
 

i

v 

 

 

Biological and Physical Factors Affecting the Natural History and Evolution of 

Encapsulated Development 

by 

Yasmin Jahanara von Dassow 

Marine Science & Conservation 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Daniel Rittschof, Supervisor 
 

___________________________ 
Richard R. Strathmann 

 
___________________________ 

William W. Kirby-Smith 
 

___________________________ 
Brian R. Silliman 

 
 
 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in Marine Science & Conservation  
in the Graduate School of Duke University 

 
2016 

 



 

 

 

 

ABSTRACT 

Biological and Physical Factors Affecting the Natural History and Evolution of 

Encapsulated Development 

by 

Yasmin Jahanara von Dassow 

Marine Science & Conservation 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Daniel Rittschof, Supervisor 
 

___________________________ 
Richard R. Strathmann 

 
___________________________ 

William W. Kirby-Smith 
 

___________________________ 
Brian R. Silliman 

 
 
 

 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree of  

Doctor of Philosophy in Marine Science & Conservation  
in the Graduate School of Duke University 

 
2016 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Yasmin Jahanara von Dassow 

2016 
 



 

iv 

Abstract 
The evolution of reproductive strategies involves a complex calculus of costs and 

benefits to both parents and offspring. Many marine animals produce embryos 

packaged in tough egg capsules or gelatinous egg masses attached to benthic surfaces. 

While these egg structures can protect against environmental stresses, the packaging is 

energetically costly for parents to produce. In this series of studies, I examined a variety 

of ecological factors affecting the evolution of benthic development as a life history 

strategy. I used marine gastropods as my model system because they are incredibly 

diverse and abundant worldwide, and they exhibit a variety of reproductive and 

developmental strategies.  

The first study examines predation on benthic egg masses. I investigated: 1) 

behavioral mechanisms of predation when embryos are targeted (rather than the whole 

egg mass); 2) the specific role of gelatinous matrix in predation. I hypothesized that 

gelatinous matrix does not facilitate predation. One study system was the sea slug Olea 

hansineensis, an obligate egg mass predator, feeding on the sea slug Haminoea vesicula. 

Olea fed intensely and efficiently on individual Haminoea embryos inside egg masses but 

showed no response to live embryos removed from gel, suggesting that gelatinous 

matrix enables predation. This may be due to mechanical support of the feeding 

predator by the matrix. However, Haminoea egg masses outnumber Olea by two orders 

of magnitude in the field, and each egg mass can contain many tens of thousands of 
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embryos, so predation pressure on individuals is likely not strong. The second system 

involved the snail Nassarius vibex, a non-obligate egg mass predator, feeding on the 

polychaete worm Clymenella mucosa. Gel neither inhibits nor promotes embryo predation 

for Nassarius, but because it cannot target individual embryos inside an egg mass, its 

feeding is slow and inefficient, and feeding rates in the field are quite low. However, 

snails that compete with Nassarius for scavenged food have not been seen to eat egg 

masses in the field, leaving Nassarius free to exploit the resource. Overall, egg mass 

predation in these two systems likely benefits the predators much more than it 

negatively affects the prey. Thus, selection for environmentally protective aspects of egg 

mass production may be much stronger than selection for defense against predation.  

In the second study, I examined desiccation resistance in intertidal egg masses 

made by Haminoea vesicula, which preferentially attaches its flat, ribbon-shaped egg 

masses to submerged substrata. Egg masses occasionally detach and become stranded 

on exposed sand at low tide. Unlike adults, the encased embryos cannot avoid 

desiccation by selectively moving about the habitat, and the egg mass shape has high 

surface-area-to-volume ratio that should make it prone to drying out. Thus, I 

hypothesized that the embryos would not survive stranding. I tested this by deploying 

individual egg masses of two age classes on exposed sand bars for the duration of low 

tide. After rehydration, embryos midway through development showed higher rates of 

survival than newly-laid embryos, though for both stages survival rates over 25% were 
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frequently observed. Laboratory desiccation trials showed that >75% survival is possible 

in an egg mass that has lost 65% of its water weight, and some survival (<25%) was 

observed even after 83% water weight lost. Although many surviving embryos in both 

experiments showed damage, these data demonstrate that egg mass stranding is not 

necessarily fatal to embryos. They may be able to survive a far greater range of 

conditions than they normally encounter, compensating for their lack of ability to move. 

Also, desiccation tolerance of embryos may reduce pressure on parents to find optimal 

laying substrata.  

The third study takes a big-picture approach to investigating the evolution of 

different developmental strategies in cone snails, the largest genus of marine 

invertebrates. Cone snail species hatch out of their capsules as either swimming larvae 

or non-dispersing forms, and their developmental mode has direct consequences for 

biogeographic patterns. Variability in life history strategies among taxa may be 

influenced by biological, environmental, or phylogenetic factors, or a combination of 

these. While most prior research has examined these factors singularly, my aim was to 

investigate the effects of a host of intrinsic, extrinsic, and historical factors on two 

fundamental aspects of life history: egg size and egg number. I used phylogenetic 

generalized least-squares regression models to examine relationships between these two 

egg traits and a variety of hypothesized intrinsic and extrinsic variables. Adult shell 

morphology and spatial variability in productivity and salinity across a species 
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geographic range had the strongest effects on egg diameter and number of eggs per 

capsule. Phylogeny had no significant influence. Developmental mode in Conus appears 

to be influenced mostly by species-level adaptations and niche specificity rather than 

phylogenetic conservatism. Patterns of egg size and egg number appear to reflect 

energetic tradeoffs with body size and specific morphologies as well as adaptations to 

variable environments. Overall, this series of studies highlights the importance of 

organism-scale biotic and abiotic interactions in evolutionary patterns.
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1. Benthic baby-snatchers: Mechanisms of predation on 
egg masses and implications for evolution of benthic 
development  

1.1 Introduction 

The evolution of reproductive strategies involves a complex calculus of costs and 

benefits to both parents and offspring. Among the myriad reproductive strategies that 

marine animals have developed, a common theme across phyla involves encapsulation 

of embryos into benthic egg structures (Pechenik, 1979). These structures take the form 

of gelatinous masses with embedded embryos or tough capsules filled with viscous 

fluid; both types are attached to a surface. A major question in marine evolution is why 

these egg structures have evolved. They pose a number of challenges not faced in free-

spawning, such as energetic investment in producing egg coverings (Stickle, 1973, 1975; 

Perron, 1981), effort in finding an appropriate place for benthic attachment (Brenchley, 

1981; von Dassow & Strathmann, 2005), and potential oxygen restriction (Chaffee & 

Strathmann, 1984; Strathmann & Strathmann, 1995; Moran & Woods, 2010). Benthic egg 

structures are fixed in place during development, leaving them susceptible to fluctuating 

environmental conditions in the intertidal. Evolutionary theory assumes some positive 

benefit of egg structures to balance these costs. Egg capsules and egg masses also 

possess documented protective capabilities, though not all capabilities are found in all 

species. Egg capsules have been shown to protect against environmental stresses, 

including salinity change (Pechenik, 1982), infection (Benkendorff et al., 2001), and 
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ultraviolet radiation (Rawlings, 1996). Gelatinous egg masses can also protect against 

salinity change (Woods & DeSilets, 1997), infection (Smoot et al., 2015), and UV radiation 

(Russell & Phillips, 2009).  

Other arguments for benefit of benthic development revolve around the 

presumed safety from predation in the benthos (Strathmann, 1985; Rumrill, 1990), but 

the question of protection from predators is complex. Unlike free spawn, benthic egg 

structures are stationary aggregations of densely nutritious embryos: seemingly ripe for 

the picking by predators. Tough, proteinaceous (Price & Hunt, 1973; Sullivan & Maugel, 

1984) egg capsules are indigestible by a number of predators (Brenchley, 1982; Rawlings, 

1994), so the embryos and fluid inside are accessible only to predators that can tear open 

capsules. Gelatinous egg masses—being soft and primarily composed of water and 

mucopolysaccharides (Bayne, 1968; Klussmann-Kolb & Wägele, 2001)—seem like easy 

targets for predators, because in theory they could be eaten without removing the 

embryo covering, even though the gel contains little nutrition. Their main mechanism of 

defense is unpalatability or toxicity (Pawlik et al., 1988; Johnson & Willows, 1999; 

Pennings et al., 1999), but some egg masses are prone to predation (Hurst, 1965; Crane, 

1971; Coelho et al., 2006).  

I chose to investigate two examples of egg mass predation in which only 

embryos are eaten, not gelatinous matrix—that is, the predator does not simply eat the 

egg mass whole. I chose these systems because I wanted to understand how the 
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presence of an egg covering affects predation. I hypothesized that egg mass gel would 

not play a part in facilitating predation. The first part of the study consists of detailed 

observations of predator behavior during predation episodes, including field-based 

observations of relative predator abundance and predator preference for different prey 

stages. The second part of the study tests effects on predation when either egg mass gel 

or embryos are removed. Addressing these questions is a step towards understanding 

the balances of cost and benefit in the evolution of benthic development. 

 

1.2 Materials and Methods 

1.2.1 Study taxa and ecological settings 

I investigated two examples of predation on egg masses (Figure 1.1). The first 

concerns the sacoglossan opisthobranch (sea slug) Olea hansineensis (Agersborg, 1923; 

hereafter referred to as “Olea”) preying on egg masses of the cephalaspidean sea slug 

Haminoea vesicula (Gould, 1855; hereafter referred to as “Haminoea”). Olea, a 

hermaphrodite, is an obligate and exclusive feeder on embryos of Haminoea and many 

other sea slug species (Crane, 1971; Chia & Skeel, 1973). Haminoea is a cephalaspidean 

slug that lays benthically-attached, ribbon-shaped, gelatinous egg masses (Figure 1), and 

its eggs are a preferred and high-quality food source for Olea (Chia & Skeel, 1973). A 

typical egg mass measures 36 × 5 × 1 mm and contains anywhere from 4000 to 60,000 

embryos (Gibson & Chia, 1989). All Olea used in this study were taken from Haminoea  
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Figure 1.1:  Predators and prey in the study. A: adult Olea hansineensis; B: adult 
Haminoea vesicula (left) and egg masses on seagrass (right); C: Olea and a Haminoea 
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egg mass, with one slug on top of the mass and four feeding inside it; D: a natural 
Haminoea egg mass (large piece) and several artificial masses made of alginate cured 
in CaCl2; E: adult Nassarius vibex; F: adult Clymenella mucosa (removed from its tube; 
left) and egg mass (right); G: several Nassarius preying on a Clymenella egg mass; H: 
artificial Clymenella egg mass made of alginate cured in CaCl2. 

 

egg masses. The populations of slugs I examined were from False Bay, San Juan Island, 

Washington, U.S.A. (48°29'N, 123°04'W), an intertidal sandflat. In False Bay, Haminoea 

and its egg masses—and thus, Olea—are found primarily in dense beds of the seagrass 

Zostera marina (Linnaeus, 1753) at the bay mouth. Even as adults, individual Olea are 

generally too small and cryptic to be seen in Haminoea egg masses in the field, so all 

observations of behavior were made in the lab. I collected them by searching through 

large numbers of Haminoea egg masses under a dissecting microscope. Some Olea also 

spontaneously appeared in sea tables containing large numbers of Haminoea egg masses.  

The second case of predation concerns the nassariid prosobranch (snail) Nassarius 

vibex (Say, 1822; hereafter referred to as “Nassarius”) preying on egg masses of the 

maldanid polychaete (worm) Clymenella mucosa (Andrews, 1891; hereafter referred to as 

“Clymenella”). Nassarius is typically a surface-feeding scavenger and detritivore (Ruppert 

& Fox, 1998), but it also feeds on Clymenella embryos, both inside and outside tidepools 

(Hurst, 1965). Clymenella lays globular egg masses tethered to sediment; each mass is 2-5 

cm3 in volume and contains hundreds of embryos (Bookhout & Horn, 1949). Snails and 

worm egg masses were collected from the intertidal mudflat at the western end of 
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Carrot Island, Beaufort, North Carolina, U.S.A. (34°42'42"N 76°40'12"W). This mudflat is 

numerically dominated by the mud snail Ilyanassa obsoleta (Say, 1822; hereafter referred 

to as “Ilyanassa”), a former congener of Nassarius with sympatric range and nearly 

identical anatomy and ecology (Ruppert & Fox, 1998). Because of these factors, some 

observations of Ilyanassa were also made. 

 

1.2.2 Predator feeding behavior & ecology 

Behavioral observations of feeding by both predator types were made in the lab 

by putting predator and egg mass together in a small bowl or petri dish with enough 

seawater to submerge them. A dissecting microscope was used for close inspections. 

Some observations were made in real-time, while others were made by viewing 

microscope camera footage. Predators were starved for 1-2 days prior to experiments 

involving feeding. 

 Olea is known to swallow Haminoea embryos whole along with their 

vitelline envelopes (Crane, 1971; personal observation), so I measured these envelopes to 

see if they change size during development. Using a camera connected to a dissecting 

microscope, I took pictures of embryos in egg masses at four different developmental 

stages: 1) cleavage and blastula stages; 2) spinning pre-veliger stage; 3) early veliger 

stage; 4) late veliger stage (Gibson & Chia, 1989a). I used ImageJ (Rasband, 1997-2015) to 

measure the length of the longest axis of the envelopes, which vary within an egg mass 
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from spherical to ovoid. I measured four individual embryos in each of five egg masses 

from each age class. I then compared envelope length among classes using the Kruskal-

Wallis test. These measurements were not taken for Clymenella embryos because they are 

not surrounded by envelopes, and their size is already known to change during 

development (Bookhout & Horn, 1949). 

Observations were also made in the field for Nassarius. Abundances of Clymenella 

egg masses, Nassarius, and Ilyanassa were recorded every 120 cm along three 13.2-m 

transect lines, using a 60 × 60 cm quadrat centered on the lines. A total of 8.64 m2 was 

censused. Nassarius is a non-obligate feeder on Clymenella, so I tested two hypotheses 

about why some snails feed on worm embryos. One hypothesis was that worm embryos 

are a supplementary food source for females (i.e. to bolster energy reserves for 

reproduction). Another was that worm feeding is a specialized behavior of a particular 

age class, as signified by shell size. To test for a possible sex bias or size bias in worm 

feeding, I conducted a walk-through survey to collect all egg masses with predators 

feeding on them that I could find within 1 hour of searching. I recorded how many 

snails were feeding on each egg mass. Snails were taken back to the lab where they were 

measured, dissected with a brick, and sexed.  

Ilyanassa predation on Clymenella egg masses was never observed in the field, but 

I tested it directly in the lab. Sixteen Ilyanassa were each put into a 10-cm-diameter 

fingerbowl with filtered seawater and an egg mass with young embryos, then allowed 
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half an hour to respond. To test for hunger, all snails were subsequently presented with 

a piece of defrosted frozen shrimp, a carrion source that elicits a strong feeding response 

(Rahman et al., 2000). 

 

1.2.3 Predator preference for prey age  

As Haminoea and Clymenella embryos grow older, they increase movement and 

metabolic activity. Haminoea embryos begin to spin partway through development 

(Gibson & Chia, 1989a), which enhances diffusion through the egg mass (Hunter & 

Vogel, 1986). Clymenella embryos begin traveling within the egg mass partway through 

development (Bookhout & Horn, 1949). Based on these facts, I hypothesized that 

predators would show preference for older prey embryos.  

For both Olea (n = 14) and Nassarius (n = 34), egg masses being preyed upon in the 

field were collected and examined with a dissecting microscope to determine embryo 

age. Embryo age is generally synchronous within an egg mass for both prey species 

(Bookhout & Horn, 1949; Chaffee & Strathmann, 1984). Although Olea predation could 

not be directly observed in the field, egg masses were immediately processed in the lab 

for predator counting. For Haminoea egg masses, embryos at pre-veliger stage and 

younger were considered the young stage and early and late veligers were considered 

the late stage. For Clymenella egg masses, embryos prior to development of segments 

and setae were considered the younger stage, and older embryos had well-developed 
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segments and setae (Bookhout & Horn, 1949). I also used lab experiments to test if 

predators preferred younger or older embryos. Olea (n = 20) were simultaneously 

presented with pieces of younger and older Haminoea egg masses. The chosen masses 

contained either early pre-veliger embryos or veligers near hatching and were 5 mm in 

width; the pieces used in the experiment were cut to 3 mm length with a razor blade. 

