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Abalone species in California have drastically declined since the first commercial and 
recreational fisheries. Although aquaculture helps by supplementing abalone fisheries 
and supporting populations of endangered species, the process is still developing. An 
estimated 90% of cultured abalone die in the first three months post-settlement. Abalone 
larvae are capable of absorbing and metabolizing energy in the form of dissolved organic 
matter (DOM) during pre-settlement and early post-settlement larval stages. In this study, 
pre-settled and post-settled larvae were supplemented with various forms of DOM in an 
effort to increase the survival at these sensitive stages. Larvae were exposed to varying 
concentrations of a 16 amino acid mix, a sugar mix, and a combined amino acid and sugar 
mix. Pre-settled larvae were exposed to a salinity stress of 40mM KCl in order to expedite 
mortality so that survival data could be collected in a timely manner. No significant 
differences in survival were found between treatments of both the pre-settled and post-
settled larvae, however, behavioral changes were observed in the post-settled larvae. In 
particular, the treatments with high amino acid concentrations (1000nM) had a higher 
percentage of crawling larvae (p<0.001) and a lower percentage of metamorphosed larvae 
(p=0.001) compared to the other treatments. Significant differences between high sugar 
and low sugar concentrations were also observed.
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Introduction
 California species of abalone have 
been a source of human consumption for 
as long as humans have lived in North 
America. Even now, abalone are prized for 
their unique sensory properties of flavor 
and texture. Commercial fishing of abalone 
began in the mid-nineteenth century and 
peaked in the 1950s. During this time, all 
California species were seriously overfished 
and now are in decline. In response to 

declining natural populations, abalone farms 
were constructed in an attempt to continue 
the abalone industry (Leighton, 1989).  The 
red abalone (Haliotis rufescens) is the only 
species in California with populations high 
enough to be legally harvested; other species 
are not as fortunate. The white abalone 
(Haliotis sorenseni) that ranges from Point 
Conception, California to Baja California was 
listed as endangered in 2001. There are only 
an estimated 1,600 left in the wild. Research 
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shows that the wild population of white 
abalones will not recover without help. In 
response, N.O.A.A. created the white abalone 
captive breeding program in 2008 to help 
bring back the white abalone (NMFS, 2008). 
 In both farm settings and captive 
breeding programs, abalone are difficult 
animals to raise. Only about 1% of eggs 
will survive to become juveniles. Abalone 
embryos hatch out of their egg coats 16-20 
hours after fertilization. These new larvae 
are called trochophores, which swim using 
cilia and derive most of their energy from 
their egg yolk reserves. Six to ten hours 
later, the trochophores develop into veliger 
larvae by secreting a thin shell and growing 
a ciliated locomotory organ called a velum. 
Depending on temperature, the veliger larvae 
will continue to develop for about a week 
until they grow a foot and eyes. At this point, 
they will begin to move out of the water 
column and test the substrate in a process 
known as settlement. The larval abalones will 
then transform from nonfeeding planktonic 
larvae into feeding benthic larvae. They 
will lose their velum and grow a digestive 
system in a non-reversible process known as 
metamorphosis. This is a critical life stage for 
the abalones because they must transform 
their mode of nutrient acquisition (Leighton, 
1989).
 In abalone culture, the highest 
percentage of animals are lost during the life 
stage of early post-settlement. It is estimated 
that 90% of post-settled larvae will die in the 
first three months (Slattery, 1992; Gosselin 
and Qian, 1997). Larval yolk and dissolved 
organic matter (DOM) provide nutritional 
support during larval and early post-
larval development while the larvae grow a 
digestive system and begin to forage on small 
diatoms. The larvae that die in the months 
that follow metamorphosis are usually 
nutrient limited (Slattery, 1992; Kawamura, 
1998). I hypothesize that if larval and early 
post-larval abalone are supplemented with 

various forms of DOM, the total survival at 
these sensitive life stages will be increased. 
Since the vast majority of early life stages 
do not survive, male and female abalone 
produce millions of gametes to increase the 
likelihood of their offspring reaching sexual 
maturity. As a result of such immense spawn 
production, even a small increase in survival 
at the larval stage can greatly increase the 
amount of animals that make it to adulthood. 
This accomplishment could greatly benefit 
the white abalone captive breeding project 
and also increase the efficiency of abalone 
aquaculture.

