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Executive Summary 
 

The purpose of this study was to examine the molecular population structure 
and reproductive biology of limpets (Opihi) within and among the National Parks of 
Hawai‘i.  The major findings of the study are summarized below. 

 
• Cellana talcosa exhibited distinct population life history characteristics from 

the previously studied C. exarata and C. sandwicensis. 
• Differential population structure was not detected in the opihi populations 

among the National Parks. 
• Population structure was detected between Kauai and the park populations of 

C. talcosa, with a cessation of gene flow dating back 24-120 thousand years. 
• Spawning events were determined to be temporally variable within and among 

species and parks. 
• C. talcosa attains reproductive maturity at a much greater shell length than 

other Hawaiian Cellana 
• Growth rates were variable in time and among species. 
• C. talcosa grows differently than other Hawaiian Cellana with the following 

characteristics; 
o Greater rate of length increase up to 60 mm shell length 
o Positive curvilinear allocation of resources to shell mass and volume at 

greater sizes – shifting from thin shelled flat morphology to thick shelled 
tall morphology 

• While not detailed in this report, C. melanostoma is synonymous with both C. 
exarata and C. sandwicensis. 
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Introduction 
 

We seek to build upon the current base of knowledge pertaining to the natural 
history of the four species of opihi in Hawaii: Cellana melanostoma, Cellana exarata, 
Cellana sandwicensis, and Cellana talcosa.  Currently, growth rates and reproductive 
timing of C. exarata and C. sandwicensis have been measured and published from 
only two sites in the islands.  No data exists for C. melanostoma or C. talcosa.  We 
propose to track the growth rates and reproductive timing of all opihi at 5 National 
Parks distributed among three islands.  In addition, no data exists on the natural 
dispersal patterns of opihi among sites within Hawaii.  We intend to use genetic 
sequencing to assess the population connectivity of Cellana sandwicensis among the 
National Parks in Hawaii and shorelines adjacent to the parks. This information will 
determine the population structure, dynamics, and connectivity of opihi populations, 
which is essential to, and may improve the management of this resource.  
 

Study Sites 
 

These studies were conducted at the following sites: Kalaupapa National 
Historical Park (KALA), Haleakala National Park (HALE), Kaloko Honokohau 
National Historical Park (KAHO), Puuhounua O Honaunau National Historical Park 
(PUHO), and Hawaii Volcanoes National Park (HAVO).  These sites are referenced 
by their abbreviations throughout this report.  Data from Poipu, Kauai is also included 
for population genetic analysis (Figure 1). 
 
MOLECULAR POPULATION STRUCTURE 
 

Purpose 
 
 The purpose of this study is to assess population partitioning within opihi 
populations among the National Parks of Hawaii using molecular markers.  
Identification of discrete population units would be beneficial to the management of 
opihi, indicating the scale at which management efforts must be based: single shore, 
single island, island groups, or archipelago wide.  Identification of such units can also 
be used to assess source and sink populations, further focusing management efforts 
on the populations that make the greatest contribution to the next generation. 
 

Methods and Analysis 
 
KALA and HAVO were included in a state wide assessment of the population 

structure of Cellana exarata, C. sandwicensis, and C. talcosa using the cytochrome 
oxidase I mtDNA gene sequence.  The tissue of twenty five individuals from each 
opihi species (Cellana exarata, C. sandwicensis, and C. talcosa) were sampled at 
KALA, HAVO, and Poipu, Kauai.  Genomic DNA was extracted using the Qiagen 
DNeasy Animal Tissue Kit.  The mitochondrial gene, cytochrome oxidase I (COI), 
was amplified using a universal PCR primer set (Folmer et al, 1994).  The DNA 
fragments were sequenced by Macrogen of Korea.  The COI sequences were edited in 
Chromas and aligned by eye.   
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Figure 1. Map of the main Hawaiian Islands showing the study sites.  Sites in all upper case (HALE, HAVO, KAHO, KALA, PUHO) 
are the National Parks. 
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A measure of subpopulation variation, φst, was calculated using Analysis of 
Molecular Variance (AMOVA) in the Arelequin software package (Excoffier et al. 
1992), which compares the partitioning of genetic variance within and among 
subpopulations.  AMOVA is a powerful tool that additionally allows post hoc 
statistical analysis to specifically identify isolated populations.   
 

