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ABSTRACT: The rocky littoral is a highly stressed but species rich environment in which adaptive
trade-offs underlie the specialization that permits habitat partitioning by closely-related species.
Habitat partitioning by prey species is generally attributed to differential tolerances to physiological
stresses and competition for resources. Partitioning by predators is, however, less understood and
also mainly related to thermal tolerance. We test the hypothesis that differential biomechanical and
behavioral adaptations to wave action can result in habitat partitioning of mobile predators using 2
Mediterranean whelks. Stramonita haemastoma is found mainly at wave-exposed habitats on lower
midlittoral or shallow (1 to 3 m) subtidal rocks. By contrast, Hexaplex trunculus is found only sub-
tidally in more quiescent littoral environments (shallow bays and lagoons or deeper in wave-exposed
sites). Morphologically, S. haemastoma is squatter than H. trunculus and the ratio of its foot surface
area to the maximum projected surface area of its shell is 35% higher, making S. haemastoma less
prone to dislodgment by waves. Mechanically, at least a 2-fold higher force (12 N) is required to dis-
lodge S. haemastoma from the substrate, probably due to its larger foot, because tenacity per foot
area was similar between species. The feeding technique and foraging behavior of S. haemastoma is
also adapted to life in high-energy environments. Higher feeding rates and much shorter prey han-
dling time compared to H. trunculus allow this species shorter foraging bouts that reduce the risk of
dislodgment and increase predation success in wave-exposed areas. H. trunculus thrives in low-flow
habitats where food density is low compared to shallow subtidal rocks. This is compensated for by a
broader diet than S. haemastoma, feeding on any available food item, including conspecifics, and by
reducing adhesion when not feeding, thus saving energy. S. haemastoma is more adapted to survive
desiccation conditions than H. trunculus, which may exclude the latter from intertidal habitats. Our
findings suggest that habitat partitioning between the whelks is maintained mainly by a 'distinct
preferences’ mechanism that might be relevant for other benthic predatory species.
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INTRODUCTION

Habitat partitioning among organisms is usually
attributed to distinct or shared preferences (Wisheu
1998). Distinct preferences occur when species parti-
tion a habitat because each performs best in a distinct
niche along a gradient. Shared preferences occur
when negative interactions, such as competition, force
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the subordinate to occupy regions with sub-optimal
levels of resources. The rocky shores, a highly species
rich environment, has been a subject of numerous
studies on the distribution patterns of organisms and
the mechanisms (e.g. limiting physical conditions,
biotic interactions) responsible for them (Stephenson &
Stephenson 1949, Lewis 1964, for review see Menge &
Branch 2001). Habitat partitioning of closely related
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species can occur on rocky shores on relatively small
spatial scales due to the sharp gradients in environ-
mental conditions. For example, zonation of related
species is often attributed to differential tolerance to
desiccation and thermal stress (e.g. barnacles, Connell
1961; limpets, Davenport 1997; topshells, Little &
Kitching 1996; mussels, Simpfendorfer et al. 1995), or
sedimentation (mussels, Iwasaki 1995). Differential
predation (e.g. predation on limpets by birds, Hahn &
Denny 1989), congeneric predation (e.g. in sea stars,
Stevenson 1992), or differences in diet (e.g. in crus-
taceans, Hudon & Lamarche 1989) can also lead to
habitat partitioning. Wave action has a major effect on
the distribution patterns of rocky shore organisms, and
its magnitude determines both the abundance and
community effects of mobile predators such as sea
stars and whelks (environmental stress models, see
Menge & Sutherland 1987). Two aspects of a mobile
predator in a rocky shore can strongly influence its
adaptation to wave action. One is its ability to resist
dislodgment and the other is its feeding efficiency
(prey handling time). In wave-exposed environments,
related species that differ in these characteristics are
expected to demonstrate habitat partitioning. In this
paper, we test this general hypothesis using 2 Mediter-
ranean whelks.

The relationship between exposure to wave action
and risk of dislodgment of littoral organisms is well es-
tablished and attributed to various morphological and
biomechanical (adhesion) adaptations (Denny 1985,
1994, Denny et al. 1985, Denny & Gaines 1990, Trussell
1997). Gastropods resist dislodgment by adhering to
the substratum with their foot, where the adhesion
strength is positively correlated with surface area, and
the strength and thickness of the mucus (Cottrell 1964).
The adhesion efficiency of the snail is a function of the
allometric relation of shell projected area (that deter-
mines drag) and foot area (Denny et al. 1985, Trussell
1997). Consequently, snails such as whelks, topshells
and periwinkles are more susceptible to dislodgment
by waves than limpets due to their higher shell shape
and lower adhesive tenacity (adhesion strength per foot
area, Denny 1985). Vermeij (1973) related differences
in morphology of high-intertidal herbivorous gas-
tropods from different taxonomic groups (littorinids,
limpets, neritids) mainly to differential resistance to
desiccation but did not consider differential risk of dis-
lodgment. Comparison among snail populations from
protected and exposed sites demonstrated phenotypic
plasticity as an adaptation to risk of dislodgment. Peri-
winkles (Trussell et al. 1993, Trussell 1997), topshells
(Frid & Fordham 1994) and whelks (Gibbs 1993,
Hughes & Taylor 1997) on wave-exposed shores have
squatter shells, and larger shell aperture and foot, than
their conspecifics on wave-protected shores.

