatures resulted in 

comparatively greater loading of lipids compared to other less energy-rich constituents 

(McAlister and Moran 2012, Wong et al. 2019). Regardless of mechanism, an important 

outcome of our study is that temperature appears to unlink egg energy from egg size in a way 
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that does not match the predictions and assumptions of most life-history theory. We suggest that 

future studies should include analyses of not just size and energy but also proximal biochemical 

composition, to better understand how temperature affects oogenetic processes in a wide range of 

taxa and genotypes. 

 

Another important avenue for future work is teasing apart the selective factors vs. 

environmental factors that influence egg size, egg energy, and the relationship between the two.  

Previous work with H. elegans found a positive correlation between egg size and energy in H. 

elegans when large eggs came about through several generations of positive selection directly on 

egg size. In these experiments, Miles and Wayne (2009) found that  artificial selection for large 

eggs resulted in a ~10% increase in egg size and a 24% increase in egg energy after five 

generations, with the variation in mean egg energy explaining 13% of the variation in mean egg 

size  (Miles et al. 2007, Miles and Wayne 2009). The larger eggs in the size-selected group 

contained 0.11 mJ egg-1 more energy than the smaller eggs in the control group (0.43 and 0.29 

mJ, respectively). This is in striking contrast to our findings and suggests that the fundamental 

relationship between egg size and egg energy depends on how the differences in egg size were 

brought about; direct artificial selection for females that produce large eggs results in eggs that 

have more energy (Miles and Wayne 2009), while temperature-driven changes in egg size appear 

to have the opposite effect. The relationship between egg size and egg energy is strong between 

species but notoriously unreliable within species (McEdward and Morgan 2001, McEdward and 

Coulter 1997, Marshall and Keough 2007, McAlister and Moran 2012, Byrne and Sewell 2017, 

Marshall et al. 2018, Davidson et al. 2019). Our data suggest that environmentally driven 

plasticity in egg energy density may be one of the reasons that egg size is a poor predictor of egg 

energy within species, because the energy density of eggs females produce may be influenced by 

thermal histories in addition to genetic factors.  

 

One additional point of interest is that the significant line-by-temperature effect in our 

study suggests that the strength of the OTSR varies among genotypes. The likely presence of 

genotype-by-environment interactions highlights the importance of using controlled and known 

genotypes when examining the effects of temperature on important life history characters, 

especially in the context of global ocean warming and in studies with broad implications for life 
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history evolution (Pan et al. 2023). Additionally, the variability in temperature response 

highlights the lack of a comprehensive understanding of how ocean warming is likely to affect 

important life history characters. We only looked at egg energy in one of the experimental lines, 

but it is possible that not just egg size, but also the relationship between egg size and energy is 

subject to genotype-by-environment interactions. Further research is needed to explore the 

mechanisms underlying the observed variation and to develop predictive models that accurately 

reflect the likely impacts of climate change on key life history traits.  

 

Predicting life history effects from egg size is a complex task that requires a broad-

spectrum understanding of multiple mechanisms that regulate oogenesis both environmentally 

and genetically. Egg size is an easily measured and fundamental trait that can be influenced by 

numerous factors, including maternal investment, yolk composition, and environmental 

conditions (Strathmann 2000, Levitan 2006, Byrne 2020, Jaeckle 2020). Without knowledge of 

the mechanisms (genetic, physiological, environmental etc.) and selective forces (direct or 

indirect) affecting egg size, it will be difficult to determine whether temperature-driven changes 

in egg size represent an adaptive response to present or future changes in environmental 

conditions (Moran and McAlister 2009, Bownds et al. 2010, Burgess and Marshall 2014). A 

better understanding of how these factors interact and influence each other is necessary to 

accurately interpret environmentally induced changes in egg size.  
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Table 2.1 Experimental design. The four parental lines (indicated by colors names) used to 

determine the effect of temperature on egg size, what generation was tested and the temperature 

treatments at which parents were reared.  

Line Spawn Date #adults spawned to 

establish line 

Generation 

in lab 

Temperatures 

tested 

Yellow 1/21/16 25 females 

10 males 

13 20, 25 °C 

Yellow 2 3/18/17 25 females 

14 males 

14 20, 25 °C 

Pink  1/17/17 25 females 

10 males 

2 20, 25 °C 

Pink 2 6/21/17 22 females 

20 males 

3 20, 25, 28 °C 

Blue 8/29/17 18 females 

17 males 

3 20, 25, 28 °C 

Red   25 females 3 20, 25, 28  °C 
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Table 2.2.  Temperature effects on egg size from the literature.  

Authors Phylum species natural  

temperature 

range 

#temps 

tested 

temp 

1 

temp 

2 

temp 

3 

temp 

4 

magnitude of 

difference in egg 

size  

Collin and 

Salazar 2009 

Mollusca Crepidula 

astrosolea; 

Crepidula 

ustulatulina 

 2 23 ℃ 28 ℃   0.02 or 2% 

Blanckenhorn 

2000 

Arthropoda Scathophaga 

stercoraria 

 4 11 ℃ 15 ℃ 19 ℃ 23 ℃  

Azevedo et al. 

1996 

Arthropoda Drosophila 

melanogaster 

 3 16 ℃ 25 ℃ 29 ℃  5.2% increase at 

lowest temp 

Honkoop and van 

er Meer 1998 

Mollusca Cerastoderma edule       11-21% (depended 

on year)  

Fischer et al. 

2003 

Arthropoda Bicyclus anynana  2 20 ℃ 27 ℃   27.40% 

Avelar 1993 Arthropoda Drosophila 

simulans, D. 

subobscura, D. 

phalerata 

 2 13 ℃ 25 ℃   11%; 5%; 12% 

Levin and Creed 

1986 

Annelida Streblospio 

benedicti 

       

Simonini and 

Prevedelli 2003  

Annelida Dinophilus 

gyrociliatus  

Genoa : 6-28 ℃ 4 12 ℃ 18 ℃ 24 ℃ 30 ℃ 6% 

   Ravenna: 13- 29 

℃ 

     11% 

Skadsheim 1989 Arthropoda Gammarus salinus  2 12 ℃ 20 ℃    

Salinas and 

Munch 2011 

Chordata Cyprinodon 

variegatus  

 3 24 ℃ 29 ℃ 34 ℃  6-9% 

Steigenga and 

Fischer 2007 

Arthropoda Bicyclus anynana  2 20 ℃ 27 ℃   5% 

Walczynska et al. 

2015 

Rotifera Lecane inermis   3 15 ℃ 20 ℃ 25 ℃   
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Table 2.3. Temperature effects on egg size of Hydroides elegans analyzed with an ANOVA 

(treatment: 21, 25, or 28 °C; Line: pink, pink2, blue or red indicating different founder adults). 

Temperature and line were treated as fixed effects and female ID as a random effect (DF= 

degrees of freedom).  

Source DF F Ratio Prob > F 

Temperature 2 96.8582 <.0001* 

line 3 1758.955 <.0001* 

Temperature*line 6 33.5504 <.0001* 
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Table 2.3A. Results of LSMeans Differences Tukey HSD for temperature effects on egg size. 

Different letter levels indicate significantly different groups.  

Level    Least Sq Mean 

21 A   0.05001833 

25  B  0.04886860 

28   C 0.04470927 
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Table 2.3B. Results of LSMeans Differences Tukey HSD for “line” effects on egg size. Different 

letter levels indicate significantly different groups. 

Level     Least Sq 

Mean 

pink A    0.06083219 

pink2  B   0.05312103 

blue   C  0.04261105 

red    D 0.03489733 
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Table 2.4. Temperature effects on fecundity of Hydroides elegans analyzed with an ANOVA 

(treatment: 21, 25, or 28 °C; Line: pink, blue or red indicating different founder adults). 

Temperature and line were treated as fixed effects and female ID as a random effect (DF= 

degrees of freedom).  

Source DF F Ratio Prob > F 

Temperature 2 3.1879 0.0428* 

line 3 18.4662 <.0001* 

Temperature*line 6 1.1751 0.3198 
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Table 2.4A. Results of LSMeans Differences Tukey HSD for temperature effects on fecundity. 

Different letter levels indicate significantly different groups.   

Level   Least Sq Mean 

21 A  3980.8333 

25 A B 3429.0000 

28  B 3128.1793 
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Table 2.4B. Results of LSMeans Differences Tukey HSD for “line” effects on fecundity. 

Different letter levels indicate significantly different groups. 

Level    Least Sq Mean 

blue A   5133.3333 

red  B  3606.6280 

pink  B C 2868.0556 

pink_2   C 2442.6667 
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Table 2.5. ANCOVA table for maternal temperature and egg volume effects on overall energy 

content. Maternal temperature was treated as the fixed effect and egg volume as the covariate 

(DF= degrees of freedom).  

Source DF Sum of 

Squares 

F Ratio Prob > F 

Maternal Temp 1 0.09239739 6.2474 0.0200* 

Egg volume (nl) 1 0.01785157 1.2070 0.2833 

Maternal Temp*Egg volume 

(nl) 

1 0.00452915 0.3062 0.5853 
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Table 2.6. Effect of maternal temperature on energy density of eggs from Hydroides elegans. 

Different letter levels indicate significantly different groups (DF=degrees of freedom).  

Source DF Sum of 

Squares 

F Ratio Prob > 

F 

Maternal 

Temp 

1 220.53637 16.3892 0.0004* 
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Table 2.7. Temperature effects on total reproductive energy investment in females from “red” 

line of Hydroides elegans. Egg counts and energy content were calculated from females reared at 

20 and 28 ℃. Total egg energy was calculated by multiplying the average energy content for a 

female by her total egg count (Df= degrees of freedom).  