Results 
 
The COI haplotypes of C. talcosa at Poipu, Kauai were significantly different 

than those at KALA and HAVO (Table 1).  The pair wise φst between the parks and 
Kauai indicates that there is 33-35% less genetic variance within the sites than 
between the sites, i.e. there is a barrier to gene flow between Kauai and the two parks. 
C. talcosa from Kauai exhibited 1 fixed base pair difference from the KALA and 
HAVO populations.  Assuming a mutation rate between 0.5 and 2.5% per million 
years, C. talcosa has been segregated on Kauai from the other National Park 
populations for 24 to 120 thousand years.  No structure could be detected in the 
distribution of COI haplotypes for C. sandwicensis or C. exarata among the 
remaining sites (Tables 2 and 3). 
 
 
 

Table 1. AMOVA results for Cellana talcosa 
 Poipu, Kauai HAVO 

HAVO φst = 0.351 
P < 0.0001 

 

KALA φst = 0.335 
P < 0.0001 

φst = 0.023 
P >0.05 

 
Table 2. AMOVA results for Cellana sandwicensis 
 Poipu, Kauai HAVO 

HAVO φst = 0..0158 
P > 0.05 

 

KALA φst = 0.0563 
P >0.05 

φst = 0.0250 
P >0.05 

 
Table 3. AMOVA results for Cellana exarata 

 Poipu, Kauai HAVO 
HAVO φst = 0.0156 

P < 0.136 
 

KALA φst = 0.0471 
P >0.05 

φst = 0.00397 
P >0.05 
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Conclusions 
 

At the temporal resolution of COI, each species of opihi is composed of a 
single population that encompasses all of the National Parks in Hawaii that harbor 
opihi.  C. talcosa is composed of two populations across the main islands, with Kauai 
harboring a separate population from that of Molokai, Maui, and Hawaii.   

A higher resolution technique is required to resolve the opihi population 
structure and connectivity among parks.  Microsatellite markers (di and trinucleotide 
repeats) will be used to assess source and sink opihi populations and connectivity 
among the parks.  The samples for the microsatellite marker analysis have been 
collected from KALA, PUHO, HAVO, and HALE.  KAHO will not be included due 
to its proximity to PUHO.  A microsatellite library (n=300 per species) has been 
developed for each of the opihi species.  We are currently in the screening phase of 
the microsatellite marker development.  Fragments containing microsatellites are 
currently being sequenced.  Primers will then be developed for each fragment.  The 
primers will be tested on our genomic DNA library.  The goal is to identify five to ten 
sets of primers that amplify specific microsatellite markers that are variable among 
and within populations.  These markers will then be used to assess population 
structure and test whether juvenile opihi exhibit similar or different genetic variability 
than the adult population.  The phase of microsatellite marker development funded by 
this grant has been successfully completed. 
 
GONAD INDEX & SPAWNING TIMING 
 

Purpose 
 
Knowledge of the timing of major spawning events is critical for the 

management of fisheries.  Data has been published on the timing of major spawning 
events for two of the three opihi species, C. exarata and C. sandwicensis.  No data 
detailing the spawning timing of C. talcosa exists.  The synoptic data that has been 
collected on the timing of opihi spawning events were collected from a single site on 
Hawaii Island, and may not be representative of the entire opihi population as a 
whole.  We proposed to conduct a year long survey of gonad index (GI) of all three 
opihi species at each of the five Hawaiian National Parks harboring opihi (KALA, 
HALE, KAHO, PUHO, and HAVO) to determine whether the spawning of opihi is 
synchronous among sites and species.   
 

