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ABSTRACT
Olivella minuta is an abundant neogastropod on sandy beaches from Texas (USA) to southern Brazil. This
study aimed to characterize and compare the feeding activity and diet of a Brazilian population of O. minuta

in different tidal zones (intertidal and subtidal), and different tidal levels (high and low tides), with three
combinations of tidal zone and level being studied (intertidal during low tide, intertidal during high tide
and subtidal). The results showed that diet composition was generally similar among tidal conditions, with
O. minuta being a generalist, feeding on 45 different food items. Feeding activity, however, was higher in
the intertidal during low tide, whereas the richness and diversity of food items were higher in the intertidal
during high tide. The higher feeding activity of O. minuta during low tide may be linked to a lower risk of
predation; at low tide organisms may be able to feed for a longer time, and this may be particularly true on
beaches with fine sand, where water retention is higher than that on beaches with coarse sand. The higher
diversity of food items consumed in the intertidal during high tide is likely related to the increased prevalence
of planktonic food during high tide. Our results indicate that tidal zone and level may strongly influence the
feeding activity of coastal soft-bottom species and that species may show higher feeding activity during low
tide. Given the current loss of intertidal habitats due to anthropogenic activity and climate-change associated
factors, our study has important implications, highlighting the importance of intertidal areas for the ecology
and conservation of sandy beach species.

INTRODUCTION

Coastal soft-bottom ecosystems, such as sandy beaches and tidal
flats, are among the most dynamic, and are constantly shaped by
anthropogenic pressures as well as natural drivers, such as tides,
waves, currents and groundwater discharges (Defeo & McLachlan,
2005; Schlacher et al., 2008; Piló et al., 2018). Tides cause con-
stant changes in temperature, humidity, light and nutrient availabil-
ity (Pinckeny & Zingmark, 1991; Anthony, Ridd & Orpin, 2004),
which in turn affect the morphology and ecology of these environ-
ments as well as the activity and behaviour of organisms.

The constant and rhythmic movement of tides over coastal soft
bottoms influences local biological assemblages. It facilitates the
migration of individuals from the subtidal to the intertidal level,
thereby altering species distribution (i.e. zonation) between peri-
ods of low and high tides (McLachlan, De Ruyck & Hacking,
1996; Carcedo, Fiori & Bremec, 2017). Furthermore, tidal move-
ment alters both the availability of food and protection from des-
iccation (Phillips, 1977; Palmer, 1984; Skov et al., 2005; Chew

et al., 2015; De Grande et al., 2018). Thus, the tide has a sig-
nificant influence on aspects of the population biology of benthic
species, such as distribution, growth, reproduction, behaviour and
survival.

Tide is also known to influence the feeding behaviour of coastal
benthic species. Its effects are readily apparent for suspension/filter-
feeding species, which acquire organisms and particulate matter
from the water column. Nevertheless, tide also directly affects the
behaviour of deposit-feeding and predator species. For instance,
on rocky shores, tidal variation affects the feeding rate of the
predator sea star Pisaster ochraceus and the grazer snail Echinolittorina
malaccana by changing their body temperature and level of activ-
ity during emersion or immersion periods (Pincebourde, Sanford &
Helmuth, 2008; Marshall & McQuaid, 2011). In fact, various stud-
ies have shown that thermal stress and changes in food availability
under low tides substantially alter the behaviour and feeding activ-
ity of intertidal species (Newell, Pye & Ahsanullah, 1971; Esselink &
Zwarts, 1989; Wilson, 1989; Caron et al., 2004; Denny et al., 2011).
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Figure 1. Map of Brazil (A) showing the State of São Paulo (B) and Barequeçaba Beach (C, D). The study site is indicated by the black dot in (C).

