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ABSTRACT

Tliis stiiclv documents one of the slowest feeding beha\if)rs
ever recorded lor a mnricid gastrojiod in one of the most
l)iotically rigorous regions on the planet. In Pacitic Panama,
VHiihiria salchrosa attacks mollnsks by drilling througli their
shells. Tlie duration of attacks estimated bv isotope sclero-
chronf)log)' of oyster shells collected during attacks in progress
range from 90 to 230 days, while experimental obsenation of
interactions documented one attack greater than 103 days.
The prolongeil nature of attacks suggests that V .sahijmsa is
best characterizeil as an ectoparasite than as a predator, which
is the ancestral condition in tlie Mnricidae. An ectoparasitic
lifestxie is also evident in the nnnsnal interaction traces of tins
species, which inchufe foot scars, feeding tunnels and feeding
tubes, specialized solt anatomy, ami in the formation of male-
female pairs, which is comsistent with jirotandrons hermaph-
rotlitism, as is tvpical in sedentan' gastropods. To delay death
of its host, T salchrosa targets renewable resources wfien feed-
ing, such as blood and digestive glands. A congener, Vitniaha
miliaris from the Indo-Pacific, has an ivlentical feeding biologyv
Tlie origin and persistence of extremely slow feeding in the
tropics challenges our present understanding of selective pres-
sures influencing the evolution of muricid feeding beliaviors
and morphological adaptations. Previously, it has been sug-
gested that faster leeding is advantageous because it permits
predators to spend a greater proportion of time hiding in
enemy-free refngia or to take additional prey, the energetic
benefits of which could be translated into increased fecimditx'
or defenses. The benefits of exceptionally slow feeding have
received little consideration. In the microliabitat preferred by
T salchrosa (beneath boulders), it is possible that prolonged
interactions with hosts decrease vnlnerabilitx' to enemies by
reducing the fre(|nenc)’ of risk'v foraging events between feed-
ings. Ectoparasitic feeding throngli tunnels by T salchrosa may
also reduce competitive interactions with klejitoparasites (e.g.,
crabs, snails) that steal food through the gaped vaK'es of dead
or dying hosts.

Arhiilional kcincords: Vitiilaria miliaris, ectoparasite, foot
scar, feeding tube, sclerochronolog)'

INTRODUCTION

Predatoiw .species of the neogastropod lauiily Mnricidae
generally attack prey by slowly drilling a hole throngli
the wall of the prey's shell, a process that can take from
several days to jnst over a week (Palmer, ]99(); lOietl and
Herbert, 2005; Peharda and Morton, 2006). During this
time, mnricids are left exposed and vulnerable to attacks
Irom tlieir own enemies and to theft of food by compe-
titors attracted to the chemical scent ol drilling or the
injured prey (Paine, 196.3; Morissette and llimnudman,
2000; Ishida, 2004). Tims, several authors have argued
that natural selection should (avor the evolution ol oi-
lensive weapons and behaviors (e.g., edge drilling, klep-
toparasitism, toxins, shell grinding) that accelerate or
completely replace slower styles of attack (Vernu'ij and
Carlson, 2000; Herbert, 2004; Dietl et ak, 2004). Faster
leeding allows animals to spend more time in enemy-
Iree refngia or to take additional prey, tlie emn-getic
benefits of which could he translated into increased re-
production or defenses (e.g., large size, thicker shell,
.speed, toxins, etc.). Selection for faster feeding should
he particularly important in 'hiotically rigorous" envir-
onments, where predation and competition pivssnres
are most intense (lOudley and Vermeij, 197S; Vermeij
ami Cnrrey, 1980; NTrineij, 1987, 2004).

The present study focuses on the feeding ecology' ol
Vihilaria salchrosa (King and Rroderip, 1832), a mnricid
tliat is relatively common in rocky-' intertidal habitats
Inmeath boulders in Pacific Panama wliere it feeds on
other Mollnsks. VVe document the unexpected ocenr-
rc'iice  of  one  of  the  slowest  leeding  lii'haviors  ever
recorded for  a  mnricid in one of  the most  hioticallv
rigorous regions on the planet, the tropical Pacilic. Onr
lindingon the duration ol attacks together with informa-
tion on tlie feeding traces, sjiecialized anatomv and re-
productive behavior ol V. salchrosa are consistemt with
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an ectoparasitic rather than a true predatoiy inode ol life.
We also coinjrare and contrast alternative h)/|rotheses to
e.xplain the environmental conditions snrronnding the
rare evointionaiv transition between a teinporaiy intimate
predator-prey interaction to a persistent ectoparasite-host
interacbon.

MATERIALS  ANlh  METHODS

Study  Are.y:  Alollnsks  were  collected  from  under
boulders in the exposed rockw intertidal around Venado
Island, in the Gnlf of Panama, near Panama CiW, Pana-
ma (S°52'  N.  79°35'  W) in August  2005 and Jamum/
2006. This island is approximately 1.6 km ollshore but
accessible by loot during extreme low tides. Upwelling
of cold, nntrient-rich water in late winter/early spring
and (reshwater rnnolt during the summer rainy season
affect snrlace water conditions in this region, wdth aver-
age annual temperature and salinity in near-surface
waters (top 20 m) ol' the Gull of Panama ranging from
19.3 to 27.7°G and 29.3 to 34.3%o, respectively (Smayda
1965, 1966; Wyrtki,  1966, 1981; Geaiy et ak, 1992).  A
more detailed description of the oceanographic and hy-
drographic regime of the Gull of Panama is found in
Bemis and Geaiv (1996). The dominant rock-encrusting
macrofanna at Venado Island includes biyozoans and
suspension-feeding mollnsks, including the oysters Pinc-
tacla  mazatianica  (Hanley,  1856),  SponchjJus  calcifer
Garpenter, 1857, Chania sp., and Ostrea cf fisheri Dali,
1914, a vermetid ga.stropod Tripsi/cha (Eualctes) tulipa
(Ghenn, 1843 ex Rousseau, MS), and the calyjitraeid gas-
tropods Cnicibiihn)i (Cnicihiihnn) sf)ii}osnin (Sowerby,
1824) and Bostn/caj)iilus cah/ptracfoni}is (Deshayes,
1830). This rocl<\' interbdal site also includes abundant
predaton' gastropods, octopods, and crabs.

Host Phefekences and Feeiyinc Traces; Twenty-three
indh idnals of Vitiilaiia salehrosa, with shell lengths rang-
ing from 40.5 to 54. 1 mm, were obseiA/ed under boulders
at Venado Island in August 2005. Fourteen of these, all
females, were found to be actively feeding on mollnscan
prey, which was determined by obsennng whether the
proboscis conld be seen extending through a hole in the
host’s shell as the predator was lilted away. All fourteen V
sdlchrosa and their hosts were collected and preseived in
75% ethanol. Five host shells (three oy.sters and Pa'o
vermetids) wei'e cut with a rock saw to view predation
tracers in cross-section. All hgnred material is housed in
the Paleontological Research Institution (PRI) in Ithaca,
NY. Non-lignred material associated with experiments in
this study (see below) is in the collection of the third
author (HE). All other field-sampled material discussed
herein is rc'posited in the collections ol the first two
authors (GSH and (fPD).