Methods 
 
14 individuals of each species (C. exarata, C. sandwicensis, and C. talcosa) 

from each park (KALA, HALE, KAHO, PUHO, and HAVO) were collected at 
approximately 6 week intervals between May 2004 and May 2005.  Some data are 
missing due to poor wave conditions or laboratory mishaps.  The gonad and other soft 
tissues (referred to as body) were dissected and weighed separately on a digital 
balance with 0.0001 gram resolution.  Initially both wet and dry weights were 
collected.  A preliminary analysis of the first month’s data indicated that dry masses 
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were more accurate than wet and resulted in slightly different, thus all of the opihi 
tissues were weighed and analyzed as dry masses.  Gonad index was calculated the 
percent soft tissue mass that was gonad, relative to all other soft tissues 
(GI=gonad/gonad+body).  A GI of 10% indicates that 10% of the soft tissue dry mass 
was gonad.  The GI of all three species varied widely, from 0% to 46.5%.  The 
proportion of individuals having a particular gonad index class (0%, 0-5%, 5-10%, 
10-15%, 15-20%, and >20%) from each site, species, and collection time was 
calculated.  These fine bins made graph interpretation difficult.  For clarity of 
information, three size classes were chosen to represent particular gonad conditions: 
<5%=spent, 5-15% = mid-range, >15% = ripe) and plotted for each collection time, at 
each site, and for each species. Two meta-plots of the same data (proportion of 
sampled individuals with a particular GI class plotted against collection date) are 
provided.  In Figure 2, columns of graphs represent a species and rows represent a 
site.  In Figure 3, the columns are sites and the rows are species.  The timing of 
spawning events can be identified by an increased proportion of the population 
sample possessing smaller gonads and a decreased proportion of the population 
containing larger gonads than in the previous time period population sample.  This 
method is superior to plotting the mean GI against collection date because it allows 
for the possibility that spawning is not exactly synchronous and complete throughout 
the entire population (some individuals have spent gonads, but others haven’t spent 
their gonads yet) and provides greater detail of information about the distribution of 
gonad sizes within the population.  This method was adapted from Rogers (1967). 

To assess the size at which C. talcosa attains reproductive maturity, additional 
individuals in the 10-30 mm shell length range were collected between November 
2004 and May 2005.  These opihi were processed in a similar fashion to the legally 
sized opihi.  The sex of all individuals was noted as male, female, or unknown.  The 
proportion limpets that can be sexed in each of seven size classes (10-20mm, 20-
25mm, 25-30mm, 30-35mm, 35-40mm, 40-45mm, 45-50mm) was recorded.  This 
was also conducted on C. sandwicensis for comparison to previously published data 
(Kay 1978). 

 
Collection sites are as follows: 

• KALA: Directly in front of the National Park office, on the NW facing 
boulder beach and basalt outcrop.  Near the base of the Kalaupapa peninsula 
on the west shore.  North shore of Molokai. 

• HALE:  The first cove, SW of the Kipahulu/Pools of Oheo National Park 
campgrounds.  SE shore of Maui. 

• KAHO:  The low lying basalt cliffs and outcroppings south of the boat harbor 
to the park’s southern boundary.  West shore of Hawaii. 

• PUHO:  The low lying basalt cliffs and outcroppings, and boulder shore at the 
park’s southern boundary.  West shore of Hawaii. 

• HAVO:  Ka’aha.  The low lying basalt cliffs and outcroppings, and boulder 
shore at the mouth of the lagoon.  SE shore of Hawaii. 