 

Source DF Sum of 

Squares 

F 

Ratio 

Prob > F 

Temp 1 28439.181 0.0378 0.8475 
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Figure 2.1 (A) Settlement of Hydroides elegans on vexar-mesh set out in Pearl Harbor, HI (photo 

from Hadfield and Nedved 2008).  (B) Experimental design for effect of parental rearing 

temperature on egg size in Hydroides elegans. Adults collected from Pearl Harbor were spawned 

and offspring were reared in a common garden in the lab at 25 °C. When the F1 generation 

reached maturity (5-6 weeks) those individuals were spawned, and their offspring separated into 

the experimental temperatures.  
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Fig 2.2. Effect of temperature on egg size from individual lines. Each color represents average 

female egg size for a different laboratory line of Hydroides elegans. Egg volume from females at 

21 °C was significantly higher compared to females at 28 °C <0.01). Line was also a significant 

factor, with the pink founder line having the highest overall egg volume and the red parental line 

having the smallest overall egg volume (P<0.010). Error bars represent one standard error (SE) 

from the mean. Dashed line represents the mean egg size for all lines across each temperature 

treatment.  
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Figure 2.3. Effect of parental temperature on fecundity in female Hydroides elegans. Points on 

the graph represent the average number of eggs per female for each temperature treatment and 

include all laboratory lines. Maternal temperature significantly affected female fecundity 

(p=0.04). Line also had an even stronger effect (p<0.01) with females from the blue lines 

producing the most eggs and females from the pink line producing the least. Error bars represent 

one standard error (SE) from the mean. Dashed line represents the mean fecundity for all lines 

across each temperature treatment.  
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Fig 2.4A. Relationship between egg energy and egg volume for “red” line. Each point represents 

the average energy per egg for the average egg size of a single female for both maternal 

temperatures. Red dots refer to eggs from females reared at 28°C and blue dots refer to eggs 

from females reared at 21°C. Maternal temperature was the only factor that significantly affected 

the energy content of eggs (p=0.02). Egg volume as well as the interaction between egg volume 

and maternal temperature were non-significant. Error bars represent one standard error (SE) from 

the mean. 
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Fig 2.4B. Effect of maternal temperature on egg energy density for the “red” line. Bars represent 

average egg energy density (mJ/nl) for all females from that temperature treatment. Maternal 

temperature did significantly affect the energy density of eggs (p<0.01). Error bars represent one 

standard error from the mean.  
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CHAPTER 2: WITHIN AND TRANSGENERATIONAL EFFECTS  OF THERMAL  STRESS 

ON LARVAL SURVIVAL 

 

Abstract 

 

Ocean temperatures are increasing at speeds that surpass the rate of genetic adaptation for many 

marine species.Phenotypic plasticity could offer an efficient way to manage these anticipated 

environmental shifts and could serve as a cushion, providing the necessary time for evolutionary 

adaptations to take place. This study explored the thermal tolerance and survival strategies in 

larval stages of the marine annelid Hydroides elegans under varying thermal conditions. We 

investigated the roles of larval acclimation and maternal effects at different rearing temperatures 

to understand potential adaptive responses to thermal stress. Larvae from four different genetic 

lines were subjected to short-term thermal stress and their survival rate was assessed using LT50 

—the temperature at which 50% mortality occurs. We found  significant effects of larval rearing 

temperature on thermal tolerance, with higher rearing temperatures generally corresponding to 

lower LT50 values , suggesting decreased thermal tolerance in larvae that were raised at the 

highest temperature. Maternal rearing temperature and the interaction between larval and 

maternal temperatures showed less consistent impacts on larval survival, inconsistent with the 

hypothesis that transgenerational plasticity significantly enhances thermal tolerance in this 

species. Founder line and experiment also had a significant effect on the LT50 , supporting a 

genotype influence on thermal performance of larvae in this study. This finding highlights the 

importance of maintaining genetic diversity in breeding programs and conservation efforts, as it 

can provide a buffer against environmental uncertainties. Overall, this study contributes to our 

understanding of the complex interactions between genetics, thermal stress and organismal 

survival, and points to the value of incorporating transgenerational and larval acclimation studies 

into broader ecological and evolutionary research. 

 

Introduction 

Increases in ocean temperature, as a direct consequence of global climate change, are occurring 

at rates that exceed the pace of genetic adaptation of many marine organisms (Chevin et al. 2010, 
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Bell 2013). Phenotypic plasticity may be a quicker and more effective means of coping with the 

predicted environmental changes and may act as a buffer, allowing time for evolutionary changes 

to occur (Morley et al. 2019, Pottier et al. 2022). Thermal tolerance is a measurement often used 

to describe how an organism can cope with thermal stresses, such as those imposed by climate 

change, and is a trait shown to respond plastically to the environment (Gunderson et al. 2017, 

Rohr et al. 2018, Morley et al. 2019, Pottier et al. 2022). While studies on thermal tolerance are 

widely considered to be critical to understanding how species will be affected by climate change 

(Sunday et al. 2014, Pinsky et al. 2019), most thermal tolerance experiments have been 

performed on adult organisms (Truebano et al. 2018). Few studies have assessed whether the  

plasticity in this trait changes throughout an organism’s ontogeny, even though it has been 

demonstrated that responses to thermal stress can differ between life- history stages (Radchuck et 

al. 2013, Bodensteiner et al. 2021).  

Early life-history stages are often highly impacted by temperature (Stillman 2002, Baird 2006, 

Chua et al. 2013) and these experiences may have long-lasting effects on an individual’s 

phenotype (O’Dea et al. 2019, Bodensteiner et al. 2021). Larval stages of many organisms are 

thought to have lower scope for plasticity compared to adults for many reasons, including lower 

mobility (Pottier et al. 2022) and the porportionally higher energetic cost of being plastic to life 

stages that have smaller endogenous reserves (Murren et al. 2015). The earliest life-history 

stages of many organisms are thought to be the most vulnerable to abiotic stressors generally 

(Jensen et al. 2014), and the sub-lethal effects of temperature, in particular, can be stronger 

during these earlier stages due to rapid cellular development and high risk of thermally induced 

abnormalities (Byrne and Przeslawski 2013). Thermal history of early stages can also have 

persistent and lasting effects on the thermal tolerance and overall survival of subsequent juvenile 

and adult stages (Noble et al. 2018, Bodensteiner et al. 2021, Pottier et al. 2022). 

Phenotypic plasticity (phenotypic changes within an organism’s lifetime) may be an effective 

strategy for ectotherms to cope with abrupt environmental changes such as extreme heat events 

and ocean warming, allowing time for genetic adaptation to occur (Busch et al. 2016, Morley et 

al. 2019, Pottier et al. 2022). Acclimation is a type of phenotypic plasticity that allows an 

organism to adjust its traits in response to environmental changes. This flexible response can 

enhance the species ability to thrive under varying conditions without requiring genetic changes 
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that would take multiple generations to develop (Stillman 2003). Investigating whether early life 

history stages can acclimate to new temperatures, and the magnitude of any plastic responses, is 

crucial to understanding whether early developmental stages are more vulnerable to climate 

changes, and what role early stages play in the vulnerability of ectotherms to changes in their 

thermal environment (Pottier et al. 2022).  In addition to larval plasticity, the vulnerability of 

early life history stages to warmer temperatures can be mediated to some extent through 

transgenerational plasticity (TGP), in which offspring phenotype is influenced by the 

environmental history of previous generations (Salinas 2013, Munday 2014). Maternal (and 

possibly paternal) intervention via pre-zygotic mechanisms can supply offspring with nutrients, 

hormones, mRNA, or other factors that alter the physiological state at fertilization (Wang et al. 

2015). Transgenerational phenotypic plasticity can play a role in the thermal response of 

offspring and can act as a buffer to rapid environmental change (Jensen et al. 2014). Parental 

carry-over effects may co-occur with larval acclimation, and the two in combination can result in 

thermal tolerance of the larvae that exceeds the tolerance of the parental generation (Salinas et al. 

2012). Understanding the intricacies of how the maternal environment shapes offspring thermal 

performance is crucial for predicting and mitigating the impacts of environmental change on 

marine ecosystems. 

In this study, we investigated the relative contributions of larval acclimation as well as maternal 

effects on larval survival during early development in the marine annelid Hydroides elegans. 

Adult Hydroides elegans were collected from Pearl Harbor, a military installation hosting vessels 

with potential introduction of ballast and individuals from around the globe and contributing an 

array of genetic variation. This potentially frequent input of genetic variation may be impeding 

local adaptation of the Hydroides elegans populations and contributing to variation in their 

response to temperature across the life cycle. Recent studies have also shown that intraspecific 

variation in thermal tolerance may be more common than previously thought (Zippay and 

Hofman, 2010, Kelly et al. 2012, Villenueve et al. 2021). We hypothesized that larvae reared at 

higher temperatures would exhibit a higher thermal tolerance (measured by LT50), and 

additionally that larvae produced from mothers reared at elevated temperatures would also show 

increased survival when exposed to higher temperature compared to larvae from mothers reared 

at cooler temperatures.   
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Methods 

Study organism 

The serpulid polychaete Hydroides elegans Haswell (1883) is a bio-fouling organism found in 

tropical and subtropical waters worldwide and is an introduced species at the location of this 

study, Pearl Harbor, Hawaiʻi. (Hadfield 1999).  Adult populations are found in environments that 

span a temperature range of 13-30 °C (Qiu and Qian 1998; Miles and Wayne 2009).  Adults 

freely spawn their gametes into the water and fertilization and development occurs in the water 

column; planktonic larvae remain in the water column feeding on phytoplankton until becoming 

metamorphically competent. Larval development takes approximately 5 days at 25° C when 

larvae are fed ad libitum (Nedved and Hadfield 2008).  Larvae of H. elegans settle in response to 

natural biofilms (Qiu and Qian 1998; Miles and Wayne 2009). Juveniles develop as protandrous 

hermaphrodites (Ranzoli 1962) and in the laboratory, generation time can be as short as 16-28 

days (Qiu and Qian 1998).  

   

Collection, spawning, and laboratory culture 

To establish laboratory cultures (lines), wild adults were collected from small pieces of Vexar 

plastic mesh screens that had been hung for one month, one meter below the low tide line on a 

floating pier at Pearl Harbor (21.357330 °N, 157.959888 °W) (Nedved and Hadfield 2009). 

Screens containing reproductive adults were kept in sea tables for 24-48 hours before spawning. 

To induce spawning, the posterior end of the tube of each worm was cracked using forceps until 

gametes were released (Miles and Hadfield 2007). Eggs were collected in 500 μl of 1-μm- 

filtered sea water with a micropipette; sperm was collected and immediately stored on ice until 

needed. No less than 18 females and 17 males were used to establish each of the populations 

(Table 1). Eggs from all females and sperm from all males in a spawn were pooled for 

fertilization to ensure a sufficient sample size of larvae for all analyses.   

 

Three independent laboratory lines were established at different times, using different sets of 

wild adults.  These lines were coded for organizational purposes as “yellow”, “pink,” and “blue” 

(Table 1). To establish each line, eggs (~20,000-150,000 combined from 18-25 females) and 

sperm (0.5ml of diluted sperm from 17-20 males) from wild adults were mixed in 1L of 1-μm- 

filtered seawater for one h to reach 100% fertilization. Eggs were considered to be 100% 
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fertilized when all eggs in a 10-μl aliquot from the egg/sperm solution had cleaved (Pechenik et 

al. 2007), which occurred ~1 h after fertilization.  Larval cultures were established at a density of 

10 larvae/ml and, for each separate experiment, nine replicate one-liter glass beakers containing 

~10,000 larvae each were maintained in an incubator at 25 °C. Larvae were fed 60,000 algal 

cells ml-1 of the marine alga Isochrysis galbana on d 1 after which feeding was increased to 

120,000 algal cells ml-1. Starting on d 2, larvae were fed daily and we changed the water in 

cultures every other day by concentrating larvae on a 20-μm filter and then gently rinsing them 

into clean beakers containing new, freshly-filtered sea water. 