While research on the influence of tide on the feeding behaviour
of coastal benthic species has been carried out mainly in rocky shore
habitats, the effect of tidal variation on soft-sediment species is still
uncertain. Although both environments are influenced on a daily
basis by tidal inundation, the relative importance of physical and
biotic factors affecting species living in these two habitats differs
significantly (Lake, 1990; Thiel & Ulrich, 2002). While organisms
inhabiting rocky shores are constantly exposed to heat stress, many
soft-sediment species may avoid it by burying into the sediment
(Phillips, 1977; Garrity, 1984). Thus, patterns and processes ob-
served on rocky shores may not necessarily occur in soft sediments
(Lake, 1990).

Gastropods are a diverse and abundant group on sandy beaches
and play an important role in the functioning of coastal ecosys-
tems due to their diverse range of feeding habits and significant
contribution to energy flow (Arruda, Domaneschi & Amaral, 2003;
Kelaher, Levinton & Hoch, 2003; Bergamino, Lercari & Defeo,
2011; Petracco et al., 2014). According to Rhoads & Young (1970),
irrespective of the feeding habit of marine gastropods, their distri-
bution and population composition (in terms of recruits and adults)
are directly influenced by the pattern of food availability, which in
turn depends on the hydrodynamic and morphodynamic states of
the beach. While many species of sandy beaches occur in both the
intertidal and subtidal zones, most studies focus only on the inter-
tidal zone (Nel et al., 2014), and current understanding of the pop-
ulation dynamics of such species is compromised by the scarcity of
data from the subtidal zone. Olivella minuta (Link, 1807) is found in
sandy beach, tidal flat and estuarine habitats from Texas (USA) toQ3
southern Brazil and reaches densities of more than 3,000 individ-
uals per strip transect (ind. m−1) in soft-bottom habitats (Petracco
et al., 2014). Despite being an abundant consumer in coastal en-
vironments, studies of the feeding behaviour of O. minuta in sandy
beaches are very scarce, and this is an obstacle to a correct under-

standing of its ecological role. This species is known to feed on the
sediment surface, where it searches for food with the propodium
(Arruda et al., 2003). When a food item is found, the snail wraps the
item on the metapodium and fully or partially ingests it by burying
itself in the sediment and protracting the proboscis (Arruda et al.,
2003). Thus far, a few studies have evaluated the diet of this species,
classifying it as a carnivore/scavenger or omnivore based on the
presence of a range of food items, such as crustaceans, foraminifer-
ans, scaphopods and microalgae, in the stomach (Marcus &
Marcus, 1959: as Olivella verreauxi Ducros de Saint Germain, 1857; Q4
Arruda et al., 2003; Corte et al., 2019). These studies have provided
important information on the feeding behaviour of O. minuta. How-
ever, they have examined only a small number of individuals or have
not taken into account the effect of tidal zonation (intertidal vs sub-
tidal) and level (high vs low tide) on feeding activity and diet com-
position. Olivella minuta is an abundant gastropod that can be found
in both the intertidal and shallow subtidal areas of sandy beaches
(Petracco et al., 2014; Checon et al., 2018). Therefore, it is a suitable
model to investigate the influence of tide on the feeding behaviour
of benthic species in soft sediments.

By comparing the feeding activity, strategy and the composition
of the diet of O. minuta in different tidal zones (intertidal and subti-
dal) and at different tide levels (high and low tides), our aim was to
investigate the influence of tide on the feeding behaviour and diet
of O. minuta. We would expect food availability to be higher and
thermal stress to be lower when the environment is submerged, so
our expectation is that the diet composition and feeding activity of
O. minuta would differ between intertidal and subtidal zones and be-
tween low and high tides. Specifically, based on the literature on
rocky shores, our prediction was that O. minuta would show higher
feeding activity in the subtidal and during periods of immersion in
the intertidal.
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TIDAL CYCLE AND DIET IN OLIVELLA

MATERIAL AND METHODS

Study area

This study was carried out at Barequeçaba Beach (23°49′43′′S,
45°26′02′′W) in the municipality of São Sebastião, northern coast
of the State of São Paulo, Brazil (Fig. 1). Barequeçaba is a dissipa-
tive and low-energy-beach mesotidal system with a maximum tidal
range of 2 m. It is composed of a wide surf zone, gentle slope (0.79°)
and fine/very fine sands (3.19 ± 0.19 φ), with low organic matter
content (0.75 ± 0.14%) (Nucci, Turra & Morgado, 2001; Denadai,
Amaral & Turra, 2005).

