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Abstract 

Climate change is predicted to affect the larval stages of many marine organisms. 

Ocean warming can reduce larval survival and hasten larval development, whereas ocean 

acidification can delay larval development. Ocean acidification is especially concerning 

for marine organisms that develop and grow calcified shells or skeletons in an 

environment undersaturated with calcium carbonate minerals. This study assessed the 

effects of ocean warming and acidification on the fertilization and larval development of 

the green sea urchin, Lytechinus variegatus, a tropical species common in Florida and the 

Caribbean. After spawning, gametes were fertilized and embryos/larvae were reared at: 

1) 28°C and pH 8.1 (control), 2) 28°C and pH 7.8 (ocean acidification scenario), 3) 31°C 

and pH 8.1 (ocean warming scenario), and 4) 31°C and pH 7.8 (ocean warming and 

acidification scenario). Exposure to acidified conditions had no effect on fertilization, but 

delayed larval development, stunted growth and increased asymmetry. Exposure to warm 

conditions decreased fertilization success at a high sperm to egg ratio (1,847:1), 

accelerated larval development, but had no significant effect on growth. Under exposure 

to both stressors (ocean warming and acidification), larval development was accelerated, 

but larvae were smaller and more asymmetric. These results indicate that climate change 

will have a serious impact on the larval development and growth of the green sea urchin, 

L. variegatus, and may negatively affect its persistence.  

 

Keywords: Echinoids, ocean warming, ocean acidification, fertilization, growth, 

development 
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1. Introduction:  

 

Increased levels of carbon dioxide and other greenhouse gases in the atmosphere 

are causing changes to global climate (IPCC 2014). Burning of fossil fuels is the main 

source of carbon dioxide (Houghton et al. 2001). Global atmospheric carbon dioxide 

levels have increased exponentially since the Industrial Revolution, surpassing 400 ppm 

in 2013, and are projected to continue to rise (IPCC 2014). Since carbon dioxide is a 

greenhouse gas, higher levels of carbon dioxide trap more heat in the atmosphere. As a 

result, global temperatures have increased at an average rate of 0.17°C per decade and are 

expected to increase further (IPCC 2014). The ocean absorbs both heat and carbon 

dioxide from the atmosphere, resulting in ocean warming, acidification (OAW) (Revelle 

and Suess 1957, Takahashi et al. 1997), and the reduction of carbonate ion concentrations 

(Zeebe and Wolf-Gladrow 2001, Caldeira and Wickett 2003, Orr et al. 2005, Meehl et al. 

2007, Feely et al. 2009). Specifically, dissolved carbon dioxide reacts with water to form 

carbonic acid (CO2+H2O→H2CO3). Carbonic acid then dissociates into hydrogen ions 

and bicarbonate (CO2 + H2O → H+ + HCO3
-). The increase in hydrogen ion 

concentration reduces seawater pH, thus acidifying the ocean. In addition, the hydrogen 

ions bind to carbonate ions to create more bicarbonate (H+ + CO3
2-→HCO3). As 

carbonate ions become depleted, seawater becomes undersaturated in aragonite and 

calcite, which are calcium carbonate minerals that many marine organisms use to build 

their shells and skeletons (Raven et al. 2005, Dupont et al. 2010, Hofmann et al. 2010, 

Barton et al. 2012, Kroeker et al. 2013).  

Ocean warming and acidification affect numerous marine organisms, including 

species that are vital to the balance and persistence of marine ecosystems. Climate 

models project that global ocean temperatures will rise 2-4°C over the next century 

(IPCC 2014). Such an increase alters survival and growth of key ecosystem species such 

as reef-building corals (Cantin et al. 2010, Hughes et al. 2017); estuarine clams, which 

control pollution by removing trace chemicals and hydrocarbon pollutants, and reduce 

turbidity (Kennedy et al. 1971); abalone, which are an important food source for many 

marine organisms (Vilchis et al. 2005), and sea urchins, which control algal growth from 

tropical coral reefs to kelp forests (Hughes et al. 1987, Clemente et al. 2014). 
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Additionally, the 0.1 to 0.4 drop in pH, projected to occur by 2100 (i.e., a greater than 

30% increase in acidity, Orr et al. 2005, Meehl et al. 2007, IPCC 2014) has been shown 

to reduce growth and survival in key ecosystem species with calcifying structures (Orr et 

al. 2005), e.g., temperate sea urchins that help control algae growth on reefs (Dupont et 

al. 2010); reef-building corals and calcareous algae (Hoegh-Guldberg et al. 2017), and 

reef-inhabiting sea stars that regulate the diversity, distribution and abundance of their 

prey (Dupont et al. 2010). Also, increased CO2 levels impair behaviors in predator-prey 

interactions in tropical gastropods (Watson et al. 2014, Watson et al. 2017), coral reef 

fishes (Munday et al. 2009b, Dixson et al. 2010), and tropical squid (Spady et al. 2014).  

Ocean warming and acidification can affect all life stages of a species, including 

critical stages for recruitment and replenishment of populations, such as fertilization 

success and larval development. Both stressors can negatively impact the fertilization 

success of marine organisms with external fertilization, diminishing larval production, 

chances of dispersal and consequent gene flow between populations. Existent studies 

suggest that the success of fertilization under ocean warming and acidification conditions 

projected for 2100 varies considerably between species (Byrne et al. 2010, Gibson et al. 

2011). For example, the tropical sea urchin Echinometra lucunter successfully fertilized 

over a wide temperature range (12-37°C, Sewell et al. 1999), while corals (Albright and 

Mason 2013) were less successful under warmer conditions, 30°C, versus ambient, 27°C. 

Reduced pH decreased fertilization success in several species of sea urchins (Havenhand 

et al. 2008, Moulin et al. 2011, Kapsenberg et al. 2017), oysters (Barton et al. 2012) and 

coral (Albright and Mason 2013).  

Temperature and pH variations beyond the tolerance range of a species can have 

drastic effects on larval survival and development (Pechenik 1987, Hofmann et al. 2010). 

Both may alter larval duration and dispersal patterns, and jeopardize recruitment, 

replenishment, and, therefore, population persistence (Munday et al. 2008, Munday et al. 

2009a). Increases in ocean temperatures can have positive or negative impacts on larval 

development and growth of marine species. Gibson et al. (2011) reported slower 

development and reduced larval growth when a temperature increase exceeded +3-4°C; 

however, most studies reported that warmer temperatures hasten larval development and 
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growth rates (O'Connor et al. 2007, Brennand et al. 2010, Byrne et al. 2013a, Figueiredo 

et al. 2014). The differences in susceptibility to warming likely depends on the magnitude 

of temperature increase tested relative to the natural thermal range of the species 

(Tewksbury et al. 2008). Ocean acidification also dramatically affects development and 

growth of larvae that have calcifying structures, including oysters (Kurihara 2008, 

Watson et al. 2009, Barton et al. 2012), sea urchins (Kurihara 2008, Brennand et al. 2010, 

Byrne et al. 2013a, Byrne et al. 2013b), brittle stars (Dupont et al. 2008), spider crabs 

(Walther et al. 2010), and mussels (Kurihara 2008). Larvae without calcifying structures, 

such as coral planula and some sea star lecithotrophic larvae, respond much more 

robustly to predicted near future-ocean acidification conditions during larval 

development (Kurihara 2008, Gibson et al. 2011, Nguyen et al. 2012, Chua et al. 2014).  

Although many studies have assessed the impacts of climate change on marine 

species, they typically evaluate the effects of ocean warming and acidification separately, 

instead of in combination, as they will occur in nature. It is important to examine the 

combined effects of ocean warming and acidification, because they may have 

antagonistic effects, the effect of one stressor may prevail over the other, or their effects 

may be additive or even synergistic. Those studies that have assessed the combined 

effects of ocean warming and acidification indicate that the two stressors interact, with 

most species being more vulnerable to the effects of ocean acidification when the water 

was warmest. For example, acidified seawater marginally reduced primary polyp growth 

in the stony coral Porites panamensis, but the combination of increased temperature and 

lowered pH reduced the primary polyp growth by nearly one third (Anlauf et al. 2011). 

Rodolfo-Metalpa et al. (2011) found that acidification significantly affected the stony 

coral Cladocora caespitosa but not the coral, Balanophyllia europaea, or the molluscs, 

Mytilus galloprovincialis and Patella caerulea. However, all four species experienced an 

increase in mortality rates and a significant decrease in gross calcification when exposed 

to both acidification and warming (Rodolfo-Metalpa et al. 2011). In the Sydney rock 

oyster, Saccostrea glomerata, increased temperature and decreased pH caused decreased 

fertilization and embryonic development when applied separately. However, both 

stressors combined generated a greater decrease in fertilization and embryonic 

development relative to the individual effects, leading to lower survival, higher rates and 
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magnitude of abnormalities, and smaller sizes (Parker et al. 2009). Thus, to better predict 

the impacts of climate change in marine ecosystems, it is critical to assess the combined 

effects of ocean acidification and warming on species with key ecosystem functions (e.g., 

herbivory or habitat construction), particularly those in which all life stages are expected 

to be affected, such as sea urchins. 

The study of ocean warming and acidification on sea urchins is important because 

these organisms control algal growth on macroalgal beds, kelp forests (Elner and Vadas 

1990), and coral reefs (Hughes et al. 1987). Sea urchins are entirely marine, found around 

the world from the intertidal zone to the deep sea, and occur on both hard substrates and 

sediment bottoms (Andrew et al. 2003). Shallow-water species are most diverse in 

warmer environments (Schultz 2006). The sea urchin life cycle is divisible into six 

distinct phases: (1) fertilized egg; (2) development through blastula and gastrula to 

pluteus larva (when the egg nutrients are usually consumed); (3) growth and development 

of the planktotrophic pluteus into a mature larva; (4) development of the urchin rudiment 

inside the growing larva, (5) metamorphosis, and (6) growth of the juvenile urchin into a 

reproductive adult (Hinegardner 1969). Sea urchins are gonochoric broadcast spawners 

that release eggs and sperm into the water column (James and Siikavuopio 2011), usually 

once a year. Spawning is generally cued by seasonal and lunar cycles, temperature and 

other environmental factors that promote optimal larval growth and development, such as 

food abundance, e.g., algal blooms (Reuter and Levitan 2010, James and Siikavuopio 

2011). After spawning, fertilization occurs, where the sperm penetrates the egg’s 

membrane. The sperm and egg then fuse, and the sperm nucleus enters the egg 

cytoplasm, which triggers the rise of the fertilization envelope indicating successful 

fertilization.  