 

Larvae were scored as competent to settle when 50% of the culture had developed three body 

segments, posterior to the larval head (Miles and Hadfield 2007).  For all cultures, larvae were 

competent to settle by five d after fertilization. Settlement was cued using clear, square plastic 

vinyl chips measuring 10 x 10 mm that had been placed in a single layer in flowing seawater at 

the Kewalo Marine Laboratory, Honolulu, HI, for 10 d to develop a natural biofilm (Miles and 

Hadfield 2007). Biofilmed chips were placed in individual wells of six-well, sterile, VWR Tissue 

Culture Plates. Each well contained a single settlement chip in 10 ml of 1-μm filtered sea water. 

Approximately 20-25 larvae were added to each well using a pipette, and larvae in the wells 

were fed by adding 120,000 algal cells ml-1 every day for five d. After five days in the wells (~10 

d after fertilization), each chip was examined and all juvenile worms were manually removed 

except the animal nearest to the center of the chip (to avoid inadvertent selection for larger 

individuals) (Hadfield and Nedved 2008). Animals were removed by scraping away the outer 

worm tube and all visible tissue. After culling, the water in each well was changed every other 

day and growing worms were fed during each water change at a concentration of 120,000 cells 

ml-1 of I. galbani (Hadfield and Nedved 2008). 

 

Experimental Design 

 To experimentally test whether larval thermal sensitivity was affected by parental rearing 

temperature, larval rearing temperature, or their interaction, after at least two generations under 

common-garden conditions we spawned adults from each line and raised their offspring from 

culling to maturity at either two or three different temperatures: 20 and 25 ℃ (yellow line) or 21, 
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25, and 28 °C (pink and blue lines). These temperatures were chosen to encompass the mid-to-

upper thermal range typically experienced by this species across its geographical distribution 

(Nedved and Hadfield 2008). 

We spawned adults that had been raised in culture at the different experimental 

temperatures and separated their embryos into two (yellow) or three (pink, blue) groups and 

raised them in a full factorial design at the same sets of temperatures as the adults (e.g. for the 

yellow line, larvae from parents reared at 20 °C were separated into cultures and raised at 20 and 

25 ℃, and the same was done for parents reared at 25 °C; for the pink and blue lines, parents 

reared at 28 °C were spawned and fertilized embryos were separated into cultures to be kept at 

21 °C, 25 °C, or 28 °C, and the same was done for the other two parental temperatures) (Fig 1).  

We assessed thermal tolerance of larvae by measuring LT50, or the temperature at which 50% of 

larvae were dead (Zippay and Hoffman 2010, Dunphy et al. 2013, Collin and Chan 2016), at two 

time points: 24 hours (day 1) post fertilization and 96 hours (day 4) post fertilization. These time 

points were chosen to represent early development where maternal effects may be more 

dominant, and a later stage of development where the larval genotype would likely be the driver 

of responses. Some maternal effects can persist throughout the lifetime of the offspring; 

however, other maternal effects can be temporary, only affecting early life history stages through 

mechanisms such as maternal loading of RNA transcripts or increased energy reserves (Marshall 

and Uller 2007, Uller 2008, Rivera 2021). To start the LT50 assays, larvae from each culture were 

evenly distributed into three replicate 20-mL vials for each target temperate at a density of 10 

larvae mL-1. Larvae were left undisturbed in vials for a 30-minute period at room temperature? 

before being exposed to experimental temperatures.  

All thermal tolerance experiments were performed in an aluminum block connected to 

recirculating water baths at both ends (Kuo and Sanford 2009, Walther et al. 2013). The 

temperatures of the water baths were set to create a gradient of 12 temperatures ranging from 21-

40 °C. For each temperature, the three replicate vials were brought to their target temperature at a 

rate of 0.25 °C min-1. Larvae remained at the target temperature for three hours and then were 

allowed to recover at 25 °C for one hour. After the recovery period, vials were inverted several 

times to mix larvae and a subsample of each vial was observed under a compound microscope. 

The first 20 larvae observed were marked as either dead or alive; larvae were scored as ‘dead’ if 

they showed no ciliary or other movement. This protocol was repeated six times overall (Table 
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1) with pooled larvae from separate generations of each line (performed three times for yellow, 

and twice each for pink and blue lines).  

 

Maternal variation 

Because the previous experiments involved pooling gametes from multiple parents, to investigate 

the extent to which maternal identity could affect larval temperature sensitivity, we performed 

one additional experiment in which we used a half-sib design.  Sperm from two sires, one reared 

at 21 or 28 ℃, was used to separately fertilize eggs from five different females at the same 

temperature (21 or 28 ℃). Larvae from each female were then split into two temperature 

treatments (21 and 28 ℃) with three replicate beakers per temperature treatment. Larvae were 

subjected to the same LT50 protocol on day one and day four of development using the same 

experimental design as previously described.  

 

Data Analysis 

For analysis, temperatures were assigned into three categories, low (including both 20 and 21 

℃), medium (25 ℃) and high (28 ℃). Survival data from all replicate vials from all temperature 

combinations, including the maternal variation assay, had a binomial distribution and so LT50 

was assessed using a binomial regression model, a subtype of the generalized linear model, with 

temperature as the independent variable and survival as the dependent variable. LT50 was 

estimated from each regression as the temperature at which 50% of the larvae were dead. This 

estimate was made using the reverse prediction function in JMP. Each experimental run 

produced a single LT50. To assess whether LT50 was affected by parental temperature, larval 

temperature, day, or interactions between factors, an ANOVA with a full factorial design 

followed by a Tukey’s post-hoc test was used to test for significant differences among parental 

temperature (fixed effect), developmental temperatures (fixed effect), day of development (fixed 

effect), and line (random effect). Experiment was coded as a random effect and treated as a 

block. The two-way interactions between parental and larval temperature, parental temperature 

and day, and larval temperature and day were tested to determine whether the effects of parental 

or larval temperature are dependent on one another or the time of development.  The three-way 
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interaction between parental and larval temperature and day of development was also tested to 

determine whether the intersection between parental and larval temperature was dependent on 

time of development. 

For the maternal variation assay, LT50 was assessed as above using a binomial regression model 

with temperature as the independent variable and survival as the dependent variable. LT50 was 

estimated from each regression as the temperature at which 50% of the larvae were dead, using 

the reverse prediction function in JMP. To assess whether LT50 was affected by female, parental 

temperature, larval temperature, day, or interactions between factors, an ANOVA with a full 

factorial design followed by a Tukey’s post-hoc test was used to test for significant differences 

among female (random effect), parental temperature (fixed effect), developmental temperatures 

(fixed effect), and day of development (fixed effect). All statistical analyses were performed in 

JMP (version 17, SAS Institute Inc.). 

 

Results 

Individual factors 

For the experiments involving mixed eggs and sperm from many individuals, larval rearing 

temperature had a significant effect on LT50 (p<0.001) (Table 3.1, Fig. 3.1) but parental rearing 

temperature and day of development did not (p=0.54, p=0.56, respectively) (Table 3.1, Fig. 3.1) ; 

When comparing among low, medium, and high larval rearing temperatures, larvae that were 

reared at the highest temperature had a significantly lower LT50 than larvae reared at the medium 

temperature. There was not a significant difference between the LT50s of larvae reared at high 

and low temperatures or between low and medium temperatures (Figure 3.1).  

 

There were visual differences between the average LT50 of the different founder populations 

(yellow, pink, and blue); for example, the average LT50 of the blue line was approximately 3 ℃ 

lower than that of the yellow line (Fig. 3.2). The differences in line were marginally significant 

with a p-value=0.06 (Table 3.1.) Experiment (combined n = 6 total experimental runs) also had a 

substantial effect on LT50 (S. Fig. 3.1). 
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Two- and three-way interactions  

There was a significant interaction between parental and larval temperature (p<0.01, Table 3.1. 

Fig. 3.3A), indicating that the effect of larval rearing temperature differed depending on parental 

temperature. Visual inspection of the data suggested this pattern was driven mainly by the low 

thermal tolerance of larvae from high-temperature parents that were reared at high temperatures; 

this group had the lowest overall LT50 of any group. 

We observed a significant interaction between parental temperature and day of development 

(p=0.04, Table 3.1., Fig. 3.3B). Offspring of parents reared at the low and high temperatures had 

significantly higher LT50s on day one compared to day four. However, there was no significant 

difference in thermal performance between day one and day four of development for the medium 

parental temperature treatment. 

There was also a significant interaction between larval temperature and day of development 

(p<0.001, Table 3.1., Fig 3.3C). This interaction was driven by the fact that larvae reared at the 

low and medium temperatures had a higher LT50 on day one than on day four, while larvae 

reared at the highest temperature treatment had a lower LT50 on day one than on day four.  

The three-way interaction among parental temperature (PT), larval temperature (LT) and day (D) 

was not significant (p=0.31, Fig. 3.4, Table 3.1).  

 

Maternal variation  

For the maternal variation assay, maternal identity (female) did not have a significant effect on 

the thermal sensitivity of larvae (p=0.08, Table 3.3, Fig. 3.5). Parental rearing temperature was 

also not significant, but larval rearing temperature (p<0.001) and the interaction between parental 

and larval rearing temperature (p<0.001) were significant, similar to the data from the pooled 

assay. In contrast to the combined analysis, larvae reared at 21 ℃ had a lower LT50 than larvae 

reared at 28 ℃, regardless of parental rearing temperature. The significant interaction between 

parental and larval temperature was driven by the fact that larvae reared at 28 ℃ from parents 

reared at 28 ℃ had a significantly lower LT50 than the other groups.  
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Discussion 

Our combined analysis of data from all three lines indicated that larval rearing temperature had a 

significant effect on the thermal sensitivity of larvae. However, the direction was opposite to 

what would be expected if larvae were successfully acclimating to higher temperatures; larvae at 

the highest rearing temperature were the most sensitive to elevated temperatures (lowest LT50). 