Each Olea was put into a well of a 6-well plate with filtered seawater and one piece of 

each age of egg mass. The test on Nassarius (n = 10) was conducted in small finger bowls, 

each containing one snail, two egg masses with embryos of different age classes, and 

filtered seawater. The younger embryos were all of very young larva and earlier stage, 

while the older embryos were of advanced larva stage). For both predators, containers 

were checked for feeding activity after thirty minutes and again after one hour. 

Preference for age of embryos was analyzed separately for each time point with the sign 

test. Predators not feeding at a time point were considered as ties. 

 

1.2.4 Role of egg mass gel in predation 

 To test if predators would eat embryos not in their gel matrix, I removed live, 

intact embryos from their egg masses. This was accomplished by tearing open egg 

masses with forceps and gently agitating them in a bowl of seawater. The embryos were 

removed much more easily from Haminoea egg masses than from Clymenella masses. I 

placed 10 embryos in each of 10 wells on two 6-well plates. Early-stage and late-stage 
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embryos were tested in separate trials. Control wells (n = 10) contained only prey 

embryos and seawater, to serve as a baseline for counting error. Treatment wells (n = 10) 

contained prey embryos, seawater, and a predator. The wells were left for 24 hours and 

then each well of embryos was recounted.  Mean number of remaining embryos was 

compared between control and predator treatments with the Kruskal-Wallis test. 

Predators were presented with intact egg masses at the end of the experiment to see if 

they fed. 

 I was able to experiment with gel-free embryos, but since it is not possible to 

obtain embryo-free gel that is also free of embryo odor, I made artificial egg masses from 

alginate cured in a calcium chloride solution. Unlike low-melting-point agarose used by 

previous researchers (e.g. (Strathmann & Strathmann, 1995; Moran & Woods, 2007), the 

alginate method uses cold polymerization, thus preventing temperature stress on 

embryos. Embryos of gastropods (Haminoea vesicula), sand dollars (Dendraster 

excentricus), and polychaete worms (Clymenella mucosa) can survive and develop 

normally in alginate egg masses for 12 hours or more (personal observation), suggesting 

that these artificial masses are appropriate for experimentation. To make the artificial 

egg masses (Figure 1.2), a 1% alginate solution was made by dissolving alginic acid 

powder in calcium- and magnesium-free seawater. This artificial seawater was based on 

a recipe from Strathmann (1987) and contained deionized water mixed with sodium 

chloride and postassium chloride to a concentration of 530 mM NaCl and 10 mM KCl. 
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The 1% alginate solution was further diluted to 0.5% by the addition of filtered natural 

seawater. Live embryos were extracted from their egg masses as described above.  

 

 

Figure 1.2: Procedure for making artificial egg masses with live embryos. The 
gelatinous matrix is composed of alginate cured in calcium chloride; see text for 
chemical recipes. After embryos are removed from an egg mass, they are mixed with 
alginate solution, then pipetted into a calcium chloride solution, where the artificial 
egg mass cures and hardens. 

 

Individual embryos were pipetted out of the dish into a 20-mL centrifuge tube, then 

gently concentrated using a hand-cranked centrifuge. Concentrated embryos were 

mixed into the 0.5% alginate solution. A calcium chloride solution was made by mixing 
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deionized water with CaCl2 powder to a concentration of 0.25M. The alginate/embryo 

mixture was dropped by pipet into the CaCl2 solution and allowed to cure for 15-20 

minutes before the artificial egg mass was moved to natural seawater to continue curing 

for at least 30 minutes.  

Olea (n = 12) were tested in three trials: with pieces of natural Haminoea egg 

masses, with alginate egg masses containing Haminoea embryos, and with alginate egg 

masses with nothing inside (“alginate blanks”). Only early stage prey embryos were 

used, as those were shown to be preferred by predators. Twelve wells in two 6-well 

plates were used as containers, with each well containing one predator, one egg mass 

treatment, and filtered seawater. Feeding was counted if a slug inserted its head and/or 

body into the treatment mass. I could not confirm that Olea swallowed embryos from 

artificial egg masses due to the opacity. Nassarius were tested with the same treatment 

categories but with Clymenella embryos. Because Clymenella embryos were difficult to 

extract and aggregate in sufficient numbers, artificial egg masses could not be made in 

large quantities. Therefore, only five Nassarius were tested in this experiment. Small 

fingerbowls were used as containers, with each bowl containing one predator, one egg 

mass treatment, and filtered seawater. Feeding was counted if a snail inserted its 

proboscis into an egg mass. 

 To further elucidate the role of egg mass gel in predation, I tested whether or not 

Olea would feed on dead Haminoea embryos encased in an undamaged egg mass. I used 
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egg masses containing embryos that were spinning regularly, roughly midway through 

development (Gibson & Chia, 1989a). I submerged the egg masses in deionized water 

until the embryos stopped spinning, about 15-20 minutes. The egg masses otherwise 

remained intact. Each Olea (n = 12) was given a control egg mass with live embryos or an 

egg mass with dead embryos, then switched between treatments. Responses were 

categorized as either feeding or no response, and feeding was counted as described in 

the previous experiment. Feeding rates on control and treatment masses were compared 

with McNemar’s test. This experiment was not performed on Nassarius because it 

normally eats carrion.  

 

1.3 Results 

1.3.1 Predator feeding behavior and ecology 

Most of my observations of Olea feeding accord with those made by Crane 

(1971). Olea feeds by inserting its head and often its entire body into egg masses of its 

prey (Figure 1.1C). It is a master of contortion and malleability, capable of withstanding 

folding and squeezing of all parts of its body. When completely embedded in an egg 

mass it bends and maneuvers its body around the embryos, and the body is highly 

compressed by the egg mass gel. The mechanism of feeding involves a pharyngeal 

sucking motion. Olea swallows when it encounters embryos with the flat front of its 

mouth area, though it is unclear if sensation is physical, chemical, or both. Because 
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embryos are encased in envelopes, they have no mechanism of moving away from a 

predator. The slug swallows whole embryos, envelope included. I did observe a small 

number of slit envelopes in egg masses and in the bottom of bowls with feeding Olea, 

but I never observed the actual discarding of envelopes.  

A slug can pull as many as four or five embryos into the mouth at a time, so it 

does not need to make contact with an egg to swallow it (contrary to what Crane (1971) 

noted). Due to the density of prey embryos relative to predator size, Olea does not need 

to search for embryos once inside a Haminoea egg mass and frequently cuts across 

strings of embryos inside the mass. Thus, feeding is both fast and efficient. I observed 

Olea feeding at rate of more than 120 embryos per minute. I did not see any slugs make 

unsuccessful swallows, and the slugs do not pull gel into their mouths. Although 

multiple Olea frequently fed on a single Haminoea egg mass in the lab, I found no 

Haminoea egg masses from the field that contained more than one predator. Olea is an 

obligate feeder on sea slug embryos; even very small post-metamorphic Olea can feed on 

Haminoea egg masses. The smallest Olea I observed swallowing a whole Haminoea 

embryo was 1.2 mm in length, which is 4 times longer than the smallest diameter of 

embryo envelope that I measured. Haminoea embryo envelopes do not change in size 

over ontogeny (Figure 1.3; Kruskal-Wallis test: df = 3, adj. H = 1.61, P = 0.66). Olea never 

ate conspecific embryos, though they frequently laid egg masses in the bowls I kept 

them in during my experiments. Olea in False Bay are quite rare compared to the  
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Figure 1.3: Sizes of Haminoea embryo envelopes measured over ontogeny. Stages are 
numbered 1-4 from youngest to oldest. The size does not differ significantly among 
stages (n = 20 measurements per stage; Kruskal-Wallis test: df = 3, adj. H = 1.61, P = 
0.66). Error bars show standard error. 

 

number of Haminoea egg masses present. The number of predators I found ranged from 

1 slug in 400 egg masses at the lowest to 1 in 45 at the highest, with most in the range of 

1 slug in 150-200 masses.  

Feeding behavior of Nassarius on egg masses is different from its typical rasping 

carrion-feeding behavior and different from that of Olea (personal observation; Hurst, 

1965). My observations of the process mostly accord with those of Hurst (1965), although 

I disagree with her characterization of feeding as “rapid”. To feed on worm embryos, 

Nassarius sits on the egg mass surface, holds on with its foot, and penetrates the gel with 

its proboscis (Figure 1G). The mechanism of feeding also involves a sucking motion, but 
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it is slow and inefficient. Nassarius does not appear to have a way of targeting embryos, 

so after penetrating the egg mass it makes a continuous series of sucks as it probes the 

gel. The snails perform about 20-25 sucks per minute, but I observed a successful feeding 

rate of only 1-2 embryos per minute. The feeding motion means that embryos cannot be 

eaten in rapid succession. Although the Nassarius proboscis spends most of its time in 

inter-embryo space, it does not appear to be consuming the gel; the distance between 

embryos does not change while Nassarius is sucking. Embryos sometimes spring back 

out of the proboscis, in which case the snail either captures them after multiple tries or 

they are not swallowed. The snail often stretches its proboscis, sometimes by multiple 

body lengths, to probe more of the egg mass, a behavior that does not occur during 

carrion feeding. Although middle and late stages of embryos are motile within the egg 

mass (Bookhout & Horn, 1949; Strathmann, 2000), they do not respond to predator 

presence with movement, and the snail has no more trouble consuming motile embryos 

than non-motile ones. Both in the field and the lab, multiple snails fed on a single worm 

egg mass simultaneously.  

Nassarius abundance was measured as 1.5 (±0.2 SE) snails/m2, nearly equal to 

abundance of Clymenella egg masses at 1.4 (±0.1 SE) masses/m2. None of the egg masses 

counted in the census were being preyed upon, and none of the Nassarius counted were 

preying on egg masses. Several quadrats contained egg masses but no Nassarius. Of 

forty-one snails found feeding on worm egg masses in a walk-through separate from the 
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transect census, twenty-one (51%) were male and twenty (49%) were female. These 

snails ranged in size from 8 mm shell length to 16 mm, with nearly half measuring 14 

mm (Figure 1.4), a common adult size (Ruppert & Fox, 1998). Of thirty-four egg masses 

found, twenty-eight had one predator, five had two predators, and one had three 

predators.  

Ilyanassa was two orders of magnitude more abundant than either Nassarius or 

Clymenella egg masses at 186.7 (±7.8 SE) individual/m2. In the lab, zero of sixteen 

Ilyanassa showed a feeding response to worm egg masses, but all sixteen ate dead 

shrimp immediately afterwards. Of hundreds of Ilyanassa observed in the field, none 

were seen preying on worm egg masses.  

 

1.3.2 Predator preference for prey age 

In the field, more predators were found preying on younger embryos than older. 

Among feeding Olea collected, 71% were eating younger embryos while 29% were 

eating older stages. Among feeding Nassarius collected, 76% were eating younger worm 

stages and 24% were eating older stages. Both predators also showed a preference for 

younger embryos in the lab. Of Olea tested, 60% initially ate younger embryos and 5% 

initially ate older embryos (35% did not feed). After 1 hr., 55% of slugs were eating 

younger embryos, 20% were eating older embryos, and 25% were not feeding. Olea that 

fed in the first half hour (n = 13) preferred younger embryos (sign test; P < 0.05), but 
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Figure 1.4: Sizes of Nassarius found feeding on Clymenella egg masses in the field (n 
= 41 snails on 34 egg masses). 

 

consumption of the two age groups did not differ significantly at the second time point 

(n = 15; P > 0.05). However, the slugs feeding after 1 hr. included two that ate all their 

apportioned younger embryos and switched to the older embryos. If those two slugs are 

removed from the analysis (Figure 1.5), then the second time point shows a preference 

for feeding on younger embryos (n = 13; P < 0.05). Of Nassarius tested (Figure 1.5), 100% 

initially fed on younger embryos, and after one hour 80% continued to feed on younger 

embryos while 20% did not feed. Analysis of snails that fed showed a preference for 

younger embryos at the first time point (sign test; n = 10; P < 0.05) and at the second time 

point (n = 7; P < 0.05). 
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Figure 1.5: Results of lab experiment testing preference of predators for age of prey 
embryos. Of Olea that fed at first (n = 13 out of 20 total), most initially preferred 
younger embryos (sign test; P < 0.05), but after one hour there was no preference 
between age groups (P > 0.05). The slugs feeding after 1 hr. include two that ate all 
their apportioned younger embryos and switched to the older embryos. Without these 
two slugs, the predators at the second time point show a preference for younger 
embryos (P < 0.05) Of Nassarius that fed during the test (n = 7 out of 10 total), most 
preferred younger embryos at both time points (sign test; P < 0.05). 
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1.3.3 Role of egg mass gel in predation 

Figure 1.6 shows results of tests with prey embryos removed from egg masses 

(“naked” embryos). For Olea, control and predator treatments did not differ for younger 

(Kruskal-Wallis test; df = 1, adj. H = 1, P = 1) or older (df = 1, adj. H = 0.91, P = 0.34) naked 

embryos. No Olea ate naked embryos, but all Olea fed on intact egg masses at the end of 

each trial. For Nassarius, control and predator treatments differed for younger (Kruskal-

Wallis test; df = 1, adj. H = 7.92, P = 0.005) and older (df = 1, adj. H = 13.9, P = 0.0002) 

naked embryos. The predator treatment included one snail that ate all 10 older naked 

embryos offered and one that ate zero. Seven out of ten snails fed on intact worm egg 

masses after the trial with younger naked embryos; eight out of ten fed after the trial 

with older naked embryos. 

In trials comparing response to real and artificial egg masses (Figure 1.7), real 

egg masses garnered feeding responses from 83% of Olea. Alginate egg masses elicited 

feeding response from 17% of slugs. Alginate blanks elicited no response in 100% of 

slugs. In Nassarius trials, 100% of snails fed on real egg masses; 60% fed on alginate egg 

masses. Alginate blanks elicited no response in 100% of snails. In trials comparing Olea 

response to live and dead embryos in egg masses, no significant difference was found 

between the two treatments (Figure 1.8; McNemar’s test, P = 0.51).  
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Figure 1.6: Results of experiments on predator response to embryos taken out of egg 
masses (naked embryos). Olea (n = 10) did not eat younger (P = 1) or older (P = 0.34) 
naked embryos (Kruskal Wallis test). Nassarius (n = 10) ate both younger (P = 0.005) 
and older embryos (P = 0.0002). 
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Figure 1.7: Results of feeding trials with artificial egg masses. Neither predator 
responded to alginate blanks. Artificial egg masses elicited a feeding response in 18% 
of Olea (n = 12) and 60% of Nassarius (n = 5). 
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Figure 1.8: Results of trials comparing response of Olea (n = 12) to live and dead 
embryos in egg masses. No significant difference was found between the two 
treatments (P = 0.51). 

 

1.4 Discussion 

1.4.1 Predator feeding behavior and ecology: Olea 

I conducted observations on both Olea and Nassarius to investigate the behavioral 

mechanisms of their predation on egg masses. Chemoreception likely plays a role in 

finding whole egg masses for Olea, as the predators could detect the masses without 

having to encounter them. Chemical cues may not be the only cues at play; physical cues 

also could help Olea find egg masses, especially in a seagrass bed with numerous egg 

masses and clumps of egg masses on the blades, as in False Bay. Once inside a mass, it is 

not clear that chemoreception is required or even used by Olea for targeting embryos, 

because the embryo density is great enough for the slug to eat without searching.  
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Even very small, recently-metamorphosed, Olea can swallow a whole Haminoea 

embryo. This likely explains the fast initial growth rate of Olea (Chia & Skeel, 1973), as a 

single embryo is a large meal for a small predator. The 1.2-mm Olea I observed feeding 

swallowed only one embryo before it stopped feeding, and it took much longer to 

swallow it than a larger Olea would have. The slug was only 4 times the length of the 

embryo envelope it swallowed, so it likely did not have room in its body for more than 

one embryo at a time. Because Haminoea envelopes do not change size over ontogeny, 

presence of envelopes should not inhibit ability of Olea to feed on different embryo 

stages. Though I could not confirm Crane’s (1971) observation that Olea usually sucks 

open and discards envelopes from advanced embryos, the observation accords with 

Davis’s (1967) that sea slug envelopes soften right before hatching. I hypothesize that 

discarding envelopes would inhibit Olea’s ability to feed quickly by swallowing multiple 

embryos at once, so it may not be a preferred behavior. Overall, more investigation is 

needed to uncover the role of envelopes in predation, especially in species that package 

multiple embryos in a capsule or species with size-changing capsules.  