Methods
2.1 Spawning of Haliotis rufescens
 Spawning procedure was conducted 
according to Aquilino (2014). Spawning 
of adult abalones took place in 2-gallon 
buckets submerged in a shallow seawater 
bath in order to maintain ambient seawater 
temperature. A mixture of 3L of seawater, 
9mL of Tris solution and 18mL of 3% 
Hydrogen Peroxide was added to each bucket. 
Once mixed, clean adult abalone were added 
to each bucket. There were 12 farm-raised 
and 21 wild-caught red abalone. Adults were 
observed for spawning; once an animal 
began to spawn, it was promptly rinsed from 
solution and submerged in fresh seawater. 
Sperm was collected using a pipet and put on 
ice until fertilization. Eggs were filtered from 
the seawater using a 1000μm screen. Sperm 
were added to the eggs such that there were 
5-15 sperm per egg. Embryos were rinsed 
three times to remove excess sperm and then 
placed in a hatching tray at 12°C overnight. 

2.2 Larval culture of Haliotis rufescens
 24 hours post-fertilization, larvae were 
allowed to swim out of the hatching tray and 
into large culture buckets. Larval cultures 
were kept in running UV treated seawater at 
12 °C and bucket transfers were performed 
daily. Larvae were inspected under the 
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MedS, HighS) of the sugar mix, and 10, 100, 
and 1000 nM of the combined amino acid and 
sugar mix (LowAA/S, MedAA/S, HighAA/S). 
The amino acid mix was composed of 16 
amino acids: alanine, arginine, asparagine, 
aspartic acid, glutamic acid, glycine, histidine, 
isoleucine, leucine, lysine, methionine, 
phenylalanine, serine, threonine, tyrosine 
and valine at equal ratios. The sugar mix 
was composed of glucose and maltose at 
equal ratios. Controls consisted of a raw 
seawater control and a UV filtered seawater 
control. Antibiotics (44.9 mg Penicillin G 
and 75 mg Streptomycin per L) were added 
to all treatments and controls (adapted from 
Mccormick et al., 2012). All treatments and 
control troughs were placed into an ambient 
circulating seawater bath and maintained at 
approximately 9°C. After 24 hours the initial 
count of larvae was taken; the final count 
was taken at day 5. Every other day the water 
was changed. For each time period, larval 
behavior was categorized as swimming, lying 
on their side, crawling, metamorphosed, or 
dead. Data were analyzed using the Sigma 
Plot software program. A fit-model analysis 
using a one-way ANOVA was performed for 
each category of behavior at one and five days 
post-settlement. The percentages of larvae in 
each treatment exhibiting the listed behaviors 
were compared to all the other treatments. 

2.6 DOM and salinity stress of pre-settled  
larvae
 The veliger (pre-settled) larvae 
were exposed to the same treatments as 
the post-settled larvae listed above with an 
additional salinity stress. Because veliger 
larvae can survive as long as thirty days if 
they do not find a suitable place to settle 
(Kawamura, 1998), a sanity stress was 
introduced to hasten mortality under time 
constraint. Approximately 250 larvae in 
50mL of seawater were placed into petri 
dishes with the appropriate treatment and 
the salinity stress of 40 mM KCl. After 24 

microscope every day to assess development.
 
2.3 Settlement competency of Haliotis 
rufescens
 Six days after fertilization, a larval 
settlement competency test was performed 
in order to determine if larvae were ready 
to settle. Three treatments were prepared 
in three separate six-well plates:  0, 1, and 
2 μM GABA (gamma-aminobutyric acid). 
Approximately 10-15 larvae from each 
bucket were put into each treatment and left 
overnight. The next day larvae were inspected 
to determine if settlement had taken place.  

2.4 Settlement of Haliotis rufescens
 Seven days after fertilization, larvae 
were ready to settle. There were eleven 
treatments and three replicates of each 
treatment. For each treatment, approximately 
2000 larvae were transferred into a plastic 
trough containing a 15 x15cm sanded ceramic 
tile. The tiles had been submerged in an 
outdoor seawater bath for two days prior in 
order to collect a thin bacterial film to make 
the tiles more desirable for the larvae to 
settle on. Larvae were starved throughout 
the experiment in order to eliminate another 
nutritional factor effecting survival and to 
promote mortality in a limited time frame. 
Each plastic trough was brought to a total 
volume of 1L UV filtered seawater with 1 
μM GABA. 1 μM GABA was used because it 
successfully settled all the larvae in the larvae 
competency test. Larvae were submerged in 
this solution for 24 hours. 