In addition, in rocky shores, the amount of time a
predator spends foraging exposed on the rocks influ-
ences its susceptibility to dislodgment by waves. In ex-
posed sites, whelks spend time foraging out of shelter
only when the environment is ‘mechanically safe'
(Menge 1978a,b, Denny et al. 1985, Moran 1985, Bur-
rows & Hughes 1989). Risk of dislodgment by strong
currents and waves can reduce the time available for
foraging (Denny et al. 1985, Judge 1988, Burrows &
Hughes 1989) and affect growth rates (Etter 1996). Pre-
dation rates of the whelk Nucella lapillus from wave-
exposed habitats were shown to be higher than those
from protected areas (Menge 1978b). This suggests that
feeding more rapidly might be beneficial in wave-ex-
posed environments, because it allows shorter preda-
tion bouts, and reduces the risk of dislodgment. Long
foraging bouts resulting from long search durations, or
extended prey handling time is a disadvantage in sites
with frequent wave action. Whelks appear to have
evolved a variety of responses to this problem. On the
Louisiana coast, whelks in wave-exposed sites switch to
feeding on smaller prey and so reduce handling time
(Richardson & Brown 1990) or, when the prey (oysters)
is too large to be handled efficiently by a single snail,
and waves may disrupt feeding, they feed in groups
(Brown & Alexander 1994). Many predatory whelks
drill the shell of their prey (Radwin & Wells 1968, Car-
riker 1981). The presence, position and size of the holes
reveal the feeding techniques of these whelks, and
indicate possible mechanisms for reducing prey-
handling time (Hughes & Dunkin 1984, Rovero et al.
1999a). Predators employing less efficient predation
techniques may have longer prey-handling time and so
must avoid habitats with strong wave action.

Two predatory muricid whelks of similar size Stra-
monita haemastoma and Hexaplex trunculus (maxi-
mum length 65 to 77 mm) are found in different habi-
tats in the eastern Mediterranean. S. haemastoma is
usually most common in the subtidal zone, on shallow,
wave-exposed rocks, but is also found in the intertidal
zone, in areas where food and shelter are abundant
(Rilov et al. 2001). In contrast, H. trunculus is found
only subtidally in shallow protected habitats or in
deeper water in wave-exposed shores (G. Rilov pers.
obs.). H. trunculus is also found offshore at greater
depths (9 to 30 m) on rocky or sandy bottoms (Barash &
Danin 1992, G. Rilov pers. obs.). The difference in dis-
tribution pattern of the 2 whelks suggests that they
may differ in their adaptation to life in wave-exposed
habitats. Because H. trunculus does not exist in the
intertidal zone, even in protected habitats, we also sus-
pect that it has lower resistance to desiccation than
S. haemastoma.

Here, we test the following hypotheses that can
explain habitat partitioning of the 2 whelks along the
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Israeli shore by distinct preferences: (1) Stramonita
haemastoma is better fitted to life in high-wave-energy
environments than Hexaplex trunculus due to morpho-
logical (shape), mechanical (adhesive performance)
and behavioral (higher feeding rate and shorter han-
dling time) adaptations; (2) S. haemastoma is better
adapted to survive in air-exposed habitats (intertidal)
because of higher resistance to desiccation than H.
trunculus; (3) In the ultra-oligotrophic waters of the
Israeli coast (Mergand & Berman 1989) being a gener-
alist (wider diet) helps H. trunculus to thrive in low-
flow environments (protected or deeper habitats) where
food is expected to be less abundant (see Leonard et al.
1998).

MATERIALS AND METHODS

Whelk distribution. We determined the distribution
of Stramonita haemastoma and Hexaplex trunculus in
low and high-wave-energy habitats at 4 sites along the
Israeli coast, from north to south: (1) a northern site
(Akhziv, September 1995) (a) on the bottom of a shal-
low lagoon (0.5 to 1.5 m, mixed rocky and sandy bot-
tom), (b) on the flat of a midlittoral platform enclosing
the lagoon, (c) on the seaward wall of that platform (at
a depth of 1 to 3 m), (d) on a mosaic of bedrock and
sand near the platform wall (at a depth of 4 to 5 m) and
(e) on midlittoral bench-like rocks (incisioned rocks,
sensu Rilov et al. 2001) 2 km to the north of the lagoon,
where S. haemastoma densities are highest along the
coast (Rilov et al. 2001); (2) a site ca. 15 km south of
Akhziv (Akko, March 1997) in a shallow (0.5 to 1.5 m)
protected sandy bay with scattered small boulders and
rocks; (3) a site ca. 90 km south of Akhziv at the center
of the coastal plain (Herzelia, November 1998), along a
depth gradient on the seaward side of a marina break-
water, 700 m south of the marina opening; and (4) a site
ca. 100 km south of Akhziv (Tel-Aviv, March 1997)
(a) on the lee (protected) and (b) seaward (exposed)
sides of 3 breakwaters to the south of the Tel-Aviv
marina.

We determined whelk density (number m2) in Akh-
ziv and Herzelia sites by sampling 1 x 1 m quadrats
along transects. In Akhziv, sampling was conducted
along 10 m transects; the number of transects depen-
ded on habitat availability and was negatively related
to whelk abundance. We sampled quadrats on boul-
ders of the Herzelia marina breakwater along transects
at 1 m intervals from the surface to a depth of 4 m, and
on a nearby sandy bottom, up to 1 m from the break-
water (n = 30 quadrats per depth).

At the other sites (Tel-Aviv, Akko), we conducted sur-
veys of whelk abundance (number per unit effort). The
duration of the surveys was 10 min in Tel-Aviv and

20 min in Akko (where abundance was lower). The
breakwaters in Tel-Aviv were shallow (2 m) on the lee-
ward (protected) side and deeper (5 m) on the seaward
(exposed) side; thus, we surveyed the seaward side in
shallow (1 to 3 m) and deeper (4 to 5 m) water separately.

ANOVA was preformed (STATISTICA 6, StatSoft
2001) on square-root transformed data treating species
and habitat (4 sites at the lagoon site in Akhziv), depth
(at the Herzelia breakwater) or exposure (at the 3 break-
waters in Tel-Aviv) as fixed factors and number of
whelks in a quadrat (Akhziv & Herzelia) or number of
whelks per unit effort (Tel-Aviv) as dependent variables.