Fertilization success in sea urchins, however, is dependent on many different 

factors such as sperm concentration, egg density, pH and paternity. Sperm concentration 

is a very influential factor because limiting sperm can reduce fertilization success due to 

lower chances of gamete encounter, whereas abundant sperm can result in polyspermy, 

which occurs when an egg is fertilized by more than one sperm (Levitan 2004, Levitan 

and Ferrell 2006). Egg density also affects fertilization because with abundant eggs, egg 
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competition occurs and only the larger eggs will be fertilized because they are easier for 

sperm to locate. With a low egg density, the eggs will again be at risk of polyspermy 

because there will be sperm competition over the low amount of eggs (Levitan 1993, 

2004). Activation of sperm occurs by intracellular ion concentration, where the ATPase 

activity of sperm depends upon the pH of the medium (Christen et al. 1982, 1983). As pH 

increases, ATPase activity increases, however, dynein ATPase is inactive below 7.3, thus 

inhibiting sperm activation (Christen et al. 1982, 1983). Paternity can also impact 

fertilization success in that, some males may have higher quality sperm than others. 

Studies have shown that differences in sperm performance between individual male sea 

urchins can lead to variation in fertilization rates (Palumbi 1999, Levitan and Ferrell 

2006, Evans et al. 2007). 

After successful fertilization, cell division and cleavage of the embryo occur until 

the echinopluteus larval stages are reached. The echinopluteus larva is similar to the 

ophiopluteus larva of brittlestars (Ophiuroidea). Echinoplutei have long paired ciliated 

arms supported by slender calcified rods. Once the digestive tract develops, larvae 

become facultative feeders, which reduces the risk of starvation (Byrne et al. 2008). 

However, when larvae deplete their egg energetic reserves, they become obligate 

planktotrophs and require exogenous nutrients for further development (McEdward et al. 

1997, Reitzel et al. 2005, Byrne et al. 2008). Ciliated bands along the arms function in 

swimming and feeding on phytoplankton and other small, suspended particles in the 

water column (Strathmann 1975). In the laboratory, sea urchin larvae can be reared using 

formulated feeds (George et al. 2004, Liu et al. 2007). With proper nutrition, the 

rudiment develops and, given suitable food and good environmental conditions, the larva 

eventually ceases swimming and undergoes metamorphosis (Burke 1980).  

Sea urchins are one of the key ecosystem species that are expected to be 

drastically affected by ocean acidification and warming (OAW), however, only a few 

studies have assessed the combined effects of ocean warming and ocean acidification on 

their larvae. Independently, higher temperatures stimulated larval growth and 

development in Tripneustes gratilla, while increased acidity reduced larval growth and 

larval calcification (Brennand et al. 2010). However, when exposed simultaneously to 
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OAW, the negative effects of acidification outweighed the positive effects of warmer 

temperatures and thus larval growth rates were reduced (Brennand et al. 2010). Similar 

results were found for Heliocidaris tuberculata under conditions projected for 2100: 

acidification [pH 7.8] at the ambient temperature [20°C] strongly reduced larval growth 

and development. However, an increased temperature [24°C] facilitated larval growth at 

both current and future pH conditions [pH 8.1 and 7.8, respectively] (Byrne et al. 2013a).  

Most studies of the effects of ocean warming and acidification on sea urchins 

have concentrated on temperate species, whereas tropical sea urchins are still poorly 

studied. As herbivores, sea urchins have a key role in the health of seagrass beds and of 

tropical coral reefs, where they regulate algal abundance and thus facilitate coral 

settlement, survival and growth (Hughes et al. 1987, Jones and Andrew 1990, Coyer et al. 

1993). Tropical species are expected to be less tolerant to changes in climate, because 

they evolved in more stable environments than those at temperate latitudes (Pörtner and 

Knust 2007, Tewksbury et al. 2008). Determining the effects of OAW on the fertilization 

success and larval development of tropical reef-dwelling sea urchins will help predict 

future impacts on these ecosystems. This study evaluated the combined effects of ocean 

acidification and warming on the fertilization success, larval growth and development of 

the sea urchin, Lytechinus variegatus, a common species on the reefs and seagrass beds 

of South Florida and the Caribbean Sea.  The larvae of Lytechinus variegatus have 

previously been cultured through metamorphosis fed either the algae Dunaliella 

tertiolecta or an artificial feed (George et al. 2000, George et al. 2004). Despite 

undergoing metamorphosis at the same time, larvae fed the artificial diet (which is easier, 

as it does not require culturing phytoplankton) initially had slower growth rates than with 

the algae. Thus, this study compared larval growth and development using the same 

artificial feed (EZ Larva) with a previously untested and commercially available algal 

paste (Nannochloropsis sp.), which also does not require culturing phytoplankton.  
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2. Objectives: 

This study investigated the combined effects of ocean acidification and warming 

(OAW) on the fertilization success and larval development, growth and survival of 

Lytechinus variegatus. Specifically, by: 

• evaluating fertilization success under control, acidification and warming 

conditions; 

• determining the effect of OAW on larval growth and morphology (total body 

length, body width, arm rod length, and asymmetry between rods); 

• assessing larval development under OAW (i.e., duration of each developmental 

stage); 

• and measuring larval respiration under warm conditions. 

In an attempt to improve the larval rearing methodology of the species, larval 

growth and development of L. variegatus using an artificial feed (EZ Larva) was also 

compared with a previously untested, commercially available algal paste 

(Nannochloropsis sp.).  

3. Methods: 

3.1 Species Description and Specimen collection 

The green sea urchin, Lytechinus variegatus (Figure 1), is common throughout the 

Western Atlantic and Caribbean (Watts et al., 2001). It is found in shallow waters, 

typically on seagrass beds, rocky substrates or reefs, and feeds on algae and seagrasses 

(Watts et al., 2001, Schultz, 2006). Urchins are sexual mature at 40 mm test diameter, but 

adults can reach 110 mm across (Moore et al., 1963). Both fertilization and larval 

development of Lytechinus variegatus have not been previously studied under combined 

OAW conditions.  
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Figure 1: Green sea urchin, Lytechinus variegatus 

 

Specimens were collected during high tide at Blue Heron Bridge in Riviera 

Beach, Florida (26°46'58.3"N, 80°02'37.0"W), during shore dives using SCUBA. For 

each trial, 50 individuals were collected to ensure that enough males and females were 

available for successful fertilization (under Permit SAL-17-1902-SRP). Only sea urchins 

>40 mm across were collected to maximize the likelihood of selecting reproductive 

individuals. Upon collection, individual sea urchins were placed in mesh bags 

underwater. Once on shore, the mesh bags containing sea urchins were placed into a 

cooler with seawater to be transported back to Nova Southeastern University’s Guy 

Harvey Oceanographic Center (NSU GHOC). Temperature, salinity, and pH were 

measured onsite at Blue Heron Bridge. At NSU GHOC, the sea urchins were placed into 

a 379-L recirculating tank and maintained at conditions that mimicked the natural 

environment (28°C, 35 ppt). Specimens were fed macroalgae (Caulerpa sp. and turf 
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algae) while in captivity. After spawning, adults were returned to the collection site.

 

 

3.2 Experiment 1: Effect of ocean warming and acidification on Fertilization  

Spawning and fertilization followed methods in Levitan et al. (1991, 1992) and 

Levitan (2000). Individuals were removed from the tank and injected with 0.5 mL of 

0.55M KCl on each side of the mouth. The K+ ions in the KCl solution depolarized the 

muscles surrounding the gonads causing them to contract and release their gametes 

(Levitan et al. 1992). After injection, the sea urchins were gently rocked back and forth to 

mix the KCl solution. Then, they were placed mouth-side down onto a petri dish. After 

five minutes, the gametes of some sea urchins started to extrude from the gonopores on 

the aboral surface, and the sex of the individual was determined. Sperm was collected 

with a pipette without seawater and placed on a watch glass dish over ice to maximize 

viability. Eggs were collected by placing a sea urchin aboral side down over a petri dish 

with seawater so that the eggs would fall into the seawater and settle on the bottom. 

Released eggs were then poured into a large beaker to create an egg stock solution. 

Sperm was rinsed off the watch glass with sea water and into a jar collectively to create a 

Figure 2: Map of collection site (red star) at Blue Heron Bridge. 
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sperm stock solution. Three samples from the egg (1 mL) and sperm (0.1 µL) stock were 

collected and the number of gametes counted to estimate gamete density in each stock 

solution, and the final sperm:egg ratio. The egg and sperm stocks were then divided 

evenly among twelve 500-mL mason jars, three per treatment. Each mason jar contained 

100 mL of filtered seawater with pH and temperature adjusted to represent each 

experimental treatment: 1) 28°C and pH 8.1 (control-ambient), 2) 28°C and pH 7.8 

(ocean acidification treatment - OA), 3) 31°C and pH 8.1 (ocean warming treatment - 

OW), and 4) 31°C and pH 7.8 (ocean warming and acidification treatment - OAW). All 

non-control treatments represent conditions projected for 2100 (IPCC 2014). Mason jars 

were placed in a water bath equipped with a heater and controller that maintained 

experimental temperatures. The pH was maintained by bubbling CO2 into the mason jars 

using a pH controller. There was no evidence that bubbling CO2 had any effect on sperm 

and egg contact. 

After an hour of exposure, two 1-mL samples of eggs per replicate jar were 

observed under a microscope to check for the presence of the fertilization envelope, and 

the ratio of fertilized eggs to total number of eggs was recorded. This experiment was 

repeated following the same methodology, but including an extra temperature (33°C) in 

an attempt to observe a further trend in the effects of elevated temperature on fertilization 

success (Trial 2). Again, the temperatures of 28°C and 31°C were crossed with pH of 8.1 

and 7.8 with 3 replicates each. The additional temperature of 33°C was only tested for 

ambient pH (8.1), but also had 3 replicates. The larvae resulting from Trial 1 and 2 of 

fertilization were used in the various subsequent experiments as indicated in Table 1.  