I have observed, and previous authors have reported, that in the lab groups of 

Olea will eat all or nearly all of the embryos from a Haminoea egg mass (Crane, 1971; Lee 

& Strathmann, 1998). Thus, mortality in a single egg mass can approach 100%, at least in 

a lab setting. Though this sounds dire for Haminoea, the abundance of egg masses truly 

dwarfs the abundance of Olea in False Bay (this study) and in at least two other habitats 
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occupied by Haminoea (personal observation). In addition, there are thousands to tens of 

thousands of individual embryos per egg mass. Any embryos left in a depredated egg 

mass still develop normally; in the laboratory, a bowl of adult Olea with Haminoea egg 

masses will soon produce a flurry of healthy Olea and Haminoea veligers (personal 

observation).  

Though Olea feeds enthusiastically on Haminoea embryos, this does not rule out 

chemical defense in Haminoea. Olea feeds on a wide diversity of sea slug eggs (personal 

observation; Crane, 1971; Chia & Skeel, 1973), so it might be tolerant of unpalatable 

chemicals. Chemical deterrence is certainly possible for predators other than Olea, but it 

has not been formally established for Haminoea vesicula. There is preliminary evidence 

that crab predators may find the egg masses unpalatable (S. Lewis & R. Podolsky, 

unpublished student paper, Friday Harbor Labs), but the source of unpalatability (gel, 

embryos, or both) is unknown. There are no data on toxicity. The European congener 

Haminoea orbignyi is chemically defended (unpalatable) as an adult (Neves et al., 2009), as 

are other cephalaspideans (Faulkner & Ghiselin, 1983), but there are no data for their 

embryos. Overall, Haminoea vesicula egg masses are not currently known to have any 

regular predators besides Olea. Thus, there may be little actual predation pressure on 

Haminoea egg masses at the population level. 
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1.4.2 Predator feeding behavior and ecology: Nassarius 

 Chemoreception is likely used by Nassarius when finding whole egg masses in 

the field, because multiple snails feed on egg masses at once, and the density of snails is 

not high enough for several to randomly encounter the same egg mass at the same time. 

This accords with Hurst’s (1965) observation that snails within 20 cm of a feeding snail 

approached the egg mass. For Nassarius, microscopic observations of feeding behavior 

suggest that finding embryos within the egg mass is a physical process. The snail does 

not make targeted sucks to find embryos, but rather sucks continuously, only closing the 

tip of its proboscis tightly when an embryo is encountered. Even so, as mentioned 

previously, embryos are sometimes pulled back out of the proboscis by elastic tugging 

of the gel. Nassariid snails generally have strong chemoreceptive ability (Carr, 1967b, a; 

Stenzler & Atema, 1977; Rittschof et al., 2002) so it is interesting that Nassarius apparently 

could not distinguish embryos from gel. Perhaps because Clymenella embryos are not 

surrounded by envelopes and they are motile within the egg mass, the gel is permeated 

with embryo odor. 

 Hurst (1965) hypothesized that Nassarius predation on egg masses could be 

dangerous for the Clymenella population on Carrot Island, but this is not currently the 

case. It is important to note that the habitat seems to have changed between Hurst’s 

study and the present one; at this time Nassarius is not nearly as abundant as described 

in her paper. The vast majority of egg masses at any given low tide do not have snails 
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feeding on them, as opposed to the “frequent” sightings of six or seven snails feeding on 

a single mass described by Hurst (1965). Regardless of predator abundance, depredated 

egg masses can still house viable embryos, as in Haminoea. Embryos not eaten can 

remain in their egg mass and develop normally (personal observation; (Hurst, 1965)).  

It is interesting that Nassarius feeds on Clymenella at all. Although the egg masses 

are abundant relative to the snail, the feeding process is quite slow and inefficient, 

particularly compared to the ease and speed with which nassariid snails consume 

carrion (Fretter & Graham, 1962). An individual embryo of young stage, with yolk 

reserves, may have more caloric value than a similarly-sized piece of carrion. However, 

an embryo at a later stage should not. Thus, the choice to feed on embryos instead of 

carrion likely does not have to do with food quality or ability to eat a large amount at 

one time. It is also not a feeding preference based on snail sex. Neither does worm 

predation depend strictly on Nassarius size, though most embryo-feeding snails are fully 

grown (Figure 4). (I hypothesize that since fully-grown snail proboscises spend most of 

their feeding time in inter-embryo space, it may be even slower for smaller snails to feed 

than it is for larger ones.) Why then does Nassarius eat Clymenella embryos? On Carrot 

Island, Nassarius is vastly outnumbered by Ilyanassa, a snail with nearly identical 

anatomy and ecology. Though every Clymenella egg mass on the mudflat is surrounded 

by dozens of Ilyanassa, Ilyanassa has not been observed eating worm egg masses in the 

field. I hypothesize that Nassarius can exploit a resource apparently unused by Ilyanassa, 
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so Nassarius reduces competition with a snail that outnumbers it by two orders of 

magnitude. If carrion is not available or accessible—say, due to crowding out by 

Ilyanassa—Nassarius has a “backup plan”. Hurst (1965) stated that Nassarius feeds on 

worm egg masses in preference to carrion, though she did not test the idea with 

controlled experiments. I hypothesize that if presented simultaneously with egg masses 

and carrion, Nassarius would prefer carrion, given the ease of feeding on it. However, 

such an experiment would probably not capture the nuance of balancing food 

preference and access in the field. 

It is unknown why Ilyanassa does not prey on Clymenella egg masses in the field. 

An initial hypothesis involved the convection-reducing quality of egg mass gel (Hunter 

& Vogel, 1986). Perhaps Nassarius has evolved to be more sensitive than Ilyanassa to the 

odors emanating from egg masses, meaning that Ilyanassa simply does not strongly 

detect the egg masses chemically. Ilyanassa certainly encounters the egg masses 

physically, but in the field this would seem not to be enough to elicit a feeding signal. 

However, in a single non-experimental and unintentional instance, I observed one 

Ilyanassa in a bowl in the lab insert its proboscis into a Clymenella egg mass and make 

feeding motions. I could not determine whether it successfully captured embryos or 

why it was stimulated to feed in this way. It is possible that Ilyanassa does feed on 

Clymenella egg masses, but rarely enough that it was not captured in experimental 

conditions. 
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1.4.3 Predator preference for prey age 

I originally hypothesized that predators would prefer older Haminoea and 

Clymenella embryos. As the embryos grow, they become more metabolically active 

(Bookhout & Horn, 1949; Gibson & Chia, 1989a), which could increase the amount of 

chemical cues they release to potential predators, potentially increasing detectability. 

Two other aspects of ontogenetic change make it seem likely that embryo predators 

should prefer older stages: embryo growth and egg mass degradation. If embryo 

nutritional quality did not change over ontogeny, larger (older) embryos should be more 

desirable, in terms of calories per embryo and ease of predation (e.g. Penchaszadeh et al., 

2000). Softer (degraded) egg masses should be easier to penetrate (Davis, 1967). 

Haminoea embryo size is not a consideration because Olea swallows whole embryo 

envelopes, which do not grow (Figure 3). Haminoea egg masses do soften over ontogeny 

(Gibson & Chia, 1989b). Clymenella embryos grow over ontogeny and their gel also 

softens (Bookhout & Horn, 1949).  

Ultimately, I found that both Olea and Nassarius eat multiple stages of prey 

embryos but prefer younger stages (Figures 5 & 6). One possible explanation for 

preference of young embryos is that young embryos of slugs and worms may be more 

densely nutritive. Whether the caloric content of embryos increases (Heras et al., 1998) or 

decreases (Noriega & Miloslavich, 2010) over ontogeny, older stages have a higher 

proportion of tough or inorganic material (e.g. shells and setae) that could be harder to 
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digest. If the hypothesis of younger embryos being more nutritious is true, the difference 

in food quality may also counterbalance the difference in texture for both types of 

predators. In addition, it seems likely that the youngest egg masses offer the highest 

density of embryos to eat, because in older masses developmental rates and hatching 

times can vary (Bookhout & Horn, 1949; Lee & Strathmann, 1998); thus, when a predator 

encounters an older egg mass, some embryos may already have left. 

 

1.4.4 Role of egg mass gel in predation 

 Egg mass gel can protect embryos from several kinds of environmental stresses, 

but results from this study suggest that gel also enables certain predators. Olea did not 

eat naked embryos of any age class, but it did show a feeding response to dead embryos 

in intact egg masses. Taken together, these results show that chemical cues from prey 

embryos alone are not sufficient to attract predators. The Olea that showed a feeding 

response to artificial egg masses inserted their heads into them, but I could not confirm 

that they swallowed or tried to swallow embryos from the masses. Assuming alginate is 

a reasonable facsimile for natural gel, it appears that gelatinous matrix is necessary to 

enable Olea feeding. Given the feeding mechanism of Olea, the physical structure of gel 

may assist its feeding motions by providing bracing. However, differences in both 

physical and chemical gel structure might explain why alginate egg masses were not as 

attractive to Olea as natural egg masses.  
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  Curiously, removing the gel from worm embryos does not appear to speed up 

feeding by Nassarius. Handling time appears to be a limiting factor in predation on egg 

masses, but even when given a day to eat 10 naked embryos, not all the snails ate all 

their embryos (Figure 1.6). Yet, snails feeding on intact egg masses showed strong 

feeding response (Figure 1.5, Figure 1.7), eating at a rate of about one embryo per 

minute. The difference in predatory enthusiasm is evidence that gel somehow facilitates 

predation.  

 Overall, egg mass gel in the two systems studied has no negative effect on 

predation. For Olea, a specialist embryo feeder, the gel appears to have a positive effect, 

which is significant because the gel itself is not the actual target of feeding. Though 

usefulness of gel to predators is counterintuitive to the idea of egg coverings as 

protective structures, it fits with the fact that Olea has evolved to be a specialist feeder on 

egg masses. For Nassarius, the gel does not inhibit feeding, and there is evidence that it 

facilitates feeding. Yet, in neither system does predation appear to present as strong a 

selective force on protective properties of egg masses as the physical intertidal 

environment likely does. Thus, losses to predation probably do not factor strongly into 

the costs incurred by parents that produce egg packaging in the two study species. 

Instead, the egg masses protect against environmental stresses, and the two predators 

have evolved selective predation capability. 
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1.5 Future investigations 

Olea has the ability to discriminate between eggs laid by conspecifics and those 

laid by other species, as it never cannibalizes egg masses (personal observation, (Crane, 

1971). However, in preliminary observations I found that Olea recognizes as food egg 

masses laid by sea slug species it has never encountered. When presented with egg 

masses of the sea slugs Cratena pilata and Scyllaea pelagica from North Carolina, Olea fed 

on them. Yet, when presented with gelatinous egg masses laid by the prosobranch snail 

Lacuna spp., which occupies the same habitats as Olea, Olea did not feed. This suggests 

the possibility that various sea slug egg masses share common characteristics—either 

chemical, physical or both. It would be interesting in future work to offer Olea the 

gelatinous egg masses of other marine invertebrates, including worms, to see how far 

food recognition extends. Also, in Portugal there is an almost exact analog of the 

Olea/Haminoea study system. It involves the sacoglossan slug Calliopaea bellula feeding on 

egg masses of Haminoea orbignyi, which lays egg masses on blades of the seagrass Zostera 

noltii (Coelho et al., 2006). Would Olea recognize egg masses of Calliopaea as food, or 

would it avoid eating a fellow predatory sacoglossan the way it avoids eating 

conspecifics? Has the Calliopaea predation system evolved to work the same way as the 

Olea system? There is much potential fodder for cross-system experimentation. 

It is interesting that Nassarius has never been described as a predator on living 

adult organisms, though it clearly recognizes live worm embryos as food. Peyton et al. 
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(2004) reported that Nassarius also fed on gelatinous egg masses of Haminoea succinea 

and Haminoea elegans in Florida. (Neither of these prey species is found in the Nassarius 

habitat I studied in North Carolina.) In preliminary observations, I found that Nassarius 

ate live embryos removed from egg capsules of the tulip snail Cinctura hunteria and the 

whelk Busycon carica; it showed no feeding response to intact capsules. Thus in the case 

of egg capsules, there is a very clear deterrent effect of the capsule. It remains to be 

discovered why living embryos are distinguished as prey by Nassarius when adults are 

not. In future work it would be quite interesting to untangle the similarities and 

differences between the way Nassarius perceives carrion and the way it perceives living 

embryos. 
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2. Mostly dead is slightly alive: embryo survival in highly 
desiccated intertidal egg masses 

2.1 Introduction 

As global temperatures rise and ecosystems worldwide undergo rapid change 

(IPCC, 2013), it is increasingly important to understand the baseline tolerance of 

organisms to environmental variation. This tolerance, in both adults and early life 

stages, ultimately determines biogeographical patterns of diversity and abundance. 

Organisms that live in dynamic habitats are likely to have physiological and behavioral 

adaptations to a variety of environmental challenges. Because a potential consequence of 

rising temperatures is increased desiccation risk, understanding response to temperature 

change requires investigating existing adaptations of organisms that regularly face the 

possibility of desiccation at different life stages. As adults and juveniles, animals can 

generally use behavioral methods to enhance or replace physiological desiccation 

tolerance; for example, intertidal snails aggregate and shelter in rock crevices (Rojas et 

al., 2013) and toads shelter in burrows (Schwarzkopf & Alford, 1996). However, 

encapsulated embryos are not capable of selective movement around a habitat. To 

compensate, certain parental behaviors are aimed at protecting eggs from desiccation. 

For example, butterflies may lay eggs in clusters to reduce water loss (Clark & Faeth, 

1998), and some salamanders cover their eggs by brooding on them (Forester, 1984).  

Intertidal marine organisms face the risk of desiccation more often than other 

marine organisms. Many intertidal animals attach their eggs to benthic surfaces. These 
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eggs are usually encased in proteinaceous egg capsules or gelatinous egg masses 

(Pechenik, 1979), fixing the embryos in place during development. In theory, parental 

behavior should be the controlling mechanism for embryo safety, as parents are likely to 

lay their egg structures in places that are favorable to embryo survival (e.g. Pechenik, 

1978; Fernandes & Podolsky, 2011; but see Spight, 1977), especially in species that have 

preferred laying substrata. However, egg structures can become detached even from 

apparently safe substrata, due to current and wave action (personal observation; Wilson, 

1986). Once free-floating, egg structures can face the problem of stranding in dry places 

during low tide. 

I initiated this study because I observed egg mass stranding in the intertidal 

opisthobranch gastropod (sea slug) Haminoea vesicula (Gould, 1855). (Throughout this 

paper, I use the word “stranded” to mean trapped on dry-appearing sand.) H. vesicula is 

a cephalaspidean slug that lays benthically-attached, ribbon-shaped, gelatinous egg 

masses (Figure 2.1). A typical egg mass measures 36 × 5 × 1 mm; masses contain 

anywhere from 4000 to 60,000 embryos each (Gibson & Chia, 1989). Egg masses are thin 

enough that oxygen diffusion does not impede developmental synchrony (Chaffee & 

Strathmann, 1984). Embryos develop in the masses for approximately 10 days before 

hatching as veligers that spend about two weeks in the plankton (Gibson & Chia, 1989).  

Reproduction takes place in the summer (Gibson & Chia, 1989), when the risk of 

desiccation is presumably highest. H. vesicula lays its eggs on substrata that are  



 

36 

 

Figure 2.1: The cephalaspidean opisthobranch gastropod, Haminoea vesicula (Gould, 
1855). A: An adult specimen. B: Several recently-laid egg masses of H. vesicula on a 
submerged blade of the eelgrass Zostera marina. The egg masses are flat ribbons, and 
they are attached to substrata along one long edge, giving them a characteristic C-
shape. 

 

submerged or very wet (i.e. at the edge of a tidepool or a puddle). It preferentially lays 

on submerged blades of the eelgrass Zostera marina, though other substrata are used 

(von Dassow & Strathmann, 2005). In general, slug distribution closely follows eelgrass 

distribution within a habitat, and association with eelgrass has been shown to benefit 

developing embryos of H. vesicula (Fernandes & Podolsky, 2011). The egg masses are 

laid with one long edge attached to the substratum, so that most of the mass is not in 

contact with the substratum (Figure 2.1). Masses are often laid on top of one another in 

clumps, and both clumps and single egg masses can become detached from substrata 

while remaining otherwise intact. Detachment does not lead to drying out during a low 

tide cycle if the egg masses remain in a tidepool or moist environment, as they 

frequently do. However, detachment sometimes leads to stranding out of water (Figure 
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2.2A, B), which leaves the egg masses exposed to full sun and wind for the duration of 

low tide (as much as 6 hours in certain habitats).  