In addition, we recorded the type of substrate (rocky
or sandy) on which the whelks were found during sur-
veys in Akhziv (May 1995, December 1995 and Sep-
tember 1996), Tel-Aviv and Herzelia (March 1997).
Overall, we recorded 346 observations of Hexaplex
trunculus and 465 of Stramonita haemastoma. We con-
ducted all underwater observations by SCUBA during
calm sea conditions.

Allometry and adhesive features. We collected 34
individuals of each whelk species (Stramonita haemas-
toma 60.9 + 5.1 SD shell length, range 51 to 75 mm;
Hexaplex trunculus 46.2 £ 7.1, 30 to 61 mm) in Novem-
ber 1998 from the Herzelia marina breakwater. We
avoided using small individuals to reduce the possibil-
ity of co-variation between size and allometric ratios,
and scattered plots confirmed the lack of such co-vari-
ation in the tested size classes. In the laboratory, we
placed the snails in 80 1 aquaria for 2 d before mea-
surements. For each snail, we traced the outline of its
foot surface area onto transparency paper placed
against the aquarium glass (Trussell 1997). We then
removed the snail from the aquarium and traced the
shell aperture area onto the transparency. Lastly, we
placed the snail on its side and traced the maximum
projected surface area (MPSA) of the shell, including
fouling organisms. Because wave direction can vary,
the MPSA of the shell (the side view) is considered the
orientation exposed to the greatest drag (Trussell
1997). We traced the MPSA again after removing the
fouling organisms with a scalpel. For each snail, we
took measurements of shell aperture and length, and
of shell height using a caliper (to the nearest 0.1 mm).
To calculate the area, to the nearest 1 mm?, of traces on
transparencies we used computerized image analysis.
Differences between allometric ratios were tested by
1-way ANOVA after arcsine transformation using
species as the independent factor and ratios as the
response variable.

We measured the dislodgment force of the 2 whelk
species in situ at the Herzelia marina breakwater in
November 1998. To determine the shear dislodgment
force, we pulled whelks off the substratum by a
portable dynamometer (0 to 20 N). A monofilament
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fishing line (1 mm in diameter) was attached to the
dynamometer hook and, at the other end, tied into a
loop that could be gently looped around the shell paral-
lel to the substrate (Smith 1992). We slowly pulled the
snail sideways, to apply a force to the broadest side of
the snail, and parallel to the substratum (simulating the
drag force of the water), until the snail was dislodged.
Prior to dislodgment, we recorded whether the snail
was feeding, and after dislodgment we confirmed it by
examining signs of predation. The maximum dislodg-
ment force was marked by a ring on the dynamometer,
which remained in place after detachment indicating
maximum extension of the spring (to the nearest 0.1 N)
when the snail was dislodged from the substratum. We
measured shell and aperture lengths of the tested snails
(n = 30 for each). Foot surface area of the dislodged
snails was determined by using a regression relating
aperture length to foot area (Smith 1992) obtained from
the above mentioned allometric measurements. We cal-
culated tenacity, expressed as adhesion force per unit
foot area in contact with a surface, in N m™. Dislodg-
ment force and tenacity were calculated for feeding
and non-feeding individuals separately. Square-root
transformed data were analyzed using 2-way ANOVA
with species and feeding activity as fixed factors and
Fisher Exact post hoc analysis was applied.

Feeding behavior features. We compared predation
rates (prey items d™') and prey handling time of the 2
whelk species under laboratory conditions. In May
1995, a period when both whelks are active (Spanier
1986, Rilov et al. 2001), we collected 8 whelks (50 to
60 mm shell length) of each species in Akhziv. Fouling
organisms were removed from the shell and the snails
were acclimated separately in the laboratory for 2 wk
without feeding, each in a 10 1 aquarium containing
aerated artificial seawater (24 to 26°C). One-third of the
water in the aquaria was replaced every other day. We
used as prey the mussel Brachidontes pharaonis of the
family Mytilidae. This mussel was readily obtained and
was found to be a preferred food item of Stramonita
haemastoma (Rilov et al. 2002), and eaten by Hexaplex
trunculus in our preliminary field and laboratory obser-
vations. Each snail was offered 5 large (25 to 30 mm)
and 5 small (5 to 10 mm) mussels. Consumed mussels
were replaced daily. We recorded feeding activity 3 to
4 times between 08:00 and 18:00 h and once at night for
18 d in S. haemastoma and 25 d in H. trunculus. Prey
handling time was defined as the time the snail spent
drilling and ingesting the prey, and was approximated
as the interval during which the snail was observed
present on the mussel, plus one half of the time interval
preceding and following that observation, following
Brown & Richardson (1987). A 2-way ANOVA was per-
formed on square-root arcsine transformed data with
whelk species and prey size as fixed factors.

We recorded the occurrence, position and size of
drill holes made by the 2 whelk species on mussels
that were eaten during the experiments. We deter-
mined 6 hole position-categories: 4 ‘marginal’ posi-
tions (up to 2 mm from the edge of the valve, identi-
fied as on a concave or convex side, or at anterior or
posterior ends of the valve; and 2 central hole posi-
tions, identified as on the left or right valve. The drill
hole was usually elliptical in shape and thus, its area
was calculated from measurements of the length and
width of the hole (to the nearest 0.1 mm), using a
dissecting microscope equipped with an eye-piece
graticule. Drill hole size of the 2 species was com-
pared using a t-test. Shell thickness in different areas
of each of the 2 valves (n = 31) was measured using a
digital caliper (to the nearest 0.01 mm) and compared
using 1-way ANOVA.