 
Results 
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A maximum of two spawning events is evident at any site for any species.  
Spawning events were not perfectly synchronous within or among species or sites.  
Within species, Cellana exarata exhibited the most consistent spawning events.  C. 
exarata at the Hawaii Island parks all exhibited a May-July spawning event and a 
Nov-Jan spawning event.  The winter spawning event may have persisted beyond 
January.  The Nov-January spawning signal is strongest at PUHO, and week at 
KAHO and HAVO.  Additionally, PUHO exhibits a potential spawning event 
between September and October.  Maui Island, also exhibited the Nov-Jan spawning 
event, but was not sampled in May of 2004, so a May-July spawning event cannot be 
identified directly assessed.  However, at the July sampling time, the proportion of 
spent individuals (GI<5%) is much lower than that of the Hawaii populations, 
indicating a different preceding distribution of GI within the population.  The early 
season (May-July) C. exarata spawning event seems to have occurred earlier at 
KALA, on Molokai Island, than at the Hawaii sites, with a maximum proportion of 
spent opihi in May 2004.  Sampling during the winter at Kalaupapa was difficult to 
schedule, with persistently rough wave conditions.  Subsequent spring samples were 
processed for genetic data, but a miscommunication resulted in the loss of the gonad 
data (this goes for all sites and species with missing Spring 2005 data).  The 
proportion of C. exarata with GI>0.15 at KALA was similar to the other parks.  
Overall, no spawning events occurred between July and November.  No data exists 
for February through March, however, it seems that a spawning event occurred at 
KALA between March and May 2004.   
 Cellana sandwicensis exhibited more variable spawning events among sites 
than C. exarata or C. talcosa.  No C. sandwicensis spawning events were observed at 
KALA.  All individuals were spent at the initial sampling point and all were ripe at 
the final sampling point, suggesting a spawning event between November and May.  
A Nov-Jan spawning event was evident at KAHO and HAVO, while HALE exhibited 
a gradual Nov-May spawning event.  In these cases, most opihi maintained a medium 
sized gonad.  HAVO additionally exhibited a July-Aug spawning event.  A May-July 
and a weak Nov-Jan spawning event occurred at PUHO.  In total, the only period 
when there wasn’t a spawning event at one of the sites was from August to October.   
 Cellana talcosa exhibited a summer spawning event at each of the parks.  The 
earliest onset of the event was at PUHO between May and July.  The event ceased, at 
the latest, in September (HAVO, KAHO, KALA).  A second, discrete spawning event 
occurred on month later at HAVO.  HALE and KAHO exhibited a Nov-Jan spawning 
event.  PUHO exhibited a second spawning event between January and April and 
there is some indication that the HAVO population also experienced a minor 
spawning event over this period.  These Jan-Apr spawning events at PUHO and 
HAVO could be the initiation of the summer spawning events observed at the 
beginning of the study.  However, the summer spawning event is discernibly discrete 
at KALA and HAVO, rather than the tail end of an extended spawning event (see 
HALE C. sandwicensis Nov-May for an example of an extended spawning event).  
September to October is the only time step where a spawning event did not occur 
across all sites.   
 The proportion of individuals exhibiting the three diagnostic GI classes (<5%, 
5-15%, and >15%) were combined by species and site to obtain an overall assessment 
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of opihi spawning timing in Hawaii (Figure 4).  There is a pronounced rise in the 
mean proportion of spent opihi and a decrease in the number of ripe opihi from 
January through May (Figure 4a,c).  The mean proportion of spent opihi then levels 
off at ~30% for the duration of the summer before declining in October to ~10%.  The 
mean proportion of opihi with a mid-range GI increases between January and May, 
indicating that ripe opihi are losing gonad mass and/or spent opihi have started 
developing again.  The mean proportion of opihi with a mid-range GI then decreases 
throughout the duration of the year (May-November), most likely because the opihi 
gonads are maturing and entering the ripe phase.  I’m not sure how relevant this graph 
is in displaying the overall spawning periods for opihi as a whole, but the results are 
compelling so I included it. 
 The proportion of sites exhibiting a spawning event in each time period for 
each species were plotted against month (Figure 5).  If data was missing for a site 
during a given time period, it was excluded from the calculation.  Greater than 75% 
of the sites exhibited C. exarata spawning events during June and between December 
and January.  During July and August, 20% of the sites exhibited a C. exarata 
spawning event.  75% of the sites exhibited a C. sandwicensis spawning event in 
November and 50% of the sites exhibited a spawning event between December and 
March.  C. sandwicensis underwent a spawning event at 20-25% of the sites between 
June and August.  C. talcosa underwent spawning events at greater than 60% of the 
parks between July and September, and February and March.  25-50% of the sites 
exhibited a C. talcosa spawning event in June and between November and January.   
 C. sandwicensis attained reproductive maturity between 20 and 25 mm shell 
length, as was found by Kay (1978).  Kay (1978) also found that C. exarata exhibits a 
similar pattern.  50% of C. talcosa are reproductively mature at 35 mm shell length - 
15 mm or 75% longer than C. sandwicensis.  90% of C. talcosa were sexable at 45-50 
mm shell length.   
 