Duiution ok Interactions wrrii AIoei.uscan Hosts: We
estimated the duration of interactions between V sale-
hmsa and its hosts using two independent methods. Tlie
first, stable isotope sc'leroclironolog)', provides an iiuli-
rect estimate but measures interactions with hosts under

natural conditions in the field. The second approach, a
long-term feeding experiment in the laboratoiy, cannot
fully simulate natural conditions in the field but provides
the only practical means of obtaining direct obsewations
foi- attacks lasting months or longer. The two approaches
together are much stronger than either alone. In this
study, they yielded similar results on the estimated dura-
tion of species interaction.

Stable  Isotope  Scleroehronology:  Stable  isotope
sclei'ochronology is a powerful tool for agitrg mollnscan
shells.  The rabo of  to isotopes in indiUdnal  growbh
increments of shell GaGO ,3 is determined l)y the emdron-
mental cemdibons in which shell precipitabon occurs. In
general, more positive/negabve 8^^0^^,-bonate values cor-
respond to coolerAvarmer temperatures. The specific rela-
tionship bebveen temperabire and 8 ^'"*Ot.;„bonate values has
been empirically derived, with a change in isotope \'alnes
of l%o being roughly equivalent to a temperature change
of 4°G (Epstein et ak, 1951; Krantz et ak, 1987; Wefer and
Berger, 1991; |ones, 1998). Salinity may also influence
5*''^Ocarboiuite ' iihies \la liveriiie input to coastal areas dur-
ing the rainy season, which introduces freshwater that is
relatively  depleted  in  (Epstein  et  ak,  1951;  Surge
et ak, 2001, 2003).

When a shell is sampled serially across any axis of
accretionaiy growbh (e.g., umbo to ventral margin or
across laminae of a thickened shell lip, etc.), the 8'^0
values of those samples plotted against growth distance
should exhibit near-sinusoidal variation resulting from
seasonal changes in temperature and salinity over a year
(Grossman  and  Kn,  1986;  Wefer  and  Berger,  1991;
Kirby et ak, 1998). In the tropical eastern Pacific, where
the rainy season coincides with warm summer tempera-
tures, temperature and salinity effects on 8^^0earbonate
Y’alnes reinforce one another and exaggerate the ampli-
tude and distinctiveness of annual cycles in the profile
(Geaiw et ak, 1992). Annual cycles in oxygen isotope
profiles can be counted to reconstruct a minimum esti-
mate  of  lifespan  and  an  absolute  duration  ol  shell
growth. Here, w^e use the technique to age only new?
shell growtii in bivalve hosts spanning the time between
the initiation of an attack by V salelfrosa and the time
the attack was disrupted wdien we collected the interact-
ing species pair in the field.

Of the host-bqYes axailable for this study, the stable
isotope technique wT)rks best for determining duration
of interactions with the oyster Ostrea cf. fisheri. Vitii-
laria salebrosa’s edge drilling attacks on this oyster for-
tnitonsly mark the surface of the thickened lip. The 8^^0
values of shell dejx)sited between this point and snbse-
([iiently formed growth increments at the lip record the
duration of the attack. If attacks by V. salebrosa last
roughly a week, as is tv|Yical of most mnricid predators,
there should be few or no grow'th increments formed by
the host alter the edw attack is initiated. Furthermore,
the 80 profile of samples collected across any growbh
increments that did form should show little or no varia-
tion, consi.stent w4th the rate of environmental change
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expected over a week. In contrast, if tlie duration of
interactions are on the scale of months or longer, there
should be numerous gro\Hh increments formed after
the attack is initiated, and the 8'''^0 profile should exhibit
a  roughly  sinusoidal  trend  wth  a  range  of  values
expected of seasonal to annual variation. The two oysters
selected for analysis were collected during an attack in
progress by salebrosa in August 2005. This eliminated
any ambiguity over the provenance of the feeding traces.
However, because the attack was interrupted, isotope
profiles of these shells yield only a minimum estimate
of the duration of predatory interactions by V. salebrosa.

The predicted annual range of §^'^0^,.ag;ouite lor shells
precipitated in nearsurface waters (top 20 m) of the Gulf
of Panama is roughly -0.5 to -3.0%o, with an amplitude of
2.5%o (Geaiy et ak, 1992). Because oyster shell laminae
are composed of calcite, a mineral form that differs in its
isotopic composition from aragonite by a -1.0%o offset
(Bohm et ak, 2000), the predicted annual range of oyster
h^^Ocalcite loi' iiear surface waters of tlie Gulf of Panama is
closer  to  -1.5  to  -4.0%o.  Measured  values  from  a
gastropod Stro))ibiis gracilior collected at a tidally exposed
beach near Venado Island have a larger amplitude of
4.5%o for the strombids first year of grow4h (Geaiy et ak,
1992). For intertidal oysters at Venado Island (a slightly
deeper site than the tidally exposed beach), the amplitude
of  annual  change in  the profile  should fall  between
2.5 and 4.5%o, but probablv closer to the latter.

Prior to sampling, oyster shells were soaked in a con-
centrated solution of bleach for 30 minutes, scrubbed
\Hth a soft brush, and sonicated in deionized water to
remove organic contaminants, sediment, and encrusting
organisms. Powdered carbonate samples were collected
by abrading the edges of individual laminae exposed at
the outer lip v,4th a modified 0.5 mm bit attached to a
hand-held Dremel drill. Samples were also taken from
laminae visible along the less exposed inner surface of
the lower valve 1-2 mm from the edge of the outer lip.
Powdered carbonate samples ranged from 50 to SO pg in
size, with an average spatial resolution of 0.5 mm.

Stable isotope measurements were made on a Ther-
moFinnigan  E)elta+XL  IRMS in  dual-inlet  mode  cou-
pled to a Kiel-Ill carbonate preparation system housed
at the University of South Florida Gollege of Marine
Science. All values are reported in standard delta (5)
notation relative to the VPDB isotopic standard, where
h — [Rsanipk-fflstandard f]  ̂1000 aud R.sample and Rytandard
are the oxygen isotopic ratios of the sample and the Pee
Dee Belemnite (V-PDB) standard, respectively, in %o
units. Stable isotopic precision, based on daily measure-
ments of laboratoiy standards (N > 500) over the past
12 months, is ±0.06 %o (1 sigma) for oxygen, ±0.03 %o
(1 sigma) for carbon.

