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In marine ecosystems, herbivores can 
 influence the seasonal and spatial distribu-
tion of algae and affect successional pathways 
through consumption of mature algae and 
spores, thus determining composition and 
abundance of algae (Lubchenco 1978, Sante-
lices 1987, Aguilera 2011). Effects of herbi-

vores on the benthic community are widely 
documented (Aguilera 2011, Aguilera and 
Navarrete 2012); nevertheless, they remain 
less studied than carnivores (Camus et al. 
2008). Some herbivores also ingest small in-
vertebrates, but the importance of true om-
nivory is not completely understood (Camus, 
Daroch, and Opazo 2008; Camus, Cid, et al. 
2009; Mazariegos-Villarreal et al. 2013). In 
addition, the contribution of diatoms and 
other epiphytes to the diet of herbivores fre-
quently is underestimated or not assessed 
(Siqueiros-Beltrones et al. 2005, Siqueiros-
Beltrones and Argumedo-Hernández 2015).

Along the west coast of the Baja California 
Peninsula, the effort to characterize the diet 
of herbivorous gastropods and their ecologi-
cal role has focused on abalones, one of the 
main fisheries in the area. Analysis of stomach 
contents of adult and juvenile green ( Haliotis 
fulgens) and pink ( H. corrugata) abalone shows 
that they are herbivores that feed preferen-
tially on certain species of macroalgae. Adult 
abalones mainly feed on the sea grass Phyllo-
spadix torreyi and several brown and red mac-
roalgae (Serviere-Zaragoza et al. 1998), and 
juvenile abalones feed on macroalgae and dia-
toms (Guzmán del Próo et al. 2003, Siqueiros-
Beltrones et al. 2005). Variability in the diet 
of adult H. fulgens is related to changes in the 
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composition of the local flora, which strongly 
respond to El Niño events (Mazariegos- 
Villarreal et al. 2012). The diet of Megathura 
crenulata, an omnivore gastropod with fishery 
potential, has also been studied (Mazariegos-
Villarreal et al. 2013). Its main food is red 
 algae (Piñon-Gimate et al. 2016), regardless 
of the abundance of tunicates in its stomach 
contents (Mazariegos-Villarreal et al. 2013). 
However, there are other gastropods (e.g., 
Tegula and Fissurella) that can influence the 
structure of the community on rocky reefs of 
the peninsula through consumption of algae 
(Carreón-Palau et al. 2003), but their diets 
have not been studied.

The volcano keyhole limpet Fissurella vol-
cano Reeve, 1849, is a prosobranch gastropod 
of the family Fissurellidae. It is found abun-
dantly on the underside of rocks in the mid-
intertidal zone, from Crescent City (northern 
California) in the north to Bahía Magdalena 
of the Baja California Peninsula in the south; 
adult size is 20 – 30 mm shell length (Morris 
et al. 1980). There is no information about its 
ecological role in the rocky reefs.

Fissurella species can be herbivores or 
 omnivores (Franz 1990, Camus et al. 2009). 
Some species consume microalgae such as 
cyanobacteria and diatoms ( Ward 1966, 
 Osorio et al. 1988, Franz 1990) and ephem-
eral foliose and filamentous macroalgae, such 
as Ulva, Cladophora, Polysiphonia, and Ectocar-
pus (Franz 1990, Camus et al. 2013). Some 
species include in their diets strongly adher-
ent forms of macroalgae, such as Codium 
 dimorphum, crustose coralline algae, and can 
even select articulated coralline algae (Franz 
1990, Camus et al. 2013). Nonalgal items 
found in the stomach include radiolarians, 
crustaceans, polychaetes, gastropods, cirripe-
dia, sponges, nematodes, and detritus (Fretter 
and Graham 1976, Santelices and Correa 
1985, Santelices et al. 1986, Osorio et al. 
1988, Franz 1990; Camus, Daroch, and 
 Opazo 2008; Camus, Arancibia, et al. 2013). 
Variability in Fissurella diets indicates that it is 
a genus difficult to classify in the functional 
sense proposed by Steneck and Watling 
(1982). Hickman (1984), Franz (1990), and 
Camus et al. (2013) noted that these limpets 
exhibit substantial flexibility in modulating 

their rhipidoglossan radula to obtain diverse 
food items.