Resistance to exposure to air. We tested the relative
survivorship of the 2 whelk species when exposed to
desiccation in the laboratory. We collected 10 snails
from Herzelia in November 1998. The whelks were
placed in 40 1 aquaria with aerated artificial seawater
for 3 d in a temperature-controlled room. Tempera-
tures inside the aquaria varied between 23 and 27°C;
within the range of spring and early summer tempera-
tures along the Israeli coast. We then placed pairs of
Stramonita haemastoma and Hexaplex trunculus in-
side 10 1 aquaria without water (n = 10). Every 8 h for
5 d, we recorded whether the snails were alive (dead
snails quickly develop strong odors). Mortality was
verified at the end of the experiment by submerging
the snails in sea water for evidence of recovery (re-
attachment and movement) and rates were compared
using 1-way ANOVA.

Food density and diet. We determined the density of
barnacles, mussels and limpets, common prey items of
whelks (Navarrete & Menge 1996, Rilov et al. 2002), on
boulders at the Herzelia marina breakwater (where
the 2 whelks exhibit vertical partitioning zonation) at
1, 2 and 4 m depths (November 1998). The number of
barnacles, mainly Balanus perforatus, the mussel Bra-
chidontes pharaonis and the limpet Patella caerulea,
was counted within a frame of 10 x 10 cm laid at 1 m
intervals along a 30 m transect (n = 30 quadrats at each
depth). We conducted a quantitative survey in Her-
zelia marina breakwater (November 1998) to deter-
mine the percentage of different food items in the diet
of Stramonita haemastoma and Hexaplex trunculus.
We scanned the boulders of the breakwater and the
surrounding sand for 1 h, and recorded the type and
number of food items on which the whelks were found.
Additional partially qualitative information on food
items of the whelks came from field and laboratory
records taken throughout the entire study period (1995
to 1998).
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RESULTS
Whelk distribution

Habitat type (Akhziv site), depth (Herzelia site) and
the degree of exposure to waves (Tel-Aviv site) all
effected the distribution patterns of both species
(Table 1). Hexaplex trunculus was relatively common
(>1 individual per minute survey or >1 individual m2)
in low-wave-energy habitats, i.e. shallow bay or lagoon,
horizontal bedrock at a depth of 4 to 5 m at the seaward

side of the platform, the leeward side of breakwaters
and the deeper sections of the exposed side of break-
waters (Fig. 1). H. trunculus was also found on the sand
among boulders in the Herzelia marina breakwater.
Stramonita haemastoma was absent or rare at most of
these habitats but was relatively common (>4 indivi-
duals per minute survey, or >0.5 individual m™2) on the
platform wall and at the shallow depth (1 to 3 m) on the
exposed side of breakwaters, except for the deeper
wave-exposed faces of the breakwaters in Tel-Aviv
where the 2 species equaled in abundance (Fig. 1a).

Table 1. Stramonita haemastoma and Hexaplex trunculus. One-way ANOVA of the effect of habitat (lagoon, platform flat, plat-

form wall and bedrock; Akhziv, northern site) and depth (seaward side of a breakwater; Herzelia site) on density (ind. m™2), and

the effect of exposure (breakwaters;Tel-Aviv site) on individuals found per minute search. Values were square root transformed
before analysis

Site Species Factor SS df MS F P
Akhziv Hexaplex trunculus Habitat 19.76 3 6.58 38.26 <0.0001
Error 26.17 152 0.17
Stramonita haemastoma Habitat 1.89 3 0.63 3.40 0.02
Error 28.40 153 0.18
Herzelia Hexaplex trunculus Depth 13.72 4 3.43 21.56 <0.0001
Error 19.09 120 0.15
Stramonita haemastoma Depth 14.39 4 3.59 13.70 <0.0001
Error 31.50 120 0.26
Tel-Aviv Hexaplex trunculus Exposure 6.40 2 3.20 86.82 <0.0001
Error 0.22 6 0.03
Stramonita haemastoma Exposure 9.12 2 4.56 771.70 <0.0001
Error 0.035 6 0.005
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Fig. 1. Abundance of Stramonita haemastoma (black bars) and Hexaplex trunculus (open bars). (a) Average number (+SE) of

snails counted per unit effort (NUE; min) on the lee (protected) and windward (exposed) sides of breakwaters in Tel-Aviv. n = 35,

20, 50 and 50 for lagoon, platform, wall and bedrock, respectively. (b) Density (+SE) of snails at 4 habitat types in Akhziv (n = 35

to 50 quadrats at each habitat). (c) Density (+SE) of snails at different depths and substrate types at the Herzelia marina wave
breaker (n = 30 at each depth)
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Table 2. Stramonita haemastoma and Hexaplex trunculus. Comparison of allometric relationships between the species, presented

as ratios (average = SD) between the different morphological variables for each species. Differences between ratios were tested

by 1-way ANOVA after arcsine transformation, and the F and p values are presented. F, (critical F value) = 3.99. MPSA = maxi-

mum projected surface area; +fouling = area measured before fouling was removed from the shell; —fouling = area measured
after fouling was removed from the shell

Variable I/Variable II
Variable I Variable II Stramonita haemastoma Hexaplex trunculus F 67 P
Aperture length ~ Shell height 1.08 = 0.08 0.81 +0.08 192.2 <<0.0001
Shell height MPSA —fouling 0.025 + 0.003 0.039 + 0.008 74.9 <<0.0001
Foot area MPSA +fouling 0.44 +0.09 0.35+0.09 16.5 =0.0001
Foot area MPSA —fouling 0.50 = 0.09 0.37 +0.09 27.2 <0.0001

Allometry and adhesive features

Stramonita haemastoma has a squatter shell than
Hexaplex trunculus as indicated by a 33 % higher ratio
of aperture length to shell height and by a 36 % lower
ratio of shell height to MPSA (without fouling, Table 2).
S. haemastoma also had a 20 to 26 % greater ratio of
foot area to MPSA than H. trunculus, with and without
fouling, respectively. The fouling on the shell sig-
nificantly reduced the ratio of foot area to maximum
projected surface area in S. haemastoma (by 13 %,
ANOVA, F, 6z = 6.98, p = 0.01) but not in H. trunculus
that was less fouled.