Long-term  Laboratoiy  Observation  of  Feeding:
An informal feeding e.xperiment was conducted at tlie
Smithsonian Tropical Research Institute (STRI) marine
kill at Naos, Panama by one of us (HF) to determine
whether attacks last longer than one to hvo weeks. Tliree

37.9 liter aijuaria with (low-tkirough seawater dripped in
from above were partitioned into eipial quadrants with
plastic netting. Three (juadrants of each aquarium were
used to  house V  salebrosa and potential  molluscan
hosts, and the fourth ijuadrant contained a pipe for
outgoing water. Each quadrant held one V salebrosa
aud one host.

Each aquarium was a implicate of the other two in
terms of the host t)qie offered in eacli quadrant. Vitiilaria
salebrosa in quadrant I of each a(|uarium were offered
only the byssate oyster Pinctada mazadanica: the verme-
tid Tri)isi/cha (Eualetes) fulij)a was the sole host t\qie
offered in quadrant 11; aud either of tkie cementing
oysters Spondijltis calcifer or Chania sp. were offered in
quadrant III, depending on availabiliy. All four species
are commonly found in the natural habitat of V salebrosa.
The experiment began April 18, 2006 and was terminated
September 4, 2006. Obseiwatious were made roughly
biweekly during this period. Hosts killed were replaced
immediately \rith a single individual of the same species.
Three V salebrosa that died during the experiment were
also replaced, but none died during attacks in progress.
Twelve V salebrosa were used in all.

RESULTS

Ectoparasitism Feeding Traces: VVe observed fourteen
salebrosa feeding on the following molluscan hosts

during two low tides at Venado Island in August 2005:
the  oyster  Ostrea  cf  fisheri  (n  =  8),  the  cahqvtraeid
gastropod Crucibulum (Cnieibnhini) spinosimi (n = 2),
and the vermetid gastropod Tripst/cha (Eualetes) tulij)a
(n = 4). In nine instances, a large female V salebrosa was
joined by a single smaller male, which sat directly adja-
cent  to  the female  (Figures  1-2).  VVe obseraed only
females feeding. Adjacent males were not situated over
separate feeding holes.

Oyster Hosts (Figures 3-11): The following are general
characteiistics of interaction traces associated with the
eigkit Ostrea collected from the field: Vitiilaria salebrosa
w'as situated on the left, cemented valve, near the ventral
commissure,  with its proboscis extended tlu'ough a
straight-sided, 1 mm diameter liole tliat penetrated into
the lip of the left, cemented valve at an angle paivillel to
the commissural plane. The low^er half of the hole (the
half closest to the rock substrate) cuts tlirough multiple
oyster lamellae, as if formed by a drilling attack, wliile
the upper half (the half closest to the commissural plane
of the oyster) does not. Instead, the roof of the hole is
formed by a single curaed lamina, apparently as the
oyster deposited new shell over the feeding probos-
cis.  The attack,  therefore,  must  have initiated as  an
edge drilliug attack at an older (ontogenetically earlier)
commissure.

The hole through whicii Vitiilaria salebrosa leeds tra-
vels into the lower valve as a tunnel, cun-ing gradually
until it erupts at the inner surface some distance from
the lip. From there, the tunnel continues in a straight
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Figures 1-2. Large female Vitiilariii fialcbm.sa \\itli smaller male on overturned honlder. Female was feeding on an oyster heavily
enernstetl wath hnozoans and sponges. Figure 2 shows hole (arrow) leailing to leetling tunnel and characteristic foot scar left by
female (etched area aronml hole). Adjacent male was not feeding.

P'igures .3-7. Isctojiiirasitisni traces Icit by Viluhiria .sali'hmsa Iceiling on the oyster O.slrni cl. fi.slicri (PHI 8743). 3. Female
ecto|)arasite lecding on oyster attached to intertidal boulder. 4. belt \al\’e of ON’Ster host showing opening ol leeding tunnel thole
near screwdrix'cr tip) and leeding tube extending Irom hole to adductor muscle, ii. Close-np of hole and feeding tube. (i. Close-np ol
l(4t valve showing calcitc loot scar (top, lelt ol centi-r) and holes leading to two leeding tunnels. \'alvc is oriented with commissure at
bottom ol image. 7. ( iross-section ol oyster shell rex'caling two feecling tunnels. Onlv the second tnnnci piovidcd aceexss to the
interior ol the hosts shell at the time ol collection. Scale bars = I mm.
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Figures 8-11. Eetoparasitism traces lett by Vitulaha salehrosa feeding on the oyster Ostrea ci. fislicri (PRI 8744). 8. Left valve
of oyster prey showing feeding tube leading towards adductor muscle. Dotted line depicts cut made for cross-section in figure 11.
9. Close-up of e.x'ternal hole showing upper lip of hole excavated by drilling and lower lip lormetl by undulating sliell laminae
deposited by ovster. 10. Close-up of feeding tube on interior of oyster. 11. Cross section of oyster sbell revealing a single, long
feeding tunnel wanding through shell. Outer lip of oyster is to the right of the image. Scale bars in figures 8 and 11=5 mm. Scale
bars in figures 9 and 10 = 1 mm.

line as a closed tube or open channel wtb low walls. The
tnbe/chanuel sti ucture e.xtends up to 25 nun along the
inner surface stopping just inside the margin of the ad-
ductor muscle scar. There was uo sign of feeding on the
adductor muscle itself, although some muscles exhibited
a localized whitened region that could represent scar
tissue or inllammation.

A cross-section oi the oystei' in Figure 3 shows tw'tr sepa-
rate tunnels, altliough just one penetrated the inner surface
of the x'alve. The termination point of the earlier tunnel
(tunnel #1 in Figure 7) occurs at precisely the same growdh
line that the newer tunnel (tunnel #2 in Figure 7) begins.
Feeding activih' by V salehrosa on this host is interpreted
to have been more or less continuous, with tlie second
tunnel beginning almost immediately after abandonment

of the first tuuuel. Adjacent to the outer hole leading to
tunnel #1 is a cap of bubbly calcite cement, wdiich was
formed underneath the foot of the predator (a foot scar).
No other oyster vah'es were found with a foot scar.

Calyptkaeii:)  Gastropod  Ho.sts  (Figures  12-17):  Two
Crucibulinn (Criicibtiliti)i)  spiiiostim were found with
a  single  V  salebrosa  sitting  on top  of  the  host  shell
with its proboscis extending through a 1 mm diameter,
straight-sided liole roughly 7.5 mm from the shell lip.
No foot scars on the outer surlace of the host shells w'ere
obseiwed. The hole, wiiich is perpendicular to the shell
surface, erupts ventrally as a tube that runs along the
inner surface of the shell, adjacent to the cup, lor about
5 mm. The di.stal, open end of the tube e.xits between
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the shell and mantle in the region jnst posterior to the
host's head and gills hnt contimu's as a low-sided ehan-
nel extending another 5 nnn. Dissection ol both indivi-
duals revealed a cavitv in the digestive gland I'onglily
2 nnn in diameter and 5 mm in length, apparently repre-
senting the region ol the gland consumed hy V. sale-

J)rosa. The ca\ity did not break through the digestive
gland hnt terminated within it. A second drill hole that
was repaired and is not associated with a tube is present
on one ol'the shells, altliongh the driller responsible for
this hole is not know'ii. No loot scars w'ere tonnd on any
caKptraeid shells.