With the goal of characterizing the natu-
ral diet of Fissurella volcano, we examined 
stomach contents of specimens from two 
rocky reefs in the middle of the west coast 
of the Baja California Peninsula. We provide 
the relative frequency of the items in the diet, 
including diatom species.

materials and methods

Specimens of F. volcano were collected from 
the intertidal zone of two rocky reefs that had 
previously been explored in similar studies 
(Guzmán del Próo et al. 2003, Siqueiros- 
Beltrones et al. 2005, Argumedo-Hernández 
and Siqueiros-Beltrones 2010), where limpets 
commonly occur among abundant food 
 resources (Guzmán del Próo et al. 1991, 
 Carreón-Palau et al. 2003). These sites are 
“Pesca” (27° 41′ 26″ N, 114° 53′ 32″ W  ) at 
Bahía Tortugas, and “Clam Bay” (27° 37′ 08″ 
N, 114° 50′ 42″ W  ), a small inlet 6 km south-
east of Bahía Tortugas (Figure 1). In Clam 
Bay, collection of limpets was made in July 
and November 2006, before and after the 
 reproduction period for gastropods in the 
 region (Guzmán del Próo 1992). At the Pesca 

Figure 1. Collection sites of the keyhole limpet Fissurella 
volcano.
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reef, limpets were collected in March 2007. 
On each sampling date, at least 15 adult lim-
pets were collected during low tide, selecting 
larger specimens adhering to the underside 
of rocks and lifting them with a spatula. The 
specimens were fixed in 10% formaldehyde, 
and each specimen was placed in an individual 
plastic bottle. 

In the laboratory, measurements of each 
individual were recorded ( length, height, 
and width of the shell and wet weight). Be-
cause the normality test failed (Shapiro-Wilk, 
P < .05), differences in size and weight, at 
each date of collection, were tested with the 
Kruskal – Wallis H test, followed by Dunn’s 
test for a posteriori comparisons. Analyses 
were performed in SigmaPlot 12.0 (Systat 
Software, San Jose, California).

For identification, stomach contents were 
extracted and placed in vials containing 
10% formalin. Two approaches were used, 
the first to identify seaweeds and other diet 
components and the second to identify 
 diatoms.

Identification of Seaweeds and Other Items

Stomach contents were placed on a micro-
scope slide and observed under a stereoscope 
(4×); the number of fragments larger than 
15 µm were counted and isolated. Each frag-
ment was identified to the lowest taxonomic 
level possible. For identification, fragments, 
clumps, and sections were observed under a 
compound microscope. Species identification 
was made using specialized keys ( Joly 1967, 
Abbott and Hollenberg 1976) and compared 
with fresh material from the sampling sites. 
Cyanoprokaryota, foraminifera, protozoa, 
and ciliate taxa were identified only to phylum 
level (subphylum in Ciliophora), and all 
forms of diatoms were considered as a single 
cate gory. For each date and all samples, 
the relative frequency (RF) of each identified 
item was calculated as: RF = (number of 
 occurrences/number of stomachs) × 100. We 
inspected 30 stomachs.

Randomized, accumulative food item 
curves were constructed to determine  whether 
the sample size was satisfactory to describe 
the complete diet. The order in which 

 stomachs were analyzed was randomized 10 
times, and the mean number of new items was 
accumulated consecutively and plotted against 
the number of stomachs examined. An as-
ymptotic relationship between the number of 
analyzed stomachs and the number of new 
items observed was expected if the number of 
stomachs was sufficient to represent the diet 
(Preti et al. 2004). We assessed representa-
tiveness of the observed stomach contents by 
estimating the maximum richness expected 
using the nonparametric methods Chao 2, 
Jacknife, and Bootstrap (Colwell and Cod-
dington 1994).