Conclusions 
 
 At each site, each opihi species generally exhibited two spawning events; 
however, the timing of these spawning events was variable.  Interestingly, the 
variability of spawning events increased with increasing depth of the species 
population relative to sea level.  C. exarata, high on the shore, exhibited the greatest 
synchrony with most sites exhibiting a spawning event in June and December.  At 
mid to low shore level, C. sandwicensis underwent a spawning event at most sites 
from October to November. However, HALE exhibited an extended spawning event 
between November and May, and spawning events were sporadic between May and 
August.  Low on the shore to subtidal, C. talcosa spawned in all but one month of the 
survey.  This pattern may be affected by the proximate cues available to the 
populations.  C. exarata inhabits a vertical range on the shore that is strongly affected 
by tides, with waves washing them at high tide, but not at low tide.  C. sandwicensis 
inhabits a zone that generally experiences constant wave wash, muffling the tidal 
signal.  Another study I conducted showed that temperature is still tidally influence in 
this zone, providing a potential synchronizing signal.  Subtidal C. talcosa would only 
be able to detect tides by varying current strength (maximized at low tide and 
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minimized at high tide).  In the low intertidal range, C. talcosa would be submerged 
at high tide, and at periphery of wave wash at low tide. 

The KALA site is unique, in that it is generally tidally dominated in the 
summer, being protected from trade winds.  In the winter, it is fully exposed to the 
Northwest swell.  No spawning events were detected during the calm summer period 
for C. exarata or C. sandwicensis, which unfortunately was the only time I was able 
to get out there.  The proportion of spent C. exarata and C. sandwicensis at KALA 
during the initial sampling was 0.6 and 1.0, respectively, and much greater than that 
at the other sites.  This indicates that a major spawning event preceded the initial 
sampling time, coinciding with the end of the wave season.  It is currently unclear 
what role waves play in the spawning of these two species, but it would appear that 
this is an avenue of inquiry worth pursuing.  The relatively special wave conditions 
exhibited at KALA would be instrumental in such a study. 

We made an attempt to establish a general pattern of gonad state, combining 
all species and sites.  One might interpret the graph as indicating January to May is a 
major spawning period and the rest of the year is spent allocating energy towards 
gonad development.  While the graphs seem compelling (Figure 4), they should be 
carefully compared to the results from individual sites and species before they are 
used in making any management decision.  One problem with this graph is that we 
don’t have good data coverage between January and May 2005.  The second issue is 
that spawning events for each species at each site occurred throughout the year, with 
Sept-Oct being the only time period without a spawning event.  The Sept-Oct lull can 
only be detected in Figure 4a, post hoc, by the decrease in the proportion of the 
populations with spent gonads. The fact that, overall, there’s ~30% spent individuals 
from May to September indicates that spawning is occurring throughout this period, 
when species are pooled.  Analysis of Figure 5 indicates that December to January 
had the greatest proportion of spawning events, when considering all species.  This 
not evident in Figure 4. 

Overall, C. exarata seems to exhibit two consistent major spawning periods 
one in June and one between December and January.  No data exists beyond January, 
so it cannot be stated with certainty that these events are separate or one continuous 
event.  C. sandwicensis spawns primarily between November and March, with 
sporadic summer spawning events.  C. talcosa spawns year round with the exception 
of October.  The spawning events of C. talcosa are discrete, but not synchronous 
among sites.  