Figures 12-17. Isctoparasilisni (raves kit h\' \'ihilnh(i siilchrosa lecding on the cal\ptraeid gastropod Cnicihiilmn (('nicil>iiliiiii)
.s/)/nn.s7//n ( PHI S7 15). 12. Dorsal \ ie\v ol C'nicihiilmii sli(il. 13. X’entral \ lew ol Crucihutum showing position ol leeding tube rciative
to animal. 14. Clost'-np ol exteinal opening ol ihill-hole. 15. (,'lose-np ol leeding tube with animal remox’ed; leeding tube (not
ineinding etclied area hexond tube) is ronghlv 5 nnn in length. 16. Dorsal xic'xx’ ol Cnirihiilmii anatoniv shoxving damaged digestix'e
glands. 17. (ilose-nji shoxxing holloxx'ed-ont digestixe glands. Ahhrex iations: clg, digestix'e glands: clli, drillliole; Id, loot, dorsal side;
ft, leeding tube; fs, loot, sole; gi, gills: nib, mantle border; ov, oxaries; sn, snout; tc, tentacle. Seale bar in lignre 12 = It) mm; seale
bar in lignre 11=1 mm; seale h:ir in lignre 16 = 5 mm.
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N'ekmetid  (tAsi'hopoi^  Hosts  (FicriiKs  18-23):  All
lour Trij)siiclia {Etialcfc.s) Inlijxi hosts wcuv attackaal hv
(liilling through the sliell wall. Ihrillholes are roughly
1 umi ill diameter aud conical in \ertical cross-sectiou.
Figures 18 (bo.\) aud 19 show an attacluueut scar Irom
the loot consisting ol a broad halo ol hca\A' shell dissolu-
tion capped by a smaller region ol reprc'cijritated calcite
cement. Sectioning of this shell revealed that the hole on
the outer snriace was connected to a tube- on the iimci'

snrlacc (Figure 20). Vernu'tids were obscr\('d with as
many as seven complete and im’omplete holes. Figure 2 1
shows a shell that had seven holes, although only three
are \isible from a single angle (two in box A, and one in
box  B);  all  but  one  ol  the  holes  are  incomplete  or
repaired (Figures 22-23).

Otiii'.h Moli.uscan Ho.sts (PhiaiHKs 24-25): In a holding
tank  used  lor  teaching  at  the  STRI  marine  lab  at

Figure.s lS-25. Fctoparasitisiii traces lelt by Viliiliinn salchrosa on the veniietid gastropod Ti'ipsijclin (Kiiiih'tc.s) litliim (PRI 8740:
ligures 18-20; Idtl 8747: figures 21-23) and the ranellid gastropod Cluimuia Iriloiiis. 18. dop-down view ol veniietid shell: loot scar
highlighted in ho\. 19. Close-iip ol loot scar and drillliole. 20. ( ,'lose-np ol leeding tunnel on interior snrlacc ol sectioned \ ennetid shell.
21. Second \'errnetid shell showing three drillholes (2 in box A, I in box B). 22. Close-np ol drillhole in box B. 23. (Jlose-np ol interior
surface of sectioned \ ernietid shell showing internal shell rejiair ol two holes corresponding w ith diillholcs in lignre 21 , box A. 24. Large
CharoHta iritonis gastropod attacked by tw'o salchrasd predators in a holdingtank at Sddtl marine lab, Naos, Panama. 2.5. Close-np ol
hvo drill holes. Kctopairisite in lignre 24, box A ohsmx'ed leeding ihrongh sniallm', rounded hole on the right side ol the lignre (see text
tor details). Scale bar in figure 18 = 10 mni; scale bars in lignres 19-21 = .5 nun; sc-ale bars in lignres 22-23 and 25 = I nini.
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Naos,  Panama,  a  large  Charoiiia  trho)us  gastropod
was attacked by two V. salebrosa. One individnal was
removed to reveal two adjacent drillholes and its long
proboscis extending throngh one ol them. The hole is
round in plan view and conical in vertical cross-section.
The second hole is irregular, having a round inner edge
but a strongly ovate outer edge. Additionally, the wall ol
the second hole is heaUly gonged with what appear to be
radnlar  scrape marks.  We do not  know when these
attacks started or it' they resinned at a later date. Char-
onia tritonis generally occurs in slightly deeper waters
than V. salebrosa and is almost certainly a novel host.

Stable  Isotope  Sclerociironoloc;y:  The  first  oyster
analyzed (PRI 8743: same shell as in Figures 3-7) was

sampled along the axis of lip thickening, with sample 1
corresponding roughly to the point at which feeding
tunnel #1 was initiated by drilling, sample 4 correspond-
ing to the initiation of tunnel #2, and sample 17 (the la.st
sample) corresponding to the most recently deposited
shell lamina, closest in time to when the attack was
inteiT'npted by oni" collection ol both ectoparasite and
host (Figure 26).  Nearly constant isotope values be-
hveen samples f— 4 sngge.st that abandonment of tunnel
#1 and initiation ol tunnel #2 occurred over a veiy short
period ol time and, thus, without any significant break in
feeding actiiit)’.

The isotope profile of this first set of samples shows a
single, complete cycle, with \ahies beginning at -2.6%o
(sample 1) followed by a warming/freshening trend \\4th

Feeding tunnel initiated

15
-2.5

Most recent growth

-3.5  -4  -4.5
§"Op,//oo)

 ̂Feeding tunnel #1 initiated
’ t

v.Feeding tunnel #2 initiated

Most recent growth

p  -2.5  -3 -3.5
5‘*®OpdbV%o)

Figures 26-27. Oxygen .stable isotope seleroelironology profiles ol hvo oyster shells {Ostiva cf. fislicri) parasitized hy Viliilaria
salebrosa: Images to tlie right and left ol each profile show approximate spacing and position ol samples taken Irom each oyster. Figure 26
shows same oyster as in ligures 3-7 (PHI 8743). Figure 27 shows same oy.ster as in figures 8-11 (PHI 8744). See text for details.
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a minimum value ol -4.3%o (sample 14) and a return to
cooler/drier values around -2.6%o (sample 17). This pat-
tern, together \Hth the 1.7%o magnitude ol variation
between isotopic maxima and minima, is consistent with
seasonal change, probably on the scale of months. To
refine this estimate of the duration of the attack, we
di\4ded the observed amplitude of the oyster proiile
(1.7%o) by the predicted annual amplitude of 2.5%o for
near-surface waters of the Gull ol Panama (see Materials
and Methods). By this comparison, the obsei'ved data
encompass roughly 65% of the e.xpected annual range,
or 7.8 months.