Table 1: Indicates the experiments in which the larvae from each Fertilization Trial were utilized. 

Fertilization: Trial 1 Trial 2 

Larvae used in 

Experiment: 

Experiment 2: Larval Growth and 

Development 

Experiment 4: Respiration 

Experiment 3 - Diet: EZ Larva Nannochloropsis Instant Algae 
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3.3 Experiment 2: Effect of ocean warming and acidification on larval growth and 

development 

The embryos from the first fertilization trial were used to test the effect of 

warming and acidification on larval development and growth. Specifically, embryos from 

each fertilization experimental treatment were moved to a larval culture tank with the 

same pH and temperature conditions. Embryos were therefore reared throughout their 

early larval development stages in an indoor system of 11.35-L plastic cylindrical tanks 

at: 1) 28°C and pH 8.1 (control-ambient), 2) 28°C and pH 7.8 (OA), 3) 31°C and pH 8.1 

(OW), and 4) 31°C and pH 7.8 (OAW). Each treatment was replicated in three tanks 

(Figure 3). Each tank was subject to constant moderate aeration using a 120-V Danner air 

pump to maintain a constant water flow.  

 

Figure 3: Experimental setup showing placement of replicates (tanks) and the conditions of each 
treatment. 

The temperature of each tank was maintained within 1°C of the desired 

temperature using heaters connected to temperature controllers. Room temperature was 

controlled by air conditioning set below the tested temperatures. All tanks were supplied 

with 1-µm filtered and sterilized seawater. Tanks subject to reduced pH (7.8) had a pH 

probe connected to an American Marine Pinpoint pH controller and a CO2 tank. The pH 

in the tanks was maintained using a pH controller and kept within 0.05 units of the 

desired pH. Temperature, pH and salinity from each tank were measured daily to ensure 
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accurate conditions. Salinity was maintained at 35 ppt by adding reverse osmosis water as 

needed. Ammonia was checked every day. Elevated levels of ammonia (>0.10 ppm) 

indicating poor water quality were recorded every other day, thus, water changes were 

performed on day 3 and every other day thereafter by gentle filtration using a 25-μm 

mesh filter. There was no evidence of damage to larvae due to filtration. The larvae were 

fed Zeigler Feeds EZ Larva daily beginning day 2 post-fertilization (George et al. 2004). 

Larvae were sampled daily from day 1 post-fertilization until day 5, and then 

every other day until no larvae remained. Subsamples of 10 larvae were randomly 

selected from each replicate of each treatment and were used to measure development 

and growth. The tanks were homogeneous due to bubbling air creating constant water 

flow and samples were taken from various depths of the tank. Each subsample was 

placed onto a Sedgewick-Rafter counting cell microscope slide (1 mL) and development 

stages of all larvae were recorded. A minimum of ten individuals from each treatment 

were randomly selected and photographed under the microscope using a LC20 Olympus 

Camera. The photos were analyzed in the program CellSens to determine the 

developmental stage (Mazur et al. 1971, McEdward and Herrera 1999) and measure total 

body length, rod length, and body width (Figure 4, following Brennand et al. 2010, 

Stumpp et al. 2011, Byrne et al. 2013). Total body length was measured from the base of 

the body to a line drawn between the rod tips so that the intersection was perpendicular. 

Length of both lateral rods was measured from the rod tip to the center of the bottom of 

the larva. Body width was measured across the body immediately above the gut (Dorey et 

al. 2013). Asymmetry between the two rod lengths of each larva was determined as 

(modified from Lamare et al. 2017):  

| rod length 1 (mm) – rod length 2 (mm)| 

maximum rod length (mm) 
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Figure 4: Echinopluteus larval growth measurements: total body length, length of each rod and 
total body width. 

3.4 Experiment 3: Effect of diet on larval development and growth 

To determine the effect of diet on larval development and growth, development of 

larvae (from the first fertilization trial) reared in ambient conditions and fed with EZ 

Larva feed (particles 10-50 µm) was compared with larvae from the second fertilization 

trial reared also at ambient conditions, but fed Instant Algae® (Nannochloropsis sp.).  

Specifically, embryos from the second trial were fertilized in ambient conditions, placed 

into three replicate tanks and reared at 28°C and  pH of 8.1. In the EZ Larva (10-50 µm) 
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diet treatment, larvae were fed a 10-fold seawater-diluted solution. Feeding began day 2 

post-fertilization when feeding appendages were apparent. Larvae were fed 1.5 mL of 

feed from days 2 to 7. From day 8 until no larvae remained, larvae were fed 3 mL of feed 

daily. In the Instant Algae® (Nannochloropsis sp.) diet treatment, the larvae were fed 1 

mL of the paste from days 2 to 4, and 0.5 mL from days 5 to 11, due to mass mortality 

and poor water quality, which began on day 3. Larval growth and developmental stages 

were assessed as described for Experiment 2.  

3.5 Experiment 4: Effect of ocean warming on Larval respiration 

Evaluation of respiration under the different experimental temperatures (28° and 

31°C, 6 replicates per treatment) followed methods adapted from Edmunds et al. (2011). 

Specifically, two days after fertilization, two 200-mL samples were taken from the larval 

culture tanks kept at ambient conditions (28°C, pH 8.1). These samples were placed in 

glass jars with one heated to 28°C and the other to 31°C, using a water bath equipped 

with heaters and controllers. To minimize potential measurements errors, including 

oxygen consumption by the oxygen probe, two glass jars containing only seawater were 

also kept in the 28 and 31°C water baths. All jars were aerated in order to saturate the 

samples with oxygen. All samples were given 2 h to acclimate to the temperature of the 

water bath. After the acclimation period, three 1-mL subsamples from each jar containing 

larvae, and one 1-mL sample from each jar containing only saltwater (blank), were put 

into Wheaton vials, each with an oxygen sensor spot (SP-PSt3-NAU, PreSens) glued to 

its inside wall prior to the start of the experiment. Each vial was topped off with saltwater 

and sealed with ParafilmTM to ensure that no air was contained within.  

To measure initial oxygen concentration, a polymer optical cable (POF, PreSens) 

was used to scan the oxygen sensor spot in the vial. The POF measures oxygen saturation 

(% O2) by transferring a light from the cable to the sensor and back to the Fibox 4® 

meter (PreSens). The oxygen concentration of each vial was then recorded, and each vial 

was returned to the water bath at the designated temperatures. The vials were swirled 

every 5 min to keep larvae from settling and to ensure a homogenous sample. After 1 h, 

all vials were removed to re-measure oxygen concentration. Each sample containing 
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larvae was then placed onto a Sedgewick-Rafter slide (1mL) and larvae were counted 

under a dissecting microscope and counts recorded.  

Oxygen consumption was calculated by subtracting the final from the initial 

oxygen concentration. These measurements were adjusted by subtracting the oxygen 

consumption in the blank sample, thereby accounting for the amount of oxygen lost to the 

oxygen probe or diffusion of oxygen within the vial. Then, oxygen consumed was 

divided by the number of larvae per vial and experimental duration to determine how 

much oxygen was consumed per larvae per minute. 

3.6 Data Analysis 

To determine the effect of temperature and pH (fixed factors) on fertilization 

success, a factorial analysis of variance (ANOVA) was used. To assess the effect of time, 

temperature and pH (fixed factors) on larval growth (total body length, rod length, body 

width, and the asymmetry between rods), factorial ANOVAs were used. To describe 

larval development and how it differed among treatments, descriptive statistics of the 

proportion of larvae in each development stage in each treatment over time were applied. 

To assess the effect of time and larval diet (fixed factors) on larval growth (total body 

length, rod length, body width, and the asymmetry between rods), factorial ANOVAs 

were used. To assess the effect of temperature (fixed factor) on respiration rate, a two 

independent samples t-test was used. The statistical software R was used to conduct all 

statistical analysis. 

4. Results 

4.1 Experiment 1: Fertilization Success 

Trial 1: Of 50 sea urchins, nine males and nine females spawned. Egg and sperm stock 

concentrations were 6,441 eggs mL-1 and 11.791 x 106 cells mL-1, respectively, with a 

ratio of 1,847 sperm cells:1 egg. Fertilization success was significantly affected by 

temperature (p = 3.35x10-5) but was not significantly affected by pH (p = 0.11). The 

interaction between temperature and pH among treatments was not significant (p = 0.12). 

Fertilization success was much lower at the higher temperature (31°C, OW and OAW 

treatments) than at current temperature (28°C, ambient and OA treatments, Figure 5): 
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88.4±1.4 %, 88.4±1.4 %, 72.4±5.5 %, 81.5±1.7 %, respectively for ambient, OA, OW 

and OAW treatments. 

Trial 2: Of 50 sea urchins, 13 males and nine females spawned.  Egg and sperm stock 

concentrations were 3,821 eggs mL-1 and 29.031 x 106 cells mL-1, respectively, with a  

ratio of 7,896 sperm cells:1 egg, a high sperm to egg ratio. Fertilization success in this 

trial was not significantly affected either by temperature (p = 0.84), pH (p = 0.49), or the 

interaction between the two (p=0.29).  However, Trial 2 had higher fertilization success 

rates than in Trial 1 (Figure 5): 97.8±0.3 %, 95.4±1.7 %, 97.9±0.7 %, 97.0±1.8 %, 

respectively for ambient, OA, OW and OAW treatments. 

 

Figure 5: Fertilization success of Trial 1 (red) and 2 (blue) for each temperature (note: since pH 
did not have a significant effect on fertilization success, the data was pooled). 

 

4.2 Experiment 2: Larval growth and development 

 Data for larval growth and development was collected up to day 13. The larvae in 

the ambient and OA treatments survived past day 13. However, samples collected on day 

15 included no living larvae. Prior to day 13, all larvae in the OW and OAW treatments 

had died, as well as the larger and more developed larvae in the ambient and OA 

treatments; only smaller and less developed larvae were still alive on day 13.  