C. talcosa exhibited reproductive maturity at 35-40 mm shell length, whereas 
C. sandwicensis attained maturity at 20mm shell length (Figure 6).  The current law 
regulating the harvest of all species of Cellana is based solely on this criterion and the 
assumption that all of the species attain reproductive maturity at the same size.  The 
legal harvest size of Cellana in the State of Hawaii is currently 31 mm (~20 mm + 
time to reproduce).  C. talcosa is not less abundant or a less preferred food source 
than the other Cellana spp., it is only harder to study.  These results demand a larger 
size limit for C. talcosa, or all opihi.  Following the reasoning behind the current law, 
this new size limit should be 40-45 mm for C. talcosa. 
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This survey could be replicated at any time to strengthen the results with 
replication of time within site.  The major problem encountered during the survey was 
the shear volume of work involved with processing all of the samples.  
Undergraduates were hired to help process the samples.  Using, the data collected, I 
have developed mathematical relationships between wet mass and dry mass that 
preclude the further necessity of drying the samples.  I am working on other 
mathematical relationships to further minimize the time required for sample 
processing.  Another major issue was the time required for traveling to all of the parks 
every month.  It drove up the cost of this project.  The cost could be minimized if a 
member of the park’s staff collected the opihi.  In communicating with each park, it 
seemed that some staff at most parks picked opihi recreationally.  I recognize that it 
may be difficult to have every park do this, especially HAVO, where it is a 7 mile 
hike, roundtrip, over a 2200 foot vertical drop.  But interested parks could collect the 
samples and we could process them.  It may also be possible to ask harvesters 
utilizing the park to “donate” a few opihi from their catch to the cause.   

 
OPIHI GROWTH RATES 
 

Purpose 
 
 The purpose of this study was to establish whether Cellana talcosa exhibited a 
different growth rate and pattern than C. exarata and C. sandwicensis.  Secondarily, 
the object was to determine whether growth rates are constant in time and space 
within and among opihi species when the variance associated with an individual’s 
size is accounted for.   
 

Methods 
 
 This survey was conducted at KALA, HALE, KAHO, and PUHO.  The 
remote location and constantly rough seas of Ka’aha at HAVO precluded the 
initiation of this study.  At each site 25 to 75 opihi of each species (5-15 from each of 
5 size classes: 10-20mm, 20-30mm, 30-40mm,40-50mm, and >50mm) were tagged 
and the shell dimensions were measured.  Opihi were collected with a knife.  A 
cordless Dremel with a wire wheel was used to clean a portion of the opihi shell of 
algae.  Once clean and dry, a 3x6 mm plastic numbered tag was superglued to the 
surface of the shell, the opihi was then returned to the rock from which it was taken.  
On the next visit to the park, the tagged opihi were located and measured.  It was 
often necessary to scrape the shells of all of the opihi in the tagging area to locate 
tagged individuals due to the rapid overgrowth of algae.  New opihi were tagged to 
replace missing opihi.   
 The dimensions and mass of the shells collected from the gonad index 
sampling were recorded.  Shell length was plotted against shell mass and shell height 
to identify potential differences in resource allocation among the species that may 
coincide with growth rate differences.  The SPSS 13 Graduate Pack was used to 
conduct ANOVA’s, regressions, and graphing functions.   
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Results 
 
 Either tag retention or opihi retention was a serious obstacle to the success of 
this study.  In my previous studies using this tagging technique, the opihi were inside 
cages and tag retention was fairly good.  0/109 tagged opihi were recovered at HALE, 
22/124 tagged opihi were recovered at KAHO, 30/300 tagged opihi were recovered at 
PUHO, and 121/276 tagged opihi were recovered at KALA.  After the initial 
sampling period, KALA had the best retention rate, so we focused our efforts on 
KALA.  KALA was both the calmest site, and the only site where there was an 
agreement that tagged opihi would not be harvested.  The onset of the winter swell 
season marked the last time a tagged individual was recovered at KAHO.  A second 
major effort was attempted at PUHO, but only 4/165 tagged individuals were 
recovered.   
 At KALA, there were significant differences in the growth rates of different 
sized individuals of the different species at different times (See Table 4 and Figure 7).  
The growth rate of C. talcosa increased throughout the sampling periods from May to 
September 2004, with the greatest acceleration between the first two time periods 
(May-August, 0.05 mm shell length/day to 0.23 mm/day).  It should be noted that 
there was only one C. talcosa sampled during the last time period, and most of the C. 
talcosa sampled during the first time period were large, and did not grow very fast.  It 
is possible that the growth rate of C. talcosa was greater than that of the other species 
throughout the survey.  The growth rates of both C. exarata and C. sandwicensis were 
similar throughout the sampling periods and dissimilar to those of C. talcosa.  Overall 
the growth rates of both species decreased from May through October, with a slight 
increase from August to September.  Surprisingly, there appears to be no relationship 
between growth rate and the reproductive state of all species of opihi at KALA as 
indicated by the proportion of individuals exhibiting particular gonad index classes.  
Unfortunately, there were not enough data obtained from other sites to conduct the 
desired spatial comparison of growth rates. 
 