A more conseiA/ative estimate ol the attack duration
can be obtained by dix'iding the amplitude ol the oyster
profile (1.7%o) by the larger annual amplitude (4.5%o)
reported for the isotope profile of a strombid gastropod
collected at Venado Beach, a more exposed site than
Venado Island that has greater emiromnental extremes
of temperature and salinity  (Geaiy et  ah,  1992) (see
Materials and Methods). By this estimate, the amplitude
of isotopic variability in the oyster profile is roughly 38%
of the obseiwed annual amplitude in the strombid pro-
file, or 4.6 months.

The isotope profile of the second oyster (PRI 8744:
same shell as in Figures 8-11) shows a similar full-cycle
but a lower amplitude (1.0%o) due to truncation of isoto-
pically heavier values at the beginning and end of the
profile (Figure 27). The amplitude of this second oyster
profile is roughly 40% ol the annual range predicted tor
near  surface  waters  of  the  Gulf  of  Panama,  or  5.0
months.  If  this profile is  compared to the obseiwed
annual range of 4.5%o for the Venado Beach site, the
estimate for the duration of the attack is a more conser-
vative 2.6 months.

Long-term Feeding E.xperiment: We obseiwed a total of
8 long-term interactions l)etv\/een V salebrosa and its
hosts (0 attacks on Pinctada mazaflaiiica, 1 attack on
Spondt/his calcifer, 3 attacks on the vermetid gastropod
Tripsijcha (Eiialetes) fulipa, and 4 attacks on Cdiaina sp;
Table 1). The average duration of attacks that were com-
pleted (i.e., ending in the death of the host) was 46 days
(n = 7). The shortest attack recorded was on Clumia,
lasting 21 days. The longest attack, also on Cdiama,
lasted 103 days and was still in progress at the termina-
tion of the experiment. The longest attack on a vermetid
lasted 69 days. The only attack on Sjxmdi/his lasted 44
days. Vitiilaria salebrosa were obseiwed to move on and

off of their host in half of the obsei'ved encounters. In
one case, an attack on Tripstfclia was abandoned for a
month before resuming at the same position. In a 97-day
attack on Chaina, two A-l salebrosa sat side by side on a
single host and fed from a single hole (one snail had
climbed over the experimental partition in the tank).

DISCUSSION

In this study, we show that a Lyrical interaction between
Vitularia salebrosa anti its molluscan hosts is initiated by
wall- or edge-drilling and lasts several months. Esti-
mates from isotope sclerochrouology of two Ostrea hosts
collected in the field during attacks in progress indicate
that the interactions had alreatly lasted between a mini-
mum of Lvo and a mtiximum of eight mouths wlieu we
collected the species pairs. Had the attacks not been
interrupted, they might have lasted considerably longer.
In our laboratoty-based feeding experiments, we ob-
sei'ved an attack lasting 103 days, which ceased only
because the experiment was terminated at this time.
Both estimates of feeding times for salebrosa e.xceed
a 29-day long attack recorded for the drilling muricid
Tropliou in the Antarctic (Harper and Peck, 2002) and
are  on  par  with  the  nearly  half-year  long  attacks
recorded in the laboratoty for the muricid Ge)}kaimiirex
varieosa (Kiiroda, 1953), which has been regarded as
ectoparasitic or commensal on scallops in deep waters
off Japan (Matsiiknma, 1977). Although we did obsen'e
some mortality of hosts due to attacks by A) salebrosa in
our  laboratoty  experiment,  death  was  in  all  cases
delayed well beyond the initiation of feeding. Table 1
shows that Spo)}dijhis and Tripsi/eha hosts sunlved, on
average, for 44 days after feeding began, while Cduima
siinived for an average of 63 days. By contrast a Epical
predatoty muricid consumes its entire prey within hours
after feeding begins, arid drilling attacks rarely last lon-
ger  than  a  week  (Dietl  and  Herbert,  2005;  Herbert,
unpublished  experimental  obsemrtions).  Combined
with field data and isotope results, these obsemitions
suggest that A( salebrosa is best characterized as an ecto-
parasite than as a predator.

Ectoparasite as used here refers to an organism that
lives on the exterior of and takes resources from another
organism in a lasting, intimate interaction that may or may
not be lethal. Ectoparasites that have the capacih’ to move
between hosts minimize the fitness losses associated with

Table 1. Results of Long-Term Feeding Experiment

Species

*e,\periment terminated before deatli of prey/host
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intense nse ol host resonrces and liost death (Lehmann,
1993; Ewald, 1995). This generalization may help explain
why the majorit)’ ol liosts offered in onr experiments were
nltimately over-exploited (killed) hy V. salehrasa.

In the following sections, we discuss the interaction
traces, specialized anatomy, and reproductive behavior
of V salcbrosa relative to other pi'edatoiy Mnricidae that
a 2 'e also snggestwe of an ectoparasitic lifestyle.

Interaction  Traces  of  an  Ectoparasitic  Muricid:  Loot
Scars, Leeiving Tunnels, and Eeeding Tubes: The foot
of Vitiilaria salcbrosa frequently forms an attachment
scar on the host shell that consists of a circular calcare-
ous deposit (or “carbonate foot pad" of Bromley and
lleinberg, 2006) or a region of substrate etching. Such
scars are exclusive to gastropods that have a sedentaiy
e.xistence on mollnscan hosts or I'ock substrates (e.g.,
herbivorous limpets: Bromley and Heinberg, 2006; capn-
lid  gastropods:  Matsnknma,  1978;  Ward  and  Black-
welder,  1975;  Bongrain,  1995;  suspension  feeding
cahptraeid gastropods:  Walker,  1992;  Simone,  2002;
Santos et ak, 2003; detritivorons hipponicid gastropods:
Noda, 1991; Vermeij, 1998; Simone, 2002; Santos et ak,
2003; and ectoparasitic nmricids, including Gcakaimiirex
and some coralliophilines: Matsnknma, 1977; Massin,
1987). The mechanism of attachment likely explains the
formation ol the scars. In general, scar formation is a
fnnction of organic adhesives secreted by the gastropod
loot that contain a high concentration of proteins with
acidic or basic residues (Smith et ak, 1999; Smith, 2001;
Pawlicki et ak, 2004; Bromley and Heinberg, 2006). The
low or high pPI of these residues produces etching or
secondaiy calcite deposition, respectiv^ely. The formation
of foot scars by V. salcbrosa suggests that it, like Gcnkai-
murex, has ev'olved the capacity to secure itself to host
shells and has a sedentaiy life habit, both of which are
highly nnnsual lor the Mnricidae.