Total body length of larvae differed significantly over time (p< 2.2x10-16) and 

with pH (p= 4.42x10-16), but not with temperature (p= 0.10). All interactions between 
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time, temperature and pH were not significant (p= 0.71, p=0.34, p=0.91, p=0.05, 

respectively, for Time x Temperature, Time x pH, Temperature x pH and Time x 

Temperature x pH). Under all treatments, total body length of larvae increased over time 

(Figure 6). Larvae reared under lower pH conditions (OA and OAW treatments) had 

smaller total body length than larvae reared under current pH conditions (ambient and 

OW treatments) (Figure 6).  

 

Figure 6: Total body length (mm) for each treatment over time (days). 

 

 Average rod length of larvae changed significantly over time (p<2x10-16) and with 

decreased pH (p<2x10-16), but not with temperature (p= 0.37). All interactions between 

time, temperature and pH were not significant (p= 0.81, p=0.79, p=0.89, p=0.20, 

respectively for Time x Temperature, Time x pH, Temperature x pH and Time x 

Temperature x pH). Rod length increased over time in all treatments (Figure 7). 

However, average rod length was small in larvae reared under decreased pH conditions 

(OA and OAW) than in those reared under current pH conditions (ambient and OW) 

(Figure 7).  
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Figure 7: Average rod length (mm) for each treatment over time (days). 

 

Total body width of L. variegatus larvae changed significantly over time (p= 

7.09x10-12) and with temperature (p= 9.86x10-3), but not with pH (p= 0.53). The 

interaction between time and temperature was significant (p= 0.04); however, all other 

interactions between time, temperature and pH were not significant (p= 0.14, p=0.78, 

p=0.39, respectively for Time x Temperature, Time x pH, Temperature x pH and Time x 

Temperature x pH). Under warmer conditions (OW and OAW), average total body width 

of larvae after day 4 was higher than in larvae reared under current temperatures (ambient 

and OA) (Figure 8).  
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Figure 8: Total body width (mm) for each treatment over time (days). 

 

Asymmetry between rods in L. variegatus larvae increased significantly over time 

(p= 0.01) and with decreased pH (p= 2.28x10-4), but not temperature (p= 0.36). All 

interactions between time, temperature and pH were not significant (p= 0.60, p=0.34, 

p=0.50, p=0.88, respectively for Time x Temperature, Time x pH, Temperature x pH and 

Time x Temperature x pH). Larvae reared under low pH (OA and OAW treatments) were 

significantly more asymmetric than larvae reared under current pH (ambient and OW 

treatments, Figure 9).   
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Figure 9: Larval asymmetry in each treatment over time (days). 

 

At 28°C and pH 7.8, larval development of L. variegatus (Figure 9) was delayed, 

as reflected by the greater variation in development 1-day post-fertilization, and because 

this treatment had more larvae in earlier stages of development than in the ambient 

treatment (Figure 10). At 31°C (OW and OAW treatments), larvae exhibited minor 

delays in development on day 2 but clearly increased development starting on day 5 

relative to ambient (Figure 10), suggesting that increased temperature accelerated 

development. Development did not differ substantially between OW and OAW 

treatments (Figure 10). Thus, increased temperature appears to outweigh the negative 

effects of pH on development.  
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Figure 10: Developmental stages of L. variegatus echinopluteus larvae. 
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Figure 11: Larval Development of L. variegatus larvae displayed by proportion of larvae in each 
stage over time (days) for each treatment. 

 

4.3 Experiment 3: Larval Diet 

 Larvae fed Nannochloropsis Instant Algae did not survive past day 10, whereas 

those fed EZ Larva survived until day 13. Diet significantly affected total body length 

(p=1.59x10-10), average rod length (p=2.21x10-11) and total body width (p=2.22x10-13).  

Specifically, larvae fed EZ Larva grew significantly larger in terms of total body length, 

rod length and body width than when fed Nannochloropsis Instant Algae (Figure 11). 

Larvae fed Nannochloropsis Instant Algae did not develop past the 4-arm pluteus stage 

(Figure 12). 
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Figure 12: Total Body Length, Average Rod Length and Total Body Width of L. variegatus larvae 
fed two different diets. 
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Figure 13: Most advanced development stage of L. variegatus larvae on day 9 when fed 
different diets under the same ambient conditions. 

 

4.4 Experiment 4: Larval Respiration 

 Respiration differed significantly between temperatures (p= 0.02486); L. 

variegatus larvae consumed more oxygen at 31°C than at 28°C (Figure 13).  

 

Figure 14: Respiration of L. variegatus larvae (%O2.larva-1.min-1) at ambient and warm 
temperature. 
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5. Discussion 

Lowered pH (OA) had no effect on fertilization success of L. variegatus but 

delayed larval development, stunted growth, and caused larvae to become more 

asymmetric. Elevated temperature (OW) decreased fertilization success at a low sperm to 

egg ratio (1,847:1) and accelerated larval development, but had no significant effect on 

larval growth. Under the treatment combining both stressors (OAW), fertilization success 

was reduced, larval growth stunted, and larvae became more asymmetric. Although 

larvae developed more rapidly under OAW conditions, suggesting that the negative 

effects of reduced pH were outweighed by the accelerated effect of increased 

temperature, they remained smaller than under ambient conditions. 

An end-of-the-century pH (7.8) did not affect fertilization success of L. 

variegatus, most likely because this species evolved in an environment where daily pH 

fluctuations, driven by photosynthesis and respiration, are similar to anticipated pH 

changes resulting from ocean acidification projected for surface ocean waters by 2100. 

The pH of seawater in coral reef ecosystems fluctuates throughout the day and is 

typically lower before dawn and higher during early evening (Hofmann et al. 2011). For 

example, L. variegatus occurs in Tampa Bay, where pH currently averages 8.1 but 

declines as low as 7.95 in mid-afternoon when photosynthesis peaks (Yates et al. 2007). 

Heavy rains can expose this coastal species to even lower pH levels, particularly near 

inlets. Previous studies have found that low levels of pH can inhibit the acrosomal 

reaction of sea urchin sperm (Gregg and Metz 1976) and lower sperm motility and 

respiration hindering internal ATPase activity (Christen et al. 1983). Reduced sperm 

motility can in turn decrease fertilization success, as reported in several sea urchin 

species (Kurihara et al. 2004, Havenhand et al. 2008, Moulin et al. 2011, Kapsenberg et 

al. 2017). However, such negative effects of pH on fertilization success in sea urchins 

have only been reported for pH levels ranging from 6.8 to 7.7, which represent scenarios 

projected for approximately the years 2150-2300+ (Caldeira and Wickett 2003, Turley 

2011). In this study, we only tested the effects of pH for a near-future scenario (2100) 

because, beyond that point, species will either have acclimated/adapted, or died out. 
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Increased temperature decreased fertilization success under a low sperm to egg 

ratio, but not under a high ratio, likely because reduced sperm longevity at higher 

temperatures, and consequent negative impact on fertilization success, only becomes 

evident when the chances of encounter between gametes are reduced. Paternity may have 

been a factor in determining fertilization success, however, in this experiment the sperm 

of all males were combined to maximize sperm stock, thus eliminating the ability to 

differentiate between paternal effects. It seems most likely that the differences of 

fertilization success observed between trials occurred due to sperm and egg 

concentrations. Fertilization success is typically greater under high sperm to egg ratios, 

because it increases the chances of encounter between egg and sperm (Byrne et al. 2010). 

At low sperm to egg ratios, environmental factors, such as temperature, may boost or 

reduce the frequency of encounters between egg and sperm. Temperature increases boost 

fertilization success, because warmer temperatures increase sperm velocity (Mita et al. 

1984, Alavi et al. 2005, Dadras et al. 2017). However, a tradeoff between sperm velocity 

and longevity influences fertilization success in several urchin species (Alavi et al. 2005, 

Dadras et al. 2017), including Lytechinus variegatus (Levitan 2000), whereas increased 

sperm velocity is associated with a reduced duration of sperm motility. The results here 

suggest that reduced fertilization success in L. variegatus under warmer conditions was 

more likely influenced by the reduced longevity of sperm motility, rather than increased 

sperm velocity. This decreased longevity did not affect fertilization success under high 

sperm to egg ratio conditions (as in Trial 2). However, a low sperm to egg ratio (as in 

Trial 1), which reduced sperm and egg encounter rates, combined with decreased 

longevity of sperm motility, lowered fertilization success.  

Polyspermy may have occurred in this experiment, however, the results of 

fertilization success under high sperm concentrations do not indicate any evidence of 

polyspermy occurring directly post-fertilization as the fertilization rates were all high, 

although latent effects may be possible. Polyspermy, which occurs when an egg has been 

fertilized by more than one sperm, can cause the sea urchin egg to remain unfertilized, 

burst or become fertilized with latent effects. These latent effects caused by polyspermy 

can result in a decrease in development occurring a couple days post-fertilization. Studies 

have shown that increasing sperm concentration can lead to a decrease in developmental 
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success in zygotes most likely due to polyspermy (Levitan et al. 2007). This may explain 

why there is some initial delayed development observed in all treatments on Day 1 and 2 

of larval development. Polyspermy may have occurred during fertilization and caused 

latent effects, resulting in a decrease in development as observed in the first couple of 

days of all treatments. However, these latent effects of polyspermy were not tested 

directly.  