Sampling procedures

Individuals of Olivella minuta were collected in March 2013 in the
medium intertidal during high tide (IT-HT) and low tide (IT-LT),
and also in the subtidal (ST) during spring low tides. Sampling in
these areas was done on the same day to minimize daily variations
in temperature and food availability, which could affect feeding and
metabolic rates, and thus bias study results. Additionally, individuals
from the intertidal area were collected at the end of the low and
high tides; this was done to ensure that the feeding activity and diet
were related to the appropriate tide level, and did not reflect the
previous tide (e.g. activity of the low tide influenced by the high
tide). In each area, 30 individuals with a shell length of c. 7 mm
were collected from the sediment by passing sediment collected by
a shovel through a 1 mm mesh in situ. Sampling was standardized
in this way to minimize ontogeny-related differences in feeding rate
and diet. To avoid halt digestion of stomach content, all individuals
were fixed in 70% ethanol immediately on collection.

In the laboratory, the shell length (using a calliper) and weight
were measured for the collected individuals; the body of each snail
was then extracted by gently breaking the shell using a bench vise
and the stomach was dissected. The stomach content was carefully
examined under a stereomicroscope for all visible food items, as
well as inorganic sediment fractions. Stomach contents were pho-
tographed and food items were counted and identified to the lowest
possible taxonomic level with the help of taxonomic experts. The
amount of inorganic material (sediment) in each stomach was esti-
mated as dry weight (g); the sediment was separated from the rest
of the stomach contents, dried for 6 h at 80 °C and then weighed.

Data analysis

Feeding activity: The hypothesis that tidal zone (intertidal and
subtidal) and level (low and high tides) influence the feeding activity
of O. minuta was investigated using three proxies for feeding activ-
ity: the stomach content weight (SCW), ingested sediment weight
(ISW) and the stomach repletion index (SRI). SRI, which indicates
the feeding activity of the specimens (Hyslop, 1980), was calculated
using the following equation:

SRI = 100 (SW/TW)

where SW is the total weight of the stomach contents (to the near-
est 0.0001 g) and TW is the total individual organism weight (to
the nearest 0.0001 g). The individual organism weight did not vary
between tidal conditions; for a normal distribution general linear
model (GLM), F2,57 = 3.211 and P > 0.05. Therefore, weight was
not a confounding factor in our analysis. The richness (S, the abso-
lute number of different food items) and diversity (H ′, the Shannon
index) of food items were also calculated for each individual. Differ-
ences in these indices between tidal levels (IT-HT × IT-LT × ST)
were evaluated using a GLM approach. Normal distribution mod-
els were used to investigate differences in SCW, ISW, diversity and
evenness. A Poisson distribution GLM, which is suitable for count
data (O’Hara & Kotze, 2010), was used to analyse differences in the
total number (N) and richness (S) of food items. A quasi-binomial

GLM, which is suitable for percentage data (Zuur et al., 2009), was
used to evaluate differences in SRI. These analyses were tested for
significance usually using F-tests, or in the case of the Poisson GLMs
with chi-squared tests (Borcard, Gillet & Legendre, 2011).

Diet composition: To evaluate the identity of the most impor-
tant food items for O. minuta associated with the different tidal zone
and levels, we calculated the numeric importance (NI) and the fre-
quency of occurrence (FO) for each food item. NI, which measures
the relative contribution of a particular food item, is given by the
following equation:

NI =
(

Nti

N

)
× 100

where Nti is the total number of the feeding item i and N is the
total number of all the feeding items. FO is given by the following
equation:

FO =
(

Nei

Ne

)
× 100

where Nei is the number of individuals of O. minuta in which the
food item was detected and Ne is the number of O. minuta specimens
analysed.