Other  telltale  signatures  of  prolonged feeding by
V  salcbrosa  are  tlie  calcareous  tunnels  and  tubes
through which its long proboscis extends during feeding.
One of the first questions vv'e attempted to address vvus
whether tunnels and tubes are formed during feeding by
U salcbrosa, or whether this ectoparasite simply takes
advantage of pre-existing openings in prey shells left by
other organisms. It is well known, for example, that
calcified infestation tunnels roughly the same diameter
as those used by U salcbrosa are bored into oysters liy
spionid polychaetes (Huntley, 2007). Spionid tunnels,
however, are n-shaped borings, where the vvTirm pene-
trates into the shell  lip and then turns 180 degrees,
emerging at the lip adjacent to the initial boring (Blake
and Evans, 1973). These and other organic-vvArlled spio-
nid structures (e.g., Ishikawa and Kase, 2007) are, thus,
easily distinguisfied from the calcareous feeding tunnels
and tubes ol V. salcbrosa, which proceed in a direct line
Irom the lip to the targeted tissues or organs. All indica-
tions are that the structures used by V. salcbrosa are
formed during, the interaction between this ectoparasite
and its host.

A second question was whether feeding tubes used by
V. salcbrosa and whicli extrude on the internal surface of
some prey shells are made by U salcbrosa or its hosts. At
least tvvT) nmricids do, in fact, secrete protective calcare-
ous tubes around tfieir proboscises. In both cases, the
nmricids [Relkiuiaccava robillardi (Lienard, 1870) and
Magilus a)iti(jiius Montfort, 1810] are coralliophilines
parasitic on corals, and the proboscis is embedded with-
in the host tissues (Massin, 1987; M. Olwerio, personal
conuunnication to GSH, 28 fan. 2008). Eeeding tubes
associated whtli V salcbrosa, however, are formed by a
shell layer that is continuous \v4th the inner surface of
the host’s shell and presumably formed bij the host in a
process analogous to pearl formation in oysters. The host
simply deposits a thin layer of shell over the intruding
proboscis in an attempt to seal off the irritant, which
results in a straight, calcareous-walled tube.

Erom time to time, shell repair by the host is effective,
with feeding tunnels and drillholes being complete-
ly sealed off. In our laboratoiy feeding experiments,
’ll salcbrosa would often leave its host for short intei-vals,
and it may be that successful repair is possible during
these breaks in activity-. Tliis would force V. salcbrosa to
abandon its fiost, punch through the repair, or drill a
new hole. Some hosts, especially vermetids, have been
found still aliv'e \\4th multiple repaired holes. We found
one \/ermetid in the field with six repaired holes and one
unrepaired hole (still being used by ViUdaria salcbrosa).
Also, at least in edge-drilled oyster hosts, layer after
layer ol shell may be deposited over the intruding pro-
boscis, such tliat the original edge-drilled hole is dis-
placed 5 mm from the new commissure.

Persistent ectoparasites, however, are clearly able to
maintain open feeding tunnels even after intense efforts
by the host at internal shell repair. Tubes that are kept
open even with thick shell layers deposited over most of
the length of the proboscis by the host become tunnels
through the prey shell. How tunnels are kept open is
unknovvm. An unusually long accessoiy lioring organ
(ABO)  peduncle  could  be  used  to  maintain  internal
openings in some tubes. Onr initial study of V. salcbro-
sa's anatomy found that it does indeed possess a relative-
ly narrow and long ABO (Simone et ak, 2()09). Howev^er,
this solution is unlikely to work for some of the longer
tunnels, vvdhcli can reach nearly 25 mm in length. It is
also problematic for radnlar rasping alone to maintain
the opening. Carriker and Van Zandt (1972) found that
muricid drillers that have had their ABO’s amputated
cannot e.xcavate deep holes in shells until the ABO has
regenerated. Herbert et ak (2008), however, shewed that
V salcbrosa sometimes forms a robust, elephant-tusk
shaped radula tliat is different from its tvqrical radnlar
morphology and unique within the Mnricidae. It is possi-
ble that this imnsnal morphology could fnnction more
effectiv'ely as a drilling implement in the absence of
ABO secretions, particularly when host scars are newly
formed and thin or largely proteinaceous in composition.

A  tliinl  possible  mechanism  for  piTwenting  host
shell repair of deep feeding tnnnels is that V. salcbrosa
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produces shell dissolving/loosening secretions from the
proboscis itself. This occurs in cassid drillers, for exam-
ple, which have two large salivaiy glands that open into
the proboscis and trickle acids to the site of boring on
echinoid  prey  (Carriker  and  Grnber,  1999).  Vitiilaria
salehrosa has several glands that could potentially func-
tion in this manner, including the salivaiy glands, the
gland  of  Leiblein,  the  glandular  part  of  the  valve  of
Leiblein,  and  the  gland  of  the  posterior  esophagus
(Simone et ah, 2009). A precedent for specialized boring
glands of the proboscis already e.xists in coralliopliiline
and some rapanine muricids, which can penetrate the
epidermis of cnidarian prey with proteolytic enzymes
secreted from a single salivaiy duct opening into the
mouth (Ward, 1965; Fankboner, 1970). At least one cor-
alliophiline muricid, Reliquiaecava rohillairli, reportedly
uses secretions of the proboscis to bore holes through the
aragonitic skeletons of coral hosts (Alassin, 19S7). Future
histological work wall be needed to test these ideas.

Anatomical Specializations fok Ectoparasitic Feeding
ON Molluscan Hosts: Preliminaiy data on the anatomi-
cal specializations for an ectoparasitic mode of life sug-
gest that V salehrosa has a reduced buccal mass and
radula, an elongate proboscis, and a highly simplified
foregut relative to other members of the Mnricidae.
These aspects of the soft anatomy are documented and
discussed in detail in a companion paper (Simone et ak,
2009). All are consistent with specialized feeding on host
fluids. In addition, Herbert et al. (200S) reported that
few individuals of V salehrosa (one in nine) collected in
the field from museum collections actually possess a
radula, an obseivation also made by D’Attilio (1991). All
individuals we collected in August 2006, how^ever, pos-
sessed a complete and functional radnla (Simone et ak,
2009). A similar situation occurs in Geukaimurex vari-
cosa, with some studies reporting that this species pos-
sesses a radula (Matsukuma, 1977) and others reporting
that it does not (Kuroda, 1953). It is possible that these
ectoparasitic muricids only form a radula when neces-
saiy to initiate attacks by drilling, perhaps just once a
year and perhaps seasonally. The radula could then be
reabsorbed as the animal begins suctorial feeding. The
only other mnricids known definitively to lack a radnla
are ectoparasitic coralliophilines, wTich feed snctorially
on cnidarians (D’Attilio, 1972). The mnricine mnricid
Pten/marchia martinetana (Roding, 179S) may also lack
a radula (D’Attilio and Myers, 1985), although nothing is
known of this species’ ecology.