Under OAW conditions, warmer temperatures accelerated larval metabolism and 

consequently larval developmental rate in L. variegatus, outweighing the negative effects 

of reduced pH on larval development and skeletogenesis. As in other sea urchin species 

(Brennand et al. 2010, Stumpp et al. 2011, Byrne et al. 2013a), reduced pH slowed larval 

development in L. variegatus, likely because of down-regulation of genes central to 

energy metabolism and biomineralization (O’Donnell et al. 2010). However, the positive 

effect of temperature counteracted this negative effect of reduced pH on metabolism and 

larval development rate. At warmer temperatures, L. variegatus larvae consumed nearly 

twice as much oxygen than those at ambient temperature, reflecting an accelerated 

metabolism. Warm temperatures increase enzymatic activity, which in turn accelerates 

physiological processes, such as metabolism and cell division (Savage et al. 2004). As 

observed in other sea urchin species (Brennand et al. 2010, Byrne et al. 2013a), faster 

metabolism and rates of cell division caused by warmer temperatures led to faster larval 

development, i.e. a quicker progression to more complex larval stages. However, 

increases in metabolic rates decrease the scope for growth, (Stumpp et al. 2011) because 

larvae typically allocate energy primarily to survival, then to development (complexity), 

and only then to growth (size). When larval metabolism increases, larvae may consume 

energy reserves more quickly than they can replenish them through feeding. Thus, while 

the larvae L. variegatus developed faster under warmer conditions, this increase in 

complexity was not accompanied by a faster growth. 

Elevated temperature did not affect total body length, average rod length, and 

asymmetry of L. variegatus larvae, but reduced pH decreased larval length and increased 

asymmetry, likely due to lower availability of calcium carbonate to form their calcifying 

skeleton. Sea urchin larvae are vulnerable to OA (O’Donnell et al. 2010, Stumpp et al. 
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2011), because they have a calcium carbonate skeleton (Heatfield 1970). Under decreased 

pH, calcium carbonate in sea water is less available for uptake, because free carbonate 

ions tend to form bicarbonate ions (Fabry et al. 2008, Doney et al. 2009). Ocean 

acidification also alters the expression of genes related to skeletogenesis in sea urchins. 

Specifically, genes central to energy metabolism and biomineralization are down-

regulated in larvae of L. variegatus and other sea urchins reared in a lower pH, reducing 

growth rates (O’Donnell et al. 2010, Stumpp et al. 2011, Raven et al. 2005, Kroeker et al. 

2010), i.e., larvae have smaller total body and average rod lengths. In addition, decreased 

pH also causes an increase in asymmetry in L. variegatus and other sea urchin larvae 

(Byrne et al. 2013a, Uthicke et al. 2013, Lamare et al. 2016). Under low pH, larvae 

allocate the few available calcium carbonate ions disproportionally between rods leading 

one rod to grow more than the other. The mechanism that regulates this differential 

allocation of carbon ions to the rods remains to be studied. Larval asymmetry may 

compromise a larva’s ability to feed and control movement and placement in the water 

column (Strathmann 1975). The prevalence of rod asymmetry and decreased growth in 

sea urchin larvae due to elevated acidity suggests that ocean acidification will impair the 

ability of L. variegatus larvae to develop, grow and produce a normal, symmetric larval 

skeleton, and ultimately compromise their survival, dispersal and recruitment. 

Reduced pH level did not affect total body width of L. variegatus larvae, however 

larvae reared under warmer conditions had a greater total body width, suggesting that 

total body width better reflects developmental stage, rather than growth. Over time, 

echinoplutei increase in width as they develop into more complex larval stages (Figure 

8). At an increased temperature, larvae progressed into more developed stages more 

rapidly than at the ambient temperature, and their total body width increased 

concomitantly. These results contrast with findings on another sea urchin species, 

Arachnoides placenta, in which total body width decreased as temperature increased 

(Chen and Chen 1992). Also, whereas reduced pH did not alter total body width of 

Lytechinus variegatus larvae, it decreased this measure in Lytechinus pictus (O’Donnell 

et al. 2010) and increased it in Strongylocentrotus droebachiensis (Dorey et al. 2013). 

These contrasting outcomes suggest that differences in the effects of pH and temperature 

on sea urchin larval body width may vary among species.  
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 EZ Larva was a better food source for the L. variegatus larvae than 

Nannochloropsis Instant algae, as it promoted faster larval development and growth.  EZ 

Larva is a microencapsulated liquid larval diet with particles ranging from 10 to 50 µm 

and is typically used feed to shrimp larvae. It consists (dry weight) of 36.7% crude 

protein, 20% crude fat, 3.3% fiber, and 0.7% phosphorus. L. variegatus larvae have 

previously been raised on this diet, which suggests that it provides at least the minimal 

nutritional requirement for complete early development of the larvae of this species 

(George et al. 2004). On the other hand, Nannochloropsis Instant Algae particles range 

from 1.5-2 µm and have a greater protein (58.6%) and carbohydrate content (20%) but 

less lipids (14.5%) (Reed Mariculture, Campbell, CA). Nannochloropsis Instant Algae is 

a high-yield rotifer feed that has never previously been used as an artificial feed for sea 

urchins. In this experiment, Nannochloropsis Instant Algae reduced larval survival and 

growth. Additionally, none of the larvae fed this diet developed past the 4-arm pluteus 

stage, indicating that this diet is unable to provide some of the nutrients, likely lipids, 

required to support larval development past this point. 

  Species’ tolerance for changes in environmental conditions depend in part on the 

magnitude of daily/annual fluctuations in the region in which they evolved; however, this 

is not always certain. Here, we studied the fertilization, larval development and growth 

under future OAW conditions of a sea urchin species from tropical/subtropical waters. 

We found that temperature affected larval development more than pH, although larval 

growth decreased under low pH, but was not affected by warmer temperature. 

Considering the effects of warming and acidification on sea urchin larvae have only been 

studied in fewer than ten species (Brennand et al. 2010, Byrne et al. 2009, Foo et al. 

2012, Byrne et al. 2013a, Byrne et al. 2013c), it is hard to reach conclusions on the 

relative susceptibility of species to OAW based on differences in magnitude of annual 

temperature and pH variations between latitudes or proximity to coastlines where they 

evolved. In some animal groups (e.g. terrestrial ectotherms such as lizards, Tewksbury et 

al. 2008), it has been hypothesized and documented that, because temperate species have 

a wider temperature tolerance range, they should be more tolerant to ocean warming than 

tropical species. So far, the results of this and previous studies in sea urchin larvae seem 

to point to the opposite: higher tolerance to warming in tropical sea urchin species 
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relative to temperate species. The larvae of a tropical species, Tripneustes gratilla, grew 

faster as a result of a 3°C increase (Brennand et al. 2010). In addition, larval growth was 

recorded as optimal between 27-34°C in the tropical sea urchin Echinometra lucunter, 

with the maximum at +6°C above ambient temperature (Sewell and Young 1999). By 

contrast, a temperature increase of 4-6°C above maximum ambient decreased growth and 

development in larvae of two temperate species (Fujisawa 1989, Byrne et al. 2009). 

Tropical regions experience narrower sea surface temperature fluctuations, but values 

remain at the high end of the spectrum year-round. In temperate regions, temperatures 

vary much more widely throughout the year but reach high levels only during a much 

shorter period. This difference in duration of annual exposure to higher temperatures may 

explain why tropical sea urchins may be more tolerant to increases in temperature than 

temperate species.  

For pH, differences in tolerance between species should not be correlated with 

latitude, but instead be site-specific. For example, species inhabiting coastal areas 

typically experience greater pH fluctuation than in the open ocean (Cai et al. 2011); 

therefore, sea urchins in coastal regions may be expected to tolerate greater changes in 

pH than non-coastal species. However, this and other studies (O’Donnell et al. 2010, 

Stumpp et al. 2011, Byrne et al. 2013c) documented that pH had a deleterious effect on 

the growth of all sea urchin species, regardless of proximity to the coastline. Thus, 

coastal sea urchins may be just as sensitive to reductions of pH as non-coastal species. 

Warming and acidification are affecting the early life stages of many different 

marine organisms. For sea urchins, the combined effects of warming and acidification 

reduced fertilization success, accelerated larval development, reduced growth and 

increased asymmetry. Smaller and asymmetric larvae will not be able to properly to swim 

and feed, or control their position in the water column. Together with a reduced 

fertilization success, larvae will suffer greater mortality, disperse less and have a harder 

time to settle on a suitable environment. These deleterious effects are likely to have 

severe impacts on the persistence of the species, because they affect rates of connectivity 

and gene flow between populations and thus rates of recovery after disturbances. 
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Assessing the impacts of OAW on both adult and larval stages of key ecosystem species, 

such as sea urchins, are critical for accurately predicting the future of marine ecosystems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

34 
 

Acknowledgements 

Lytechinus variegatus were collected under Florida Fish and Wildlife Conservation 

Commission permit #SAL-17-1902-SRP. 

I would like to thank my major advisor, Dr. Joana Figueiredo, for her constant guidance 

and expertise throughout this project. I would also like to thank my other committee 

members, Dr. Nicole Fogarty, for her extensive knowledge and assistance with lab 

materials, and Dr. Charles Messing, for his insight and support. A huge thank you is also 

necessary for all of the members of the Marine Larval Ecology Lab (past and present) that 

assisted with this project lending a hand and providing advice: A. Anderson, A. Galarno, 

H. De Marchis, T. Kamerman, S. King, S, Koerner, A. Kuba, N. McMahon, A. Nease, J. 

Robbins and M. Stephenson. Lastly, I would like to thank my family and friends for their 

continuous support and encouragement throughout this process.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 
 

Literature Cited 

ALAVI, S. M. H., & COSSON, J. 2005. Sperm motility in fishes. I. Effects of 

temperature and pH: a review. Cell Biology International, 29(2), 101-110. 

ALBRIGHT, R. & MASON, B. 2013. Projected near-future levels of temperature and p 

CO2 reduce coral fertilization success. PLoS One, 8, e56468. 

ANDREW, N. 1993. Spatial heterogeneity, sea urchin grazing, and habitat structure on 

reefs in temperate Australia. Ecology, 74, 292-302. 

ANDREW, N., AGATSUMA, Y., BALLESTEROS, E., BAZHIN, A., CREASER, E., 

BARNES, D., BOTSFORD, L., BRADBURY, A., CAMPBELL, A. & DIXON, J. 

2003. Status and management of world sea urchin fisheries. Oceanography and 

Marine Biology Annual Review, 40, 343-425. 

ANLAUF, H., D'CROZ, L. & O'DEA, A. 2011. A corrosive concoction: the combined 

effects of ocean warming and acidification on the early growth of a stony coral 

are multiplicative. Journal of Experimental Marine Biology and Ecology, 397, 13-

20. 