The regression equations obtained for the relation-
ship between aperture length and foot area are: foot
area = 15.8 (aperture length) + 78.2 (r? = 0.33, p =
0.002) for Stramonita haemastoma, and foot area =
15.4 (aperture length) — 50.9 (12 = 0.43, p = 0.004) for
Hexaplex trunculus. These equations were used for
the calculation of foot area of whelks measured in the
field. Fouling (mainly barnacles and tube worms)
comprised 11.7 = 7.5% (SD) of the maximum pro-
jected surface area in S. haemastoma, which is twice

Table 3. Stramonita haemastoma and Hexaplex trunculus. Effect of species and

that found for H. trunculus (6.0 £ 5.8%, F; ¢35 = 11.7,
p = 0.0001, 1-way ANOVA after arcsine transforma-
tion).

The mean shell length of Stramonita haemastoma
tested in the field for adhesion strength was 60.2 +
4.7 mm (SD) and that of Hexaplex trunculus, 44.0 £
7.5 mm. The 2-way ANOVA results demonstrate that
both dislodgment and tenacity differ between species
and, in H. trunculus, also between feeding and non-
feeding individuals producing an interaction between
species and feeding (Table 3). Similar shear dislodg-
ment force was measured in feeding and non-feed-
ing S. haemastoma whereas in H. trunculus, feeding
individuals were holding on to the substrate much
more firmly (Fig. 2a). The shear dislodgment force
of feeding S. haemastoma was more than twice as
high as in feeding H. trunculus and was an order of
magnitude higher in non-feeding S. haemastoma
individuals as in non-feeding H. trunculus (Fig. 2a).
Comparison of the tenacity revealed that the feeding
individuals of the 2 species had a similar adhesion
force per foot area, but non-feeding individuals of
H. trunculus had lower tenacity (Fig. 2b).

Feeding behavior features

foraging activity on shear dislodgment force and tenacity. Two-way ANOVA on

square-root transformed data

The predation rate of Stramonita

haemastoma was higher than that of
SS daf  MS F p Hexaplex trunculus and both whelks
) eat more large than small mussels.
DISIO_dgment S. haemastoma ate 0.32 + 0.08 (+SE)
Species 60.26 1 60.26 147.46 < 0.0001
Feeding/non-Feeding 1553 1 1553 38.00 <0.0001 and 0.04 + 0.02, large and small mus-
Species x Feeding/non-Feeding 533 1 533 13.03  0.000653 sels per day, respectively. H. truncu-
Error 22.89 56 041 Ius ate 0.08 + 0.02 and 0.01 + 0.008,
large and small mussels, respectively
Tenacity (2-way ANOVA; species effect: F; 5=
Epegies/ Feed: 8822 i gggg Zggg <888811 13.48, p < 0.0001, prey size effect:
sf)ic;?f angtreledieneg/lrrllgn-Feeding 0034 1 0034 3985  <00001 Fi20=5.13 p = 0.03, no species x prey
Error 0.048 56 0.0008 size interaction). Handling time when
feeding on large mussels was 10
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times shorter in S. haemastoma than in H. trunculus
(range of 3 to 16 with a mean of 9.2 + 3.6 h and range
of 30 to 210 with a mean of 97.2 + 58.1 h, respec-
tively, Fj,31 = 48.9, p << 0.0001, 1-way ANOVA).
Preying on small mussels was a short episode in both
whelks and was completed in less than 4 h (the
period between consecutive observations).

More mussels, large or small, had drill holes when
preyed upon by Hexaplex trunculus compared to Stra-
monita haemastoma (large mussels: 96 % compared to
76 %, n = 30 and 51, respectively; small mussels: 72 %
compared to 54 %, n = 12 and 48, respectively). All drill
holes made by S. haemastoma in both large and small
mussels were in the margin of the valves and >60 % of
these holes were at the center of the concave side of
the mussel. Most (80 to 90%) of the mussels preyed
upon by H. trunculus had drill holes in the margins; the
majority were located at the center of the concave side
of the valve (38 and 20 %, for large and small mussels,
respectively), or at the anterior end of the valve (40 and
60 %).

The drill hole made by Stramonita haemastoma was
in the form of a narrow slit at the margin of the valve,
many times eroding mainly the organic layer of the
valve. The drill hole made by Hexaplex trunculus was
often found in the thicker areas of the mussel's valve
(the anterior and center) and had a conical shape. Both
the outer (46 mm?) and inner (18 mm?) openings of the
conical drill made by H. trunculus were significantly
(p < 0.0001) larger than the hole made by S. haema-
stoma (3 mm?).

We found strong positive correlation between shell
length and thickness; for example, 12 = 0.59, p < 0.001;
for the concave side of the valve. The shell thickness of
both valves was similar. The thinnest area of the valve
was the concave side (0.41 = 0.14 mm), whereas the
anterior side was thicker by 26 % (0.51 + 0.18), the con-
vex side by 59 % (0.64 + 0.17 mm) and the center of the
valve by 173% (1.13 £ 0.41 mm; F, 30 = 5.1, p = 0.02;
Fi 30=31.1,p<<0.001; F, 50 =83.2, p << 0.001, respec-
tively, ANOVA).