 
Table 4.  ANOVA of the effects of size, species, and time period on the rate of shell 
length increase.  Dependent Variable: LgrwthRate (mm/day)0.5. 
 
Source SS df MS F Sig.

Initial Shell Length 0.260 1 0.260 27.763 0.000
Species 0.130 2 0.065 6.945 0.001
Time Period 0.060 3 0.021 2.245 0.086
Sp * TP 0.190 6 0.031 3.314 0.004
Error 1.270 135 0.009
Total 5.970 148
Corrected Total 2.050 147
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 Cellana sandwicensis and C. talcosa exhibited a significant negative 
relationship between growth rate (mm shell length/day) and body size (Figures 8).  
The relationship was strongest in C. talcosa, which grew faster than the other species 
up to approximately 60 mm shell length.  Between 30-60 mm shell length, the shells 
of C. talcosa are flatter per unit length, than those of C. sandwicensis or C. exarata 
(Figure 9).  Additionally, C. exarata and C. sandwicensis have roughly linear 
relationship between shell length and height, while that of C. talcosa is distinctly 
curvilinear.  This is also the case for the relationship between shell length and the 
cube root of shell mass (Figure 10).  The shells of C. talcosa are generally less 
massive than those of C. sandwicensis and C. exarata between the lengths of 20 and 
65 mm.  Above 65 mm, the shells of C. talcosa are more massive than those of C. 
sandwicensis and C. talcosa. 
 

Conclusions 
 
Opihi size, time of measurement and species significantly affected the 

observed growth rates.  A decrease in growth rate with increasing size was expected 
and observed in both C. sandwicensis and C. talcosa.  Surprisingly, the growth rate of 
C. exarata was not affected by size.  In a separate caged experiment, the growth of C. 
sandwicensis was found to be strongly dependent on size only when resources were 
limited.  Consequently, C. exarata may not have been limited by its resources. C. 
talcosa from 15-60 mm long generally grew faster than C. sandwicensis or C. 
exarata, except in the first time period, which may have been a sampling artifact 
given that mostly large individuals were measured during that time period.  
Interestingly, C. talcosa shorter than 65 mm also seem to allocate more resources 
towards increasing length than increasing height (volume) and shell mass.  While the 
relationship between shell length and shell mass is constant for C. exarata and C. 
sandwicensis, it is constantly varying in a positive curvilinear fashion for C. talcosa.  
This illustrates a change in growth strategy in C. talcosa from having a thin flat shell 
to a thick voluminous shell.  A flat shell provides a smaller cross sectional face for 
hydrodynamic drag force to act upon.  However, remaining flat and growing faster 
will increase the cross sectional area that lift force acts upon per unit volume of shell, 
effectively increasing the magnitude of lift force experienced.  This may not be an 
issue for Cellana spp, given they are living suction cups and drag force or some other 
force acting horizonatally to the substratum is much more likely to dislodge a limpet.  
A flatter shell should present molluscivorous fish with a greater challenge than a tall 
shell which could be easily grasped and crushed.  A flat shell may also allow C. 
talcosa greater mobility in boulder habitat, where there are many tight crevices.  This 
could affect resource acquisition and predator avoidance.  C. talcosa, seemingly a 
boulder shore specialist, may also be less likely to be crushed by projectiles or rolling 
boulders due to its flat shape.   

Large C. talcosa (>70 mm) are not flat or thin shelled.  After attaining a 
certain dorso-ventral cross sectional area, it may no longer be a benefit to have a flat 
thin shell.  The shell volume limits gonad size and large then shells are more prone to 
breaking than small shells of the same thickness.  A thick shell probably resists 
breaking, whether it be fish jaws or a rolling boulder acting on the shell.   
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OPIHI & COLOBOCENTROTUS SURVEY 
 

Purpose 
 
KAHO and HALE requested that I survey their opihi populations.  I was 

unable to survey that of HALE due to a combination of inclement weather and 
logistics.  However, I was able to survey KAHO.  I additionally included 
Colobocentrotus atratus in the survey, because it is tightly linked with Cellana 
sandwicensis.   
 