BARTON, A., HALES, B., WALDBUSSER, G.G., LANGDON, C. & FEELY, R.A. 

2012. The Pacific oyster, Crassostrea gigas, shows negative correlation to 

naturally elevated carbon dioxide levels: Implications for near‐term ocean 

acidification effects. Limnology and Oceanography, 57(3), 698-710. 

BRENNAND, H. S., SOARS, N., DWORJANYN, S. A., DAVIS, A. R. & BYRNE, M. 

2010. Impact of ocean warming and ocean acidification on larval development 

and calcification in the sea urchin Tripneustes gratilla. PLoS One, 5, e11372. 

BROTHERS, C. & MCCLINTOCK, J. 2015. The effects of climate-induced elevated 

seawater temperature on the covering behavior, righting response, and Aristotle's 

lantern reflex of the sea urchin Lytechinus variegatus. Journal of Experimental 

Marine Biology and Ecology, 467, 33-38. 

BURKE, R. D. 1980. Podial sensory receptors and the induction of metamorphosis in 

echinoids. Journal of Experimental Marine Biology and Ecology, 47, 223-234. 

BYRNE, M., SEWELL, M.A. & PROWSE, T.A.A. 2008. Nutritional ecology of sea 

urchin larvae: influence of endogenous and exogenous nutrition on echinopluteal 

growth and phenotypic plasticity in Tripneustes gratilla. Functional Ecology, 

22(4), 643-648. 

BYRNE, M., HO, M., SELVAKUMARASWAMY, P., NGUYEN, H.D., 

DWORJANYN, S.A. & DAVIS, A.R. 2009. Temperature, but not pH, 

compromises sea urchin fertilization and early development under near-future 

climate change scenarios. Proceedings of the Royal Society of London B: 

Biological Sciences, 276(1663), 1883-1888. 



 

36 
 

BYRNE, M., SOARS, N.A., HO, M.A., WONG, E., MCELROY, D., 

SELVAKUMARASWAMY, P., DWORJANYN, S.A. & DAVIS, A.R. 2010. 

Fertilization in a suite of coastal marine invertebrates from SE Australia is robust 

to near-future ocean warming and acidification. Marine Biology, 157(9), 2061-

2069. 

BYRNE, M., SOARS, N., SELVAKUMARASWAMY, P., DWORJANYN, S.A. & 

DAVIS, A.R. 2010. Sea urchin fertilization in a warm, acidified and high pCO2 

ocean across a range of sperm densities. Marine Environmental Research, 69(4), 

234-239. 

BYRNE, M., FOO, S., SOARS, N. A., WOLFE, K. D., NGUYEN, H. D., HARDY, N. & 

DWORJANYN, S. A. 2013a. Ocean warming will mitigate the effects of 

acidification on calcifying sea urchin larvae (Heliocidaris tuberculata) from the 

Australian global warming hot spot. Journal of Experimental Marine Biology and 

Ecology, 448, 250-257. 

BYRNE, M., LAMARE, M., WINTER, D., DWORJANYN, S. A. & UTHICKE, S. 

2013b. The stunting effect of a high CO2 ocean on calcification and development 

in sea urchin larvae, a synthesis from the tropics to the poles. Philosophical 

Transactions of the Royal Society of London B: Biological Sciences, 368, 

20120439. 

BYRNE, M., HO, M.A., KOLEITS, L., PRICE, C., KING, C.K., VIRTUE, P., 

TILBROOK, B. & LAMARE, M. 2013c. Vulnerability of the calcifying larval 

stage of the Antarctic sea urchin Sterechinus neumayeri to near‐future ocean 

acidification and warming. Global Change Biology, 19(7), 2264-2275. 

CAI, W.J., HU, X., HUANG, W.J., MURRELL, M.C., LEHRTER, J.C., LOHRENZ, 

S.E., CHOU, W.C., ZHAI, W., HOLLIBAUGH, J.T., WANG, Y. & ZHAO, P. 

2011. Acidification of subsurface coastal waters enhanced by eutrophication. 

Nature Geoscience, 4(11), 766-770. 

CALDEIRA, K. & WICKETT, M. E. 2003. Oceanography: anthropogenic carbon and 

ocean pH. Nature, 425, 365-365. 

CANTIN, N. E., COHEN, A. L., KARNAUSKAS, K. B., TARRANT, A. M. & 

MCCORKLE, D. C. 2010. Ocean warming slows coral growth in the central Red 

Sea. Science, 329, 322-325. 

CHEN, C.P. & CHEN, B.Y. 1992. Effects of high temperature on larval development and 

metamorphosis of Arachnoides placenta (Echinodermata: Echinoidea). Marine 

biology, 112(3), 445-449. 

CHRISTEN, R., SCHACKMANN, R.W. & SHAPIRO, B.M., 1982. Elevation of the 

intracellular pH activates respiration and motility of sperm of the sea urchin, 



 

37 
 

Strongylocentrotus purpuratus. Journal of Biological Chemistry, 257(24), 14881-

14890. 

CHRISTEN, R., SCHACKMANN, R.W. & SHAPIRO, B.M. 1983. Metabolism of sea 

urchin sperm. Interrelationships between intracellular pH, ATPase activity, and 

mitochondrial respiration. Journal of Biological Chemistry, 258(9), 5392-5399. 

CHUA, C.M., LEGGAT, W., MOYA, A. & BAIRD, A.H. 2013. Near-future reductions 

in pH will have no consistent ecological effects on the early life-history stages of 

reef corals. Marine Ecology Progress Series, 486, 143-151. 

CLEMENTE, S., LORENZO_MORALES, J., MENDOZA, J.C., LOPEZ, C., SANGIL, 

C., ALVES, F., KAUFMANN, M. HERNANDEZ, J.C. 2014. Sea urchin 

Diadema africanum mass mortality in the subtropical eastern Atlantic: role of 

waterborne bacteria in a warming ocean. Marine Ecology Progress Series, 506, 1-

14. 

COLLIN, R. & CHAN, K. Y. K. 2016. The sea urchin Lytechinus variegatus lives close 

to the upper thermal limit for early development in a tropical lagoon. Ecology and 

Evolution, 6, 5623-5634. 

COYER, J. A., AMBROSE, R. F., ENGLE, J. M. & CARROLL, J. C. 1993. Interactions 

between corals and algae on a temperate zone rocky reef: mediation by sea 

urchins. Journal of Experimental Marine Biology and Ecology, 167, 21-37. 

DADRAS, H., DZYUBA, B., COSSON, J., GOLPOUR, A., SIDDIQUE, M.A.M. & 

LINHART, O. 2017. Effect of water temperature on the physiology of fish 

spermatozoon function: a brief review. Aquaculture Research, 48(3), 729-740. 

DIAZ‐PULIDO, G., ANTHONY, K., KLINE, D.I., DOVE, S. & HOEGH-GULDBERG, 

O. 2012. Interactions between ocean acidification and warming on the mortality 

and dissolution of coralline algae. Journal of Phycology, 48(1), 32-39. 

DIXSON, D.L., MUNDAY, P.L. & JONES, G.P. 2010. Ocean acidification disrupts the 

innate ability of fish to detect predator olfactory cues. Ecology letters, 13(1), 68-

75. 

DONELSON, J. M., MUNDAY, P. L., MCCORMICK, M. & NILSSON, G. E. 2011. 

Acclimation to predicted ocean warming through developmental plasticity in a 

tropical reef fish. Global Change Biology, 17, 1712-1719. 

DONEY, S.C., FABRY, V.J., FEELY, R.A. & KLEYPAS, J.A. 2009. Ocean 

acidification: the other CO2 problem. Washington Journal of Environmental Law 

& Policy, 6, 213. 

DOREY, N., LANCON, P., THORNDYKE, M. & DUPONT, S., 2013. Assessing 

physiological tipping point of sea urchin larvae exposed to a broad range of 

pH. Global change biology, 19(11), 3355-3367. 



 

38 
 

DUPONT, S., HAVENHAND, J., THORNDYKE, W., PECK, L. & THORNDYKE, M. 

2008. Near-future level of CO₂-driven ocean acidification radically affects larval 

survival and development in the brittlestar Ophiothrix fragilis. Marine Ecology 

Progress Series, 373, 285-294. 

DUPONT, S., ORTEGA-MARTÍNEZ, O. & THORNDYKE, M. 2010. Impact of near-

future ocean acidification on echinoderms. Ecotoxicology, 19, 449-462. 

DUPONT, S., DOREY, N., STUMPP, M., MELZNER, F. & THORNDYKE, M. 2013. 

Long-term and trans-life-cycle effects of exposure to ocean acidification in the 

green sea urchin Strongylocentrotus droebachiensis. Marine Biology, 160, 1835-

1843. 

EDMUNDS, P.J., CUMBO, V. & FAN, T.Y. 2011. Effects of temperature on the 

respiration of brooded larvae from tropical reef corals. Journal of Experimental 

Biology, 214(16), 2783-2790. 

ELNER, R. & VADAS SR, R. 1990. Inference in ecology: the sea urchin phenomenon in 

the northwestern Atlantic. American Naturalist, 108-125. 

EVANS, J.P., GARCÍA‐GONZÁLEZ, F. & MARSHALL, D.J. 2007. Sources of genetic 

and phenotypic variance in fertilization rates and larval traits in a sea urchin. 

Evolution, 61(12), 2832-2838. 

FABRY, V.J., SEIBEL, B.A., FEELY, R.A. & ORR, J.C. 2008. Impacts of ocean 

acidification on marine fauna and ecosystem processes. ICES Journal of Marine 

Science, 65(3), 414-432. 

FEELY, R. A., DONEY, S. C. & COOLEY, S. R. 2009. Ocean acidification: present 

conditions and future changes in a high-CO2 world. Oceanography, 22(4), pp.36-

47. 

FIGUEIREDO, J., BAIRD, A. H., HARII, S. & CONNOLLY, S. R. 2014. Increased 

local retention of reef coral larvae as a result of ocean warming. Nature Climate 

Change, 4, 498-502. 