2.5 DOM and behavior assessment of post-
settlement larvae
 After 24 hours of GABA treatment, the 
solution was siphoned out of each trough, and 
UV filtered seawater, antibiotics and DOM 
solutions were added to make a total volume 
of 1 liter. Treatments consisted of 10, 100, and 
1000 nM (LowAA, MedAA, HighAA) of the 
amino acid mix, 10, 100, and 1000 nM (LowS, 
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than larvae grown in raw or UV treated 
seawater. Treatments were expected to show 
higher survivorship based on evidence that 
abalone larvae have the ability to absorb 
amino acids and sugars directly into their 
cells without the use of a digestive system 
(Jaeckle and Manahan, 1991 and Welborn 
and Manahan, 1990). If indeed the abalone 
larvae are nutrient limited at this life stage, 
then providing them with nutrition that they 
can absorb may increase their survival. The 
100 nM concentration of each treatment was 
expected to be the most advantageous based 
on previously published data (Manahan, 
1989) on rates of amino acid and glucose 
absorption by molluscan larvae. In Manahan’s 
study, Crassostrea gigas larvae absorbed 
amino acids and glucose at a rate of 65 fmol 
larva-1hr-1, which would be approximately 100 
nM amino acid absorbed per 2000 larvae, per 

day. Low, medium and high concentrations 
of each treatment were used in order to 
determine the ideal concentration for the red 
abalone. Treatments of the combined amino 
acids and sugar were expected to exhibit 
better survivorship than the amino acids and 
sugars alone. Animals utilize amino acids 
primarily for structure and sugars primarily 
for energy, so perhaps by providing larvae 
with both; they might have a more efficient 
energy supply. The raw seawater control 
was expected to lie somewhere in between 
the treatments and the UV filtered seawater 
since it contains low concentrations of natural 
DOM. For the pre-settlement larvae, it was 
predicted that extra nutrition in the form 
of dissolved organic matter would provide 
larvae with energy; this energy would help 
them survive longer in the hypersaline 
environment.  

4.2 Post-settlement larvae
 The primary purpose of this 
experiment was to measure post-settlement 
larval mortality, in particular, the survival 
rate of larvae that had definitely undergone 

hours, larvae were assessed for survival 
under the compound microscope. A fit-
model analysis using a one-way ANOVA was 
preformed comparing percent survival in each 
treatment.  

Results  
3.1 Post- settlement larvae day 1
 After 24 hours, no significant 
differences in the swimming or crawling 
behavior were observed between treatments. 
Similar results were obtained for the “on side” 
behavior with the exception that the High AA 
had a significantly greater number of larvae 
on their sides than the Low AA/S treatment 
(kwas p=0.027) see Fig. 1.

3.2 Post- settlement larvae day 5
 After five days, no significant 
differences in the swimming behavior were 
observed between treatments. However, 
differences in the number of larvae on their 
side, crawling and metamorphosed were 
observed between the treatments. The High 
S treatment exhibited significantly more 
larvae on their side than the Low S treatment 
(p=0.027, see Fig. 2). The High AA and High 
AA/S treatments showed significantly more 
larvae crawling compared to each treatment 
and control (p<0.001, see Fig. 3). Lastly, 
the High AA and High AA/S treatments 
demonstrated significantly less larvae 
metamorphosed than the Low AA, Low AA/S 
and Med AA/S treatments (p=0.001, see Fig. 
4).  

3.3 Pre-settlement  larvae
 There were no significant differences 
between treatments. 

Discussion
4.1 Prediction
 The purpose of this experiment was 
to test whether pre- and post-settled abalone 
larvae, supplemented with various forms of 
dissolved organic material, survive longer 
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Figure 1.  Percentage of post-larvae on their side after 24 hours. Levels not connected by the same letter are sig-
nificantly different(p=0.027). Controls: UV treated seawater and Raw seawater. Treatments: Low (10nM), Medi-
um(100nM) and High(1000nM) Concentrations of Amino Acid Mix (AA), Sugar Mix (S) or Combined Amino Acid 
and Sugar Mix (AA/S). 

Figure 2.  Percentage of post-larvae on their side after 5 days. Levels not connected by the same letter are signifi-
cantly different (p=0.027). Controls: UV treated seawater and Raw seawater. Treatments: Low (10nM), Medi-
um(100nM) and High(1000nM) Concentrations of Amino Acid Mix (AA), Sugar Mix (S) or Combined Amino Acid 
and Sugar Mix (AA/S). 
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Figure 3.  Percentage of post-larvae crawling after 5 days. Levels not connected by the same letter are significantly 
different (p=<0.001). Controls: UV treated seawater and Raw seawater. Treatments: Low (10nM), Medium(100nM) 
and High(1000nM) Concentrations of Amino Acid Mix (AA), Sugar Mix (S) or Combined Amino Acid and Sugar Mix 
(AA/S). 