The modified Costello graphical method (Amundsen, Gabler &
Staldvik, 1996) was used to illustrate and compare how feeding
strategies of O. minuta varied with respect to tidal zones and levels.
This is based on the relationship between the frequency of occur-
rence and the prey-specific abundance, and is calculated as

Pi =
( ∑

Si∑
St i

)
× 100

where Si is the number of items i in the stomach contents and Sti

is the total number of items in all stomachs with contents contain-
ing item i. This calculation can indicate whether a species has a
generalist or specialist feeding strategy (Amundsen et al., 1996).

To test the hypothesis that diet composition varied in relation
to tide zone and level, we performed a PERMANOVA analy-
sis (Anderson, 2001) on a Bray-Curtis dissimilarity matrix of food
item abundance; a dummy variable with minimum abundance was
added to account for zero-sum rows in the matrix (Clarke, Somer-
field & Chapman, 2006). If the PERMANOVA analysis was sig-
nificant, we ran a permutational analysis of multivariate disper-
sion (PERMDISP) (Anderson, Ellingsen & McArdle, 2006) to check
whether there was any within-group variance heterogeneity that
could mask the differences between tide zones and levels. In order
to explore the possible differences within and between tidal zones
and levels, a non-metric multidimensional scaling (NMDS) analysis
was also carried out on the Bray-Curtis dissimilarity matrix men-
tioned earlier.

All analyses were done in R v. 3.5.0 (R Development Team,
2018); we used the R packages vegan (Oksanen et al., 2018) and
multcomp (Hothorn, Bretz & Westfall, 2008), respectively, for mul-
tivariate analysis and post-hoc analysis of GLMs.

RESULTS

Feeding activity

A total of 1,739 food items belonging to 45 categories were detected
in the stomachs of Olivella minuta (Supplementary Material Table
S1). Macroalgae dominated (48% of all food items identified) and
were followed by microalgae (15%), arthropods and foraminiferans
(both 12%), undefined items (7%), poriferans (3%), worms (2%),
molluscs and ciliates (both 1%). Sediment was detected in the di-
gestive tract of all individuals of O. minuta but was not considered as
a food item.
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Figure 2. Mean weights (±SD) of full stomach (SW), stomach contents
(SCW) and ingested sediment (ISW) of Olivella minuta for three tidal con-
ditions. Two tidal conditions that are not significantly different from each
other are indicated by the combination ‘a, a’, whereas two that are signifi-
cantly different are indicated by the combination ‘a, b’. Tidal conditions are
shaded as follows: intertidal at high tide (IT-HT), dark grey; intertidal at low
tide (IT-LT), mid grey; and subtidal (ST), light grey.

Contrary to our expectations, most of the food activity proxies
evaluated indicated a higher feeding activity in the intertidal during
low tide. The weight of ingested food items and of ingested sediment
was higher when individuals were emersed (low tide) than when
they were immersed (at high tide and in subtidal) (Fig. 2; Table 1).
No difference was found between intertidal/high tide and subtidal
conditions (Fig. 2). SRI showed a similar pattern, with higher val-
ues in the intertidal and at low tide (Fig. 3; Table 1). No difference
was found in the overall abundance of food items consumed be-
tween tidal zones and levels. However, the total richness and diver-
sity of consumed items were higher in the intertidal during high tide
(Table 1; Fig. 3).

Diet composition

Among the 45 food items found in the stomachs of O. minuta
(Supplementary Material Table S1), 10 were classified as the most
important based on their numeric importance and frequency of
occurrence (Table 2). The most important and frequent food items
ranged from macroalgae (Debresia sp., Colpomenia sp., Ulva sp. and
green algae sp. 1) and microalgae (centric diatoms) to foraminifer-
ans (Miliolidae and Foraminifera sp. 1) and crustaceans. Unidenti-
fied animal and plant remains were also common in the stomachs
of O. minuta. The range of food items recorded for O. minuta points
to this mollusc being a generalist species.