FOO, S.A., DWORJANYN, S.A., POORE, A.G. & BYRNE, M. 2012. Adaptive capacity 

of the habitat modifying sea urchin Centrostephanus rodgersii to ocean warming 

and ocean acidification: performance of early embryos. PLoS One, 7(8), 42497. 

FUJISAWA, H. 1989. Differences in temperature dependence of early development of 

sea urchins with different growing seasons. The Biological Bulletin, 176(2), 96-

102. 

GEORGE, S.B., LAWERENCE, J.M., LAWERENCE, A.L. & FORD, J., 2000. 

Fertilization and development of eggs of the sea urchin Lytechinus variegatus 

maintained on an extruded feed. Journal of the World Aquaculture Society, 31(2), 

232-238. 



 

39 
 

GEORGE, S.B., LAWERENCE, J.M. & LAWERENCE, A.L., 2004. Complete larval 

development of the sea urchin Lytechinus variegatus fed an artificial feed. 

Aquaculture, 242(1), 217-228. 

GIBSON, R., ATKINSON, R., GORDON, J., SMITH, I. & HUGHES, D. 2011. Impact 

of ocean warming and ocean acidification on marine invertebrate life history 

stages: vulnerabilities and potential for persistence in a changing ocean. 

Oceanography Marine  Biology Annual Review, 49, 1-42. 

GREGG, K.W. & METZ, C.B. 1976. Physiological parameters of the sea urchin 

acrosome reaction. Biology of reproduction, 14(4), 405-411. 

HAVENHAND, J. N., BUTTLER, F.-R., THORNDYKE, M. C. & WILLIAMSON, J. E. 

2008. Near-future levels of ocean acidification reduce fertilization success in a sea 

urchin. Current Biology, 18, R651-R652. 

HEATFIELD, B. M. 1970. Calcification in echinoderms: effects of temperature and 

diamox on incorporation of calcium-45 in vitro by regenerating spines of 

Strongylocentrotus purpuratus. The Biological Bulletin, 139, 151-163. 

HINEGARDNER, R. T. 1969. Growth and development of the laboratory cultured sea 

urchin. The Biological Bulletin, 137, 465-475. 

HOEGH-GULDBERG, O., MUMBY, P.J., HOOTEN, A.J., STENECK, R.S., 

GREENFIELD, P., GOMEZ, E., HARVELL, C.D., SALE, P.F., EDWARDS, 

A.J., CALDEIRA, K. & KNOWLTON, N. 2007. Coral reefs under rapid climate 

change and ocean acidification. Science, 318(5857), 1737-1742. 

HOFMANN, G. E., BARRY, J. P., EDMUNDS, P. J., GATES, R. D., HUTCHINS, D. 

A., KLINGER, T. & SEWELL, M. A. 2010. The effect of ocean acidification on 

calcifying organisms in marine ecosystems: an organism-to-ecosystem 

perspective. Annual Review of Ecology, Evolution and Systematics, 41, 127-47. 

HOFMANN, G.E., SMITH, J.E., JOHNSON, K.S., SEND, U., LEVIN, L.A., MICHELI, 

F., PAYTAN, A., PRICE, N.N., PETERSON, B., TAKESHITA, Y. & MATSON, 

P.G. 2011. High-frequency dynamics of ocean pH: a multi-ecosystem 

comparison. PloS one, 6(12), 28983. 

HUGHES, T. P., REED, D. C. & BOYLE, M. J. 1987. Herbivory on coral reefs: 

community structure following mass mortalities of sea urchins. Journal of 

Experimental Marine Biology and Ecology, 113, 39-59. 

Intergovernmental Panel on Climate Change, 2014. Climate Change 2014–Impacts, 

Adaptation and Vulnerability: Regional Aspects. Cambridge University Press. 

JAMES, P. & SIIKAVUOPIO, S. 2011. A guide to the sea urchin reproductive cycle and 

staging sea urchin gonad samples. Nofima. Fiskeri- og havbruksnaeringens 

forskningfond, Tromsø, Norway, 1-16. 



 

40 
 

JONES, G. & ANDREW, N. 1990. Herbivory and patch dynamics on rocky reefs in 

temperate Australasia: the roles of fish and sea urchins. Australian Journal of 

Ecology, 15, 505-520. 

KENNEDY, V.S. & MIHURSKY, J.A. 1971. Upper temperature tolerances of some 

estuarine bivalves. Chesapeake Science, 12(4), 193-204. 

KROEKER, K.J., KORDAS, R.L., CRIM, R.N. & SINGH, G.G. 2010. Meta‐analysis 

reveals negative yet variable effects of ocean acidification on marine organisms. 

Ecology Letters, 13(11), 1419-1434. 

KROEKER, K. J., KORDAS, R. L., CRIM, R., HENDRIKS, I. E., RAMAJO, L., 

SINGH, G. S., DUARTE, C. M. & GATTUSO, J. P. 2013. Impacts of ocean 

acidification on marine organisms: quantifying sensitivities and interaction with 

warming. Global Change Biology, 19, 1884-1896. 

KAPSENBURG, L., OKAMOTO, D.K., DUTTON, J.M., & HOFMANN, G.E. 2017. 

Sensitivity of sea urchin fertilization to pH varies across a natural pH mosaic. 

Ecology and Evolution 2017, 1-14. 

KURIHARA, H. & SHIRAYAMA, Y. 2004. Effects of increased atmospheric CO2 on 

sea urchin early development. Marine Ecology Progress Series, 274, 161-169. 

KURIHARA, H. 2008. Effects of CO₂-driven ocean acidification on the early 

developmental stages of invertebrates. Marine Ecology Progress Series, 373, 275-

284. 

LAMARE, M.D., LIDDY, M. and UTHICKE, S. 2016. In situ developmental responses 

of tropical sea urchin larvae to ocean acidification conditions at naturally elevated 

pCO2 vent sites. Proceedings of the Royal Society B, 283, 20161506. 

LEVITAN, D. R., SEWELL, M. A. & CHIA, F.-S. 1991. Kinetics of fertilization in the 

sea urchin Strongylocentrotus franciscanus: interaction of gamete dilution, age, 

and contact time. The Biological Bulletin, 181, 371-378. 

LEVITAN, D. R., SEWELL, M. A. & CHIA, F.-S. 1992. How distribution and 

abundance influence fertilization success in the sea urchin Strongylocentotus 

franciscanus. Ecology, 73, 248-254. 

LEVITAN, D.R., 1993. The importance of sperm limitation to the evolution of egg size 

in marine invertebrates. The American Naturalist, 141(4), 517-536. 

LEVITAN, D. R. 2000. Sperm velocity and longevity trade off each other and influence 

fertilization in the sea urchin Lytechinus variegatus. Proceedings of the Royal 

Society of London B: Biological Sciences, 267, 531-534. 

LEVITAN, D.R., 2004. Density-dependent sexual selection in external fertilizers: 

variances in male and female fertilization success along the continuum from 



 

41 
 

sperm limitation to sexual conflict in the sea urchin Strongylocentrotus 

franciscanus. The American Naturalist, 164(3), 298-309. 

LEVITAN, D.R. & FERRELL, D.L., 2006. Selection on gamete recognition proteins 

depends on sex, density, and genotype frequency. Science, 312(5771), 267-269. 

LEVITAN, D.R., TERHORST, C.P. & FOGARTY, N.D., 2007. The risk of polyspermy 

in three congeneric sea urchins and its implications for gametic incompatibility 

and reproductive isolation. Evolution, 61(8). 

LIU, H., KELLY, M.S., COOK, E.J., BLACK, K., ORR, H., ZHU, J.X. & DONG, S.L. 

2007. The effect of diet type on growth and fatty-acid composition of sea urchin 

larvae, I. Paracentrotus lividus (Lamarck, 1816) (Echinodermata). Aquaculture, 

264(1), 247-262. 

MAZUR, J.E. & Miller, J.W. 1971. A description of the complete metamorphosis of the 

sea urchin Lytechinus variegatus cultured in synthetic sea water. The Ohio 

Journal of Science, 7 (1), 30-36 

MCEDWARD, L.R. 1997. Reproductive strategies of marine benthic invertebrates 

revisited: facultative feeding by planktotrophic larvae. The American Naturalist, 

150(1), 48-72. 

MCEDWARD, L.R. & HERRERA, J.C. 1999. Body form and skeletal morphometrics 

during larval development of the sea urchin Lytechinus variegatus Lamarck. 

Journal of Experimental Marine Biology and Ecology, 232(2), 151-176. 

MEEHL, G. A., STOCKER, T. F., COLLINS, W. D., FRIEDLINGSTEIN, P., GAYE, A. 

T., GREGORY, J. M., KITOH, A., KNUTTI, R., MURPHY, J. M. & NODA, A. 

2007. Global climate projections. Climate Change, 3495, 747-845. 

MITA, M., HINO, A. & YASUMASU, I. 1984. Effect of temperature on interaction 

between eggs and spermatozoa of sea urchin. The Biological Bulletin 166, 68-77. 

MOORE, H. B., JUTARE, T., BAUER, J. & JONES, J. 1963. The biology of Lytechinus 

variegatus. Bulletin of Marine Science, 13, 23-53. 

MOULIN, L., CATARINO, A.I., CLAESSENS, T. & DUBOIS, P. 2011. Effects of 

seawater acidification on early development of the intertidal sea urchin 

Paracentrotus lividus (Lamarck 1816). Marine Pollution Bulletin, 62, 48-54. 

MUNDAY, P., LEIS, J., LOUGH, J., PARIS, C., KINGSFORD, M., BERUMEN, M. & 

LAMBRECHTS, J. 2009a. Climate change and coral reef connectivity. Coral 

Reefs, 28, 379-395. 

MUNDAY, P. L., DIXSON, D. L., DONELSON, J. M., JONES, G. P., PRATCHETT, 

M. S., DEVITSINA, G. V. & DØVING, K. B. 2009b. Ocean acidification impairs 

olfactory discrimination and homing ability of a marine fish. Proceedings of the 

National Academy of Sciences, 106, 1848-1852. 