Parental temperature did not have a significant effect on overall LT50, so the analysis of the 

combined data provided little support for either larval acclimation or transgenerational plasticity 

(TGP). There was a significant interaction between parental and larval temperature, but rather 

than high-temperature parents conferring higher thermal tolerance on their larvae (as in adaptive 

TGP), the lowest LT50s were seen in high-temperature larvae from high-temperature parents. The 

significant parent-by-offspring effect was likely driven by a combination of physiological stress 

at high temperatures that were compounded when both parents and offspring experienced the 

warmest temperature regime. We also found considerable variation among mothers, suggesting 

that genetics may play a role in TGP and larval acclimation even among related individuals from 

a common garden environment. One additional important point is that while the results of the 

overall analysis did not support the presence of TGP or adaptive larval acclimation, when the six 

individual experiments were analyzed separately, some showed outcomes that supported TGP, 

some supported larval acclimation, and others showed evidence for both or neither. These 

variable outcomes could have been due to genetic variation between founder groups, or to 

unknown sources of stochastic error. Regardless, this variation demonstrates the critical role of 

replication in experimental designs testing for TGP, even when using inbred lines under highly 

controlled experimental conditions.  

One important outcome of our experiments was that while there was an overall significant effect 

of larval rearing temperature on the thermal sensitivity of Hydroides elegans larvae, it was in the 

opposite direction of what would be expected if larvae were acclimating to their thermal 

environment; larvae reared at the highest temperature displayed the lowest LT50 . This result 

contrasts with some previous studies that found positive evidence for larval thermal acclimation. 

For example,  larvae of the starfish Pisaster ochraceous demonstrated increased tolerance to 

thermal stress after exposure to marine heatwave temperatures (Clements et al. 2023); the sea 
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anemone Nematostella vectensis increased its larval LT50s by almost 0.8 C after a single hour of 

exposure to elevated temperatures (Glass et al. 2023); and thermally acclimated embryos of the 

tube worm Galeolaria caespitosa increased their thermal optimum of survival by approximately 

2 C (Rebolledo et al. 2023).  However, like our study, several other studies focusing on marine 

invertebrate larvae have also found a lack of acclimation in larval stages (Donelson et al. 2018). 

Byrne et al. (2011) found that larvae of the sea urchin Heliocidaris erythrogramma exhibited no 

apparent acclimation to elevated temperatures, with higher temperatures leading to increased 

mortality. In a study on seven separate populations of the predatory marine snail, Urosalpinx 

cinerea, larvae from the southernmost populations displayed a reduced thermal tolerance when 

they were acclimated at higher developmental temperatures, contrary to an expectation of greater 

thermal tolerance at higher acclimation temperatures (Villaneuve et al. 2021). Warm-conditioned 

larvae from the coral Pocillopora acuta also showed no evidence of increased thermal 

performance at increased water temperatures (McRae et al. 2021).  The results of these studies, 

combined with the results in our study, suggest that while larvae of some taxa can acclimate to 

higher temperatures, larvae of many other taxa have limited or no physiological capacity to cope 

with rapid changes in temperatures, a critical concern under global warming scenarios (Byrne et 

al. 2011, Oliver and Garland 2002, Portner et al. 2008, Munday et al. 2009). However, in our 

study, the similar thermal tolerances of larvae reared at low and medium temperatures, and the 

subsequent decrease in LT50 at the highest temperature suggest the population may be 

eurythermal and there is no need for acclimation within their functional range, but the highest 

temperature treatment approaches a thermal limit above which their thermal safety margin is 

reduced. When genotypes, populations, or species cannot acclimate to higher temperatures, this 

increases the potential for substantial shifts in marine ecosystems as global temperatures warm 

(Przeslawski et al. 2015). These findings collectively suggest that the resilience of marine 

invertebrate larvae to changing thermal environments is context-dependent and potentially 

limited, raising concerns about their survival and the broader ecological impacts under ongoing 

climate change (Berndhart and Leslie 2013, Espinosa-Nova 2023). 

One additional consideration is that the overall lack of evidence for acclimation to larval rearing 

temperature in our experiments could have been due to variance introduced by the day factor (d 1 

and d 4). We chose to test for differences in thermal tolerance at d 1 and d 4 because those times 

represented different stages of development and presumably different levels of complexity in 
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larval physiology.  However, rather than finding a clearcut effect of day, there was instead a 

significant interaction between day and larval temperature; this appeared to be driven by the fact 

that for high-temperature larvae, though low overall, LT50 increased between d 1 and d 4.  This 

pattern could be attributable to selective mortality in the high-temperature larvae such that larvae 

alive at d 4 were those which were innately more thermally tolerant, or to partial acclimation by 

the 4-d-old high-temperature larvae that allowed them to recover to the same level of thermal 

tolerance as cool-temperature larvae. We did not observe unusual numbers of dead larvae in 

high-temperature cultures, so these results may support some level of acclimation to high 

temperatures between d 1 and d 4 for larvae reared at the highest temperature.  

Larvae of the marine species Hydroides elegans experience a brief development phase, typically 

transitioning from fertilization to metamorphosis within just 5 to 7 days, a duration that varies 

with environmental factors. Research indicates that this quick developmental timeline may 

restrict the window for acclimatization, possibly diminishing the larvae's capacity to adapt to 

changes in their surrounding temperature. Marine invertebrate larvae with abbreviated 

developmental periods generally exhibit less flexibility in coping with temperature variations, 

suggesting a direct correlation between developmental time and acclimation capacity (Fautin and 

Allen 2012). Similarly, larvae of some taxa with longer developmental periods have shown 

greater acclimation potential, likely due to extended exposure to environmental conditions 

(Hoegh-Guldberg and Pearse 1995). Longer developmental periods, therefore, may confer an 

adaptive advantage under changing climatic conditions, allowing more time for gradual 

physiological adjustments. Larvae, especially those with short developmental periods, may have 

limited time to undergo the necessary physiological and biochemical adjustments of proposed 

mechanisms for thermal acclimation such as producing heat shock proteins, altering metabolic 

rate or adjusting enzymatic activity (Veilleux et al. 2015, Morley et al. 2018). Rapid 

development could prioritize reaching the next life stage over acclimation processes. The timing 

of developmental stages may also be crucial in determining the window of opportunity for 

acclimation, with early stages being particularly sensitive to environmental changes (Palumbi 

2011).  

In contrast to larval rearing temperature, parental rearing temperature did not significantly 

influence larval thermal sensitivity and thus our experiments did not support TGP. The absence 
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of TGP in thermal tolerance of larval stages has been demonstrated in a variety of other taxa. For 

example, in a study by Byrne and Przeslawski (2013), the thermal tolerance of offspring from the 

sea urchin species Heliocidaris erythrogramma did not vary significantly when parents were 

subjected to different thermal conditions. This suggests that other factors, such as genetic 

predisposition or non-thermal environmental variables, may play a more crucial role in 

determining offspring resilience (Byrne & Przeslawski, 2013). Other taxa that showed no 

significant change in the thermal tolerance of larvae when parents were raised at different 

temperatures were the oyster Crassostrea gigas (Padilla- Gamino et al. 2016) the coral 

Pocillopora acuta (McRae et al. 2021). In both these studies, larvae showed no evidence of 

increased thermal tolerance when produced from warm- conditioned parents. Results of these 

studies, combined with the results in our study, suggest that while larvae of some taxa can 

acclimate to higher temperatures, larvae of many other taxa have limited or no physiological 

capacity to cope with rapid changes in temperatures, a critical concern under global warming 

scenarios (Byrne et al. 2011, Oliver and Garland 2002, Portner et al. 2008, Munday et al. 2009).   

While some studies have shown no evidence for TGP in larval thermal tolerance, studies in 

varying taxa have demonstrated TGP of marine invertebrates. Two separate studies on offspring 

of thermally stressed parents of intertidal snails, Nucella lapillus and Littorina obtusata showed 

improved survival rates under high-temperature conditions (Marshall et al. 2010, Sunday et al. 

2014). In the marine annelid Ophyrotrocha labronica, mothers who were thermally conditioned 

to increased temperatures created more heat tolerant offspring when the larval thermal 

environment mismatched the parental thermal environment. When mothers were conditioned to 

higher temperatures at a later stage of oogenesis, offspring thermal performance increased when 

they experienced the same increased thermal environment as the mother (Massama-N’Siala et al. 

2014). This study shows contrasting TGP effects depending on the timing of maternal exposure 

to thermal stress and further highlights the complex nature of TGP responses. In the brine shrimp 

Artemia sp., parthenogenic females exposed to increases in temperature produced offspring with 

increased heat-shock protein production as well as increased thermal tolerance (Noroutzitallab et 

al. 2014). Chamorro et al. 2023, examined whether marine heat wave (MHW) temperatures 

induced transgenerational plasticity in the thermal tolerance of Stronglyocentrotus purpuratus 

offspring and found that embryos from MHW acclimated females produced offspring that were 

more thermally tolerance (higher LT50) compared to offspring from non-MHW acclimated 
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females. The results of these studies provide evidence that TGP in thermal tolerance may play a 

key role in altering the thermal performance of offspring as a direct result of the thermal history 

of the parental generation, especially when thermal stress events coincide with gametogenesis. In 

our study, we found a significant parental temperature x larval temperature interaction but 

instead of supporting TGP, it was driven by an apparent cumulative negative effect of high 

temperature across the life cycle. This result challenges the notion that exposure to higher 

temperatures leads to increased tolerance in offspring, a concept that has been widely discussed 

in the context of climate-change adaptation (Gunderson & Stillman, 2015).  In addition to the 

comparatively low thermal tolerance of high-temperature larvae in this study, in a previous 

study, we found that adults of H. elegans reared at the highest temperature had reduced fecundity 

and smaller egg size than adults reared at cooler temperatures (Genovese et al. 2024, in prep. 

(chapter 1, this thesis). This supports the idea that if warmer temperatures are closer to their 

thermal limit they can create physiological costs for the parental generation which interact 

additively with the negative effects of warmer temperature on larvae.   

The variability in the occurrence of transgenerational plasticity in thermal tolerance across 

different studies underscores its taxon-specific and context-dependent nature, highlighting the 

need for a more nuanced understanding of this phenomenon in the face of contrasting empirical 

evidence (Byrne et al. 2011). The variability in TGP responses across species and populations 

also indicates a need for further research to understand the specific environmental and genetic 

factors influencing these outcomes (Byrne et al. 2020). The functional temperature range of each 

species must also be considered when designing experiments.  

