THE NAUTILUS 123(3):121-136, 2009

Page 121

Extremely slow feeding in a tropical drilling ectoparasite,
Vitularia salebrosa (King and Broderip, 1832) (Gastropoda:
Muricidae), on molluscan hosts from Pacific Panama

Gregory S. Herbert
Departiment ol Ge ‘ology
University of South Florida
Tampa. I'L 33620 USA

gh(-l'[ ert@cas.usl.edn

Paleontological

Luiz Ricardo L. Simone Jennifer Sliko
Musen de Zoologia da
Universidade Sio Paulo
C.P 42494 04299-970
Sio Paulo, BRAZIL

Gregory P. Dietl

Research Institution
Ithaca, NY 145850 USA

De |1<1|l|||c nt ol G ((ﬂl:'F\
Unive |sll\ ol South F |n||<|‘l
Tampa, FL 33620 USA

Helena Fortunato
Institute fir
Geowissenschalten
Universitit Kiel
12-24118 Kiel
GERMANY

ABSTRACT

This study documents one of the slowest feeding hehaviors
ever recorded for a muricid gastropod in one of the most
biotically rigorons regions on the planet. In Pacific Panama,
Vitularia salebrosa attacks mollusks by drilling through their
shells. The duration of attacks estimated by isotope sclero-
chronology of oyster shells collected during attacks in progress

range from 90 to 230 days, while experimental observation of

interactions documented one attack greater than 103 days.
The prolonged nature of attacks suggests that V. salebrosa is
best characterized as an ectoparasite than as a predator, which
is the ancestral condition in the Muricidae. An ectoparasitic
lifestyle is also evident in the unusual interaction traces ol this
species, which include foot scars, feeding timnels and feeding
tubes, specialized soft anatomy, and in the formation of male-
female pairs, which is consistent with protandrous hermaph-
m(}mkm as is typical in sedentary gastropods. To delay death
of its host, V. salebrosa targets renewable resources when feed-
ing, such as blood and digestive glands. A congener, Vitularia
miliaris from the Indo-Pacific, lias an identical feeding biology.
The origin and persistence ol extremely slow [lt(]ll]t" in the
tropics challenges our present underst: mllmu ol sclective pres-
sures influencing the evolution of muricid feeding behaviors
and morphological adaptations. Previously. it has been sug-
gested that faster feeding is advantageous because it permits
Im(l'lmw to wlnml a greater pml)m'linn ol time Ilidilur in
enemy-lree refugia or to take additional prey, the energetic
benefits of which could be translated into increased I(-(tmdlt\'
or defenses. The benefits of exceptionally slow feeding have
received little consideration. In the microhabitat preferred by
V. salebrosa (beneath boulders), it is possible that pmlml"((f
interactions with hosts decrease vulnerability to enemies by
reducing the frequeney of risky foraging events between fee -
ings. Ectoparasitic fe (‘(Imtf l|||ml=f|| tunnels by V. salebrosa may
al\(: reduce competitive interactions with kle ])[t)l).\ll.\lxli( s (e.g,
crabs, snails) that steal food through the gaped valves of de ‘u!
or dying hosts.

Additional keywords: Vitularia miliaris, ectoparasite, foot
scar, feeding tube, sclerochronology

INTRODUCTION

Pre (thn]\ species ol the Ill‘()lﬂl\tll]p(l(l family Muricidae
gene m”\ attack prey by slowly drilling a hole through
the wall of the prey’s shell, a process that can take from
several days to just over a week (Palmer, 1990; Dietl and
Herbert, 2005: Peharda and Morton, 2006). During this
time, muricids are left exposed and valnerable to attacks
from their own enemies and to theft of food by compe-
titors attracted to the chemical scent of dl]”mtf or the
injure ol prey (Paine, 1963; Morissette and Himmelman,
2000 Ishida, 2004). Thus, several authors have argued
that natural selection should favor the evolution of of-
fensive weapons and behaviors (e.g., edge drilling, klep-
toparasitism, toxins, shell grinding) that accelerate or
completely replace slower al\h-\ of attack (Verme ij and
Carlson. 2000: Herbert, 2004: Dietl et al.. 2004). Faster
feeding allows animals to spend more time in enemy-
free refugia or to take additional prey, the energetic
benefits of which could be translated into increased re-
pl'nt]llt'tinn 1 defenses (e .2 Lunl' size, thicker shell,
speed, toxins, etc.) . Selection for faster feeding should
be particularly !mpul't;mt in “biotically rigorous”™ envir-
onments, where l)rvtl;ll‘i(m and competition pressures
are most intense (Dudley and Vermeij, 1978: Vermeij
and C urrey, 1980; Vermeij, 1987, 2004).