 

42 
 

MUNDAY, P. L., JONES, G. P., PRATCHETT, M. S. & WILLIAMS, A. J. 2008. 

Climate change and the future for coral reef fishes. Fish and Fisheries, 9, 261-

285. 

NGUYEN, H.D., DOO, S.S., SOARS, N.A. & BYRNE, M. 2012. Noncalcifying larvae 

in a changing ocean: warming, not acidification/hypercapnia, is the dominant 

stressor on development of the sea star Meridiastra calcar. Global Change 

Biology, 18(8), 2466-2476. 

O'CONNOR, M.I., BRUNO, J.F., GAINES, S.D., HALPERN, B.S., LESTER, S.E., 

KINLAN, B.P. & WEISS, J.M. 2007. Temperature control of larval dispersal and 

the implications for marine ecology, evolution, and conservation. Proceedings of 

the National Academy of Sciences, 104(4), 1266-1271. 

O’DONNELL, M. J., TODGHAM, A. E., SEWELL, M. A., HAMMOND, L. M., 

RUGGIERO, K., FANGUE, N. A., ZIPPAY, M. L. & HOFMANN, G. E. 2010. 

Ocean acidification alters skeletogenesis and gene expression in larval sea 

urchins. Marine Ecology Progress Series, 398, 157-171. 

ORR, J. C., FABRY, V. J., AUMONT, O., BOPP, L., DONEY, S. C., FEELY, R. A., 

GNANADESIKAN, A., GRUBER, N., ISHIDA, A. & JOOS, F. 2005. 

Anthropogenic ocean acidification over the twenty-first century and its impact on 

calcifying organisms. Nature, 437, 681-686. 

PALUMBI, S.R. 1999. All males are not created equal: fertility differences depend on 

gamete recognition polymorphisms in sea urchins. Proceedings of the National 

Academy of Sciences, 96(22), 12632-12637. 

PARKER, L.M., ROSS, P.M. & O'CONNOR, W.A., 2009. The effect of ocean 

acidification and temperature on the fertilization and embryonic development of 

the Sydney rock oyster Saccostrea glomerata (Gould 1850). Global Change 

Biology, 15(9), 2123-2136. 

PARMESAN, C. 2007. Influences of species, latitudes and methodologies on estimates 

of phenological response to global warming. Global Change Biology, 13(9), 

1860-1872. 

PEARCE, C. M. & SCHEIBLING, R. E. 1990. Induction of metamorphosis of larvae of 

the green sea urchin, Strongylocentrotus droebachiensis, by coralline red algae. 

The Biological Bulletin, 179, 304-311. 

PECHENIK, J. 1987. Environmental influences on larval survival and development. 

Reproduction of Marine Invertebrates, 9, 551-608. 

RAVEN, J., CALDEIRA, K., ELDERFIELD, H., HOEGH-GULDBERG, O., LISS, P., 

RIEBESELL, U., SHEPHERD, J., TURLEY, C. & WATSON, A. 2005. Ocean 

acidification due to increasing atmospheric carbon dioxide. The Royal Society, 

London. viii + 60. 



 

43 
 

REITZEL, A.M. & HEYLAND, A. 2007. Reduction in morphological plasticity in 

echinoid larvae: relationship of plasticity with maternal investment and food 

availability. Evolutionary Ecology Research, 9(1), 109-121. 

REUTER, K.E. & LEVITAN, D.R., 2010. Influence of sperm and phytoplankton on 

spawning in the echinoid Lytechinus variegatus. The Biological Bulletin, 219(3), 

pp.198-206. 

REVELLE, R. & SUESS, H. E. 1957. Carbon dioxide exchange between atmosphere and 

ocean and the question of an increase of atmospheric CO2 during the past 

decades. Tellus, 9, 18-27. 

ROBINSON, S., COLBORNE, L., PARSONS, G. & WADDY, S. 1997. Enhancing roe 

of the green sea urchin using an artificial food source. Bulletin of the Aquaculture 

Association of Canada, 97, 14-20. 

RODOLFO-METALPA, R., HOULBREQUE, F., TAMBUTTE, É., BOISSON, F., 

BAGGINI, C., PATTI, F.P., JEFFREE, R., FINE, M., FOGGO, A., GATTUSO, 

J.P. & HALL-SPENCER, J.M. 2011. Coral and mollusc resistance to ocean 

acidification adversely affected by warming. Nature Climate Change, 1(6), 308. 

ROOT, T.L., PRICE, J.T., HALL, K.R. & SCHNEIDER, S.H. 2003. Fingerprints of 

global warming on wild animals and plants. Nature, 421(6918), 57. 

ROWLEY, R. 1989. Settlement and recruitment of sea urchins (Strongylocentrotus spp.) 

in a sea-urchin barren ground and a kelp bed: are populations regulated by 

settlement or post-settlement processes? Marine Biology, 100, 485-494. 

SAVAGE, V.M., GILLOOLY, J.F., BROWN, J.H., WEST, G.B. & CHARNOV, E.L., 

2004. Effects of body size and temperature on population growth. The American 

Naturalist, 163(3), 429-441. 

SCHULTZ, H. 2006. Sea Urchins: a guide to worldwide shallow water species. 

Germany: ISBN 3-9809868-2-9 

SEWELL, M.A. & YOUNG, C.M. 1999. Temperature limits to fertilization and early 

development in the tropical sea urchin Echinometra lucunter. Journal of 

Experimental Marine Biology and Ecology, 236(2), 291-305. 

SHIRAYAMA, Y. & THORNTON, H. 2005. Effect of increased atmospheric CO2 on 

shallow water marine benthos. Journal of Geophysical Research: Oceans, 110. 

SPADY, B.L., WATSON, S.A., CHASE, T.J. & MUNDAY, P.L. 2014. Projected near-

future CO2 levels increase activity and alter defensive behaviours in the tropical 

squid Idiosepius pygmaeus. Biology Open, 3(11), 1063-1070. 

STRATHMANN, R. R. 1975. Larval feeding in echinoderms. American Zoologist, 15, 

717-730. 



 

44 
 

STUMPP, M., WREN, J., MELZNER, F., THORNDYKE, M. & DUPONT, S. 2011. 

CO2 induced seawater acidification impacts sea urchin larval development I: 

elevated metabolic rates decrease scope for growth and induce developmental 

delay. Comparative Biochemistry and Physiology Part A: Molecular & 

Integrative Physiology, 160, 331-340. 

STUMPP, M., HU, M.Y., MELZNER, F., GUTOWSKA, M.A., DOREY, N., 

HIMMERKUS, N., HOLTMANN, W.C., DUPONT, S.T., THORNDYKE, M.C. 

& BLEICH, M. 2012. Acidified seawater impacts sea urchin larvae pH regulatory 

systems relevant for calcification. Proceedings of the National Academy of 

Sciences, 109(44), 18192-18197. 

TAKAHASHI, T., FEELY, R. A., WEISS, R. F., WANNINKHOF, R. H., CHIPMAN, 

D. W., SUTHERLAND, S. C. & TAKAHASHI, T. T. 1997. Global air-sea flux of 

CO2: An estimate based on measurements of sea–air pCO2 difference. 

Proceedings of the National Academy of Sciences, 94, 8292-8299. 

TURLEY, C. 2011. Ocean Acidification. A National Strategy to Meet the Challenges of a 

Changing Ocean. Fish and Fisheries, 12(3), 352–354. 

UTHICKE, S., SOARS, N., FOO, S. & BYRNE, M. 2013. Effects of elevated pCO2 and 

the effect of parent acclimation on development in the tropical Pacific sea urchin 

Echinometra mathaei. Marine Biology, 160(8), 1913-1926. 

VILCHIS, L. I., TEGNER, M. J., MOORE, J. D., FRIEDMAN, C. S., RISER, K. L., 

ROBBINS, T. T. & DAYTON, P. K. 2005. Ocean warming effects on growth, 

reproduction, and survivorship of southern California abalone. Ecological 

Applications, 15, 469-480. 

WALTHER, K., ANGER, K. & PORTNER, H.O. 2010. Effects of ocean acidification 

and warming on the larval development of the spider crab Hyas araneus from 

different latitudes (54 vs. 79 N). Marine Ecology Progress Series, 417, 159-170. 

WATSON, S.A., SOUTHGATE, P.C., TYLER, P.A. & PECK, L.S. 2009. Early larval 

development of the Sydney rock oyster Saccostrea glomerata under near-future 

predictions of CO2-driven ocean acidification. Journal of Shellfish Research, 

28(3), 431-437. 

WATSON, S.A., LEFEVRE, S., MCCORMICK, M.I., DOMENICI, P., NILSSON, G.E. 

& MUNDAY, P.L. 2014. Marine mollusc predator-escape behaviour altered by 

near-future carbon dioxide levels. Proceedings of the Royal Society of London B: 

Biological Sciences, 281(1774), 20132377. 

WATSON, S.A., FIELDS, J.B. & MUNDAY, P.L. 2017. Ocean acidification alters 

predator behaviour and reduces predation rate. Biology Letters, 13(2), 20160797. 



 

45 
 

WATTS, S. A., MCCLINTOCK, J. B. & LAWRENCE, J. M. 2001. The ecology of 

Lytechinus variegatus. Developments in Aquaculture and Fisheries Science, 32, 

375-393. 

YATES, K.K., DUFORE, C., SMILEY, N., JACKSON, C. & HALLEY, R.B. 2007. 

Diurnal variation of oxygen and carbonate system parameters in Tampa Bay and 

Florida Bay. Marine Chemistry, 104(1), 110-124. 

ZEEBE, R. E. & WOLF-GLADROW, D. A. 2001. CO2 in seawater: equilibrium, 

kinetics, isotopes. Gulf Professional Publishing. 

 


	Nova Southeastern University
	NSUWorks
	12-1-2017

	Effects of Ocean Warming and Acidification on Fertilization Success and Early Larval Development in the Green Sea Urchin, Lytechinus variegatus
	Brittney L. Lenz
	Share Feedback About This Item
	NSUWorks Citation
	Thesis of Brittney L. Lenz
	Master of Science
	M.S. Marine Biology


	tmp.1515018855.pdf.SMkWX