 

Figure 2.2: Haminoea vesicula egg masses in field conditions; pictures A, B, and C 
show egg masses on exposed sediment, and pictures D, E, and F show egg masses 
submerged in water. A: Egg masses naturally stranded individually and desiccated. 
Three masses are marked by arrows. Scale bars for A, B, and C are 2 cm. B: Egg masses 
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naturally stranded in a clump; some parts are more desiccated than others. C: 
Experimentally deployed egg masses, shown post-desiccation. To mimic the worst-
case stranding scenario, masses were placed flat so that they would be in full contact 
with the sediment and air along their length. D: Egg masses laid by slugs directly on 
sediment. E: Egg masses that detached from a hard substratum and were drifting in 
the bay (left of dashed line); egg masses that parents laid directly in sediment, with 
sand grains attached along the bottom edge (right of dashed line). F: An egg mass laid 
directly in the sediment by a slug (left) and the depression left when I removed the 
egg mass (right). 

 

When a Haminoea vesicula egg mass is stranded, it experiences increased 

temperature, increased UV exposure, and drying. Lethal temperatures are not known 

for H. vesicula adults or young, but for H. vesicula embryos, induction of heat shock 

proteins (HSP 70 and 90) occurs at 30°C, with total protein synthesis shutdown at 35°C 

(B. Podolsky, unpublished data). H. vesicula egg masses are typically sun-exposed in 

False Bay, even when laid in seagrass beds (Fernandes & Podolsky, 2011). Observations 

by Biermann et al. (1992) and experiments by Russell and Phillips (2009a) indicate that H. 

vesicula embryos are resistant to the effects of UV radiation. This agrees with the pattern 

suggested by Przeslawski et al. (2004) for various species of sea slugs, in which resistance 

to solar radiation is correlated with level of solar exposure where egg masses normally 

occur (but see Russell and Phillips, 2009b). Lab experiments by Russell and Phillips 

(2009a), in which egg masses were subject to an artificial tide cycle, showed that 

desiccation stress caused high mortality of H. vesicula embryos. 
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I tested the hypothesis that H. vesicula embryos do not survive stranding at low 

tide in the field, due to the combination of ecological and evolutionary characteristics 

they share with many other intertidal invertebrates. First, animals like H. vesicula that 

habitually lay their eggs in a submerged habitat may have little selective pressure to 

develop desiccation-tolerant embryos. Furthermore, H. vesicula actively seeks preferred 

laying substrata (von Dassow & Strathmann, 2005) suggesting that unattached egg 

masses are likely to be at a disadvantage. In addition, the egg masses of H. vesicula are 

gelatinous and soft with a thin, flat, ribbon shape. In theory, this shape should make 

them highly prone to desiccation due to the high surface-area-to-volume ratio 

(Strathmann & Hess, 1999) and high permeability of gel. 

Apart from issues associated with egg mass size and shape, which might be 

thought of as intrinsic species characteristics, there are external stranding circumstances 

to consider. An egg mass that is left folded by the receding tide will have some embryos 

better protected than others. Furthermore, in stranded clumps, embryos in the clump 

interior should be protected from drying. Thus, the worst-case stranding scenario 

should be a single egg mass laid out flat along its length, with as much surface area as 

possible exposed to sediment on the bottom and to air on the top. In this scenario, the 

egg mass should also be stranded on a high point in the habitat so as to be exposed for 

the longest possible time during low tide. A better case for egg masses, though still 
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potentially dangerous, is to be stranded in a shallow tide pool that reaches high 

temperatures. I designed my field experiments to investigate both scenarios. 

 

2.2 Materials and Methods  

False Bay, San Juan Island, Washington, U.S.A. (48°29'N, 123°04'W) was the site 

of field experiments and the source of adult Haminoea vesicula collected for experiments. 

All observations and experiments occurred during Summer 2015. The bay is an open, 

unshaded, intertidal sand flat that empties out completely at low low tides, exposing 

long tidepools separated by dry sandbars. Prior to the start of field experiments, I 

collected data on the length of sandbar exposure during tide cycles by deploying 

temperature sensors in several sandbars in the upper mid-bay, where the driest sand 

occurs at low tide. Each temperature sensor consisted of an iButton Thermochron® data 

logger (Maxim Integrated, San Jose, California, U.S.A.) placed in the bottom of a plastic 

50-ml conical centrifuge tube, along with 7 glass marbles to occupy volume, with the rest 

of the tube filled with mineral oil to protect the sensor from moisture. The tube cap was 

screwed on and secured with duct tape. Each sensor deployed in the field was securely 

duct-taped to a PVC stake pounded into the sand. Temperatures were recorded at 5-

minute intervals. 

Adult slugs were collected from False Bay and maintained in running seawater 

in the laboratory, where they readily laid egg masses used for field and lab experiments. 
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All egg masses used in experiments were checked for absence of damage and dead 

embryos before use. To test for a possible effect of age on desiccation tolerance, two age 

classes of egg masses were chosen for use in desiccation experiments. The younger class 

consisted of those laid in the lab within 18 hours prior to the start of the experiment 

(various cleavage stages) and the older class were those approximately halfway to 

hatching (embryos spinning regularly but not yet fully-developed veligers) at roughly 4-

5 days old (Gibson & Chia, 1989). 

 

2.2.1 Sand moisture content 

To quantify the difference in moisture content between sand in tidepools and 

sand on dry sandbars, I collected seven samples of dry-appearing sand and four samples 

of saturated sand from False Bay at low tide. For dry samples, I chose areas where the 

sand had a dry appearance and stranded egg masses were seen in the vicinity. I 

collected saturated sand from inside tidepools adjacent to the dry sample areas, with 

excess water included in the bag. All samples were collected by scooping from the top 

0.5 cm of sediment and were transported back to the laboratory in sealed plastic zip-top 

bags with the air squeezed out. Dry samples were transferred to Pyrex custard dishes for 

weighing as-is. Wet sample bag contents were thoroughly mixed, then transferred to 

custard bowls and allowed to settle before excess water was poured off. Both dry-
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appearing and saturated samples were weighed, dried overnight in a drying oven at 

60°-70°C, then re-weighed to measure water loss. 

 

2.2.2 Field-based desiccation experiments 

I conducted field-based desiccation experiments to collect data on embryo 

survival under realistic conditions. I chose a plot area for field experiments on the basis 

of the worst-case scenario for a stranded egg mass: a single egg mass laid out flat on dry 

sand outside tidepools, fully exposed to sun and wind with no chance of shading by 

rocks, and above water for the longest possible time during ebb and flood tide. Areas 

meeting these criteria were in the upper middle part of False Bay, and I chose an area 

that had naturally stranded egg masses in the vicinity. High points of sandbars were 

identified by watching the pattern of inundation of the bay floor during flood tide. 

An experimental dry plot was laid out in the same place for four consecutive 

days, using a new set of egg masses each day. The plot consisted of a 1-m × 2-m  
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rectangle delineated by PVC stakes and flagging tape to prevent foot traffic, and a 

temperature sensor was attached to one of the stakes. Within the dry plot, 10 younger 

and 10 older egg masses were laid out flat so that one side was in complete contact with 

the sediment along the length of the egg mass (Figure 2.2C). The egg masses were 

spaced at least 3 cm from one another. They were left exposed for the duration of low 

tide, starting 20-30 minutes after the plot was exposed at ebb tide and ending 5-10 

minutes before the surface was inundated at flood tide. I recorded air temperatures 

approximately half an hour before the end of the experiment each day. They were 

measured to the nearest 0.5°C using a glass thermometer held at standing chest height. 

On two of the days, 10 egg masses of each age class were also deployed near the 

edge of a shallow tide pool adjacent to the experimental dry plot. The masses were 

placed in a shallow 8-in × 8-in Pyrex dish with a piece of coarse nylon mesh glued to the 

top edge of the dish, to allow water flow and exposure to sun and wind but prevent the 

egg masses from washing away. The dish was then submerged and nestled into the sand 

so that the egg masses were covered by tidepool water for the duration of the 

experiment.  

After field deployment, all egg masses were returned to the laboratory for a 

period of rehydration in sea tables: 24 hours for older masses and 3-4 days for younger 

masses, long enough for embryos to reach spinning age. Using a dissecting microscope, 

approximate counts of live embryos were made by visual estimation across the entire 
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length, width, and depth of each egg mass. The number of live embryos was assigned to 

one of five percentage bins (quartile bins, except for zero: 0%, 1-25%, 26-50%, 51-75%, 

and >75%), but not to a specific percentage point. Embryos were counted as alive if they 

were spinning regularly, regardless of whether they had suffered obvious damage, 

similar to the method of Zippay and Hofmann (2010).  Due to potential variation in 

climate conditions, I analyzed each day of the field experiment as a separate trial. To 

quantify embryo survival, each egg mass was assigned a rank of 1 to 5 according to the 

percentage of embryos alive (in the categories described above), with rank 1 equal to 0% 

alive and rank 5 assigned to >75% alive. Field-desiccated egg masses were then 

compared between age groups and between moisture treatments using the Kruskal-

Wallis test. 

Field-deployed egg masses could not be weighed, deployed, and then re-

weighed because sand grains become embedded in drying masses, and structural 

integrity of dehydrated masses does not allow the grains to be brushed off. Thus, I 

conducted a second set of desiccation experiments under controlled conditions in the 

laboratory. 

 

2.2.3 Egg mass clump temperatures 

To gather preliminary data on the difference in desiccation between single egg 

masses and clumps, I measured the temperatures of egg mass clumps that had been 
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stranded on dry-appearing sediment for the duration of low tide. Using a glass 

thermometer, I measured temperatures to the nearest 0.5°C on the tops and bottoms of 

clumps and the sediment surface directly adjacent to each clump. Apart from choosing 

clumps with no attached substrata, the 25 clumps were chosen at random, so sizes and 

shapes varied. All measurements were taken during the warmest period of low tide 

(approximately an hour-and-a-half to an hour before flood tide) on the same day. I 

compared the means of the three temperature categories using the Friedman test 

followed by a post-hoc Tukey-Kramer HSD test. 

 

2.2.4 Laboratory-based desiccation experiments 

 To quantify the amount of water loss associated with survival in an individual 

egg mass, lab desiccation was performed on older egg masses, which were chosen 

according to the age criteria described above. I recorded initial weight after each egg 

mass was very gently blotted with a laboratory tissue wipe. The masses were then laid 

out flat on the backs of two adjacent 150-mm-diameter plastic Petri dishes, 20 cm under 

2 identical desk lamps with incandescent bulbs. The lamps were turned on two hours 

prior to the experiment to allow the bulb temperature to equilibrate, and the drying 

surface reached approximately 30°C. The egg masses were dried under the lamps until 

they appeared at least as desiccated as highly desiccated egg masses in the field, 

approximately one and a half hours of drying time. They were then scraped off the Petri 
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dish with a razor blade and reweighed, then rehydrated in seawater for 24 hours. 

Percent of embryos alive was counted as described above. 

 

2.2.5 Sediment-laid egg masses 

During surveys of the field habitat, I noticed that some slugs had deposited egg 

masses directly on saturated sand inside and outside tidepools, instead of on a hard 

substratum (Figure 2.2D). This behavior has not been previously documented. The egg 

masses occurred in patches of several to a dozen or more. Sediment-laid egg masses are 

distinguishable from detached/drifting egg masses by two important criteria: sediment 

attached along the bottom edge (Figure 2.2E) and a mass-shaped depression left in the 

sediment when the egg mass is picked up (Figure 2.2F). In addition, one day I caught a 

slug in the act of depositing a sediment-laid mass, so it was clear that the egg mass was 

being attached to the sediment. I hypothesized that such masses become easily 

dislodged, which could eventually lead to drifting and perhaps stranding. Initially I 

asked whether the egg masses could stay in place for one tide cycle, and after observing 

that they could I tracked them for the next three consecutive low tides as well. Patches 

were chosen with easily visible and countable egg masses. They were marked with a 

PVC stake driven into the sand near, but not in, the patch. I took photographs of each 

patch each day. The sediment-laid masses were compared to fresh-appearing egg 

masses laid on three individual seagrass blades in a seagrass bed at the mouth of False 
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Bay. These locations were also marked by PVC stakes, with individual seagrass stalks 

marked with a plastic-coated wire tie. 

I also hypothesized that sediment-laid egg masses were laid in close proximity to 

other egg masses directly attached to fixed substrata, with the premise that slugs 

respond to chemical cues from other egg masses. To test this, I walked along a 500-m 

transect line from the mouth of the bay towards the middle and examined the patches of 

sediment-laid masses that occurred within a meter on either side of the line. I counted 

how many of the patches were within a 1-m radius of a fixed substratum with egg 

masses on it. Fixed substrata were those that were either anchored or attached. 

 

2.3 Results 

 Temperature sensors deployed for several days in False Bay showed that during 

periods of submersion, water temperature at the sediment-water interface was 12-13°C. 

The highest sandbars were exposed for roughly 6 hours during low low tide. 

Submersion lasted for the rest of the tide cycle, including higher low tide. 

As shown in Table 2.1, dry-appearing surface sediment (average 19.6% water by 

mass, ±3.7 SD) was actually damp, and it varied more in moisture content than saturated 

tidepool sediment (average 24.7% water by mass, ±1.3 SD). However, dry-appearing 

sediment was significantly drier than saturated sediment (Welch’s t-test; P = 0.011, t = 

3.27, df = 8). 
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On the warmest day that experiments were carried out (Table 2.2, Day 1), egg 

masses on sandbars experienced a temperature swing of approximately 25°C and 

tidepools showed a temperature range of approximately 19.5°C. On all days, including 

the warmest, survival of over 25% was observed in some dry egg masses of both age 

classes; no treatments showed complete mortality (Figure 2.3A). In the dry sandbar 

experiment, older embryos showed greater survival than younger embryos (all P < 0.05; 

Table 2.2, Figure 2.3A). However, no effect of embryo age was detected on survival of 

embryos in tidepools that became hot during low tide (Day 3 P = 0.053, Day 4 P = 0.790; 

Table 2.2, Figure 2.3B). 

 

Table 2.1: Moisture content of dry-appearing (damp) and saturated sediment from 
False Bay. Seven samples of damp sediment and four samples of wet sediment were 
measured. Damp sediment is significantly drier than saturated sediment (Welch’s t-
test; P = 0.011, t = 3.27, df = 8), showing that sandbars and adjacent tidepools comprise 
two different microhabitats. 

Sample 
% water by mass 

Dry-appearing (damp) 
sediment 

Saturated sediment 

1 18.0 24.5 
2 21.5 23.3 
3 24.6 24.4 
4 22.9 26.5 
5 13.8 - 
6 17.2 - 
7 19.7 - 

mean 19.6 24.7 
SD 3.7 1.3 
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Table 2.2: Results of field desiccation experiments run on four consecutive days. 
Newly-laid egg masses (“young”) and masses roughly midway through development 
(“old”) were deployed on dry sand bars each day (n = 10 for each treatment). Egg 
masses submerged in a tidepool (“pool”) and those on an adjacent dry sandbar 
(“sand”; n = 10 for each treatment) were compared on Days 3 & 4. Results indicate 
which treatment group had greater survival; “NS” means that no significant 
difference in survival was seen between groups. Numbers in parentheses are P-values 
resulting from Kruskal-Wallis comparison between groups. 

 

 
Air 

temp 
(°C) 

Max 
sand 
temp 
(°C) 

Max 
tidepool 

temp 
(°C) 

Effect of age 
on survival on 

sand 
(young vs. old) Effect of age 

on survival in 
hot tidepool 

(young vs. old) 

Effect of 
submersion on 

survival  
(older embryos; 
pool vs. sand) 

Effect of 
submersion on 

survival  
(younger 

embryos; pool vs. 
sand) 

Day
1 19.5 38 32.5 young < old 

(0.01) 
Day

2 19.0 37 29.5 young < old 
(1.00×10-4) 

Day
3 18.0 32 28.5 young < old 

(0.03) 
NS 

(0.053) 
pool > sand 
(3.00×10-4) 

pool > sand 
(1.00×10-4) 

Day
4 18.0 33 27.5 young < old 

(6.00×10-5) 
NS 

(0.79) 
NS 

(0.25) 
pool > sand 
(9.99×10-5) 
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Figure 2.3: Results of age-related field trials. A. Effect of age on desiccation survival: 
older embryos survive better (n = 40 egg masses). B. Effect of age on survival in a hot 
tidepool: no significant difference in survival between age classes (n = 20 egg masses). 
See Table 2 for significance values of each comparison. 

 



 

51 

 

Figure 2.4: Results of age-related field trials. A. Effect of age on desiccation survival: 
older embryos survive better (n = 40 egg masses). B. Effect of age on survival in a hot 
tidepool: no significant difference in survival between age classes (n = 20 egg masses). 
See Table 2 for significance values of each comparison. 