Resistance to exposure to air

Most individuals of Stramonita haemastoma retreat-
ed into their shell within the first day of exposure to air,
whereas almost all Hexaplex trunculus extruded their
foot until they died. 50 % mortality was recorded after
60 and 102 h of exposure to air in H. trunculus and S.
haemastoma, respectively. Average survival time was
twice as high in S. haemastoma than in H. trunculus
(104 = 25 and 58 + 17 h, respectively, F; 15 = 23.7, p =
0.0001; 1-way ANOVA after square-root arcsine trans-
formation).

—_
(=)

Shear dislodgment force (N)

Tenacity x 104 (N m )

Fig. 2. (a) Shear dislodgment force and (b) tenacity in feeding
and non-feeding individuals of Stramonita haemastoma
(black bars) and Hexaplex trunculus (open bars). Error bars
are +SE. A dashed line is drawn above values that do not dif-
fer significantly. **p < 0.01, ***p < 0.001, ns = not significant

Food density and diet

The density of mussels (Brachidontes pharaonis),
barnacles (mainly Balanus perforatus) and limpets
(Patella caerulea) on vertical infralittoral substrate
decreased substantially with depth and proximity to
sandy bottom (Fig. 3). Barnacles and limpets were most
abundant at 1 m, and the mussel Brachidontes pharao-
nis was rare below the depth of 2 m, near the sandy
bottom. During a 1 h dive, we observed individual
Hexaplex trunculus feeding on 9 different food items
and Stramonita haemastoma only on 3, mainly mussels
(Fig. 4). Barnacles were abundant in the diet of both
species. Most individuals (90%) of S. haemastoma
were engaged in feeding compared to about 60% of
the H. trunculus. The non-feeding individuals of the
latter species were found mainly on sand, rock or turf
alga. Over the entire study, the diet of S. haemastoma
included 6 prey types whereas that of H. trunculus
included 14, including conspecifics and dead fish
(Table 4). Cannibalism was frequently observed in the
laboratory when H. trunculus were placed together
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without food, but not for S. haemastoma under the
same conditions. When the 2 species were placed
together in an aquarium without food, H. trunculus
preyed on S. haemastoma, but never the opposite.

DISCUSSION

Allometry and behavior have been suggested as cor-
relates of habitat partitioning. For example, morpho-
metric differences in closely related lizards were trans-
lated to differences in locomotive performance that
were in correlation to habitat partitioning (Vanhooy-
donck et al. 2000). Our study supports this hypothesis

100% + A R
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80% - o
° e & Cannibalism

CTTE 0 Limpets
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20%
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Stramonita  Hexaplex
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Fig. 4. Frequency of prey types that were preyed upon by
Stramonita haemastoma and Hexaplex trunculus at the
Herzelia marina breakwater in November 1998

Fig. 3. Density (+SE) of main
potential food items for the 2
whelk species at different
depths at the Herzelia marina
breakwater (n = 30 quadrats at
each depth, ***p < 0.001)

by demonstrating that 2 relatively large predatory
whelks that differ in their morphometery and feeding
behavior exhibit allopatric distribution on a small spa-
tial scale in the shallow littoral environment. We at-
tribute this habitat partitioning to different adaptations
to living in environments with high and low water
movement. Rocky intertidal habitats that are directly
under the influence of high wave energy offer ample
food resources but expose mobile, benthic predators to
high risk of dislodgment. Protected habitats such as la-
goons, bays and deeper water are less risky but usually
offer less food. Stramonita haemastoma appears to pre-
fer habitats with moderate exposure to wave energy. It
is most abundant on subtidal seaward rocks (2 to 3 m)
or intertidally on wave-exposed benches with abun-
dant shelter (Rilov et al. 2001 and this study). It avoids

Table 4. Prey items of Stramonita haemastoma and Hexaplex
trunculus in field and laboratory observation. XXX = often
observed, XX = occasionally observed, X = rarely observed

Prey item Predator
Stramonita Hexaplex
haemastoma trunculus

Barnacles XXX XXX
(mainly Balanus perforatus)

Bivalves
Brachidontes pharaonis XXX XX
Mytilaster minimus X® Xa
Ostrea edulis X

Gastropods
Cerithium spp. XXb
Columbella rustica Xb
Ocinebrina edwardsi xPb
Stramonita haemastoma Xe
Hexaplex trunculus X
Patella caerulea X X
Vermetus spp. XX X

Solitary tunicates X

Encrusting bryozoans X X

Fish carcass X

Observed only in the laboratory

bObserved only in protected habitats
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highly exposed shallow areas (0 to 1 m) such as the up-
per region of breakwaters. S. haemastoma is also rare
to absent in habitats where wave energy is low, such as
lagoons, protected bays and deeper waters in exposed
locations. Hexaplex trunculus avoids wave-exposed
habitats and is mostly found in deeper water, or in
shallow water in protected sites/habitats. Here, we dis-
cuss the significance of the biomechanical/morphologi-
cal and behavioral differences between the 2 whelks
that can explain their habitat partitioning.

Morphological adaptations

The morphometric differences between the 2 whelk
species support our hypothesis that Stramonita hae-
mastoma is better adapted to life in high energy envi-
ronments than Hexaplex trunculus. S. haemastoma
has a squatter shell shape, which is typical of wave-
exposed phenotypes of other snails (Trussell et al.
1993, Hughes & Taylor 1997, Trussell 1997). Thus, the
drag force acting on it by water should be smaller and
the risk of dislodgment lower (Denny et al. 1985) than
that acting on H. trunculus. Also, the surface area of
the foot relative to maximum shell projection (MPSA)
is larger in S. haemastoma than in H. trunculus. The
adhesive tenacity of feeding individuals of the 2 spe-
cies is similar; therefore, we suggest that a larger ratio
of foot area to body size, and not stronger adhesive-
ness, is responsible for the greater force required to
dislodge S. haemastoma from the rock. This is consis-
tent with the findings of similar tenacity of Littorina
obtusata from wave-exposed and wave-protected
habitats (Trussell 1997).