While the effect of line was marginally nonsignificant (p=0.06), there was a 3 C difference 

between the line with the lowest LT50 (blue) and the line with the highest LT50 (yellow) (Fig. 3), 

and while we did not explicitly test for genotype differences in thermal tolerance, this result does 

suggest that genetic variability within populations can influence their resilience to temperature 

fluctuations. Experiment had a significant effect on the LT50 of larvae (S.Table 1, S. Fig1); even 

when experiments were performed on different generations of the same line, the outcomes were 

not necessarily the same. For example, in Experiment 1(pink line) all individual (parental temp, 

larval temp, day) and interactive effects were significant. The significant interaction between 

parental and larval temperature showed negative TGP, with offspring from the high parental 
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treatment, having also been reared in the high temperature treatment, displaying the lowest LT50 

compared to larvae from the same parental treatment that were reared at the low and medium 

treatments. Meanwhile, in Experiment 6 (yellow line; only low and medium temperatures tested) 

positive TGP effects were observed. Offspring from the medium parental temperature treatment, 

when also reared at the medium temperature, exhibited an increased thermal tolerance (LT50) 

compared to offspring from the low parental treatment. The different outcomes obtained 

depending on experiment and line, demonstrate the importance of performing assays multiple 

times, on multiple groups within a population to capture the natural variation. Presuming 

uniformity within populations and across different cohorts can significantly affect predications 

regarding species responses to climate change; therefore, it is important to recognize diversity in 

population responses for accurate forecasting (Villenueve et al. 2021). This again emphasizes the 

importance of repeating experiments with different genotypes to observe the natural variation 

within populations.  
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Table 3.1. Results from ANOVA testing for significant effects of larval LT50 in Hydroides 

elegans. Significant effects are highlighted in orange and contain an asterick (DF=degrees of 

freedom).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects DF F Ratio Prob > F 

Parental temp (PT) 2 0.6169 0.5404 

Larval temp (LT) 2 7.4994 0.0007* 

PT*LT 4 5.8876 0.0001* 

Day of development (D) 1 0.3355 0.5630 

PT*D 2 3.3808 0.0355* 

LT*D 2 12.7360 <.0001* 

PT*LT*D 4 1.2026 0.3101 

Line (random) 2 5.9366 0.0636 
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Table 3.2 Results from ANOVA testing for effect of maternal variation on larval LT50 in 

Hydroides elegans. Significant effects are highlighted in orange and contain an asterisk 

(DF=degrees of freedom). 

Source DF Sum of Squares F Ratio Prob > F 

Parental Temp 1 5.832000 44.0072 <.0001* 

Larval Temp 1 9.987556 75.3642 <.0001* 

Parental Temp*Larval Temp 1 9.987556 75.3642 <.0001* 

Day 1 0.008000 0.0604 0.8083 

Parental Temp*Day 1 0.008000 0.0604 0.8083 

Larval Temp*Day 1 0.014222 0.1073 0.7465 

Parental Temp*Larval Temp*Day 1 0.014222 0.1073 0.7465 

Female[random] 7 12.053000 12.9928 <.0001* 
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Table S3.1. Shows each experiment performed and the significant (with -p-value) and non-

significant (NS) effects. Significant effects are highlighted in orange. 

Experiment PT LT D PTxLT PTxD LTxD PTxLTxD 

1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

2 <0.01 <0.01 <0.01 <0.01 NS NS NS 

3 NS NS NS NS NS NS NS 

4 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

5 <0.01 <0.01 <0.01 <0.01 NS NS NS 

6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

7 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
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Figure 3.1. Effects of (A) parental rearing temperature, (B) larval rearing temperature and (C) 

day of development on LT50 of Hydroides elegans larvae from all lines and experiments. The 

only significant main effect was larval rearing temperature (p<0.01). Error bars represent one 

standard error (SE) from the mean. Levels not connected by the same lower-case letter are 

significantly different (B).  
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Figure 3.2. Effect of founder (line) on the LT50 of Hydroides elegans larvae. Each line (blue, 

pink, yellow) represents a different laboratory line started from different founder parents. There 

is a 4 C difference in LT50 between the blue and yellow line (p=0.06). Error bars represent one 

standard error (SE) from the mean.  
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Figure 3.3. Interactive effects on the LT50 of Hydroides elegans larvae between (A) parental and 

larval temperature (p<0.01), (B) parental temperature and day of development (p=0.03) and (C) 

larval temperature and day of development (p<0.01). All interactive effects were 

significant.Error bars represent one standard error (SE) from the mean.  
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Figure 3.4. Three-way interaction between parental temperature, larval temperature and day of 

development on LT50 of Hydroides elegans larvae. There was no significant interaction effect 

between parental, larval temperature and day. Error bars represent one standard error (SE) from 

the mean.  
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Fig 3.5. Effect of female on larval LT50 in Hydroides elegans. Female did significantly affect 

LT50 (p<0.01). Error bars represent one standard error (SE) from the mean.  
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Fig S3.1. Effect of experiment on larval LT50 in Hydroides elegans. Experiment did significantly 

affect observed LT50. Error bars represent one standard error (SE) from the mean.  
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Figure S3.2. Three-way interaction among parental temperature, larval temperature and day of 

development for each experiment showing variation between experiments for (A) the pink line 

and (B) the blue line. Error bars represent one standard error (SE) from the mean.  
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Figure S3.3. Three-way interaction among parental temperature, larval temperature, and day of 

development showing variation between experiments for the yellow line, where parents and 

larvae were only reared at the low and medium temperatures. Error bars represent one standard 

error (SE) from the mean. 
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CHAPTER 4: INFLUENCE OF PARENTAL AND LARVAL TEMPERATURES ON  

LARVAL SETTLEMENT AND OXYGEN CONSUMPTION RATES  

 

Abstract 

 

 Marine invertebrate larvae, essential for sustaining marine populations and the functionality of 

benthic ecosystems, are likely to be highly susceptible to the impacts of climate change. Sub-

lethal temperature changes can significantly affect vital physiological processes including 

feeding, growth, settlement, and energy utilization in marine larvae and may have profound 

consequences for biodiversity and the stability of ecosystems.This research investigates the 

influence of transgenerational and larval environmental temperatures on the settlement dynamics 

and metabolic rates of Hydroides elegans larvae. Conducted across a temperature gradient of 

21°C, 25°C, and 29°C, this study examines whether parental exposure to elevated temperatures 

affects settlement rates and oxygen consumption (proxy for metabolic rate) of offspring. Results 

indicate day post fertilization was the only factor affecting settlement rate (p<0.01) but that 

larval rearing temperature significantly affects metabolic rates, with larvae at 29°C displaying 

higher oxygen consumption, suggesting an increase in energy expenditure per unit time. 

Conversely, parental temperature showed only a marginal influence on larval settlement, with no 

significant transgenerational effects on metabolic rates. Our results demonstrated that larvae at 

higher temperatures do not settle sooner, but do have higher oxygen consumption rates; 

indicating that these larvae would need more energy overall and their development less 

energetically efficient than larvae reared at the cooler temperature. These findings suggest that 

while immediate thermal conditions critically impact larval physiology and settlement behavior, 

the benefits of acclimation or adaptation might be limited to within-generation responses rather 

than transgenerational thermal exposure.  

 

 

Introduction 

Global climate change effects are altering marine ecosystems, with significant implications for 

biodiversity and ecological stability (Walther et al. 2002, Byrne and Przeslawski 2013, Halpern 
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et al. 2015). Expected to be most vulnerable to these changes are marine invertebrate larvae, 

whose survival, development, and settlement are crucial for the maintenance of healthy marine 

populations and the functioning of benthic communities (Thorson 1950, Gosselin and Qian 1997, 

Byrne 2011, Viladrich et al. 2022). Previous studies have focused on the effect of increasing 

temperature on the survival of marine invertebrate larvae at the most extreme climate scenarios. 

However, there are several potentially significant physiological impacts of high temperature 

below lethal extremes that can impair processes such as feeding, growth, settlement and energy 

expenditure (Gosselin and Qian 1997, Lathlean et al. 2013, Small et al. 2015).  

 

The settlement of marine invertebrate larvae, crucial for sustaining adult populations, is 

significantly influenced by temperature, which affects both the timing and success of this vital 

developmental transition (Keough and Downes 1982, Gosselin and Qian 1997, Lathlean et al. 

2013). For species with biphasic life cycles, temperature may not only serve as a key 

environmental cue for settlement, but may also impact larval behavior, development, and 

mortality through its effect on the time larvae spend in the planktonic environment (Hunt and 

Scheibling 1997, O’Connor et al. 2007, Putnam et al. 2008, Lopez-Duarte et al. 2012). Since 

successful recruitment of larvae is vital to the continuation of viable adult populations, especially 

for sessile marine invertebrates who are unable to relocate from adverse environmental 

conditions (Pineda et al. 2010), sublethal temperatures that alter larval behavior, morphological 

development, and the expression of settlement cues, can impact the likelihood of successful 

benthic colonization.  Additionally, sublethal high temperatures can accelerate the development 

of pelagic larvae by potentially decreasing the pre-settlement period, which can both alter the 

capacity for dispersal as well as reduce exposure to sources of mortality (O’Connor et al. 2007, 

Putnam et al. 2008). For example, increased temperature may induce faster development or 

settlement, which in turn can result in lower larval dispersal capacity and reduced genetic 

connectivity among populations (Cowen et al. 2000). Temperature induced changes to the 

pelagic larval duration (PLD) can cause significant shifts in ecological range, and so identifying 

sublethal, as well as lethal, effects of temperature can aid in understanding species biogeographic 

patterns and life-history strategies (Walther et al. 2013, Small et al. 2015).  
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The metabolic rate of marine invertebrate larvae is a fundamental physiological trait that 

influences energy allocation, growth, and survival (Portner 2002, Angilletta 2009, Pan et al. 

2016). Temperature directly affects metabolic processes, with both acute and chronic changes in 

thermal conditions potentially shifting metabolic balance, energy efficiency, and resource 

allocation (Gillooly et al. 2001, Portner et al. 2017). Studies have shown that even sublethal 

temperature increases can elevate metabolic demands, affecting larval energy budgets and 

developmental outcomes (Pechenik 1987, Edmunds et al. 2001, Kipson et al. 2012, Viladrich et 

al. 2022). For example, in larvae of the lobster Homarus gammarus, increased temperature 

caused a subsequent increase in oxygen consumption rates up to a maximum value; beyond this 

maximum value respiratory gas exchange of the larvae was compromised (Small et al. 2015).  

So, while increased temperatures initially boosted their metabolic rates, evidenced by higher 

oxygen consumption, surpassing a certain temperature limit impaired their respiratory efficiency. 

This indicates a delicate balance in thermal tolerance, where optimal conditions can enhance 

physiological processes, but extreme temperatures lead to physiological stress and breakdown of 

vital biochemical processes. In a study on larvae of the coral Pocillopora acuta, respiration also 

decreased in larvae that were exposed to elevated temperatures (Putnam et al. 2013), indicating 

that exposure to temperatures above their thermal optima, while not immediately lethal, signals 

the onset of thermal damage to respiratory proteins and normal biochemical processes 

(Hochachka and Somero 2002, Putnam et al. 2013). Understanding these thermal thresholds is 

crucial for predicting how the physiological effects of warmer thermal environments can 

influence marine populations and how certain species will be impacted by climate change.  