This is shown in the relationship between the prey-specific abun-
dance and the frequency of occurrence of food items (Fig. 4). Al-

Table 1. Linear model tests used to investigate differences found for indi-
vidual variables among tidal zones and levels.

Variable Distribution df Res. df Test value P-value

SW Normal 2 87 23.653 <0.001

SCW Normal 2 87 20.011 <0.001

ISW Normal 2 87 18.484 <0.001

SRI Quasi-binomial 2 27 7.694 0.002

Richness Poisson 2 87 6.899 0.031

Abundance Quasi-Poisson 2 87 2.257 0.871

Diversity Normal 2 87 6.252 0.003

Significant P-values are indicated in bold font. Abbreviations: SW, stomach
weight; SCW, stomach content weight; ISW, ingested sediment weight; SRI,
stomach repletion index; df, degrees of freedom; res. df, residual degrees of
freedom.

though there is a slight tendency towards specialization in subtidal
individuals, the plot shows that overall O. minuta consumes many
items at low frequency and low specificity (in terms of abundance);
the low dominance of the prey taxa consumed and low specializa-
tion in the diet are characteristic of a generalist feeding strategy.

Our results show that the relative importance of food items dif-
fers among sampling conditions. For instance, macroalgae Derbesia
sp. was relatively more important at the intertidal during low tide
and high tide, whereas Colpomenia sp. was important only during low
tide. In contrast, Ulva sp. was an important food item only during
immersion (in the intertidal during high tide and in the subtidal).
Miliolid foraminiferans were important in the intertidal during low
tide, whereas Foraminifera sp. 1 was important mainly in the inter-
tidal during high tide. Other food items, such as crustaceans and
centric diatoms, were more important when conditions were such
that snails were immersed.

The PERMANOVA (F2,87 = 3.322, R2 = 0.071, P < 0.001)
showed that there were differences in the composition of diet for
all the pairwise combinations of tidal zone and level evaluated: IT-
LT vs IT-HT: F = 4.517, R² = 0.072, P < 0.001; IT-LT vs ST:
F = 3.619, R² = 0.058, P = 0.003; IT-HT vs ST: F = 2.882,
R² = 0.047, P = 0.009. However, the PERMDISP showed that dif-
ferences among groups may reflect variations in diet among individ-
uals of the same group (i.e. high heterogeneity within each group)
rather than overall differences in diet composition between tidal
conditions (F2,87 = 10.564, P < 0.001). This is clearly apparent in
the ordination of diet composition (Fig. 5). This shows significant
overlap of diet composition among groups, as well as strong vari-
ation within each group (particularly marked for the subtidal and
intertidal/low tide groups). Thus, despite differences in the domi-
nance of food items, overall diet composition did not differ among
the tidal zones and levels evaluated.

DISCUSSION

Our results did not support our hypothesis. In fact, the feeding ac-
tivity of Olivella minuta was higher during periods of low tide. The
richness and diversity of food items in the intertidal were higher
during high tide than low tide. Moreover, the overall composition
of the diet was similar across individuals from the different tidal
zones and levels studied.

Paralleling data from rocky shores (Newell et al., 1971; Denny
et al., 2011; Marshall & McQuaid, 2011), our study showed that
tidal variation can also affect feeding on soft bottoms. On rocky
shores, much of the variation in feeding can be explained by ther-
mal stress and absence of water flow for filter feeders (Denny et al.,
2011; Marshall & McQuaid, 2011). On soft bottoms, thermal stress
may be lowered by organisms burrowing into the sediment and the
interstitial water in the sediment. Nevertheless, soft-bottom species
may be subjected to thermal stress. For instance, O. minuta is thought
to migrate towards lower areas of the intertidal zone during warmer
seasons to avoid desiccation (Arruda et al., 2003; Petracco et al.,
2014; Dahlet et al., 2019). The direction of the thermal stress ef-
fect (i.e. whether it is positive or negative) on the feeding of inter-
tidal species is not easy to predict and, although thermal stress may
be detrimental to feeding activity (Whitlatch & Obrebski, 1980;
Marshall & McQuaid, 2011), it may enhance feeding during acute
exposures of short duration (Pincebourde et al., 2008). This en-
hanced feeding may compensate for the energetic costs of thermal
stress (Pincebourde et al., 2008). However, no studies have been car-
ried out on the metabolism of O. minuta and, given the varied ef-
fects of thermal stress on gastropod species, we cannot generalize
from other species. Further studies are required to clarify our un-
derstanding of the effect of thermal stress on the feeding activity of
O. minuta.