The profound difference in shear dislodgment force
and tenacity between feeding and non-feeding individ-
uals of Hexaplex trunculus may be attributed to ener-
getic considerations. Adhesion to the substrate requires
energy through generation of a vacuum and/or mucus
secretion. A firm adhesion is not required in the low
energy environments where H. trunculus is found, ex-
cept when clinging to prey. We suggest that when not
foraging, the whelk saves energy by reducing tenacity,
probably by decreasing mucus production, which is
very costly (30 to 60% of assimilated energy in gas-
tropods, Davis & Hawkins 1998). Conserving energy
may be advantageous in the relatively prey-impover-
ished environments where H. trunculus is found. On
the other hand, a snail such as Stramonita haemastoma
that lives in high-energy environments always faces a
threat of potential dislodgment. Its strong attachment to
the surface is consistent with this argument.

The tenacity measured for Stramonita haemastoma
and Hexaplex trunculus is relatively similar to that
measured in 2 Pacific whelks and in periwinkles,

Table 5. Adhesive tenacity (shear strength) in littoral gas-
tropods (measured when the animal was stationary)

Species Tenacity Source

(10° N-m)
Snails
Stramonita haemastoma 21.2 This study
Hexaplex trunculus 21.5 This study
Thais canaliculata 17.8 Denny et al. (1985)
Thais emarginata 21.3 Denny et al. (1985)
Littorina scutulata 31 Denny et al. (1985)
Littorina obtusata 9.8 Trussell (1997)
Limpets
Colisella digitalis 385 Denny et al. (1985)
Mocclintockia scabra, (129* (high tide)
Lottia pelta, [ and }Smith (1992)
L. digitalis, L. limatula \ 194® (low tide)
“Mean of 4 limpet species

which are much smaller in size (Table 5). Interestingly,
the tenacity of these littoral snails is lower than that of
limpets by about an order of magnitude (Table 5).
Limpets were reported to use either suction (when
active) or glue-like adhesion (when not active) as
adhesion mechanisms, and suction produces lower
tenacity (Smith 1992, see Table 4, this study). When
risk of dislodgment increases, limpets remain exposed
on the rocks in high-energy environments. In contrast,
under such conditions snails move away and aggre-
gate inside shelters until the environment is mechani-
cally safe (Menge 1978a,b, Denny et al. 1985, Fair-
weather 1988, Burrows & Hughes1989, Johnson et al.
1998, Rilov et al. 2001). This behavior and the lower
tenacity may suggest that snails use mainly suction to
adhere to the rocks. Comparison of the density of pedal
mucus glands (see Davis & Hawkins 1998) or mucus
adhesiveness qualities between snails and limpets may
help clarify this aspect.

We found that Hexaplex trunculus had considerably
less fouling on the shell than Stramonita haemastoma.
Fouling increases projected surface, consequently re-
ducing the ratio of foot area to MPSA (our study), and
thus increasing the potential drag acting on the shell
(see Denny et al. 1985, Wahl 1996). H. trunculus was
often observed partially buried in sand (G. Rilov, pers.
obs.) and was also reported to retreat into sand, mainly
during the summer months, when it is less active
(Spanier 1986). Temporary shielding from planktonic
settlers, suffocation and/or erosion of biofouling by
sand can explain the difference in fouling of the 2 spe-
cies. This is supported by observations that individuals
of S. haemastoma found in holes in the intertidal zone
that were filled with sand had lower fouling than their
conspecifics in the subtidal zone (G. Rilov unpubl.
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data). Similarly, epibiotic cover was lower in burrow-
ing versus non-burrowing individuals of a crab species
(Wahl et al. 1998). Intertidal S. haemastoma were also
more clumped (Rilov et al. 2001, G. Rilov pers. obs.).
This may suggest that mucus secretion, bulldozing and
mutual predation on epibiosis contributes to the lower
fouling on their shell (see Wahl & Sonnichsen 1992).

Feeding behavior adaptations

Time is of the essence on the rocky shore and long
prey handling times may have detrimental fitness costs
(Rovero et al. 2000). The feeding experiment supports
our hypothesis that Stramonita haemastoma is better
adapted to life in high-energy environments than
Hexaplex trunculus. Large S. haemastoma handle
mussels for several hours, which falls within the range
recorded for large S. haemastoma preying on mussels
in Louisiana (Brown & Richardson 1987). Prey han-
dling-time of S. haemastoma on mussels is about 10
times shorter than that of H. trunculus, and corre-
spondingly its predation rates are much higher. Wave
action can considerably limit the foraging activity of
whelks (Menge 1978b, G. Rilov et al. unpubl. data).
Because the 'window of opportunity’ for foraging of S.
haemastoma in the Israeli rocky intertidal zone is
extremely limited (G. Rilov et al. unpubl. data), short
handling times and a high predation rate are highly
advantageous. The handling time of large mussels by
H. trunculus takes 2 d or more. In the eastern Mediter-
ranean, calm seas occur infrequently except for short
limited periods in fall and spring. It is, therefore, likely
that snails in exposed sites will experience high wave
action on a daily basis, forcing H. trunculus to avoid
such habitats.

Prey handling times of the 2 whelk species correlate
with the location and size of the drill hole that they make
in the shell of their prey. Stramonita haemastoma drills a
tiny hole, always in a marginal area in the middle of the
concave side of the valve, the thinnest area of the mus-
sel's shell. Drilling in marginal areas of the prey's shell
(oysters) was found also for S. haemastoma (=Thais flori-
dana) from the Gulf of Mexico (Radwin & Wells 1968,
Roller et al. 1984). Hexaplex trunculus drills a much
larger hole and not always in the thinnest area. Drilling
a small hole in the thinnest area is no doubt faster.