 

Comparisons of egg masses stranded on sandbars and submerged in tidepools 

were made within age class on Days 3 and 4 (Table 2.2, Figure 2.4). For older embryos, 

one trial showed that submersion increased survival and one did not (Day 3 P = 3.00e-04, 

Day 4 P = 0.250; Table 2.2, Figure 2.4A). For younger embryos, both trials showed that 
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submerged egg masses had higher survival than dry ones (P << 0.05 for both; Table 2.2, 

Figure 2.4B).  

In lab-based egg mass desiccation experiments, the amount of water weight lost 

ranged from 29.1% to 84.3% (median 70.5%), and 15 of 17 egg masses showed some 

embryo survival (Figure 2.5). The highest amount of water weight lost with any survival 

was 83.2%, in an egg mass with 1-25% of embryos alive. The highest percentage of 

survival was >75%, in an egg mass that lost 65.0% water weight. 

Temperatures of stranded egg mass clumps in False Bay showed a distinct 

pattern (Figure 2.6; Friedman test, P = 8.66×10-7). The tops of clumps were cooler than 

both the bottoms of clumps and the sediment surface adjacent to the clumps. However, 

the bottoms of clumps were not significantly different in temperature from adjacent 

sediment (Tukey-Kramer HSD, P ≥ 0.05). 

Egg masses attached to sediment can remain in place after one low tide, but most 

are gone after 4 consecutive low tides (Figure 2.7A). In comparison, all but one of the 

egg masses attached to eelgrass remained in place for that long (Figure 2.7B). Of 37 

patches of sediment-laid egg masses observed along the transect line, 28 patches 

occurred within 1 m of fixed substrata with egg masses on them and 9 did not. 
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Figure 2.5: Embryo survival in lab desiccation experiments (n = 17 egg masses, all at 
older stage). Each circle represents an individual egg mass that was weighed before 
and after desiccation under lamps. Embryo survival is possible even with 83% weight 
lost, and the highest amount of survival was in an egg mass with 65% weight lost. 
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Figure 2.6: Comparison of mean temperatures on different parts of egg mass clumps at 
low tide (n = 25 clumps). Error bars are standard error. Horizontal black bars group 
categories that were not significantly different (Tukey-Kramer method, P ≥ 0.05). The 
tops of egg mass clumps were cooler than both the bottoms of clumps and the 
sediment surfaces directly adjacent to the clumps, likely an effect of evaporative 
cooling. Clump bottoms and adjacent sediment were not significantly different. 

 

Egg masses attached to sediment can remain in place after one low tide, but most 

are gone after 4 consecutive low tides (Figure 2.7A). In comparison, all but one of the 

egg masses attached to eelgrass remained in place for that long (Figure 2.7B). Of 37 

patches of sediment-laid egg masses observed along the transect line, 28 patches 

occurred within 1 m of fixed substrata with egg masses on them and 9 did not. 
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Figure 2.7: Is it possible for sediment-laid egg masses to stay in place? Three patches 
of sediment-laid egg masses (A) were compared to egg masses on three eelgrass 
blades (B) over four consecutive low tides. Each sediment-laid patch lost most egg 
masses by the fourth day, but all had some remaining. On eelgrass, all but one egg 
mass stayed in place. 

 

2.4 Discussion 

This study explores, in essence, a day in the life of a stranded egg mass. When 

stranded, egg masses are subject to increased temperature, increased UV exposure, and 

drying. I have investigated here the worst-case scenario for stranded masses in the field, 

thus establishing a minimum baseline for survival of stranding. Survival rates of >75% 
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were observed in my field trials (Figure 2.3). Yet, relatively few egg masses laid in False 

Bay are stranded at low tide, and the vast majority of stranded ones do not meet all the 

criteria of the worst-case scenario. Most detached egg masses occur in tidepools or 

puddles (personal observation). Therefore, survival of embryos in stranded egg masses 

is likely much higher on average than the results of this study show. In field surveys, 

Russell and Phillips (2009a) found far lower survival in stranded H. vesicula egg masses 

in False Bay than I did, but their survival metric and habitat categorization were very 

different from mine; they scored embryos with anything other than a “developmentally 

normal appearance” as inviable. I counted visible spinning as survival, because most 

animals can survive some level of injury. Also, Russell and Phillips (2009a) did not know 

how long the egg masses they surveyed had been exposed. 

Although the HSP-activation temperature of H. vesicula (30°C; B. Podolsky, 

unpublished data) was often reached on sand and in water during my experiments 

(Table 2.2), there is no direct evidence from my results that temperature was the primary 

cause of mortality. However, the fact that water temperature was consistently lower 

than sand temperature could have shielded submerged embryos from temperature 

stress. 

The ability of egg masses to stay in a wet habitat has direct consequences for 

embryo survival. Results show that although dry-appearing sediment is actually damp, 

it is significantly drier than sand in a tidepool (Table 2.1). Therefore, sandbars and 
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tidepools are quite different microhabitats for egg masses, even during the relatively 

short exposures at lower low tide (less than 6 hours for most parts of the bay where egg 

masses are normally found). This difference is also reflected in survival rates of embryos 

inside and outside tidepools (Figure 2.4), where submersion leads to much greater 

survival. 

My results also show that in both age classes, a surprisingly large number of 

embryos survived egg mass desiccation in the field (Figure 2.3A), though more older 

embryos survived. This meshes with evidence from previous studies suggesting that 

environmental tolerances increase with ontogenetic stage. Thompson (1958) found that 

eggs of the sea slug Adalaria proxima suffered complete mortality at 13°C, a temperature 

at which adults could live and spawn normally. Podolsky and Hofmann (1998) showed 

that early-stage embryos of the sea slug Melanochlamys diomedea are incapable of 

producing protective heat-shock proteins, while late-stage embryos exhibited normal 

protein synthesis and development at high temperatures as a result of HSP production. 

Greater salinity range tolerance of later ontogenetic stages has been documented in 

molluscs (Pechenik, 1983) and other invertebrates (Richmond & Woodin, 1996). 

Benkendorff et al. (2001) found that antimicrobial activity was greater in newer egg 

masses than older ones, presumably because younger embryos are more susceptible to 

infection. 
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2.4.1 Drying and exposure to air 

Laboratory results show that survival is possible even after very high amounts of 

water loss, up to 83% by mass (Figure 2.5). This is a drastic change in water content in a 

very short period of time (and likely more drastic than what would occur in the field in 

the worst case). Increased internal salinity is an unavoidable consequence of large 

amounts of water loss from an egg mass. It is an important aspect to consider, since the 

embryos should be exposed to hyperosmotic shock. Assuming normal egg mass salinity 

matches the ambient seawater (about 32 ppt), a back-of-the-envelope calculation based 

on volume reveals that 80% water loss would result in 160 ppt internal salinity. Without 

protective or compensatory mechanisms, this would drastically affect water balance and 

solute concentrations in the embryo.  

Although many previous researchers have addressed how gastropod embryos 

respond to low salinity (e.g. Scheltema, 1965; Pechenik, 1982; Zimmerman & Pechenik, 

1991; Woods & DeSilets, 1997), effects of sudden and drastic salinity increases have yet 

to be investigated. In the sea slug Alderia modesta, which occupies different parts of the 

same field localities as H. vesicula, hatching success dropped dramatically to 10% at 37 

ppt (T. Parker, unpublished student paper), which is only moderately high salinity. 

(This could be explained by the preference of A. modesta for upper intertidal habitats, 

where they can be exposed to freshwater inputs (Trowbridge, 1993)). It may be that H. 

vesicula egg mass gel can exchange water and/or solutes with sediment. Clearly this is 



 

59 

not necessary for survival, as demonstrated by my experiments with masses desiccated 

on a plastic surface (Figure 2.5). Nonetheless, it could mitigate salinity change in the 

field, if not in the lab. 

Drying may cause structural changes in gel. Strathmann and Hess (1999) 

suggested the possibility that as egg masses dry, their surfaces could become less 

permeable, a phenomenon observed in eggs of wood frogs (Forester & Lykens, 1988) 

and nematodes (Bird & Soeffky, 1972). The process of drying could also directly affect 

embryos. When egg masses are exposed to air, embryos at the surface are expected to 

experience increased oxygen concentration (Strathmann & Hess, 1999), which could in 

turn increase developmental rate (Strathmann & Strathmann, 1995). In fact, Pechenik et 

al. (2003) found that gastropod embryos removed from their benthic egg structure 

developed faster than those left in an intact structure. Six or fewer hours of increased 

development rate is not likely to make a large difference in survival potential for H. 

vesicula embryos, given their normal developmental schedule (Gibson & Chia, 1989), but 

it is an idea worthy of future study, especially if masses experience more than one 

stranded low tide. 

  

2.4.2 Effects of clumping  

Stranded clumps of egg masses are subject to all the same environmental 

challenges as egg masses stranded singly. However, only masses on the surface of a 
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clump are exposed to UV radiation and drying, leaving most of the clump protected. If 

high temperatures are problematic for embryos, my data on stranded clumps suggest a 

possible temperature-mitigating factor. The tops of clumps are cooler than both the 

bottoms of clumps and adjacent sediment (Figure 2.6), which I hypothesize to be an 

effect of evaporative cooling. However, egg masses at the middle and bottom of a clump 

are likely to have higher survival than egg masses on top or those stranded singly, due 

to the protective mechanisms mentioned above; further work is needed to explore this 

idea. Egg masses in clump interiors could face oxygen restriction (Chaffee & 

Strathmann, 1984), partly because stranded egg masses collapse against the sediment 

once they are no longer supported by water (Strathmann & Hess, 1999). Biermann et al. 

(1992) produced artificial clumps (stacks) from the flat, ribbon-shaped egg masses of the 

sea slug Archidoris montereyensis (a species that does not normally lay its egg masses in 

clumps). The authors found that embryos at the bottom of the stack had significantly 

slower developmental rates. 

 

2.4.3 Could stranding happen repeatedly? 

There are two possibilities for what happens to a stranded egg mass after one 

low tide: either it stays in place or it becomes dislodged by water movement. It could 

stay in place if it adheres strongly enough to surface sand grains after drying, meaning 

that it will be exposed at low tide again the following day. A stranded egg mass that is 
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moved by the returning tide faces the possibility of staying in water or becoming 

stranded again. My observations indicate that after a single episode of drying, the 

structural integrity of H. vesicula egg masses is highly compromised. A desiccated egg 

mass transported around the habitat by the returning tide is unlikely to remain intact for 

very long, so the chances of more than one cycle of desiccation/rehydration are probably 

low. Wilson (1986) documented that when polychaete egg masses become detached 

from the substratum, they are frequently abraded by movement around a tidal flat. The 

abrasion leads to early release of many embryos, which decreases overall embryonic 

survival relative to intact masses. Normal egg masses of H. vesicula are negatively 

buoyant, so that detached, drifting masses probably experience abrasion, though I have 

no data on this phenomenon. The abrasion scenario is highly plausible for 

desiccated/rehydrated masses. If a stranded egg mass does become dislodged, it will 

likely still be negatively buoyant due to the attached sand grains, thus increasing risk of 

abrasion. Unlike the polychaete embryos Wilson (1986) examined, H. vesicula embryos 

are individually contained within vitelline envelopes, which might provide some 

protection, though embryos in envelopes are negatively buoyant. It is unknown how 

long the slug embryos might survive in the field outside their egg mass. Embryos still in 

their vitelline envelopes are subject to stranding and to predation by suspension and 

deposit feeders. If embryos come out of their envelopes prematurely, likelihood of 
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survival could further depend on ontogenetic stage at release, because embryos are not 

equipped to feed until the veliger stage. 

 

2.4.4 Variability in Haminoea vesicula 

Though temperature did not differ greatly among days of the field trial (Table 

2.2), survival rates were variable among egg masses (Figures 2.3, 2.4). Rates of water loss 

were also variable in lab-based desiccation trials (Figure 2.5), and potentially in field 

trials. The variation in desiccation rate and embryo survival among individual egg 

masses can be explained partially by the morphological variation among masses, 

because they vary in length, width, and thickness. Also, Strathmann and Hess (1999) 

point out that wind speed and direction relative to egg mass orientation can affect rates 

of water loss, but this study did not address those factors.  

Variability among H. vesicula habitats, while not part of this study, could affect 

the big picture of selection for desiccation tolerance. My observed outcomes for 

desiccated egg masses may depend on the particular characteristics of False Bay; it is 

possible that the stranding I observed either does not occur or occurs more frequently in 

other habitats where H. vesicula lives. However, for organisms like H. vesicula that have 

dispersing larvae, inter-population connectivity could limit adaptation to the desiccation 

experienced at particular sites. Many other authors have noted locality-specific 

environmental tolerances of invertebrates (e.g. Sandison, 1967). Such is the case for egg 
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masses of the polychaete worm Axiothella mucosa; in a Florida locality, Wilson (1986) 

observed them to be mostly detached from their substratum. However, egg masses of 

the same species in a North Carolina locality are mostly attached (personal observation). 

(As another indicator of difference among these localities, Wilson (1986) saw no 

predation on A. mucosa masses by gastropods, whereas gastropod predation is relatively 

common in North Carolina.) Differences in topography, current speed, and many other 

factors could account for such geographic variability.  

  Evolution of desiccation resistance depends on egg mass morphology 

(Strathmann & Hess, 1999). Sea slug egg masses have myriad shapes and sizes, ranging 

from large globular masses to coiled ribbons to coiled skinny strings, with many 

variants in between (Hurst, 1967; Lee & Strathmann, 1998), and particular shapes and 

sizes are known to have consequences for rates of oxygen diffusion, water loss, and 

ultimately development (Bayne, 1968a; Chaffee & Strathmann, 1984; Strathmann & 

Strathmann, 1995; Strathmann & Hess, 1999). Attachment type in general varies greatly 

among species that produce egg masses (Hurst, 1967), and it likely plays a large role in 

determining stranding susceptibility. Although flat ribbons and skinny strings both have 

very high surface-area-to-volume ratios, skinny strings are usually repeatedly folded or 

glued to a substratum along their entire length, making detachment less likely. Even 

other types of flat ribbon masses often have stronger attachment than those of H. 

vesicula, such as those produced by Archidoris montereyensis (Figure 1 in Biermann et al. 
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(1992)). Additionally, most other gastropod egg masses are attached directly to a 

substratum, whereas H. vesicula frequently attaches egg masses to other egg masses. This 

could increase risk of detachment, though it is unclear if it increases risk of detachment 

only of clumps or also of singles. If clumping does increase risk of detachment or 

stranding, the negative effects are likely mitigated by protection of egg masses at the 

middle and bottom of the clump, which are both shaded and shielded from moisture 

loss. It is important to note that a piece of substratum with an egg mass on it—such as a 

piece of algae or an eelgrass blade—can become detached and drift. However, presence 

of substratum offers potential for shading and perhaps even temperature reduction. 

 It is surprising that a species that preferentially lays eggs on fixed substrata 

would attach them directly to sediment. I hypothesize that this behavior results from a 

very high number of reproductive adults being present in a place with limited laying 

substrata. Results from a previous study (von Dassow & Strathmann, 2005) suggest that 

reproductive adults could be attracted to areas near laying substrata by chemical cues 

emanating from other adults, egg masses, or both, as in other molluscs (Rittschof et al., 

2002). This study showed that most sediment-laid masses occur within 1 m of fixed 

substrata with egg masses. If adults are ready to lay and detect a conspecific signal but 

cannot reach appropriate substrata in time, that could result in laying egg masses 

directly on sediment. Though this is not the usual method of attachment, it may not 

always be dangerous. I found that sediment-laid egg masses are capable of persisting in 
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place over the course of four consecutive low tides, though most do not (Figure 2.7). In 

False Bay, the areas where these egg masses occur are generally exposed for 4-5 

consecutive days during a tide cycle with strong low tides. Because the egg masses are 

laid in wet places, they do not dry out like stranded masses, but they likely experience 

high temperature at low tide. In this case, high temperatures could be beneficial, 

allowing the embryos to develop and hatch before the egg masses detach and become 

drifters. If embryos can indeed survive being laid on unstable substrata, it could relieve 

some of the pressure on adults to find fixed substrata.  