Diatoms

Each sample was oxidized with a solution of 
methanol and nitric acid (1:2) to remove 
 organic material (Siqueiros-Beltrones 2000). 
The oxidized material was washed with puri-
fied water up to pH 6. After that, two perma-
nent slides per sample were prepared using 
Pleurax mounting media (refractive index, 
1.7) and analyzed under a phase-contrast 
 microscope. Diatom frustules were identified 
with the keys and species descriptions of 
 Witkowski et al. (2000), Siqueiros-Beltrones 
(2002), Siqueiros-Beltrones, Valenzuela-
Romero, et al. (2004), and Siqueiros- 
Beltrones, Guzmán del Próo, and Serviere-
Zaragosa (2005).

For each date and for all the samples, the 
relative frequency (RF) of each identified 
 diatom species was calculated: RF = (number 
of occurrences/number of stomachs) × 100. 
Eight stomachs from each collection date 
at Clam Bay and 10 from Pesca were used 
(n = 26).

results

We collected 56 volcano keyhole limpets 
on three sample dates, measuring 11.2 to 
31.0 mm shell length (Table 1). Statistical dif-
ferences in shell length, shell height, and wet 
weight, but not shell width, were detected be-
tween collection date samples (shell length: 
Kruskal-Wallis H2 = 14.021, P = <.001; shell 
height: H2 = 15.905, P = <.001; wet weight: 
H2 = 11.038, P = .004; and shell width: H2 =  
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4.968, P = .083). The smaller limpets were 
found in July 2006 in Clam Bay (Table 1).

Seaweed and Other Items

A clear asymptote was not found in the ran-
domized cumulative graph (Figure 2). How-
ever, the nonparametric methods of Chao 2, 
Jacknife, and Bootstrap analyses provided a 
maximum richness of 16, 17, and 15 species, 
respectively, suggesting that we have repre-
sented between 80% and 90% of the diet.

We identified 14 taxa, including cyanopro-
karyota, diatoms, seaweeds, sea grass, and 
protozoans (Table 2). Seven taxa had an RF 
>10% during at least one sample time. Dia-
toms were the most important group, with a 
RF between 22.7% and 29.6% in the three 

surveys. Cyanoprokaryota spp. and Pyropia sp. 
had an RF >20% on one date. Overall, the 
diet was composed of microalgae (32% – 52%), 
red algae (26% – 41%), and protozoa (15% –  
23%), and sea grass, brown and green algae 
had a RF below 11% when present (Figure 3).

Diatoms

We identified 27 diatom taxa, of which 25 
were at the species level and two at the genus 
level (Table 3). The species represent 16 gen-
era; those with more species were Cocconeis 
(6), Navicula (3), Nitzschia (3), Amphora (2), 
and Tabularia (2). The most important species 
were different at each site and date. Gramma-
tophora marina had the highest frequency 
(40%) at Clam Bay in November, then Cocco-
neis speciosa, C. placentula, and Navicula longa 
had a frequency >20% on one or more collec-
tion dates. Overall, two to four genera were 
the most frequent in the diet: Cocconeis on the 
three dates, along with Tabularia and Navicula 
at Clam Bay in July, with Grammatophora at 
Clam Bay in November, and with Amphora, 
Grammatophora, and Navicula at Pesca in 
March (Figure 4).

discussion

Fissurella volcano feeds on at least 40 taxa, 
of which diatoms, cyanoprokaryota, rhodo-
phytes, and protozoans were the main items. 
The most important diatom species were 
Grammatophora marina, Cocconeis speciosa, 

TABLE 1

Size Range of Shell Length, Width, and Height (mm), and Total Wet Weight (g) of Specimens of Fissurella volcano 
Collected at Clam Bay and Pesca in Baja California Sur