However, prior reports that T salehrosa lacks a radnla
are based on a potentially error-prone technique that
involves not dissection but dissolution of head-region
tissues of dried animals in concentrated potassium hy-
droxide. This technique is useful for extracting radnlae
from dried and poorly preserved museum specimens,
but it is often impossible to determine wdiether such
specimens are complete. Incomplete specimens are like-
ly in the case of V salehrosa, because the proboscis is
long, extruding deep into the host shell, and might be

severed during collection as the animal is pulled from
the substrate.

Host Gonsump'I’ion by Vitulaiua salebrosa Targets Re-
newable Resources: In general, parasites must target
renewTible and energetically profitable food resources
of a host in order to sustain a long-term interaction.
Genkaimurex, for example, does not damage its scallop
host’s tissues and presumably feeds snctorially on re-
plenishable “fluids" (Matsukuma, 1977), such as blood.
Gastropods of the muricid genus Vexilla are ectopara-
sites on much larger echinoids and graze the epidermis,
w'hicii  may regenerate (Kay,  1979; Vaitilingon et ak,
2004). Goral ectoparasites of the muricid subfamily Cor-
alliophilinae feed preferentially at the margins of coral
colonies due to the tendency for renewTible photosyn-
thetic products to How? towards energy sinks at the colo-
ny margins (Oren et ak, 1998). In short, wherever there
is evidence of parasitic feeding by a muricid, there is
evidence that the parasites target renew^able resources
of the host.

In this study, we found tliat 'll salehrosa feeding tubes
in oyster hosts stop just inside the outer margin of the
adductor muscle scar, in the approximate location of a
major blood vessel. 'We did not obseiwe damage to oyster
tissues, iucliiding the adductor muscle, and it is reason-
able to conclude that ’ll salehrosa pierces these lilood
vessels and feeds snctorially. Direct feeding on the ad-
ductor muscle itself by 'll salehrosa w'onld be immedi-
ately lethal to the oyster, as the oyster w^ould no longer
be able to close its shell and defend itself from opportu-
nistic predators. The consistency w4th w'hich this anato-
mical region of the host was targeted (100% of oysters
found w4th a ’\1 salehrosa attached) is ewdence that feed-
ing on oystei' hosts by ’\1 salehrosa is highly specialized.
Vitiilaria salehrosa derives nutrition from cal\ptraeid
hosts differently, but some degree of specialization is
evident here as well. The feeding tubes of both cal)qr-
traeids w^e dissected led in the direction of the digestive
gland, and the organ itself had been partially hollow^ed
out in each case. Digestive glands of Mollusks are com-
monly attacked by endoparasitic protists (Wardle, 1993;
Damborenea et ak, 2006; Gonzalez-Moreno and Grace-
nea, 2006), and some molluscan hosts can sundve with
infesting parasites occnp)4ng as much as 50% of the
glands  (Tetreanlt  et  ak,  2000).  Moore  and  Halton
(1973) showed that molluscan hosts adapt to digestive
gland infections w4th histochemical changes that in-
crease intracellular digestive processes, which is the
same response as in animals that are staived. Thus, di-
gestive glands of cahqitraeids constitute a potentially
viable source of nutrition for a molluscan ectoparasite.

We have no data on organs, tissues, or fluids of ver-
metids that might be targeted by T salehrosa. The fact
that some vermetid hosts w^ere drilled as many as seven
times could mean that this interaction is less specialized
than the others. However, unlike other hosts, vermetids
can seal off damaged parts of the shell by calcareous
septa. Doing so during an attack by T salehrosa might
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force the ectoparasite to drill a new hole. Also, formation
of septa likely f nistrates the di illing process of ectopara-
sites, winch liave little information on whether or not they
are drilling into an empt\' chamber. The presence of occa-
sional toot scars and feetling tunnels on vennetid hosts
suggests that prolonged, non-lethal interactions with ver-
metids do occur in nature. In onr feeding experiments,
interactions between vermetids and V. salehrosa ranged
from a few weeks to over two months. Shorter interactions
may have to do \rith the relative sizes ol ectoparasite and
h(jst, wdtli smaller hosts less able to recover from feedin 2 ;s
by large salehrosa. This hypothesis can be tested in the
future in an e.xperimental setting.

Reproductive Cii.yLEENCiES for .a Sedentary Ectop.ara-
SITE: For an animal with internal fertilization, a parasitic
and largely immobile existence poses a major problem
tor finding reproductive partners. Long-term commen-
sals have ex’olved a variety' of adaptations to deal witli
this challenge. The shrimp Poiitoiiia margarita .. a symibi-
ont of the oyster Piiictada mazatlanica from the Pacific
coast ol Panama, for example, has evolved a .system of
social  monogamy  or  mate  guarding  (Baeza,  2008).
CaKptraeid and coralliophiline mnricid snails, wdiich
are also sedentan', luwe ey'olved protandrons hermaph-
roditism. w'here new recruits become males in the pres-
ence of older females or females in the absence of any
other females (iVIassin, 1990; Collin, 1995; Richter and
Liujne, 2004). In the case of U salehrosa, many of the
snails we obseiwed in the field were in male-female
pairs, whicli is consistent \\4th both social monogamy
and protandrons hermaphroditism. We obseived a simi-
lar pairing behayaor in the laboratoiy. Even though snails
w'ere housed indiyndually in separate compartments,
they would occasionally crawl out of the water and o\'er
barriers to form pairings \\4th snails in neighboring com-
partments. When pairs tlid foi'in in the lab, snails v\'onld
sit side-by-side and occasionally swap positions over a
single feeding hole. In the field, we observed only larger

females over feeding holes. We also did not find any host
shells with more than one foot scar or open feeding hole,
snggesfing that males are more mobile than females, and
that when females and males ai'e together, holes may be
“sliared.”