 

2.4.5 Are egg masses protective? 

 A major question regarding the assumed protective role of benthic egg structures 

is whether the egg structure itself is protective, or if the embryos are tolerant. Although 

Pechenik (1978) makes the argument that encapsulation likely did not evolve as an 

adaptation to intertidal stresses, evidence suggests that some gelatinous egg masses can 

protect against a environmental stresses, including pathogens (Benkendorff et al., 2001; 

Smoot et al., 2015), salinity change (Woods & DeSilets, 1997), and UV radiation 

(Przeslawski, 2004). Proteinaceous egg capsules are also known to provide various 

protections (Pechenik, 1983; Rawlings, 1990, 1996). In some cases, an apparent stress 

may even be beneficial, as in the case of ultraviolet radiation preventing growth of 

certain marine bacteria (Arrieta et al., 2000) or organisms that rob encapsulated embryos 



 

66 

of oxygen, like protists (Cancino et al., 2000). Given the complex evolutionary costs 

associated with producing benthic egg structures (Pechenik, 1979, 1986; Strathmann, 

1995; Strathmann & Strathmann, 1995; von Dassow & Strathmann, 2005), the various 

possible protective functions of these structures may compete for selection. As yet, the 

actual mechanisms of protection by benthic egg structures have not been unraveled. It is 

clear from various studies that egg masses and capsules have quite complex physical 

and chemical structures (Tamarin & Carriker, 1967; Bayne, 1968b; Bird & Soeffky, 1972; 

Sullivan & Maugel, 1984; Eyster, 1986; Biggs & Epel, 1991), and the different parts may 

play different roles in protection of embryos. 

The idea of embryonic tolerance certainly deserves greater attention. There is a 

prevailing idea that younger ontogenetic stages are more vulnerable to stresses than 

older ontogenetic stages; while there is some evidence for this, clearly many embryos 

develop normally in the face of stress (Hamdoun & Epel, 2007). Although this study 

does not answer the question of protection vs. tolerance, it suggests several avenues for 

future investigation. In future work, I will explore possible non-mutually-exclusive 

mechanisms for how embryos tolerate desiccation. One important question concerns the 

role of water or solute exchange with sediment during desiccation. Another possibility is 

that the vitelline envelopes surrounding embryos somehow mitigate water loss and thus 

protect embryos. Eyster (1986) found that envelopes of the sea slug Coryphella salmonacea 

are impermeable to fixatives, embedding media, and potentially salts, and that 
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permeability to these chemicals does not increase with embryo age; the envelopes are 

permeable to water. Finally, H. vesicula embryos may have some kind of physiological 

tolerance not accounted for by these hypotheses, and damaged embryos may be capable 

of regeneration and normal continued development after rehydration.  

No matter the mechanism, this study shows that H. vesicula embryos possess 

desiccation tolerance much higher than expected, given their ecological and 

evolutionary characteristics. Even in extreme cases, the embryos can survive a far 

greater range of environmental conditions than they normally encounter, compensating 

for their lack of ability to move about the habitat. Additionally, desiccation tolerance, 

even if not used by the majority of H. vesicula embryos, releases some of the evolutionary 

pressure on parents to lay eggs on preferred substrata (von Dassow & Strathmann, 

2005). While survival is not always high in desiccated H .vesicula egg masses, the fact 

that there is any survival indicates that embryos are not limited by parental behavior.
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3. Life history variability in a large, cosmopolitan genus 
reflects energetic tradeoffs and niche specificity rather 
than phylogenetic conservatism 
Statement of authorship: 

In manuscript form, this paper was authored by Yasmin J. von Dassow, Elizabeth 

J. Sbrocco, and Craig R. McClain. YJV and CRM conceived the study; YJV compiled the 

data set and carried out all analyses except the GIS component; CRM devised the code 

used in most analyses (except GIS); EJS carried out all of the GIS analyses; YJV wrote the 

manuscript with comments from CRM and EJS. The authors are grateful for data and/or 

helpful comments from Suzanne Williams, Alan Kohn, Tom Duda, and Matt Pennell. 

3.1 Introduction 

The collapse of natural ecosystems is a global problem (Worm et al., 2006; 

MacDougall et al., 2013), and mitigation and recovery efforts require a thorough 

understanding of how organisms are distributed and connected in space and time 

(Botsford et al., 2001). Essential to the establishment of such patterns of biogeography 

and biodiversity are life history traits (Riginos & Victor, 2001; Pinsky et al., 2011). These 

traits are fundamental species characteristics that relate to nearly every part of an 

organism’s ontogeny and include maturation age, reproductive strategy, clutch size, and 

propagule shape and size. Despite their importance to reproduction, growth, and 

survival, we know little about the drivers of these traits in many organisms (Marshall et 
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al., 2012). Yet, clearly life history can strongly influence dispersal potential, thus 

impacting macroecological patterns (e.g. Riginos & Victor, 2001). 

Given the fundamental role of life history in ecology and evolution, the 

considerable variability in life history traits is striking. This variability is evident in traits 

of many different taxa—for example, the vast array of seed shapes and sizes among 

plant species (Harper et al., 1970), the large range of nest types in bird species (Sibly et 

al., 2012), and the great variation in reproductive strategies among fish species (Murua et 

al., 2003). In marine invertebrates, variability is common even among closely related 

species. Marine snails of the family Muricidae hatch as pelagic feeding larvae, pelagic 

non-feeding larvae, or benthic juveniles (Pappalardo et al., 2014). The coral genus 

Acropora encompasses both free-spawning and brooding species, some of which can also 

reproduce asexually (Ayre & Hughes, 2000). Among closely-related species of starfish in 

the family Asterinidae, feeding larvae have been lost at least four times (Hart et al., 

1997). 

The sources of this extreme variation are not well understood, but numerous 

hypotheses have been posited and tested. Prior studies have identified putative 

determinants of life history strategies in a wide variety of taxa: body size in mammals 

(Sibly & Brown, 2007) and plants (Marbà et al., 2007), lifestyle and phylogeny in birds 

(Sibly et al., 2012), to name but a few. Studies documenting patterns in marine 

invertebrates have focused on one or two explanatory variables, such as latitude (often 
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as it relates to temperature; Thorson, 1950; Collin, 2003), adult feeding mode (Kohn & 

Perron, 1994), phylogenetic history (Strathmann, 1978; Duda Jr & Palumbi, 1999), habitat 

type (Gallardo & Penchaszadeh, 2001; Pappalardo et al., 2014), and energy availability 

(McClain et al., 2014). However, much variation in life history characteristics remains 

unaccounted for. For example, Bradbury et al. (2008) found that latitude and depth 

accounted for only 36% of the variability in planktonic larval duration in marine fish. 

Although various factors relating to life history have been examined, many more 

variables remain unexplored. A prime example is salinity: one of the most important 

environmental variables for marine organisms, and one that has direct physiological 

consequences, but one with an unknown relationship to life history. In addition, many 

prior studies have examined variables singularly or in small subsets (e.g. productivity 

and temperature by McClain et al., 2014). Such studies do not allow evaluation of 

alternate hypotheses for life history variability.  

Our approach to improving understanding of life history variation is to examine 

a greater range of variables. We focus here on cone snails, a hyper-speciose genus of 

marine gastropods with diverse life history strategies. The variables we have chosen 

here represent a set of non-mutually-exclusive hypotheses to explain cone snail egg 

diameter and/or number of eggs per capsule, which are used here as proxies for 

developmental mode and dispersal potential. In general, we hypothesize that variables 

affecting an organism’s energy use will involve a tradeoff with reproductive allocation, 
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leading to production of fewer but larger eggs that have higher probability of individual 

survival. Variables tested (see Appendix A) include body shape and size, prey type, 

substratum type, depth, productivity, temperature, salinity, and geography. We also 

tested for the influence of phylogenetic history on developmental mode, which has been 

noted in some groups (Strathmann, 1978; Collin, 2003). Our approach is distinguished 

by the inclusion of a comprehensive set of intrinsic and extrinsic factors, allowing us to 

connect the ecological, biological, and evolutionary context of the parent to reproductive 

output and dispersal potential. The organismal, ecological, and evolutionary contexts of 

variable developmental modes are key to understanding patterns of biogeography and 

biodiversity over time.  

 

3.2 Methods 

All data and source code used in our analyses have been deposited in the Dryad 

archive at datadryad.org. 

We chose the marine gastropod genus Conus as our model taxon for this study. 

Conus eggs are laid in benthically-attached capsules, and all species hatch as either a 

planktotrophic larva (indirect development) or a nonplanktonic “veliconcha” that 

metamorphoses immediately after hatching or generally within hours (Kohn & Perron, 

1994). In this study we consider the benthic hatching form to be essentially equivalent to 

hatching as a juvenile in terms of dispersal potential, so we refer to it in terms of direct 
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development. Conus has a worldwide tropical and semi-tropical distribution (Röckel et 

al., 1995), published molecular phylogenies (Duda Jr. & Kohn, 2005; Williams & Duda Jr, 

2008), and abundant published natural history data. Conus is also one of the largest 

marine invertebrate genera, with the number of valid species estimated to be 682 

(Puillandre et al., 2014b).  

Egg diameter in Conus appears to be correlated with life history traits, is species-

specific, and varies little with individual adult size (Kohn & Perron, 1994; Kohn, 2012), 

making it a natural proxy for life history mode. Large egg diameter is an indicator of 

direct development (Kohn & Perron, 1994). In Conus, as in many other animals including 

other gastropods (Ito, 1997), other invertebrates (Parker & Begon, 1986; Berrigan, 1991), 

and vertebrates (Fleming & Gross, 1990; Sinervo & Licht, 1991), egg size and number of 

eggs per capsule or clutch are inversely proportional.  

The species used in our analyses are a subset of the 100 species that appear in the 

calmodulin/16S Conus phylogram of (Williams & Duda Jr, 2008), which is itself based on 

a 135-species tree by (Duda Jr. & Kohn, 2005). This selection is biased towards Indo-

West-Pacific and wide-ranging species, as noted by (Williams & Duda Jr, 2008), but our 

study includes six species that have Atlantic-only ranges. Though generally clustered in 

the Caribbean, these six species are not phylogenetically clustered. Out of the original 

100 species, the 56 in our study are those for which all necessary natural history 

information is available.  
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For simplicity of analysis, we consider the evolutionarily significant units in 

Williams and Duda’s (2008) tree to be species. We have kept the names and delineations 

as presented therein. More recent work (e.g. Puillandre et al., 2014a) has reorganized 

Conus classification by synonymizing or splitting species and by introducing new 

genera. For our purposes, however, all of the species here are considered to be in the 

genus Conus. 

 

3.2.1 Categories of variables tested in models 

We tested variables (Appendix A) with direct physiological implications for 

organisms (e.g. temperature and body size), as these factors could be involved in 

reproductive allocation. For example, larger animals may be able to produce larger egg 

capsules because of the size of their reproductive tract. We also tested variables with 

possible indirect physiological implications. For example, we tested productivity 

(chlorophyll a), though all cone snails are predators as juveniles and adults. We did this 

because for two reasons: first, because water column productivity affects feeding by 

larvae and second, because water column productivity likely reflects benthic 

productivity and availability of appropriate prey animals. Feeding behavior could 

involve tradeoffs with reproductive allocation, as in cone snails that use energy to catch 

fast prey (fish) and hypothetically could have less energy for reproduction than snails 

that consume slow prey (snails). Some variables are potentially related to reproductive 
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allocation by an indirect path that involves other variables. As one example of such a 

variable, substratum type could reflect effects of depth and latitude or of some 

behavioral trait otherwise unaccounted for. Variables that were highly correlated with at 

least one other (|r| ≥ 0.75) were excluded from the analysis prior to running the models.   

 

3.2.2 Collection of morphometric measurements and life history data 

Adult shell lengths were taken from species accounts in Röckel et al. (1995). 

Measurements for calculation of L/W ratio (see Appendix B) were obtained from web-

based digital photographs of a single representative specimen of each species (sources in 

Appendix C). All morphometric measurements were made using ImageJ (Rasband, 

1997-2015). 

We measured maximum diameter as the widest line perpendicular to the shell 

length when viewing the aperture straight on, and height of maximum diameter (HMD) 

as the distance from the anterior extremity of the aperture to that line. PMD, a 

dimensionless number, was calculated as HMD divided by total shell length.  

Data on developmental mode, egg diameter, number of eggs per capsule, habitat, 

and feeding were taken from a variety of published sources, primarily Kohn and Perron 

(1994) and Röckel et al. (1995). (See full list in Appendix C.) Values of shell length (mm), 

egg size (µm), and number of eggs per capsule were all log-transformed, and we used 

the maximum reported value within a species for each of those variables in our models. 
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3.2.3 Collection of environmental data 

For each of the 56 Conus species, we generated digital range maps in a 

geographic information system (GIS) based on the range maps printed in Röckel et al. 

(1995). Each digital range map was created as a shapefile in ArcGIS® 10.1 (software by 

ESRI) by indicating the presence or absence of the species within each of the Marine 

Ecoregions of the World (MEOW; Spalding et al., 2007), a hierarchical biogeographic 

classification system for coastal and continental shelf regions of the world’s oceans. 

Presence was counted as any part of a species range intersecting an ecoregion, which 

may result in overestimation of some range sizes. However, for most variables and 

ecoregions, the environmental variance within ecoregions was very small relative to the 

environmental variance experienced across the entire range occupied by any individual 

Conus species in this study (Appendix D). 

The MEOW-derived maps were converted to rasters at 5 arc-minute spatial 

resolution and clipped to 200 meters depth (the greatest depth for all selected species 

except C. imperialis, with maximum depth 240 m) based on the 5 arc-minute bathymetric 

layer available in the MARSPEC ocean climate database (Sbrocco & Barber, 2013). The 

final maps were projected to a world cylindrical equal area grid for analysis. From these 

maps, we extracted the following geographic data for each species: minimum and 
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maximum degrees latitude and longitude, latitudinal and longitudinal range (calculated 

as maximum minus minimum), and range size in square kilometers. 

We obtained sea surface environmental data for mean annual chlorophyll a, 

salinity, temperature, pH, calcite, silicate, nitrate, and phosphate from the Bio-ORACLE 

dataset (Tyberghein et al., 2012). We projected these data to a world cylindrical equal 

area grid at 5 arc-minute spatial resolution to match the above species range maps. 

Using the range maps derived above, we calculated the mean and standard deviation in 

chlorophyll, temperature, pH, and salinity observed across each species’ biogeographic 

range. For calcite, silicate, nitrate, and phosphate, we calculated only the mean value 

observed across the biogeographic range for each species. Within each species range, we 

extracted the minimum, maximum, mean, range, and standard deviation of values for 

each of the Bio-ORACLE variables, allowing us to examine environmental variation 

across each species range.  

 

3.2.4 Analyses 

We examined the effects of various intrinsic and extrinsic factors on three 

dependent variables: log10 maximum egg diameter, log10 maximum number of eggs per 

capsule, and the residuals from the relationship between the two. The analysis of 

residuals was used to examine the variation in number of eggs per capsule that remains 

after accounting for the effects of egg diameter, as a strong correlation is known to exist 
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between the two. Egg diameter and capsule size in Conus are considered to be species-

level characteristics (Kohn & Perron, 1994), but number of eggs per capsule could 

conceivably be affected by other factors, such as low parental nutrition (e.g. Clark & 

Goetzfried, 1978). Given standard circumstances, egg diameter is expected to control 

number of eggs per capsule because capsule size is finite, as it depends on the size of the 

parent. Examining residuals allowed us to investigate whether intrinsic and extrinsic 

factors can predict if a species produces more or fewer eggs than expected from egg 

size—or alternatively, larger or smaller eggs than expected from egg number. 

All models were analyzed with generalized least-squares (GLS) regression 

implemented in the ‘nlme’ package (Pinheiro et al., 2015) in R (R Core Team, 2015). We 

constructed our initial model sub-classes to test hypotheses about the eight categories of 

predictors listed above. All predictor and response variable values were scaled to have a 

mean of 0 and standard deviation of 1 prior to running the models. Using the ‘MuMIn’ 

package (Bartoń, 2014) in R, we evaluated models by comparing their AICc values 

(Akaike’s Information Criterion corrected for small sample sizes); candidate models 

were filtered by dredging to include only those with strong support within each sub-

class (ΔAICc ≤ 2). All models with ΔAICc ≤ 2 were considered to have equal strength. For 

sub-classes with more than one strongly-supported model, model-averaged coefficients 

were calculated. Significant factors from each initial sub-model were fed into a full 

model. 
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We compared versions of the full model with and without phylogenetic 

information by implementing phylogenetic GLS (PGLS) tests (Revell, 2010). Our PGLS 

models used the parameter Pagel’s lambda (denoted as λ) to assess the phylogenetic 

signal in the data (Pagel, 1999). The value of this parameter varies between 0 (indicating 

phylogenetic independence of a trait) and 1 (indicating a strong phylogenetic signal in a 

trait). The Conus tree from (Williams & Duda Jr, 2008) was pruned to the 56 species in 

our dataset for use in PGLS, using the “ape” package in R (Paradis et al., 2004). 