 

Recent research has highlighted the potential for transgenerational plasticity (TGP) to facilitate 

adaptive responses in marine invertebrates to sublethal temperatures (reviewed in Salinas et al. 

2013, Donelson et al. 2018). Examining the mechanisms through which parental exposure to 

stressors influences offspring phenotype can help to unravel the complex interactions between 

genetics, epigenetics, and environmental factors. To understand the relationship between TGP 

and dispersal, Burguess and Marshall (2011) observed that in the marine bryozoan Bugula 

neritina, mothers kept at warmer temperatures produced offspring that had increased dispersal 

potential (longer PLD) when the larvae experienced the same warmer temperature as their 

mothers. Putnam and Gates (2015) also found that larval respiration was reduced in larvae of the 
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coral Pocillopora acuta when larvae in warmer temperatures were produced from mothers that 

experienced the same increased temperature, providing evidence for positive TGP effects in 

response to increased temperature. These studies demonstrate that parental exposure to warmer 

temperatures can lead to offspring with either enhanced dispersal capabilities or altered 

metabolic responses, suggesting TGP as a potential mechanism for resilience in the face of 

climate change. 

 

The serpulid polychaete Hydroides elegans, a biofouling species, is found in tropical to 

subtropical waters globally (temperature range 13-30°C) and is non-native to Pearl Harbor, 

Hawaiʻi. (Qiu and Qian 1998, Hadfield 1999, Miles and Wayne 2009). Reproduction involves 

releasing gametes for external fertilization and development in the water column, with larvae 

feeding on phytoplankton until they're ready to metamorphose, which typically occurs within 5 

days at 25 °C, given sufficient food. These larvae readily settle in response to biofilms, and 

juveniles reach maturity in just 16-29 days under lab conditions (Nedved and Hadfield 2008). A 

proven settlement cue and fast generation times make this species highly suitable for 

investigating sublethal transgenerational effects of temperature on larval settlement and energy 

utilization.  

 

In this study, we investigated the contribution of transgenerational phenotypic plasticity to the 

successful settlement and oxygen consumption rates (proxy for metabolic rate and energy 

expenditure) of larvae of the marine annelid, Hydroides elegans at 21, 25 and 29 ℃ 

(representing the temperature range experienced by H. elegans at the collection site). We 

hypothesized offspring produced by parents at higher temperatures would have increased 

settlement at higher developmental temperatures and a reduced oxygen consumption rate 

compared to offspring produced from parents at the cooler temperatures.  

 

Methods 

Collection, spawning, and laboratory culture 

 

A new parental line was established for the settlement and respiration assays as described in 

Genovese et al. (in prep; also chapter 2 of this dissertation). Briefly, adult H. elegans were 
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collected from Pearl Harbor (21.357330°N, 157.959888°W), and allowed to recuperate for 48 

hours in flowing seawater tables at Kewalo Marine Lab, University of Hawaiʻi.. Reproductive 

adults were then spawned following the methods of Miles and Hadfield (2007). Individual 

females produced 2000-5000 eggs on average, which was insufficient for establishing a lab line, 

so eggs from 18 females were pooled. To ensure fertilization success, the pooled eggs were 

fertilized with pooled sperm from 20 males collected at the same time. 

 

Prior to temperature treatments, individuals were maintained for at least two generations at 25 °C 

under common garden conditions on a 12 h light-dark cycle to minimize maternal effects. 

Spawning, fertilization, and larval and juvenile/adult rearing conditions were the same 

throughout each generation.  

 

Experimental design 

Settlement 

Adults were spawned and eggs fertilized as described previously, but embryos were separated 

into three replicate 1-l cultures per treatment temperatures 21, 25 and 29 °C. Adults from each 

line and temperature treatment were spawned as described above, and larvae were separated into 

three replicate cultures at each temperature treatment, 21, 25, and 29 ℃. These experimental 

temperatures were chosen to reflect the middle to upper range of the species (Qiu and Qian 

1998). 

Starting on day 3 of development, 10 larvae from each replicate culture at each temperature 

treatment were placed in a 6-well settlement plate at a density of 1 larvae/ml and exposed to 

10x10mm vinyl settlement chips conditioned with a natural biofilm. Three settlement plates were 

used for each temperature. Settlement plates with larvae were kept in incubators at their 

respective temperatures and after 24 hours, each settlement chip from each plate was examined 

for settled larvae. A larva was considered settled when the soft primary tube of the juvenile was 

observed. This settlement assay was performed twice on the same line.  
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Respiration 

The rates of oxygen consumption in larvae were assessed using the endpoint determination 

method (µBOD) as described by Marsh and Manahan (1999). In summary, day 3 larvae were 

placed in filtered seawater within small respiratory vials of a specified volume (between 500 and 

700 μL). These vials, organized in groups of 7, were then incubated at  21, 25, or 29 °C, utilizing 

a thermal block. After 3 hours of incubation, 300-μL samples were extracted from each vial 

using a gas-tight syringe that was equilibrated to the temperature and the oxygen level in each 

sample was measured with a polarographic oxygen sensor that had been calibrated for 

temperature (Model 1302, Strathkelvin Instruments, UK). The number of larvae in each vial was 

counted, and the oxygen consumption per larva at each temperature was determined by 

calculating the slope of the regression line plotting oxygen consumption per hour against the 

number of larvae in each vial. The precision of each measurement was expressed as the standard 

error of the slope of this regression line (Walther et al. 2013). Three individual respiration runs 

were performed per temperature treatment.  

 

Data analysis  

 For the settlement data, proportion settled was analyzed in R using a generalized linear mixed 

model with a beta-binomial distribution in order to account for overdispersion. Parental 

temperature (fixed effect), larval temperature (fixed effect), day (fixed effect) as well as all two-

way and the three-way interactions were tested. Since this assay was only performed twice, 

Experiment was also treated as a fixed effect.  

A two-way ANOVA was used to test for significance of parental temperature (fixed effect), 

larval temperature (fixed effect) and their interaction, as well as replicate (fixed effect) on the 

rate of oxygen consumption. A Tukey’s post-hoc test was used to test for significant differences 

among parental and larval temperatures as well as their interactions. The analyses for the 

respiration data were performed in JMP (version 17, SAS Institute Inc., Cary, North Carolina, 

USA).  
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Results 

Larval settlement 

For the settlement assay, there was no effect of parental temperature (p=0.1, Table 4.1, Fig 4.1A) 

or larval temperature (p=0.8, Table 4.1, Fig 4.1B), although visually offspring from parents 

reared at the medium temperature 25 ℃ had the lowest overall proportion of settlement 

throughout the experiment. Day post-fertilization did have a significant effect on settlement 

(p<0.001, Table 4.1., Fig 4.1C). Peak settlement was observed on day 5 of development, after 

which proportion of larvae settled slowly decreased (Fig 4.1C). Experiment also had no 

significant effect on larval settlement (p=0.2, Table 4.1).  

There was no effect of the interaction between parental and larval temperatures ( p=0.6, Table 

4.1.), parental temperature and day (p=0.7, Table 1., Fig 4.2B), or larval temperature and day 

(p=0.4, Table 4.1). Although no significant effect of the interaction was found, it is notable that 

for parental temperatures, larvae from 21 and 25 ℃ parents peaked in proportion settlement on 

day 7 and day 6, respectively, while larvae from parents at 29 ℃ reached peak settlement earlier, 

on day 5. No three-way interaction among parental temperature, larval temperature or day was 

observed (p=0.6, Table 4.1).  

Oxygen consumption rates of larvae day 3 post-fertilization  

Parental rearing temperature did not have a significant effect on the oxygen consumption rates of 

H. elegans larvae day 3 post-fertilization (p=0.3, Table 4.2, Fig. 4.2A). Larval rearing 

temperature did have a significant on oxygen consumption rates of larvae (p=0.01, Table 4.2 Fig. 

4.2B), with larvae reared at the 29 ℃ having significantly higher oxygen consumption rates 

compared to larvae reared at 21 ℃. There was also no significant interaction between parental 

and larval temperatures (p=0.2, Table 4.3).  

 

Discussion 

Summary 

Our study revealed that larval settlement was significantly influenced by day of development 

(p<0.001, Table 1), with parental temperature showing a marginal effect (p=0.09, Table 1) 
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suggesting a weak but visible trend of increased settlement with increased parental temperature. 

Offspring from medium-temperature parents (25 ℃) exhibited the lowest settlement rates, while 

those from the highest parental temperature (29 ℃), reared at the highest larval temperatures 

showed increased settlement. No significant interactions were found between parental and larval 

temperatures or across different days. Larval temperature significantly impacted oxygen 

consumption rates on day 3 post-fertilization, with the highest rates observed at 29℃, but there 

was no effect of parental temperature (p=0.3), suggesting thermal effects on larval metabolic 

activity without significant influence from parental temperature. The findings suggest that 

parental thermal history does not significantly influence offspring in terms of larval settlement 

and respiration. While the immediate thermal environment of larvae affects their physiological 

processes and settlement success, the thermal experiences of their parents do not confer 

significant advantages or disadvantages in coping with temperature variations. This could imply 

that acclimation or adaptation to sublethal temperature stress may occur within a single 

generation rather than through transgenerational thermal exposure. 

 

Temperature effects on settlement 

Day of development was the only significant factor affecting settlement of H. elegans larvae,  

indicating that developmental cues for settlement are closely tied to the age or stage of 

development rather than the thermal conditions experienced either by the larvae themselves or by 

their parents. A previous study looking at the effect of temperature settlement and survivorship 

of H. elegans within the range of 15-30 ℃, also demonstrated that although warmer 

temperatures led to shorter duration of development, it did not affect settlement success, 

suggesting temperature is not a limiting factor for settlement in this species (Qiu and Qian 1997).  