Clam Bay Pesca

All Samples
n = 56

July 2006
n = 15

Nov. 2006
n = 17

Mar. 2007
n = 24

Shell length 17.9 – 24.0a 11.2 – 30.6b 18.7 – 31.0ab 11.2 – 31.0
Shell width 12.7 – 17.2a 8.1 – 21.9a 12.6 – 22.7a 8.1 – 22.7
Shell height 4.1 – 9.0a 3.8 – 14.8b 6.3 – 13.6b 3.8 – 14.8
Wet weight 0.7 – 1.7a 0.7 – 5.6b 0.8 – 4.5ab 0.7 – 5.6

Note: Letters indicate significant differences in each measurement between the dates (Kruskal – Wallis H test followed by the Dunn 
test, P < .05).

Figure 2. Randomized cumulative curves of food items of 
Fissurella volcano at Clam Bay and Pesca.
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C. placentula, and Navicula longa, all common 
epiphytes of local macroalgae (Siqueiros- 
Beltrones, Valenzuela-Romero, et al. 2004; 
Siqueiros-Beltrones, Guzmán del Próo, and 
Serviere-Zaragosa 2005). This agrees with 
previous observations of some species of fis-
surellids, whose diets consist of diatoms and 
several types of macroalgae (Osorio et al. 
1988, Godoy and Moreno 1989, Franz 1990).

The number of algae species that poten-
tially can be ingested by the limpet is con-
siderably greater than the number found in 
stomachs. We documented feeding on only 
eight of the 45 seaweeds and one sea grass po-
tentially available (Carreón-Palau et al. 2003); 
none is a dominant species, and most of them 
are delicate and ephemeral forms. This also 
has been shown for chitons, scurrinid limpets, 
and some species of Fissurella, which appear 
to prefer ephemeral seaweeds (Moreno and 
Jaramillo 1983, Jara and Moreno 1984, Franz 

1990, Aguilera 2011, Camus et al. 2013), 
 unlike other species such as F. picta, F. crassa, 
and the lunged limpet Siphonaria lessoni that 
are able to feed on corticated dominant 
 algae (Moreno and Jaramillo 1983, Jara and 
Moreno 1984, Aguilera 2011).

Among diatoms there are 113 species re-
ported for the area (Siqueiros-Beltrones et al. 
2005), of which 27 taxa were identified in 
stomach contents. Like other mollusks in the 
study area, F. volcano probably grazes diatoms 
directly from rocks or most likely along with 
the algal substrate (Siqueiros-Beltrones 2000, 
Serviere-Zaragoza et al. 2003, Siqueiros- 
Beltrones and Valenzuela-Romero 2004, 
Siqueiros-Beltrones et al. 2004). In the lim-
pet, the diatom assemblages were composed 
of a few abundant taxa and many rare or un-
common taxa, as found in juvenile abalones 
(Siqueiros-Beltrones et al. 2005, Argumedo-
Hernández and Siqueiros-Beltrones 2010). 

TABLE 2

Relative Frequency (%) of Items Found in Stomach Contents of Fissurella volcano Collected at Clam Bay and Pesca 
in Baja California Sur

Taxa

Clam Bay
July 2006

n = 7

Clam Bay 
Nov. 2006

n = 9

Pesca
Mar. 2007

n = 14
All Samples

n = 30

Cyanoprokaryota
1 Cyanoprokaryota spp. 11.1 9.1 26.2 17.6

Ochrophyta: Bacillariophyceae
2 Diatoms spp. 29.6 22.7 26.2 26.4

Ochrophyta: Phaeophyceae
3 Brown crust 7.4 2.2

Chlorophyta
4 Ulva californica Wille 3.7 1.1

Rhodophyta
5 Rhodophyta sp. 14.8 4.5 4.8 7.7
6 Carpopeltis sp. 3.7 1.1
7 Centroceras sp. 11.1 13.6 2.4 7.7
8 Delesseriaceae 3.7 1.1
9 Plocamium sp. 11.9 5.5
10 Pyropia sp. 22.7 7.1 8.8