Enhanced feeding activity during emersion may also reflect re-
duced predation pressures. With the incoming tide, the risk of pre-
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Figure 3. Mean (±SD) of stomach repletion index (A), richness (B), diversity (Shannon H ′) (C) and abundance (D) of food items found in the stomach of
Olivella minuta in the three tidal conditions. Two tidal conditions that are not significantly different from each other are indicated by the combination ‘a, a’,
whereas two that are significantly different are indicated by the combination ‘a, b’. Tidal conditions are shaded as follows: intertidal at high tide (IT-HT),
dark grey; intertidal at low tide (IT-LT), mid grey; subtidal (ST), light grey.

Table 2. Numeric importance (NI) and frequency of occurrence (FO) (%)
of the most important food items found in the stomachs of Olivella minuta in
each tidal zone and at each tidal level.

IT-HT IT-LT ST

Food items NI FO NI FO NI FO

Derbesia sp. (macroalgae) 13.23 56.67 8.56 36.67 3.53 23.33

Non-plant fibres 12.40 83.30 18.40 73.30 13.28 60.00

Crustaceans 10.05 26.67 1.82 23.33 14.62 40.00

Green algae sp. 1 9.88 53.30 4.01 20.00 4.87 23.30

Foraminifera sp. 1 7.37 56.67 2.73 30.00 0.84 13.33

Colpomenia sp. (macroalgae) 5.69 50.00 24.95 60.00 12.23 36.67

Ulva sp. (macroalgae) 7.04 60.00 0.91 10.00 8.57 40.00

Miliolidae (Foraminifera) 5.19 50.00 10.38 56.67 2.52 30.00

Plant fibres 4.19 3.33 4.55 26.67 1.34 13.33

Centric diatoms 5.86 36.67 0.18 3.33 6.72 33.33

The five most important food items, as quantified by the two metrics for each
tidal condition, are shown in bold font. Abbreviations: IT-HT, intertidal/high tide;
IT-LT, intertidal/low tide; ST, subtidal.

dation may be increased due to the increased prevalence of po-
tential nektonic and subtidal benthic predators in the intertidal
area. In fact, experimental studies show that predation of ben-
thic species may increase significantly during high tide (Esselink &
Zwarts, 1989; Wilson, 1989). Olivella minuta is preyed upon by many
subtidal and/or nektonic species, such as teleost fishes, rays and
starfishes (Denadai et al., 2015; Fernandez et al., 2017; Angelini et al.,

2018). Thus, it is logical to assume that when submerged (both in
the subtidal and in the intertidal during high tides) this species is un-
der significant pressure from predators. Evidence for this hypothesis
is provided by another species of Olivella, O. biplicata, which is able
to distinguish potential predators; when sensing the presence of a
starfish, it immediately buries itself in the sediment to avoid preda-
tion (Phillips, 1977). This behaviour likely reduces the time avail-
able for feeding and this may be one explanation for reduced feed-
ing activity when submerged in subtidal and high tide conditions.
We would argue, however, that beach characteristics are likely to
have an impact on the final outcome. The fine sands of beaches
such as Barequeçaba enhance the retention of water during low
tides (Namikas et al., 2010), whereas on coarse-grained beaches, the
sediment is kept moist and so intertidal species are able to feed in
an environment that is subject to less desiccation-related stress (Dye,
1980).