 

3.3 Results 

The data set showed a strong inverse relationship between egg diameter and 

number of eggs per capsule (Appendix E; r = -0.75). We found a distinct boundary in egg 

size between species with planktonic larvae and those without (Figure 3.1A; unpaired t-

test: t = -6.44, df = 8.48, p = 1.55×10-4). All 9 species with benthic hatchlings have an egg 

diameter ≥ 477 µm, while all 47 species that hatch as larvae have an egg diameter ≤ 440 

µm. No such cutoff was observed for number of eggs per capsule (Appendix F), 

although direct developers lay significantly fewer eggs per capsule than indirect 

developers (Figure 3.1B; unpaired t-test: t = 7.06, df = 11.21, p = 1.89×10-5). PGLS revealed 

that egg diameter, number of eggs per capsule, and the residuals of these two traits on 

the Conus tree were not phylogenetically clustered (λ = 1e-07 in all cases; Figure 3.2). 
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Indeed, inclusion of phylogenetic relatedness produced poorer-fitting models, as 

evaluated by AICc values. 

For all three response variables (log10 maximum egg diameter, log10 maximum 

number of eggs per capsule, and the residuals of the two), the best-supported models, as 

indicated by lowest AICc values, included a suite of intrinsic and extrinsic factors. Egg 

diameter (Table 3.1a; Table 3.2; Figure 3.3) was best predicted by shell length/width ratio 

(β = 0.393, p = 0.001), spatial variability in chlorophyll a (β = 0.404, p = 0.003), and salinity 

(β =  0.378, p = 0.005). While the contributions of these variables to the model were 

similar in magnitude, they were opposite in sign (Table 3.2): spatial variability in 

chlorophyll a and length/width ratio had positive effects on egg diameter (more 

variability and higher length/width ratios result in larger eggs), while spatial variability 

in salinity had a negative effect on egg diameter (more spatial variability results in 

smaller eggs). Non-significant predictors included in the best model were intertidal 

presence, mean silicate, and mean salinity (Table 3.2). 
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Figure 3.1: Box plot illustrating difference in egg diameter (A) and log number of eggs 
per capsule (B) for species with benthic hatchlings and those with planktonic larvae. 
A: unpaired t-test, t = -6.44, df = 8.48, p = 1.55×10-4. Our data set shows a distinct 
boundary in egg size between the two types of development; all species with egg 
diameter ≤ 440 µm have planktotrophic larvae, and all species with egg diameter ≥ 477 
µm hatch as benthic forms. B: unpaired t-test, t = 7.06, df = 11.21, p = 1.89×10-5. Though 
species with benthic hatchlings generally have fewer eggs per capsule, there is no 
distinct numerical boundary (see Appendix F for data). 
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Figure 3.2: Distribution of Conus egg traits on evolutionary tree. Gray squares mark 
species that hatch as juveniles; note that they are not clustered. A: Black circles scaled 
to maximum egg diameter for each species. B: Black circles scaled to the square root of 
the maximum number of eggs per capsule for each species. 
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Table 3.1a: Results from models predicting log10 maximum egg diameter (n = 56 Conus 
species for all variables). Models are listed in order of best to worst AICc value 
(Akaike Information Criterion corrected for small sample sizes). R2 is the coefficient 
of determination. Variables in bold have significant effects at p ≤ 0.05. Those in italics 
are not significant, but are included in models with strong support (ΔAICc ≤ 2 when 
compared within sub-class). Variables in plain type are not included in any models 
with strong support. For models incorporating phylogeny, λ indicates the level of 
phylogenetic signal. 

Model 
sub-class 

Variables 
tested 

AICc 
within 

sub-class 

R2 within 
sub-class 

# of strongly 
supported 
models in 
sub-class 

ΔAICc 
compared to 
lowest full 
model AICc 

Full 

chlomean.STD 
rep.LW.ratio 
salinity.STD 
intertidal 
silicate.MEAN 
salinity.MEAN 
maxLong 
nitrate.MEAN 
Atlantic 

138.0 – 
139.8 

0.41 – 0.49 8 0.0 – 1.82 

Full with 
phylogeny 

rep.LW.ratio 
salinity.STD 
intertidal 
chlomean.STD 
maxLong 
Atlantic 
salinity.MEAN 
silicate.MEAN 
nitrate.MEAN 
(λ = 1e-07) 

146.9 − − 8.9 

Geography 

maxLong 
Atlantic  
maxLat 
minLong 

151.4 – 
153.4 

0.24 – 0.25 3 13.4 – 15.4 

Environmental 
variability 

chlomean.STD 
salinity.STD 
sstmean.STD 
ph.STD 

152.5 – 
154.2 

0.22 – 0.23 2 14.5 – 16.2 

Shell 
morphometrics 

rep.LW.ratio 
log.SL.max 

154.7 0.159 1 16.7 
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rep.PMD 

Environment 
salinity.MEAN 
chlomean.MEAN 
sstmean.MEAN 

155.6 0.15 1 17.6 

Nutrients 

silicate.MEAN 
nitrate.MEAN 
phosphate.MEAN 
calcite.MEAN  

157.0 – 
158.9 

0.12 – 0.14 3 19 – 20.9 

Prey type 
mol.pred pisc.pred 
verm.pred 

158.0 – 
159.4 

0.103 - 0.128 4 20 – 21.4 

Depth 
intertidal  
min.depth 
max.depth 

159.6 0.08 1 21.6 

Substratum 
rock, reef, sand, 
mud, rubble 

162.1 – 
164.1 

0.00 – 0.05 7 24.1 – 26.1 
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Table 3.1b: Results from models predicting log10 maximum number of eggs per capsule 
(n = 56 Conus species for all variables). All other information is the same as in Table 
3.1a. 

Model 
sub-class 

Variables 
tested 

AICc 
within 

sub-class 

R2 within 
sub-class 

# of strongly 
supported 
models in 
sub-class 

ΔAICc 
compared to 

best full 
model AICc 

Full 

salinity.STD 
log.SL.max 
Atlantic 
chlomean.STD 
maxLat 
salinity.MEAN 
phosphate.MEAN 
calcite.MEAN 

136.8 – 
138.7 

0.40 – 0.45 4 0.0 – 1.9 

Geography 

maxLat  
Atlantic 
minLong  
maxLong  

145.9 – 
147.8 

0.29 – 0.34 6 9.1 – 11.0 

Environmental 
variability 

chlomean.STD 
salinity.STD 
sstmean.STD 
ph.STD 

146.2 – 
148.0 

0.30 – 0.34 4 9.4 – 11.2 

Full with 
phylogeny 

log.SL.max 
chlomean.STD 
salinity.STD 
maxLat 
Atlantic 
salinity.MEAN 
calcite.MEAN 
phosphate.MEAN 
(λ = 1e-07) 

147.4 − − 10.6 

Nutrients 

calcite.MEAN 
phosphate.MEAN  
nitrate.MEAN 
silicate.MEAN 

147.4 0.32 1 10.6 

Shell 
morphometrics 

log.SL.max 
rep.LW.ratio 
rep.PMD 

147.5 0.290 1 10.7 

Environment 
salinity.MEAN 
chlomean.MEAN 
sstmean.MEAN 

150.6 0.22 1 13.8 
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Depth 
intertidal  
min.depth 
max.depth 

162.1 – 
163.8 

0.00 – 0.02 3 25.3 – 27.0 

Prey type 
pisc.pred 
verm.pred  
mol.pred 

162.1 – 
164.1 

0.00 – 0.01 3 25.3 – 27.3 

Substratum 
rock, reef, rubble, 
sand, mud, 

162.1 – 
164.1 

0.00 – 0.02 4 25.3 – 27.3 
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Table 3.1c: Results from models predicting residuals of log10 max egg diameter vs. log10 
max # eggs per capsule (n = 56 Conus species for all variables). All other information is 
the same as in Table 3.1a. 

Model 
sub-class 

Variables 
tested 

AICc 
within 

sub-class 

R2 within 
sub-class 

# of strongly 
supported 
models in 
sub-class 

ΔAICc 
compared to 

best full 
model AICc 

Full 
log.SL.max 
rep.LW.ratio 
mol.pred 

134.6 – 
136.2 

0.42 – 0.46 3 0.0 – 1.9 

Shell 
morphometrics 

log.SL.max 
rep.LW.ratio 
rep.PMD 

135.5 0.43 1 0.9 

Full with 
phylogeny 

log.SL.max 
rep.LW.ratio 
mol.pred 
(λ = 1e-07) 

135.8 − − 1.2 

Prey type 
mol.pred 
pisc.pred  
verm.pred 

152.2 – 
152.9 

0.20 – 0.22 3 17.6 – 18.3 

Depth 
intertidal  
min.depth max.depth 

159.6 – 
161.6 

0.08 – 0.09 3 25 – 27 

Substratum 
rock, reef, rubble, 
sand, mud, 

160.9 – 
162.9 

0.00 – 0.12 13 26.3 – 28.3 

Geography 
maxLong  
maxLat 
minLong 

162.1 – 
163.1 

0.00 – 0.02 2 27.5 – 28.5 

Nutrients 

calcite.MEAN 
phosphate.MEAN  
silicate.MEAN 
nitrate.MEAN 

162.1 – 
163.6 

0.00 – 0.01 2 27.5 – 29.0 

Environment 
chlomean.MEAN 
salinity.MEAN 
sstmean.MEAN 

162.1 – 
163.9 

0.00 – 0.01 2 27.5 

Environmental 
variability 

chlomean.STD 
salinity.STD  
ph.STD 
sstmean.STD 

162.1 -164.1 0.00 – 0.05 5 27.5 – 29.5 
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Figure 3.3: Individual standardized regression plots of the variables that have a 
significant effect on egg diameter. A (Spatial variability in mean annual chlorophyll 
a): adjusted R2 = 0.028 , p = 0.114; B (Spatial variability in mean annual salinity): adj. R2 
= 0.072, p = 0.026; C (Shell length/width ratio): adj. R2 = 0.144, p = 0.002. 

 

Number of eggs per capsule (Table 3.1b; Table 3.2; Figure 3.4) was best predicted 

by spatial variability in salinity (β = 0.315, p = 0.018), shell length (β = 0.308, p = 0.006), 

and Atlantic-only range (β = -1.159, p = 0.007). Shell length and spatial variability in 

salinity had positive effects of roughly the same magnitude on number of eggs per 

capsule. The effect of having an Atlantic-only range was greater than 3.5 times that of 

the other predictors, with Atlantic species predicted to have fewer eggs per capsule than 
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those with Indo-Pacific ranges (Table 3.2). Non-significant predictors retained in the best 

model were spatial variability in chlorophyll a and maximum latitude (Table 3.2). 

 

Table 3.2: Model-averaged standardized regression coefficients and significance 
values for predictor variables from each best GLS model. Only variables found in 
strongly supported models are listed, and those with significant effects at p ≤ 0.05 are 
shown in bold. 

Response Variable 
Predictor 
Variable 

Standardized 
Regression Coefficient 

p value 

lo
g1

0 m
ax

 e
gg

 d
ia

m
et

er
 rep.LW.ratio 0.393 0.001 

chlomean.STD 0.404 0.003 

salinity.STD -0.378 0.005 

intertidal -0.432 0.069 

silicate.MEAN -0.213 0.077 

salinity.MEAN 0.213 0.117 

lo
g1

0 m
ax

 #
 e

gg
s 

pe
r 

ca
ps

ul
e 

log.SL.max 0.308 0.006 

salinity.STD 0.315 0.018 

Atlantic -1.159 0.007 

chlomean.STD -0.249 0.206 

maxLat 0.173 0.194 

re
si

du
al

s log.SL.max 0.515 6.3e-06 

rep.LW.ratio 0.234 0.037 

mol.pred 0.557 0.061 
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Figure 3.4: Individual standardized regression plots of the variables that have a 
significant effect on number of eggs per capsules. A (Spatial variability in mean 
annual salinity): adjusted R2 = 0.137, p = 0.003; B (Shell Length): adj. R2 = 0.190, p = 
0.0004. C: logistic regression of Atlantic range (0 = no, 1 = yes) vs. number of eggs per 
capsule. D: box plot illustrating difference in number of eggs per capsule for species 
with an Atlantic-only range and those without (unpaired t-test: t = 2.830, df = 5.656, p = 
0.032). 

 

Residuals of egg diameter vs. number of eggs per capsule (Table 3.1c; Table3. 2; 

Figure 3.5) were best predicted by morphometric parameters: shell length and 

length/width ratio. Shell length (β = 0.515, p < 0.00001) had approximately twice the 

positive effect on residuals as length/width ratio (β = 0.234, p = 0.037). Molluscivorous 
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predation was also retained but was not significant in the best model (Table 3.2). Two 

other sub-models (shell morphometrics and full PGLS) had a ΔAICc ≤ 2, but no 

additional predictor variables were significant in those models.  

 

 

Figure 3.5: Individual standardized regression plots of the variables that have a 
significant effect on the residuals of egg diameter vs. number of eggs per capsule. A 
(Shell Length/Width Ratio): adjusted R2 = 0.108, p = 0.008; B (Shell Length): adj. R2 = 
0.344, p = 1.2×10-6. 

 

3.4 Discussion 

In the ocean—Earth’s largest habitat—biogeographic patterns of adult animals 

are often a result of dispersal of early life stages (Kinlan & Gaines, 2003). The young of 

some organisms are highly unlikely to disperse long distances: brittle stars can brood 

their young until the crawling juvenile stage (Jones & Smaldon, 1989), and ascidians can 

produce larvae that settle and metamorphose within minutes of hatching (Van Duyl et 

al., 1981). Conversely, urchins and mussels can produce propagules capable of crossing 
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ocean basins (Lessios et al., 2003; Arellano et al., 2014). This variability has allowed 

marine organisms to occupy a huge range of niches and is necessary because each life 

history strategy involves complex costs and tradeoffs. For example, long-dispersing 

indirect developers remain in the water column for an extended period before finding 

an optimal settlement habitat, rendering them more susceptible to mortality through 

predation, starvation, or advection (Rumrill, 1990). Direct development allows larger 

size at hatching and ability to stay in a presumably favorable adult habitat, but it can 

preclude long-distance dispersal (Pechenik, 1979). Placing life history variability and its 

associated costs and tradeoffs in a biological, environmental, and evolutionary context is 

of fundamental importance to macroecology. 

In previous studies of marine invertebrates, planktotrophic development has 

been linked to a variety of factors including low latitudes (Thorson, 1950; Collin, 2003), 

lower relative energy availability (McClain et al., 2014), and hard-bottom substrata 

(Pappalardo et al., 2014). Rather than investigating developmental mode as a correlate of 

one or two variables, we have examined here a variety of intrinsic and extrinsic factors 

affecting traits related to offspring type in cone snails. Our results represent hypotheses 

for direct or indirect connections between the variables tested and some aspect of 

reproductive allocation.  We find that in Conus, extrinsic environmental factors, related 

to environmental spatial variability, and intrinsic morphological factors, potentially 

reflecting constrained energetic budgets, play an important role in the evolution of 
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developmental mode. We also find developmental mode to be extremely evolutionarily 

labile, matching species-specific energetic and environmental constraints and wiping out 

any effect of phylogenetic conservatism.  

 

3.4.1 Egg size 

Our results highlight several notable patterns among species of Conus analyzed 

here. Life history theory predicts a trade-off between offspring size and number of 

offspring produced (Parker & Begon, 1986), though selective forces on these two traits 

may be different (Clark & Goetzfried, 1978). This relationship has been demonstrated in 

such diverse groups as mammals (Charnov & Ernest, 2006), insects (Berrigan, 1991), fish 

(Fleming & Gross, 1990), and marine invertebrates (Clark & Goetzfried, 1978) and our 

data follow suit. The distinct egg size boundary for species that hatch as juveniles versus 

those that have planktonic larvae is striking. The general pattern of larger eggs in direct 

developers than in indirect developers is well established in invertebrates (Christiansen 

& Fenchel, 1979), but we are unaware of reported instances of such a distinct 

demarcation in other gastropod taxa. The apparent cutoff may reflect sampling biases, as 

many species are not included in the analyses. However, the egg size distinction could 

reflect different ecological forces (e.g. predator types and food availability) acting on 

early ontogenetic stages in different types of habitats (Kohn & Perron, 1994). 
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Our results show that larger eggs are found in species that experience higher 

spatial variability in primary productivity across their range. This may be because 

planktonic offspring with larger yolk supplies can inhabit a wider range of 

productivities than those with smaller yolks. Direct-developing cone snail hatchlings, 

like adults, rely on benthic macroinvertebrates as a food source. Thus, juveniles are 

unlikely to be food-limited in any area that sustains reproducing adults, regardless of 

local productivity levels. 