Based on prey handling time, drill hole size and loca-
tion, prey shell thickness and drilling rates (from the
literature), we conclude that Stramonita haemastoma
and Hexaplex trunculus have different predation tech-
niques. Drilling rate in muricid whelks was estimated
to be 0.29 to 0.36 mm d! (Carriker & Van Zandt 1972,
Hughes & Dunkin 1984, Rovero et al. 1999a). Applying
this rate to the 2 whelks we studied means that it

would take almost one and a half days to drill a com-
plete hole in the thinnest part of the shell of Brachi-
dontes pharaonis (0.41 mm). The tiny hole made by
S. haemastoma (usually <0.8 mm at the narrow diame-
ter) and the short handling time (3 to 16 h) suggest that
it does not feed through the hole. The tiny hole is evi-
dently much narrower than the snail's proboscis (2 to
3 mm in diameter, as estimated from Fig. 1 in Roller et
al. 1984). Alternatively, S. haemastoma may inject a
relaxant into the mussel's mantle cavity through the
tiny hole that it has rasped with its radula, affecting the
adductor muscle and causing the valves to gape (see
also Whittaker 1960, Garton & Stickle 1980, Roller et
al. 1984, Rovero et al. 1999a,b). The relaxant may be
strong enough to penetrate through natural gaps in the
margins of the shell of small mussels (McGraw &
Gunter 1972), opening the mussel without drilling. We
indeed found preyed mussels without drill holes,
mostly small ones. Drilling rates exceeding 24 h fit
handling time, size and drill hole location of H. truncu-
lus. Unlike S. haemastoma, H. trunculus probably uses
the large hole it created to introduce its proboscis
through the shell in order to feed on the mussel flesh.

Behavioral adaptation to exposure to air

Another aspect of behavioral adaptation to living in
wave-exposed environments is associated with resis-
tance to desiccation. The intertidal habitat that is fre-
quently under the influence of strong wave action is also
at times exposed to air. Intertidal rocks in the eastern
Mediterranean can sometimes be exposed for periods of
several days (on calm days when the barometric
pressure is high). Organisms living in this environment
must cope with this stressful condition. Experiments
in which the 2 whelk species were exposed to air
show that Stramonita haemastoma can withstand longer
periods of desiccation than Hexaplex trunculus. When
exposed to warm air, S. haemastoma retreats rapidly into
its shell and thus, reduces loss of moisture. Under the
same conditions, H. trunculus keeps its foot protruded
outside the shell and eventually dies. This difference in
behavioral response to air exposure can explain the
lower resistance to desiccation of H. trunculus. It corre-
lates with the fact that the latter species is never found
intertidally as is S. haemastoma. Our finding agrees with
that of other studies that show that the distribution of in-
tertidal organisms, even of closely related species, cor-
relate with their resistance to desiccation (e.g. Iwasaki
1995, Simpfendorfer et al. 1995, Davenport 1997). Al-
though S. haemastoma seems to be better adapted to
cope with desiccation than H. trunculus, it avoids desic-
cation conditions by retreating to shelters in the midlit-
toral zone when such conditions develop (G. Rilov et al.
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unpubl. data). When trapped for several days on drying
platforms, S. haemastoma will die (Rilov et al. 2001).

Diet adaptations: specialist versus generalist?

We found that Hexaplex trunculus, which lives in
habitats where food density is low, has a broader diet
than Stramonita haemastoma that inhabits environ-
ments richer in potential food. Unlike S. haemastoma,
H. trunculus supplements its diet by scavenging and
cannibalism. The former may not be an option in wave
exposed environments because dead material can be
swept away. In the laboratory, we observed H. truncu-
lus preying on S. haemastoma, but never the opposite.
This biotic interaction further justifies the species
habitat segregation.

CONCLUSIONS

Our findings support a conclusion that ‘distinct pref-
erences’ is the major mechanism responsible for the
habitat partitioning of the 2 whelks. We base it on the
snails’ allometric and behavioral adaptations to life in
such environments. The squatter shell of Stramonita
haemastoma, which reduces the drag force acting on its
body, and its larger foot surface area relative to maxi-
mum shell projection, make this species more adapted to
living in wave swept environments than Hexaplex trun-
culus. The mode of feeding that enables S. haemastoma
to consume food more rapidly than H. trunculus and its
foot retracting response when exposed to air, which en-
ables it to better cope with desiccation, further supports
its existence in high flow environments. H. trunculusis at
high risk in wave-exposed habitats but flourishes in pro-
tected environments where it capitalizes on any avail-
able animal-food resource. It is less obvious why S.
haemastoma should avoid low-flow subtidal habitats.
The answer might be shortage of food for the more re-
stricted diet that this species possesses. Potential nega-
tive biotic interactions between the 2 (predation of S.
haemastoma by H. trunculus) may also stabilize the par-
titioning of the habitat between these whelks, S.
haemastoma avoiding areas where H. trunculusis found.
We cannot rule out the possibility that a ‘shared-prefer-
ences' mechanism can also play a role in the observed
habitat partitioning; in that connection, we show that the
2 whelks have the potential to be competitors as they
share similar items in their diet. However, if snails occu-
pied different parts of the habitat because of competition
or predation, then we would expect that performance in
at least several of the measures examined in this study
would be similar. Although habitat partitioning is often
related to past or present competitive interactions among

the constituent species, we have no evidence that the 2
whelk species coevolved, and thus that the partitioning
is a result of competition. Reciprocal transplantation
experiments will aid to resolve if competition exists in
nature and contributes to the partitioning of the species.
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