The marginal significance of parental temperature on larval settlement (p = 0.09, Table 1) hints 

at the complex legacy effects of parental environments on offspring performance. Although not 

statistically significant at conventional levels (p<0.05), the observed trend of increase in 

settlement with increased parental temperature suggests that the thermal history of parent 

organisms may subtly influence the developmental outcomes of their progeny. Previous studies 

on the effect of parental thermal environment on offspring settlement success have shown mixed 

results (Byrne et al. 2020). In the marine bryozoan Bugula neritina, mothers kept at warmer 
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temperatures produced offspring with higher metamorphic success and increased dispersal 

potential compared to offspring from mothers at cooler temperatures (Burgess and Marshall 

2011). Planktonic larval duration typically declines with increasing temperature, most likely as a 

result of increased metabolic and developmental rates (Brown et al. 2004, Duarte et al. 2007, 

O’Connor et al. 2009, Deutsch et al. 2015, Clark et al. 2017). It is therefore suggested that 

mothers at warmer temperatures condition their offspring to settle later in order to increase the 

possibility that offspring will disperse away from the unfavorable environment experienced by 

the parental generation (Burgess and Marshall 2004). The hypothesis that mothers can produce 

more dispersive offspring, better equipped to colonize further, and potentially better, habitats has 

been also proposed in studies of insects (Roff 1994), as well as gastropods (Krug and Zimmer 

2004). These findings indicate that for some species, mothers exposed to warmer temperatures 

may be able to compensate for higher temperatures and increase larval dispersal, maintaining 

population connectivity, contradicting the more common observation of decreased planktonic 

larval duration with increased temperature (O’Connor et al. 2007).  

Far more frequently, studies on the effect of temperature on pelagic larval duration have shown 

increased temperatures increase both the growth rate as well as the rate of development of 

marine larvae, resulting in reduced planktonic larval duration (Chamorro et a. 2023). In the 

scleractinian coral, Leptastrea purpurea, larvae produced by heat-treated parents (30 °C) 

displayed increased developmental rates, normal settlement behavior and increased post-

settlement survival rates compared to control colonies (Galanto et al. 2022). Although not a 

laboratory study, Gosselin et al. (2019) compared populations of the tubeworm, S. cariniferus 

from the east and west coasts of New Zealand and discovered that females from the west coast 

produced larger eggs and larvae that developed more rapidly than populations from the east 

coast, where the water temperature was approximately 2 °C warmer.  In the sea urchin 

Echinometra sp., larvae derived from parents kept at 29 °C were more developmentally 

advanced compared to other, cooler? treatment groups (Karelitz et al. 2019). Researchers 

attribute parental effects on the developmental rate of their offspring to differences in egg 

provisioning during oogenesis, resulting in larger offspring that develop faster (Chamorro et al. 

2023). In the current study, we did not measure growth rate of the larvae; however, previous 

research measuring size and energy content of H. elegans found that females kept at the highest 

temperature (29 °C)  had decreased fecundity, but produced smaller eggs that contained more 



 
 

95 

energy and were more energetically dense than eggs produced by females from the lower 

temperature treatments (Genovese et al., in prep; also chapter 2 of this dissertation). This 

increase in energy supplied to their offspring may drive their increase in settlement success at 

higher temperatures. Even though larvae may be using more energy as they develop more rapidly 

at higher temperatures, females from the higher temperatures have provisioned their offspring 

with increased energy reserves. However, in our study larvae reared at warmer temperatures had 

higher oxygen consumption rates, but no increase in time to settlement, suggesting they are less 

energetically efficient compared to larvae reared at the cooler temperatures and may require 

more energy to reach metamorphosis.  

Offspring from parents reared at a medium temperature (25 °C) showed varied settlement 

success based on their own rearing temperatures, although larval temperature was not 

statistically different among treatments, with the highest settlement proportion occurring in 

larvae reared at the lowest temperature (21 °C). The finding that offspring from parents reared at 

the medium temperature (25 ℃) exhibited the lowest overall settlement rates is counterintuitive, 

as we might expect intermediate conditions to offer a more favorable environment for offspring. 

Parents reared at medium temperatures might invest less in offspring resilience due to the 

perceived stability of their environment, leading to offspring that are less robust under different 

conditions (Donelson et al. 2018). It may also be that the larvae had enough energy reserves to 

be choosier in their substrate and did not need to settle as quickly as the other parental 

temperature treatments.  

The absence of an effect of larval temperature on the settlement of H. elegans larvae suggests 

that the larvae have a broad thermal tolerance and can effectively settle across a range of 

temperatures. This could indicate a high level of phenotypic plasticity (Uller 2008, Donelson et 

al. 2009) or adaptability in the species, allowing larvae to thrive in variable thermal 

environments. It might also imply that factors other than temperature, such as habitat suitability 

or the presence of specific cues for settlement, play a more critical role in the settlement process 

for these organisms (Toonen and Tyre 2007, Qiu and Qian 1997, Walters et al. 1997, Hadfield et 

al. 2021).  

Contrary to our findings, there are several studies that have demonstrated that temperature affects 

larval settlement. Larvae of the sponge Rhopaloeides odorabile had significantly reduced PDL at 
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32-36 ℃ compared to 29 ℃ (Whalan et al. 2008). Interestingly, in the octocoral Heliopora 

coerulea, larval settlement decreased with increasing temperatures (Conaco and Cabaitan 2019). 

In the serpulid Ficopamatus enigmaticus PLD  significantly increased when larvae were exposed 

to decreased temperatures during development(Villemin 1978). A congener of H. elegans, H. 

dirampha developed faster at 29 ℃ compared to 24 ℃ (Liu et al. 2020) while a previous study 

on H. elegans, showed that within their developmental range (15-30 ℃) lower temperatures 

resulted in longer PLD (Qiu and Qian 1997). However, we did not observe any significant 

effects of larval rearing temperature on the PLD of H. elegans, and so larval temperature does 

not seem to be a limiting factor for settlement in our study.  

 

Temperature effects on larval energy utilization 

The significant effect of larval temperature on oxygen consumption rates 3 days post-fertilization 

reveals the direct impact of environmental temperature on larval metabolism. Specifically, larvae 

reared at 21 ℃ exhibited significantly lower oxygen consumption rates compared to those at 29 

℃, indicating a temperature-dependent metabolic response. This finding aligns with the 

metabolic theory of ecology, which predicts an increase in metabolic rates with temperature due 

to the acceleration of biochemical reactions (Pechenik 1987, Edmunds et al. 2001, Kipson et al. 

2012, Bruno et al. 2015, Norin and Metcalfe 2019). Larval oxygen consumption rates have been 

observed to increase with increased temperature up to a certain maximum value, above which 

respiratory gas exchange is compromised (Schatzlein and Castlow 1978, Vernberg et al. 1981, 

Anger et al. 1987, Hotchachka and Somero, 2002, Hofman and Todgham 2010, Edmunds et al. 

2011, Walther et al. 2013, reviewed in Small et al. 2015). Putnam et al. (2013) exposed larvae of 

the coral Pocillopora damicornis to ambient (25 ℃) or elevated temperature (29 ℃) treatments 

and respiration of the larvae decreased in larvae exposed to the higher temperature. The 

reduction in respiration at increased temperatures is most likely the result of 29 ℃ being above 

the optimal thermal threshold for this species, and can be indicative of thermal damage to 

proteins and biochemical processes within the organism (Hochachka and Somero 2002). In our 

study, respiration increased with increased temperature;this could be a physiological response to 

the increased energy demands associated with developing under warmer conditions, indicating a 

thermal stress effect.  
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The lack of significant effects from parental temperature or the interaction between parental and 

larval temperatures (p = 0.31 and p = 0.22, respectively) on oxygen consumption rates suggests 

that the immediate thermal environment during the larval stage plays a more pivotal role in 

determining metabolic rates than does the thermal history experienced by parent organisms. 

Although not evident in our study, there are cases where the parental thermal environment 

affects the metabolism of offspring.  Parental zebrafish, when exposed to increased temperature, 

produced offspring with lower standard metabolic rates. The reduction was accompanied by 

reduced development and growth rates, suggesting selection for a slower pace of life (Massey 

and Dalziel 2023, Pettersen et al. 2024). In the coral Pocillopora damicornis, exposing adults to 

warmer temperatures resulted in larval acclimation when broods were released in similar 

environments, with size-specific respiration rates of larvae being higher in the high temperature 

treatment when parents had also been conditioned in the high temperature treatment, compared 

to larvae mis-matched with parental temperatures that exhibited a reduced metabolic rate 

(Putnam and Gates 2015). However, a separate study on P. damicornis demonstrated that larvae 

from parents at high temperature and pH environments demonstrated increased heat tolerance but 

displayed a reduced respiration rate, indicative of metabolic depression (Jiang et al. 2023).  The 

reduction in metabolic rate may be a strategy to save energy for the process of development or 

metamorphosis, but may be maladaptive in the long-term. Respiration of larvae from the sea 

urchin Echinometra sp. declined by ~36% when their parents were kept at present day ambient 

conditions, appearing to conserve energy. However, respiration increased by 109% when parents 

were kept at increased temperature and increased pH during gametogenesis, possibly 

compensating for physiological stress and allocating large amounts of energy toward growth and 

development (Karelitz et al. 2019). These examples from other taxa indicate a parental priming 

effect on larval metabolism that we did not observe in our study. It is possible that individual 

larvae in H. elegans contain enough within generational plasticity and that TGP is unnecessary.  

Transgenerational adjustments to larval metabolism may be more critical when immediate 

within-generation responses are constrained (Uller 2008, Donelson et al. 2018). . 

 

Conclusions 
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Overall, parental temperature marginally affected settlement, with larvae at the highest rearing 

temperature ( 29 ℃) having the higher proportion of settlement. The respiration data also shows 

that larvae from the highest temperature have the highest oxygen consumption rates, indicating a 

higher metabolic rate and potentially increased energy utilization, but they did not settle any 

sooner than larvae reared at the cooler temperatures. Increased energy without a subsquent 

increase in settlement rate suggest larvae at the higher temperature are using more energy to 

reach settlement and metamorphosis, and are less energy efficient than larvae at lower 

temperatures. As global temperatures continue to fluctuate, insights into the physiological 

consequences of thermal stress become increasingly vital for predicting future population 

dynamics and developing effective management practices to ensure the sustainability of marine 

ecosystems. 
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Table 4.1. Model effects on proportion of settled Hydroides elegans larvae. data proportion 

settled was analyzed in R using a generalized linear mixed model with a beta-binomial 

distribution in order to account for overdispersion. Results are from an Analysis of Deviance 

Table (Type II Wald chisquare tests). Only day post-fertilization had a significant effect on 

proportion of larvae settled. (PT=parental temperature, LT= larval temperature).  
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Table 4.2. Two-way ANOVA results testing for the effect of parental and larval temperature on 

the oxygen consumption rates of Hydroides elegans larvae 3 days post-fertilization. Larval 

temperature and replicate were the only statistically significant factors. (PT= parental 

temperature, LT= larval temperature).  