Although the feeding activity of O. minuta was higher in the inter-
tidal during low tide, the richness and diversity of consumed food
items were higher in the intertidal during high tide. This may be
explained by the presumed greater availability of food items when
the tide comes in (i.e. brought in by tide). The gut contents of O.
minuta contained planktonic organisms, such as centric diatoms, the
cyanobacteria Pseudoanabaena sp. and tintinnid ciliates, which reach
the intertidal zone during high tide. There is also an increase in the
prevalence of macroalgae, an important food item, with the incom-
ing tide. Thus, the enhanced diversity and richness of food items
consumed in the intertidal during high tide may be a result of food
resources that are brought in during high tide.

The results on feeding activity and food diversity, when taken to-
gether, suggest that individuals in the subtidal may have less time
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Figure 4. Modified Costello graphic representation of the relationship between prey-specific abundance (%) and frequency of occurrence (%) for food items
found in Olivella minuta sampled in the three tidal conditions: the intertidal zone during high tide (IT-HT) (A), intertidal during low tide (IT-LT) (B) and the
subtidal (ST) (C). Each dot in a plot represents a particular food item (n = IT-HT, 32; IT-LT, 27; SL, 36).

Figure 5. NMDS plot showing the variation in the food items consumed by
individual Olivella minuta (n = 90) across the three tidal conditions studied.
Each dot represents an individual snail. The plot was based on the Bray-
Curtis dissimilarity measure and had a stress value of 0.19. Abbreviations
and sample sizes for tidal conditions: IT-HT, intertidal at high tide (n = 30);
IT-LT, intertidal at low tide (n = 30); and ST, subtidal (n = 30).

for feeding, predation pressure being greater and the diversity of
available food items being lower. In this sense, the intertidal zone
of Barequeçaba Beach seems to be an optimal habitat for O. minuta
and this is at least partly supported by data available for O. biplicata.
Olivella biplicata is known to exhibit ontogenetic changes in distri-
bution, with adults migrating towards higher tidal levels (they are
more tolerant of desiccation and are able to explore more resources
in this area due to the lower predation pressure), whereas juveniles
tend to be concentrated in the subtidal zone (Edwards, 1969). In O.
minuta, recruits have been found mainly in the lower intertidal zone,
close to the water line (Petracco et al., 2014). While we attempted
to control for the effect of ontogeny, our findings suggest that in-
dividuals can feed for a longer time and are able to find a greater
range of food items with the incoming tide, and that this is especially
the case on beaches with fine sands, where water retention is higher
than that on beaches with coarse sand (McLachlan & Turner, 1994)
and lower desiccation stress. The higher feeding activity of O. min-
uta in the intertidal zone might make this species more vulnerable to
the loss of intertidal habitat arising from coastal armouring (Morley,
Toft & Hanson, 2012) and climate change (Schlacher et al., 2008).

With regard to the identity and composition of food items, our
results show that O. minuta is a generalist predator, which con-
sumes a variety of different food items, ranging from macroalgae

and microalgae to foraminiferans and crustaceans. This general-
ist behaviour contrasts with previous studies on the diet of this
species. Marcus & Marcus (1959) and Arruda et al. (2003) classi-
fied O. minuta as a carnivore. Our results, however, indicate that
this species should be regarded as an omnivore; our data show
that the diet ranges from autotrophic (microalgae and macroalgae)
to heterotrophic prey, and this agrees with the results of a recent
study by Corte et al. (2019). We found macroalgae to be a domi-
nant component of the diet and this contrasts with previous stud-
ies of the diet of O. minuta (Marcus & Marcus, 1959; Arruda et al.,
2003; Corte et al., 2019). Our findings may reflect increases in drift-
ing and beach-cast macroalgae due to seasonal or stochastic events
(e.g. storms) at Barequeçaba (H. Checon, personal observation).
Although our results are likely to have been influenced by seasonal
events, they nonetheless highlight the omnivorous diet and oppor-
tunistic feeding behaviour of O. minuta; this species is known to be
able to shift its diet in response to temporal changes in the envi-
ronment (Corte et al., 2019). Evidence from stable isotope analy-
sis showing that O. minuta feeds on more than one trophic level
(Angelini et al., 2018) also supports the view that this species is
an omnivore. A recent study has shown opportunistic suspension
feeding in Olivella columellaris with increasing food supply (Morse &
Peters, 2016). Such behaviour could explain the abundance of in-
gested macroalgae in O. minuta, especially during immersion; studies
are needed to confirm whether this is the case. The recognition of
this species as an omnivore is important given its abundance on
soft-bottom habitats (Petracco et al., 2014) and the overall stabil-
ity that the multiple links established by omnivore species confer
on the ecosystem (Link, 2002; Dunne, Williams & Martinez, 2004).
An omnivorous diet may also be advantageous for the growth of
generalist species, in comparison to the diet of strictly carnivorous
or herbivorous species, such as the nassariid Tritia obsoleta (Curtis &
Hurd, 1979: as Ilyanassa obsoleta).