Figure 4.  Percentage of post-larvae metamorphosed after 5 days. Levels not connected by the same letter are 
significantly different (p=0.001). Controls: UV treated seawater and Raw seawater. Treatments: Low (10nM), 
Medium(100nM) and High(1000nM) Concentrations of Amino Acid Mix (AA), Sugar Mix (S) or Combined Amino 
Acid and Sugar Mix (AA/S). 



UC Davis | EXPLORATIONS: THE UNDERGRADUATE RESEARCH JOURNAL
Vol. 17 (2015) G. Ghrist p.7    

7

post-settlement larvae did not undergo 
metamorphosis, they had a very high 
percentage of attachment to the substrate: 
the first step towards metamorphosis. 
Future, long term experiments should be 
conducted regarding this observation in 
order to determine the mechanism of delay 
and if these delayed larvae are more or less 
successful than the controls. 
 These results do not support the 
hypotheses that DOM supplementation 
increases the metamorphosis or swimming 
behavior. Additionally, the results neither 
support nor oppose the original hypothesis 
that DOM supplementation increases post-
settlement survival since the larvae did not 
settle as expected. Future experiments should 
be conducted where complete settlement and 
metamorphosis are achieved. The experiment 
should be conducted over a time period of 
three months since that is the timeframe 
where 90% of post-settled larvae die. 
Although results were not significant, many 
of the analyses had power of test values below 
80%. This suggests that the sample sizes 
may have been too small to detect statistical 
differences. Similar experiments using larger 
sample sizes should be conducted in the 
future. 

4.3 Pre-settlement larvae
 For the pre-settlement experiment, 
the same amino acid and sugar treatments 
were used as the post-settlement experiment. 
However, a raw seawater control was not 
used because the swimming larvae were too 
difficult to separate from the UV-filtered 
sea water in which they were cultured. Red 
abalone veliger larvae can live up to 30 
days without settling or eating (Kawamura, 
1998), so in order to determine survival 
between treatments in such a short period, 
it was necessary to stress them. KCl at low 
concentrations can cause abalone larvae 
to settle, however at 30-40 mM it becomes 
toxic. KCl should kill approximately 70% 

metamorphosis. However, during the 
experiment, the larvae did not settle well 
when exposed to 1 μM GABA for 24 hours, 
which is the typical protocol for inducing 
settlement (Morse et al., 1979). Larvae were 
still swimming and the majority did not 
undergo metamorphosis throughout the 
entire experiment. Perhaps these larvae 
needed more time in the GABA solution. As a 
result, larval behavior was measured instead 
of survival. Differences in the percentages 
of each behavior between treatments were 
monitored. The DOM treatments were 
expected to show higher percentages of 
metamorphosed larvae. If the larvae absorbed 
the DOM provided, they may have had more 
energy to complete metamorphosis. On the 
other hand, I also speculated that perhaps 
there would be a higher percentage of larvae 
swimming in the DOM treatments. There is 
the possibility that larvae with more energy 
storage may continue swimming, perhaps 
in search of a better substrate to land on; 
while the larvae with less energy storage 
metamorphose sooner because they are 
running out of energy. Studies show that 
abalone larvae receive chemical cues to settle, 
chemicals released by coralline algae, specific 
diatoms and even the mucus of juvenile 
abalone (Roberts, 2001). 
 Results showed that after one day, the 
majority of treatments showed no significant 
differences in behavior. However, after 
five days, the larvae did show statistically 
significant differences between treatments. 
Treatments that contained 1000 nM of amino 
acid mix (High AA and High AA/S) exhibited 
a much higher percentage of crawling 
and a lower percentage of metamorphosis 
compared to the other treatments (Fig. 3 
and Fig. 4). The reason for this observed 
trend is not clear. Perhaps this high amino 
acid concentration delays or prevents 
metamorphosis either by altering behavior 
or interfering with the physiological steps 
of transfiguration. Although most of the 
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of the larvae within 18 hours (Bryan and 
Qian, 1998). 40 mM KCl was applied to each 
treatment so that mortality could be observed 
in a short time period. Percent survival was 
recorded after 20 hours. 
 There were no significant differences 
between the treatments, suggesting that 
dissolved organic matter does not increase 
survival during a severe stress at the veliger 
stage. The power of the test, however, was 
below 80% suggesting that the sample size 
was too small. In the future, larger sample 
sizes should be used. Also, the experiment 
was only run for 20 hours, perhaps the larvae 
did not have time to absorb enough DOM 
or perhaps the salinity stress interacted 
with the DOM. In the future, a similar 
experiment should be conducted with the 
same treatments but without the use of a 
stressor. The percent of larval survival should 
be measured over the natural time it takes for 
a larva to run out of yolk reserve and die. 
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