Effect DF 
Sum of 

Squares 
F Ratio Prob > F 

Parental temp 2 3.162530 1.2981 0.3062 

Larval temp 2 16.292886 6.6876 0.0101* 

PT:LT 4 8.037853 1.6496 0.2212 

Replicate 2 10.197411 4.1856 0.0395* 
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Figure 4.1. Main effects of parental temperature (A), larval temperature (B), and day post-

fertilization on the proportion of settled Hydroides elegans larvae. Day post-fertilization was the 

only factor that significantly influenced the proportion of larvae settled (p<0.001), with peak 

settlementt occuring on day 5 post-fertilization. Error bars represent 95% confidence intervals. 
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Figure 4.2. Effect of parental temperature (A) and larval temperature (B) on the oxygen 

consumption rates of larvae 3 days post-fertilization. Respiration rates for each group were 

performed at the larval rearing temperaure. There was no significant effect of parental 

temperature, however larval temperature did have a significant effect on oxygen consumption 

rates. Lower case letters indicate statistically different treatments as determined through Tukey’s 

post-hoc. Error bar represent 95% confidence intervals.  
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Figure 4.3. Interactive effect of parental temperature and larval temperature on oxygen 

consumption rates of larvae 3 days post-fertilization. There was no statistically significant 

interactive effect, although there was a substantial amount of variation in the parental 29 ℃ 

treatment. Error bars represent 95% confidence intervals.   
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CONCLUSIONS 

 

The aims of this dissertation were to investigate the effects of temperature on maternal 

provisioning, transgenerational and within-generation thermal plasticity, and the sublethal effects 

of temperature on larval settlement and energy expenditure in the marine annelid, Hydroides 

elegans. Sea surface temperatures and frequency of temperature anomalies (marine heat waves) 

in the ocean are increasing faster than many marine species can genetically adapt (Chevin et al. 

2010, Bell 2013). Acclimation through phenotypic plasticity may be a more immediate and 

efficient mechanism to cope with these environmental shifts, providing a temporary buffer for 

evolutionary adaptations to take place (Morley et al. 2019, Pottier et al. 2022). Transgenerational 

phenotypic plasticity, where parental thermal history influences the thermal tolerance of 

offspring and may also act as a buffer to rapid environmental change (Jensen et al. 2014, 

reviewed in Donelson et al. 2016, Byrne et al. 2019, Zhao et al. 2020, Wong and Hofmann, 

2020, Truong et al. 2022, Chamorro et al. 2024).  I assessed the acclimation capacity of the early 

life history stages of Hydroides elegans through three assays. First, to determine if maternal 

temperature affected offspring provisioning (Chapter 1), I investigated the effect of temperature 

on egg size, fecundity and egg energy content. Second, I investigated whether parental 

temperature and/or larval rearing temperature affected the LT50 of larvae during early 

development (Chapter 2). Lastly, I investigated whether parental temperature and/or larval 

rearing temperature affected settlement and energy expenditure of competent larvae (Chapter 3).  

 

Maternal Provisioning 

Our study investigating the effect of temperature on reproductive traits demonstrated that 

maternal rearing temperature significantly affected egg size and fecundity in Hydroides elegans. 

Eggs were larger and more numerous when females were reared at cooler temperatures (21 and 

25 °C) compared to 28°C. This finding supports the offspring temperature-size rule (Robertson 

and Collin 2015, Pettersen et al. 2020). However, the results from  egg energy content 

comparisons are contradictory to the paradigm that larger eggs at lower developmental 

temperatures lead to increased maternal investment, as eggs produced from females at 28 °C 

contained more energy and were more energetically dense than eggs from females at 21 °C.  
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When fecundity is considered along with energy content, overall reproductive investment per 

female was equal between the low and high temperature. Equal reproductive investment across 

temperatures implies that although egg size and egg energy content differ, the overall energy and 

resources devoted to reproduction remain the same for females at both temperatures. This 

balance indicates that these organisms have evolved strategies to ensure reproductive success in 

different environments, regardless of temperature fluctuations, and that reproductive effort is 

evolutionary fixed and dependent on life history strategy rather than environmental parameters 

(Christiansen and Fenchel 1979).  

 

When egg size was directly selected for in this species, egg size and egg energy were positively 

correlated (Miles and Wayne 2009), however when changes in egg size are induced via 

environmental temperature, the relationship between egg size and egg energy is reversed. This 

contrast suggests that the relationship between egg size and egg energy content depends on how 

the differences in egg size were achieved; direct artificial selection for females that produce large 

eggs results in eggs that have more energy (Miles and Wayne 2009), while temperature-driven 

changes in egg size appear to have the opposite effect. Our data suggest environmentally driven 

plasticity in egg energy density may be one of the reasons that egg size is a poor predictor of egg 

energy within species, because the energy density of eggs females produce may be influenced by 

thermal histories in addition to genetic factors. A strong line by temperature interaction was also 

illuminated in our study, suggesting a strong genotype influence on temperature driven changes 

in egg size. We only looked at egg energy in one of the experimental lines (red), but it is possible 

that not just egg size, but also the relationship between egg size and energy is subject to 

genotype-by-environment interactions. Future research should specifically examine the 

biochemical composition of eggs from females reared at different temperatures to shed more 

light on the relationship between egg size and energy content Further research is needed to 

explore the mechanisms underlying the observed variation and to develop predictive models that 

accurately reflect the likely impacts of climate change on key life history traits, because without 

knowledge of the underlying mechanisms and selective forces affecting egg size it will be 

difficult to accurately interpret environmentally-induced changes in egg size.  
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Thermal Plasticity Across Generations 

This chapter explored how both transgenerational and within-generation plasticity influence 

larval survival and development under different thermal conditions. I investigated the effects of 

maternal rearing temperature and larval rearing temperature on the survival (LT50) of larvae 

exposed to a range of temperatures (low-med-high). Results from the combination of seven 

individual experiments indicated that larvae exhibited decreased thermal tolerance when reared 

at higher temperatures, and the benefits of maternal exposure to elevated temperatures were not 

straightforward, suggesting complex interactions between maternal effects and direct 

environmental influences on larval resilience. When genotypes, populations, or species cannot 

acclimate to higher temperatures, this increases the potential for substantial shifts in marine 

ecosystems as global temperatures warm (Przeslawski et al. 2015).These findings collectively 

suggest that the resilience of marine invertebrate larvae to changing thermal environments is 

context-dependent and potentially limited, raising concerns about their survival and the broader 

ecological impacts under ongoing climate change (Berndhart and Leslie 2013, Espinosa-Nova 

2023). 

 

The most interesting results from our study on larval plasticity and parental effects on thermal 

tolerance in Hydroides elegans is the significant effect of both parental line and experiment on 

the LT50 of larvae. There was a 3 °C between the line with the lowest LT50 (blue) and the line with 

the highest LT50 (yellow), and while we did not explicitly test for genetic differences in thermal 

tolerance in our study, this does suggest that genetic variability within populations can influence 

their resilience to thermal stress.  Experiment also had a significant effect on the LT50 of larvae, 

highlighting that even when the assay was performed on different generations of the same line, 

the outcomes were variable.  

 

The different outcomes obtained depending on experiment and line demonstrate the importance 

of performing assays multiple times, on multiple groups within a population in order to capture 

the natural variation. The difference in thermal tolerance among lines also suggests that although 

we did not observe acclimation responses in our overall model, there is genetic variation on 

which selection may already be acting upon, causing these distinct differences in thermal 



 
 

115 

response across lines. This finding highlights the importance of maintaining genetic diversity in 

breeding programs and conservation efforts, as it can provide a buffer against environmental 

uncertainties. This study contributes to our understanding of the complex interactions between 

genetics, thermal stress and organismal survival, and points to the value of incorporating 

transgenerational and larval acclimation studies into broader ecological and evolutionary 

research. 

 

Sublethal Temperature Effects on Larvae 

The investigation into the sublethal effects of temperature on larval settlement and metabolism 

revealed that higher temperatures accelerated metabolic rates but did not necessarily enhance 

settlement. Larvae reared at the higher temperatures may be less energetically efficient, as larvae 

at the high temperature were not settling any faster than the lower temperature treatments even 

though they had higher metabolic rates. These findings highlight the nuanced ways in which 

temperature influences larval energy budgets and developmental outcomes in marine 

invertebrates. However, another possibility is that our assay did not have enough resolution with 

24h timepoints, and a finer timescale in future studies may increase the resolution in settlement 

differences of H. elegans larvae.  

 

The findings from this dissertation provide important insights into how temperature affects 

reproductive strategies and larval performance in marine invertebrates. The demonstrated effects 

of temperature on egg size and fecundity underscore the potential for maternal provisioning to 

serve as a buffer against environmental changes, although the limitations in transgenerational 

plasticity suggest that rapid environmental changes could outpace the capacity for physiological 

adaptation. 

 

Recommendations for Future Research 

While this dissertation has advanced our understanding of temperature’s impact on Hydroides 

elegans, several limitations should be addressed in future work: carryover effects of the 

temperature-induced differences in maternal provisioning through later larval stages and even 

through metamorphosis should be investigated; including metrics such as growth rate and energy 

expenditure. The complex interactions between maternal effects and larval acclimation need 
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further exploration to disentangle the mechanisms underpinning observed patterns from this 

study. Also, expanded studies across multiple generations could illuminate the long-term effects 

of repeated exposure to varying temperatures on population dynamics. 

 

Concluding Remarks 

My PhD work on the effect on temperature on the development and survival of early life stages 

of Hydroides elegans uncovered three major findings. First, temperature does affect maternal 

provisioning demonstrated through differences in egg size, egg energy content and fecundity. 

However, contrary to historical assumption that larger eggs contain more energy, in our study 

environmentally induced changes in egg size showed the opposite pattern. Secondly, evidence of 

transgenerational and larval acclimation was observed in some cohorts, and not in others. In 

addition, founder parents (line) as had a significant effect on the larval response to thermal stress, 

indicating that there is a strong genotype by environment interaction, and possibly enough 

genetic variation for adaptation to be occurring. Lastly, within their function thermal range, 

temperature does not affect the ability of larvae to settle, however, it does affect their energy 

expenditure with larvae at higher temperatures exhibiting higher oxygen consumption rates than 

larvae at lower temperatures. This could indicate lower energy efficiency in larvae reared at 

higher temperatures, which could have consequences for survival and reproduction later in the 

life cycle. Overall, the research conducted in this dissertation contributes to a deeper 

understanding of how environmental temperatures influence reproductive and developmental 

processes in marine annelids. These insights are crucial for predicting the responses of marine 

populations to global climate change, particularly as marine ecosystems face increasing thermal 

stress. This work highlights the need for continued research into the adaptive capabilities of 

marine organisms, which is essential for developing effective conservation strategies in the face 

of rapid environmental change. 
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