We also found that regardless of tide zone or level, a large quan-
tity of sediment was ingested by all the individuals of O. minuta stud-
ied. The presence of sand in the digestive tract of gastropods is con-
sidered to be due to the non-selective nature of feeding, with the
sediment and attached food items (microalgae and bacteria) being
ingested and only the latter being digested (Curtis & Hurd, 1979;
López & Cheng, 1983). The prevalence of sediment particles and
diatoms in the gut contents examined by us suggests that O. minuta
exhibits non-selective deposit-feeding behaviour. As has been hy-
pothesized by Malaquias et al. (2004), sediment ingestion may also
be a mechanism to facilitate digestion via crushing of food items.

We found that the importance of food item varied among the
different tidal zones and levels. Microalgae, for instance, were most
commonly found during periods of immersion. This result is inter-
esting given that there is vertical migration of microalgae in the sed-
iment in relation to tidal variation, with microalgae being located
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deeper within the sediment during immersion and on the surface
during low tide (Serôdio et al., 2006). However, this migration does
not seem to limit the feeding of O. minuta. This is also the case for
the hydrobiid mollusc Peringia ulvae (Vieira et al., 2010: as Hydrobia
ulvae); a possible explanation could be the subsuperficial feeding be-
haviour noted for this species (Arruda et al., 2003; Petracco et al.,
2014). The presence of the rocky shore-associated green algae Ulva
sp. and the seagrass-associated green algae Derbesia sp. in the gut
contents of O. minuta during high tide may reflect the nutrient input
from allochthonous sources at high tide into the intertidal zone of
sandy beaches (Lastra et al., 2008; Quillien et al., 2015).

Despite these differences, overall we found no changes in food
composition among the tidal zones and levels evaluated. This
lack of variation is likely related to the generalist behaviour of
O. minuta. It has been suggested that generalist benthic organisms
ingest all the prey items that they encounter, with the stomach con-
tents reflecting the general abundance of food items in the environ-
ment (Evans, 1983). The generalist diet of O. minuta, however, may
also reflect high intraspecific variability in diet within and among
habitats; this is possible when available food resources are diverse
and patchily distributed, so that there is significant overlap between
different habitats (Nordstrom et al., 2010).

Given that global warming is expected to lead to global increases
in sea level and thus to changes in the tidal conditions in coastal ar-
eas, our results have implications for understanding and predicting
future scenarios (Helmuth et al., 2006; Denny et al., 2011). The on-
going process of coastal squeeze (i.e. due to the increasing urbaniza-
tion of coastal areas; Pontee, 2013) coupled with the predicted rise
in global sea levels has been linked with the reduction of intertidal
areas worldwide. Among other impacts, these processes are likely
to limit the potential landward migration of intertidal species and
will reduce emersion times (Martinez et al., 2014). Thus, barring
adaptations by intertidal organisms in response to these changes,
the feeding may be negatively impacted by the wide-scale loss of
intertidal habitat. In such a scenario, species such as O. minuta may
suffer a reduction in feeding activity and this in turn may affect the
species at the population level.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Molluscan Studies
online.
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