Our results also show that larger eggs are found in species that have lower 

spatial variability in mean annual salinity across their range. We suggest that this 

finding could reflect a benefit of smaller eggs. The size of large eggs is due to the 

amount of yolk they contain. Collazo and Keller (2010) proposed that large, yolky eggs 

may be problematic for the biomechanics of gastrulation, an idea that meshes with the 

fact that over evolutionary time, marine invertebrate eggs with large yolks have tended 

to be more varied and unusual in types of cleavage (Valentine, 1997) than those with 

small yolks. Salinity changes can also alter biomechanical forces on tissues during 

gastrulation by altering an embryo’s osmotic pressure (von Dassow & Davidson, 2011). 

Large yolk and varying salinity present different but potentially compounding problems 

for gastrulation. By inhabiting ranges with low salinity variability, perhaps species can 

produce large eggs that incur the benefits of direct development while mitigating the 

risks of developmental defects. 
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All best-supported models for egg diameter contained a significant adult shell 

morphometric parameter. Egg size had no relation to adult shell length, a finding similar 

to that for other gastropods (Collin, 2003). We found that larger eggs are produced by 

species with higher L/W. Shell size and shape affect the way a cone snail interfaces with 

its environment (Vermeij, 1974) and may be implicated in many aspects of biology and 

ecology (e.g. predation behaviors; Kantor, 2007). McClain et al. (2004) found that specific 

shell shapes are associated with low food availability, implying a metabolic cost of 

certain shapes. If there is an energetic investment involved in either achieving or 

maintaining a particular shell morphology, morphometric factors could directly or 

indirectly involve tradeoffs with reproductive allocation. The exact nature of potential 

tradeoffs cannot be determined until we have data for total reproductive output per 

individual, particularly in terms of how many egg capsules are produced per clutch. A 

further potential consideration for shell morphology is that adult gastropod shells can be 

constrained by the shape of the larval shell (Paulay & Meyer, 2006), which has been 

shown to have its own adaptive features (Hickman, 2001).  

 

3.4.2 Egg number 

We found that larger adult Conus (i.e. with greater shell length) produce more 

eggs per capsule. This agrees with previous work on Conus showing that adult size is 

positively correlated with capsule size, which itself is likely proportional to number of 
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eggs per capsule (Kohn & Perron, 1994). This finding could also reflect metabolic 

efficiency of species with large body size (Brown et al., 2004), which could lead to higher 

reproductive output, though as previously mentioned we do not have information on 

reproductive effort or output per individual. 

Atlantic-only range is associated with fewer eggs per capsule but not larger 

offspring. Looking specifically at direct developers, Pacific species lay far more and 

smaller eggs per capsule than Atlantic direct developers. Because Pacific tropical waters 

have higher productivity than Caribbean waters (e.g. Marra et al., 1987), Pacific juveniles 

could afford to hatch at smaller size and grow rapidly by taking advantage of 

productive environs, a pattern observed in echinoderm larvae by Lessios (1990). (This 

assumes that benthic productivity is correlated with measured productivity levels, a 

reasonable assumption for the shallow waters commonly inhabited by Conus.) Thus, 

smaller hatching size, normally a vulnerability (Spight, 1976), could be counterbalanced 

by allowing for increased number of eggs per capsule. 

We also found that higher salinity variability across a species range is associated 

with more eggs per capsule. This may result from a bet-hedging strategy in which 

production of more offspring leads to higher survival rates across all salinities 

encountered by swimming larvae.  
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 3.4.3 Residuals 

In Conus, all species produce eggs encased in capsules that generally contain a 

few large eggs or many small eggs (Kohn & Perron, 1994). The relationship we found 

between egg diameter and number of eggs per capsule (Appendix E) is as expected. Yet, 

the pattern of residuals of this relationship, when plotted against adult body size (Figure 

5B), reveals the possibility of an interesting connection between body size and metabolic 

efficiency. It is possible that larger species produce more eggs per capsule than would be 

predicted from egg diameter (Figure 3.4B supports this). Conversely, larger species may 

produce bigger eggs than would be predicted from number of eggs per capsule. Larger 

species have been shown to be more metabolically efficient per unit mass (Brown et al., 

2004). Larger Conus may be able to invest more energy in reproductive output than 

smaller species. 

 

3.4.4 Phylogenetic signal 

Phylogenetic constraints in Conus appear to play no role in determining egg 

diameter or number of eggs per capsule, or the relationship between the two. In all three 

categories, models without phylogeny were favored over models including phylogeny. 

A cursory inspection of Figure 3.2 reveals that drastic changes in egg size and number 

can occur in closely-related species. As an example from two sister species, C. cuneolus 

egg diameter is 3.5 times that of C. nanus, while C. nanus produces 100 times more eggs 
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per capsule than C. cuneolus. In concert with low calculated lambda values, this suggests 

that life history traits in Conus are not phylogenetically conserved. In contrast, Conus 

feeding type (Duda Jr et al., 2001) and morphology (Duda Jr et al., 2008) are both known 

to be phylogenetically clustered. However, the high degree of developmental variability 

in prosobranchs, even within genera, suggests that life history characteristics in molluscs 

are labile and adaptable to local conditions, as opposed to being strongly 

phylogenetically conserved. 

 

3.5 Conclusions 

 

In the hyper-speciose, cosmopolitan genus Conus, extrinsic environmental factors 

and intrinsic morphological factors play the strongest role in determining 

developmental mode. The relevant environmental factors relate to spatial variability, 

both in salinity and productivity. The relevant intrinsic factors relate to body size and 

shape, likely reflecting tradeoffs between reproduction and morphology within the 

context of constrained energy budgets. Our findings also underscore the point that 

developmental mode is not phylogenetically conserved in Conus. Thus, life history traits 

in Conus are more likely due mostly to species-level adaptations and niche specificity 

rather than phylogenetic constraint.
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Appendix A: Alphabetized list of all variables used in 
Conus models. 
See Section 3.2.1 for description of models. 

Variable name  Explanation 
Atlantic  binary variable; indicates whether species range is Atlantic only 
calcite.MEAN  mean of calcite measurements across species range 
chlomean.MEAN  mean of mean chlorophyll measurements across species range 

chlomean.STD  
standard deviation of mean chlorophyll measurements across 
species range 

intertidal  
binary variable; indicates whether depth range includes 
intertidal 

log.max.cap  log10 maximum number of eggs per capsule 
log.max.ed  log10 maximum egg diameter 
log.SL.max  log10 maximum shell length 
max.depth  maximum depth where species occurs 
maxLong  maximum longitude where species occurs 
maxLat  maximum latitude where species occurs 
min.depth   minimum depth where species occurs 
minLong  minimum longitude where species occurs 

mol.pred  
binary variable; species is molluscivorous (not necessarily 
exclusively) 

mud  
binary variable; species inhabits muddy substratum in at least 
part of range 

nitrate.MEAN  mean of nitrate measurements across species range 

ph.STD  standard deviation of mean pH measurements across species 
range 

phosphate.MEAN  mean of phosphate measurements across species range 

pisc.pred  
binary variable; species is piscivorous (not necessarily 
exclusively) 

reef  
binary variable; species inhabits coral reef in at least part of 
range 

rep.LW.ratio  
ratio of maximum shell length to maximum shell width for a 
single representative specimen 

rep.PMD  
position of maximum shell diameter (relative to shell length) for 
a single representative specimen 

resid  
residuals of relationship between egg diameter and number of 
eggs per capsule 
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rock  
binary variable; species inhabits rocky substratum in at least 
part of range 

rubble  
binary variable; species inhabits coral rubble substratum in at 
least part of range 

salinity.MEAN  mean of salinity measurements across species range 

salinity.STD  
standard deviation of mean salinity measurements across 
species range 

sand  
binary variable; species inhabits sandy substratum in at least 
part of range 

silicate.MEAN  mean of silicate measurements across species range 

sstmean.MEAN  
mean of mean sea surface temperature measurements across 
species range 

sstmean.STD  
standard deviation of mean sea surface temperature across 
species range 

verm.pred  
binary variable; species is vermivorous (not necessarily 
exclusively) 
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Appendix B: Comparison of Shell Length/Width Ratios. 
Conus ebraeus and Conus glans represent the extremes of Shell Length/Width Ratio in our 

data set (see Section 3.2.2). As shown in the photographs, a Conus shell with smaller L/W 

has a more globular outline with a broad shoulder, while a shell with larger L/W has an 

elongated outline with a narrow shoulder. The images here are scaled to the same 

length, without distortion, to illustrate the difference in outline. Reproduced with 

permission from photographs by Alan Kohn, from the Conus Biodiversity Website 

(http://biology.burke.washington.edu/conus/index.php). 
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Appendix C: Full list of information sources used in 
building the Conus database for this study. 
 
See Section 3.2.2 for explanation of data types taken from these sources. 
 
Diaz, J.M., Gracia, A.M. & Cantera, J.R. (2005) Checklist of the cone shells (Mollusca:  

Gastropoda: Neogastropoda: Conidae) of Colombia. Biota Colombiana, 6, 73-86. 
 
Duda Jr, T.F., Kohn, A.J. & Palumbi, S.R. (2001) Origins of diverse feeding ecologies  

within Conus, a genus of venomous marine gastropods. Biological Journal of the 
Linnean Society, 73, 391-409. 

 
Duda Jr., T.F. & Kohn, A.J. (2005) Species-level phylogeography and evolutionary  

history of the hyperdiverse marine gastropod genus Conus. Molecular 
Phylogenetics and Evolution, 34, 257-272. 

 
Hanna, G.D. & Strong, A.M. (1949) West American mollusks of the genus Conus.  

Proceedings of the California Academy of Sciences, 26, 247-322. 
 
Imperial, J.S., Silverton, N., Olivera, B.M., Bandyopadhyay, P.K., Sporning, A., Ferber,  

M. & Terlau, H. (2007) Using chemistry to reconstruct evolution: on the origins of 
fish-hunting in venomous cone snails. Proceedings of the American Philosophical 
Society, 151, 185-200. 

 
Keen, A.M. (1971) Sea Shells of Tropical West America, 2 edn. Stanford University Press,  

Stanford. 
 
Kohn, A.J. (1961) Studies on spawning behavior, egg masses, and larval development in  

the gastropod genus Conus, Part II: Observations in the Indian Ocean during the 
Yale Seychelles expedition. Bulletin of the Bingham Oceanographic Collection, 17, 3-
50. 

 
Kohn, A.J. (1966) Food specialization in Conus in Hawaii and California. Ecology, 47,  

1041-1043. 
 
Kohn, A.J. (2003) Biology of Conus on shores of the Dampier Archipelago, Northwestern  

Australia. The Marine Flora and Fauna of Dampier, Western Australia (ed. by F.E. 
Wells, D.I. Walker and D.S. Jones), pp. 89-100. Western Australian Museum, 
Perth. 
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Kohn, A.J. & Perron, F.E. (1994) Life History and Biogeography: Patterns in Conus. Oxford  

University Press, New York. 
 
Luna-Ramirez, K.S., Aguilar, M.B., Falcon, A., Heimer de la Cotera, E.P., Olivera, B.M. &  

Maillo, M. (2007) An O-conotoxin from the vermivorous Conus spurius active on 
mice and mollusks. Peptides, 28, 24-30. 

 
Miloslavich, P., Diaz, J.M., Klein, E., Alvarado, J.J., Diaz, C., Gobin, J., Escobar-Briones,  

E., Cruz-Motta, J.J., Weil, E., Cortes, J., Bastidas, A.C., Robertson, R., Zapata, F., 
Martin, A., Castillo, J., Kazandjian, A. & Ortiz, M. (2010) Marine Biodiversity in 
the Caribbean: Regional Estimates and Distribution Patterns. PLoS ONE, 5, 
e11916. 

 
Natarajan, A.V. (1957) Studies on the egg masses and larval development of some  

prosobranchs from the Gulf of Mannar and the Palk Bay. Proceedings: Plant 
Sciences, 46, 170-228. 

 
Nybakken, J. (1971) Biological Results of the University of Miami Deep-Sea Expeditions.  

78.The Conidae of the Pillsbury Expedition to the Gulf of Panama. Bulletin of 
Marine Science, 21, 93-110. 

 
Nybakken, J. (1978) Population characteristics and food resource utilization of Conus in  

the Galapagos Islands. Pacific Science, 32, 271-280. 
 
Olivera, B.M. (2002) Conus venom peptides: reflections from the biology of clades and  

species. Annual Review of Ecology and Systematics, 33, 25-47. 
 
Perron, F.E. (1981) Larval biology of six species of the genus Conus (Gastropoda:  

Toxoglossa) in Hawaii, USA. Marine Biology, 61, 215-220. 
 
Röckel, D., Korn, W. & Kohn, A.J. (1995) Manual of the Living Conidae. Verlag Christa  

Hemmen, Wiesbaden, Germany. 
 
Spalding, M.D., Fox, H.E., Allen, G.R., Davidson, N., Ferdana, Z.A., Finlayson, M.A.X.,  

Halpern, B.S., Jorge, M.A., Lombana, A.L., Lourie, S.A., Martin, K.D., McManus, 
E., Molnar, J., Recchia, C.A. & Robertson, J. (2007) Marine Ecoregions of the 
World: a bioregionalization of coastal and shelf areas. BioScience, 57, 573-583. 
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Tucker, J.K. (2007) Conus ximenes and Conus mahogani: two similar but distinct species.  
The Cone Collector, 2, 5-10. 
 

Tucker, J.K. & Tenorio, M.J. (2009) Systematic Classification of Recent and Fossil Conoidean  
Gastropods: With Keys to the Genera of Cone Shells. Conchbooks. 

 
Wilson, B. (1994) Australian Marine Shells. UWA Publishing, Perth. 
 
Tunnell, J.W.J., Andrews, J., Barrera, N.C. & Moretzsohn, F. (2010) Encyclopedia of Texas  

Shells, 1 edn. Texas A&M University Press, College Station. 
 
Vianna Braga, M.C., Konno, K., Portaro, F.C.V., Carlos de Freitas, J., Yamane, T., Olivera,  

B.M. & Pimenta, D.C. (2005) Mass spectrometric and high performance liquid 
chromatography profiling of the venom of the Brazilian vermivorous mollusk 
Conus regius: feeding behavior and identification of one novel conotoxin. Toxicon, 
45, 113-122.  

 
 
Web-based sources: 
 
Coltro, M. and J. Coltro. Femorale. http://femorale.com.br 
 
Hardy, E. Hardy’s Internet Guide to Marine Gastropods. http://www.gastropods.com 
 
Kohn, A.J. and T. Anderson. Conus Biodiversity Website. 
 http://biology.burke.washington.edu/conus/index.php 
 
Paganelli, G. Coneshell.net. http://www.coneshell.net 
 
Poppe, G. and Poppe, P. Conchology, Inc. http://www.conchology.be 
 
Smithsonian Institution. Online collection records. http://collections.si.edu/search/.  

Accession numbers 352490, 379578, 340672. 
 
OBIS Indo-Pacific Molluscan Database. http://clade.ansp.org/obis/find_mollusk.html 

The Academy of Natural Sciences of Philadelphia. Malacolog Version 4.4.1: a 
database of Western Atlantic Marine Mollusca. 
http://www.malacolog.org/search.php 
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Appendix D: Histograms of relative variance within 
versus over all ecoregions occupied by Conus spp. 
See Section 3.2.3. Dotted vertical line is the threshold at which variance within an 

ecoregion exceeds the variance over all ecoregions (within/overall variance = 100). The 

numbers reported within each chart are the percentage of ecoregions exceeding this 

threshold.  
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Appendix E: Regression of egg diameter against 
number of eggs per capsule. 
r (correlation coeff.) = -0.75; p = 2.68e-11. See Section 3.3. 
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Appendix F: The 20 species in our study with the fewest 
number of eggs per capsule. 
See Section 3.3. All 9 species with benthic hatchlings are shown in bold. Note that there 

is no distinct boundary in number of eggs per capsule between direct and indirect 

developers. 

SPECIES MAXIMUM # EGGS PER CAPSULE 
cuneolus 12 
puncticulatus 21 
furvus 29 
glans 53 
anemone 65 
lorenzianus 83 
magus 196 
regius 200 
cinereus 203 
araneosus 214 
consors 319 
tessulatus 320 
bandanus 444 
balteatus 448 
coffeae 500 
pennaceus 660 
mus 700 
omaria 912 
striolatus 1232 
nanus 1300 
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