Methods 
 
 KAHO was surveyed May 11-12 2005.  A preliminary walk of the shore line 
indicated that the majority of opihi habitat in the park was located south of the harbor 
entrance, as a result, only this area was surveyed.  There are a few 10’s of meters of 
habitat immediately north of the harbor entrance.  Other areas of potential habitat are 
the fish pond wall (on which I saw very few opihi), and maybe 100 meters of coast 
north of the fish pond wall.  15 transects were haphazardly distributed from the 
harbor entrance to the southern park boundary.  Transects were chosen by walking 20 
paces and laying down a transect.  Areas that were deemed to be non-habitat, such as 
the sandy beach, were excluded from the survey.  Opihi habitat is defined as that 
being fully exposed to breaking waves (waves break on the shore) and having solid 
substrate.  If the substrate is boulders, the boulders must be large enough to 
accumulate crustose coralline algae, turf algae, and/or macroalgae.  Transects were 
positioned perpendicular to the coastline and ran from the first opihi to the last opihi, 
this includes subtidal opihi and C. atratus.  The transects were 0.5 meters wide.  
Because waves primarily define the size of habitat available on any one transect, I 
chose to ignore transect length and focus on the number of individuals per linear unit 
of coastline.  This technique is quick, but still allows the estimation of total 
population size in on the surveyed coast.  Substratum was classified as boulder, 
basalt, or both.  The data were analyzed with SPSS Graduate Pack 13.   
 

Results 
 
 Colobocentrotus atratus was significantly more abundant than any single 
opihi species on boulder and mixed boulder-basalt shorelines (Tables 5 & 6; Figures 
11 & 12).  There were no significant differences among the densities of the three 
opihi species.  Colobocentrotus was most abundant on the boulder shore in close 
proximity to the parking lot. C. exarata and C. sandwicensis were rarer in front of the 
parking lot, than near the southern park boundary.  C. talcosa did not show any 
abundance trends with position on the shore.  This may be due to their cryptic nature, 
being mostly subtidal in front of the parking lot.  However, I have observed scrape 
marks on the C. talcosa in this location, indicating that at least some people know that 

ey are there. 
  
Table 5.  Descriptive statistics of #individuals per linear meter of coastline. 

th
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  N Minimum Maximum Mean Std. Deviation 
Colobocentrotus atratus 15 0 186 69.60 63.185 
Cellana exarata 15 4 60 19.27 18.117 
Cellana sandwicensis 15 0 105 16.07 28.283 
Cellana talcosa 15 0 28 9.47 9.985 
Valid N (listwise) 15      

 
Table 6. ANOVA testing for an effect of species and substratum on linear density of grazers 
Dependent Variable: LinearDensity(#/m)      

Source   
Type III Sum of 
Squares df 

Mean 
Square F Sig. 

Species Hypothesis 167532 3 55844 4.419 0.057 
 Error 76469 6.1 12637   
Substratum Hypothesis 31386 2 15693 1.230 0.357 
 Error 76568 6 12761   
Sp x Substrat Hypothesis 76568 6 12761 3.322 0.008 
 Error 184377 48 3841   

a Computed using alpha = .05 
b .986 MS(Substrat) + .014 MS(Error) 
c .986 MS(Species * Substrat) + .014 MS(Error) 
d  MS(Species * Substrat) 
e  MS(Error) 

 
 

Conclusions 
 
 The data collected in this survey can be used to estimate the total number of 
opihi between the harbor and the southern park boundary, if the length of the shore 
line was known.  However I did not measure it.  I did mark transect locations on my 
GPS, which I can not seem to find right now.  The linear density of each species 
needs to be multiplied by the total inhabitable shoreline length.  The estimate of 
population size could be increased by categorizing the densities by substrate type, or 
simply summing the products of each transect density by the distance between 
transects.   
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