En'idence  for  Ectop.arasitism  in  the  Indo-Pacific
Congener Vuvlaria miijaris: Through personal commu-
nication to the senior author (GSH) in 2007,  Anders
Wnren (Swedish Aluseum of Nafural Histoiy) relayed
that he has unpublished obseivations of identical ecto-
parasite feeding ti'aces and adaptations in Vitiilaria mili-
aris (Gmelin, 1791), an Indo-Pacific species that feeds
on bivalves, including Isognomon oysters in Australia
and Pinna pen shells in the Philippines. Like V. sale-
hrosa, U miliaris interactions with bivalves result in the
same diagnostic foot scar and feeding tunnel leading to
the adductor muscle. Waren also remarked that V mili-
aris exhibits protandrons hermaphroditism. Dr. Alarco
Oliverio (“La Sapienza" University Rome, Rome, Italy)
has kindly proyided photographs of V miliaris collected
from \7muatu, reproduced here, that show a male-fe-
male pair and characteristic foot scar on a Sponch/lns
host (Figures 28-29). Based on these obseiwations, the
origin of ectoparasitism in Vitnlaria dates back to at least
the last common ancestor of V. salehrosa and V miliaris.
Lyidence from the fossil record suggests that this ances-
tor predates the Late Aliocene or Early Pliocene, or the
approximate time when both species first appear in es-
sentially modern form in the tropical western Atlantic
(Yokes, 1977, 1986). It would not be snqyrising to find
Vitnlaria-slyle interaction traces on oyster, vennetid, or
calyptraeid  hosts  in  the  Late  Oligocene  of  Europe,
yvhich is fhe approximafe age of fhe earliesf known spe-
cies oi Vitnlaria (Yokes, 1977).
Ey'OLUTioN OF Ectoparasitism in the Muricidae: The
ey'ointion of ectoparasitism of molluscan hosts in the
Muricidae is exceedingly rare, and the Vitnlaria case
study provided in this paper is only the second example

Figures 28-29. Vitnlaria miliaris Iroin \riiiuatii, Indo-We.st Pacific, sfioyvn in luale-female pair feeding on Sp<)/a/(//n.s spiny oyster.
Figure 29 slioyy's characteristic ectoparasite loot scar heneatfi the loot ol the female.
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ever doeiiniented. One reason for its rarih’ may liave to
do with the intensity' of selection lor faster feeding. Es-
pecially, in hiotically I'igorons habitats of the shallow
tropics, natural selection often favors the esohition ol
offensive weapons and attack behaviors that speed njr
rather than slow down already slow stvles of attack, like
drilling predation (Venneij and Carlson, 2000; Herbert,
2004; Dietl et ah, 2004). The nse of faster, more power-
ful attack teclmicjnes allows predators to spend moi'e
time in enemy-free refngia or to take additional prey,
the energetic benefits of which conld be translated into
increased reproduction or defenses (e.g., large size,
thicker shell, speed, toxins, etc.).

We h\^x)thesize two evolntionaix’ scenarios to explain
the rare transition from predation to ectoparasitism of
mollnsks in the Mnricidae. One hspothesis is that slow
feeding on prey may be beneficial during periods ol limit-
ed or nnpredictalile prey supply, where the benefits of
mere snnival outweigh the costs of feeding slowly. During
tliese mrfavorable conditions, selection for competiti\e
performance is likely to be less important than selection
for stress tolerance or stress avoidance (Parsons, 1996;
Stanton et ak, 2000; Bijlsma and Loeschcke, 2005; but
see Ches.son and Hnntly, 1997). Stressful abiotic condi-
tions may, thns, stimulate the evolution of resonrce-
consening  traits  oi'  behaviors  related  to  metabolic
consemitism. For mnricids, these environmental stresses
would have to be extreme, because some mnricids can
snnave months without feeding (Herbert, nnpnblished
obseiwations), and many mnricids are generalist predators
capable of exploiting a wide range of prey.

This scenario is appealing on the surface, because it
would also e.xplain how' a mnricid predator miglit toler-
ate the potentially greater exposure to enemies dining
slow feedings. Places and times of low prodncti\ity and
nutritional stress generally also have low'er abnndances
and diversities of enemies (\^ermeij, 19S9; Bambach,
1993; Bambach et ak, 2002; Valentine et ak, 2002). How'-
ever, this scenario contrasts markedly with the current
distribution ol salebrosa in the tropical eastern Pacif-
ic,  which is  resource rich dne to seasonal  npwelling
(Bemis and Geaiy, 1996) and wiiere there is a relatively
high abundance of prey and intense predation (Venneij
and  Cnrrey,  19S0;  Venneij,  1989).  This  scenario  also
contrasts with the current distribution of its ectoparasitic
congener, V miliaris in the highly productive Indo-Pa-
cific and with the ancient distributions of some fossil
Vitiilaria  in  the  productive  tropical  western  Atlantic
(reviewed by Allmon, 2001).

A second hypothesis is that in a dangerous environ-
ment, like the one in wiiich species of Vitiilaria occur
today and in which likely occurred in the past, ectopar-
asitism permits individuals to stay for long periods ol
time on a single prey and under a single bonldei' rather
than to have to forage out in the open between bonklers,
exposed and nnprotected, on a frecpient basis. The expo-
sure factor conld be significant for V sah’I)m.S(r liecanse
althongh the shell is relatively large, it is also remarkably
thin and conld be easily crushed k)y most dnrophagons

predators. In a competitive emironment, ectoparasitic
feeding bv V salebrosa throngh small tmmels in the host
shell may also reduce competitive interactions w'ith klep-
toparasites (e.g., crabs, snails) that olten steal food froni
mnricid drillers throngki the gaped vaKes ol dead or
d)4ng prey.

The energetic costs of ectoparasitism, how'ever, ai'e
still severe and probably limiting in terms o( population
size, growTii rates, etc. Whether these costs lia\e limited
opportunities for .speciation wathin ectoparasite lineages
or opportunities for mollnscan ectoparasitism to evolve
more times than it has within the Mnricidae should be
studied further.

It slu)nld be noted, how^ever, that mnricitl ectoparasit-
ism does not involve energetic costs by nece.ssitx’. For
example, coralliopliiline rnnricitls that leetl ectoparasiti-
cally at the margins of coral colonies benefit from the
fact that there is a tendency for photosxnthetic products
from healthy, non-preyed-on corallites to Ilow' tcnvards
the colonv margins,  w'hich are energ)’  sinks due to
shading and competition from other corals (Oren et ak,
1998). Coralliophilines also tend to feed in aggregations
(Ward,  1965;  Miller,  1981;  Hayes,  1990;  Soong  and
Chen, 1991), and this belunior can also indnce the de-
velopment of new energy sinks even awxiy fi'om coral
colony margins (Oren et ak, 1998). Still other corallio-
philines insert the proboscis into polvp coelenterons to
steal food rather than eat and damage the poKp, which
may result in a constant liigh supply ol food for the
snail (Hayes, 1990). Coralliophilines comprise a tliverse
subfamily of nearly 200 living species that, as a group,
is nearly the same age as the species-poor genus Vitii-
laria,  wdiich  can  be  traced  back  to  Eocene  origins
in Odoiitopoli/s Cabb, 1860. Thns, the degree and nature
of constraints of ectoparasibsm may depeiul, in large part,
on the txpe of hcjst that is exploited. Ectopaixisitism on
large, clonal cnidarian hosts oilers access to an abundant
and rapidly replenishable supply of food in a w'ay that
ectoparasibsm on a single bivalve or snail does not.
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