Tracheophyta: Monocots
11 Sea grass 4.5 2.4 2.2

Protozoa
12 Protozoan spp. 11.1 9.1 7.1 8.8

Protozoa: Foraminiferida
13 Foraminifera spp. 3.7 9.1 9.5 7.7

Protozoa: Ciliophora
14 Ciliate sp. 4.5 2.4 2.2

Note: Boldface numbers indicate contributions over 10% RF.
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Some species reported here are abundantly 
consumed by juvenile abalones: Cocconeis 
costata, C. dirupta, C. notata, C. speciosa, Gram-
matophora marina, and Tabularia investiens, 
which could suggest some diet overlap. There 

are no data of diatom ingestion by other 
 grazers in this area.

With respect to invertebrates, 59 species 
of sessile fauna potentially available as food 
were documented in the area (Carreón-Palau 
et al. 2003); none of them was present in 
stomach contents of limpets. Therefore, we 
conclude that F. volcano is herbivorous, along 
with F. barbadensis, F. nimbosa, and F. nodosa 
from Barbados and the Venezuela coast 
( Ward 1966, Franz 1990). The herbivorous 
diet of F. volcano contrasts with the feeding 
habits of other species of fissurellids that com-
monly incorporate invertebrates in their diets 
(Santelices and Correa 1985, Santelices et al. 
1986, Osorio et al. 1988, Godoy and Moreno 
1989, Camus et al. 2008); protozoans were 
the only nonalgal material found in the 
 stomach contents. Animal prey is indeed con-
sidered edible, palatable, and digestible in 
common herbivores (Camus et al. 2009); for 
this reason we cannot rule out the consump-
tion of invertebrates by these species, because 
it is known that the diet of gastropod grazers 
is highly variable in space and time (Aguilera 
and Navarrete 2012, Mazariegos-Villarreal 
et al. 2012).

Our findings indicate that, regardless of 
the variety of ingested items, the limpet feeds 
mainly on diatoms and periphyton. This be-
havior was observed in F. barbadensis ( Ward 
1966), which mainly consumed cyanopro-
karyota and filamentous green algae. Like-
wise, diatoms have been found in F. picta 
in Chile (Godoy and Moreno 1989), and in 
stomach contents of F. maxima and F. nodosa 
from the coasts of Chile and Venezuela, re-
spectively, diatoms were abundant with about 
20 taxa identified (Osorio et al. 1988, Franz 
1990).

The nutritional significance of all con-
sumed items should be determined. Assimila-
tion of diatoms and periphyton in fissurellids 
has not been assessed, but these could be 
 important dietary items (Osorio et al. 1988, 
Franz 1990; this study). The importance of 
diatoms in nourishment of other marine 
 herbivores has been demonstrated: fatty acid 
signatures and stable isotope analyses show 
the assimilation of diatoms by herbivorous 
chitons from the Sea of Japan (Latyshev et al. 

Figure 3. Relative frequency of occurrence of food cate-
gories in Fissurella volcano diet: (A) Clam Bay in July; 
(B ) Clam Bay in November; (C  ) Pesca in March.
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2004) and abalone species [Haliotis rubra 
(Guest et al. 2008), H. fulgens and H. corrugata 
(  Vega-García et al. 2015)]. In addition, labo-
ratory assays show that epiphytic diatoms 
were assimilated by the juvenile turban snail 
Turbo cornutus ( Hayakawa et al. 2010). Red 
macroalgae could be one of the sources of 
 nutrition for F. volcano, however the presence 
of suitable enzymes for its digestion was 
not detected in F. barbadensis ( Ward 1966). 
Hence, we propose that diatoms, and proba-
bly periphyton, play a key role in the nutrition 
of the volcano keyhole limpet.

Further studies may reveal whether diet 
composition of F. volcano prevails year-round 

or varies with location and season, as well 
as the assimilation of the different foods 
 consumed.
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