The present study focuses on the feeding ecology of
Vitularia salebrosa L]\mtT and Broderip. 1832). a muricid
that is I(thl\ll_\ common in roc L_\ intertidal habitats
beneath boulders in Pacific Panama where it feeds on
other Mollusks. \.\'v document the unexpected ocenr-
rence of one of the slowest feeding behaviors ever
recorded for a muricid in one of the most biotically
II(THIUII\ re lrmm on the ])Lm(l the lIlll]I(dI Pacilic. Our
|Il|(]llllf on t]l( duration of attacks together with informa-
tion on the feeding traces, Npl(ldhxﬁ( d anatomy and re-
productive behavior of V. salebrosa are consistent with
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an ectoparasitic rather than a true 1)1(‘£]dt()l\ mode of life.
We also compare and contrast alternative hypotheses to
(\pl in the environmental conditions smmmulnw the
rare evolution: ary tr misition between a te mporary intimate
pwddlm prey IIII('I action to : ape rsistent ec rc)p‘n:mt(- -host
mteraction.

MATERIALS AND METHODS

Stupy  Area: Mollusks were  collected  from  under
boulders in the exposed rocky intertidal around Venado
Island, in the € .nII ol l’(ummd near Panama City, Pana-
ma (8°52' N, '35 W) in Angust 2005 and Jammn
2006. This |x|.m(| is appm\:nml{ l\ 1.6 km olfshore but
accessible by foot during extreme low tides. Upwelling
of cold, nutrient-rich water in late winter/e arly spring
and freshwater runoft during the summer rainy season
affect surface water conditions in this region, with aver-
age annual temperature and salinity in near-surface
waters \lnp 20 m) of the Gulf of Panama ranging from
19.3 to 27.7°C and 29.3 to 34.3%., respectively (Smayda
1965, ]':)h'ﬁ. Wiyrtki, 1966, 1981 Ge ary et al.; ILJLJ’) A
more detailed description of the oceanographic and hy-
drographic regime of the Gull of Panama is found in
Bemis and Geary (1996). The dominant rock-encrusting
macrolamma at \{-n(uln [sland includes bryozoans dll{]
suspension-feeding mollusks, including the oysters Pine-
tada mazatlanica (Hanley, 1856), pum.’t;h.‘s calcifer
Carpenter, 1857, Chama sp.. and Ostrea cf. fisheri Dall,
1914, a verme h(] o 1kt1()pm] Tripsyc ha (E waletes) !Hh}m
(Chenu, 1843 ex I{uuss( au, MS), and the calyptraeid gas-
tropods Crucibulum (Crucibulum) spinosum (Sowerby.
1824) and  Bostric ﬁ}m.’m calyptraeformis (De shayes,
1830). This rocky intertidal site also mdmlt-\ abundant
predatory *’d\llnl){l(l\ octopods, and crabs.

Host PrEFERENCES AND FEEDING TracEs: Twenty-three
individuals of Vitularia salebrosa, with shell lengths rang-
ing from 40.5 to 54.1 mm, were observed under boulders
at Venado Island in August 2005, Fourteen of these, all
females, were found to be actively fee ding on molluscan
prey, which was determined by obse ‘rving whether the
pmhmt is could be seen extending llnnwrh a hole in the
host's shell as the predator was lifted away. All fourteen V.
salebrosa and their hosts were collected and preserved in
75% cthanol. Five host shells (three oysters and two
vermelids) were cut with a rock saw to view l)l‘[‘l]:lti()ll
traces in cross-section. All figured material is housed in
the Paleontological Research Institution (PR1) in Ithaca,
NY. Non-figured material associated with experiments in
this Hl}ld_\ (see below) is in the collection of the third
aunthor (TTF). All other fil'h]-s:nu[]lvd material discussed
herein is reposited in the collections of the first two
authors (GSH and GPD).

DuraTion oF INTERACTIONS wiTH MovLuscan Hosts: We
estimated the duration of interactions between V. sale-
brosa and its hosts usimg two inde pe ndent methods. The
lirst, stable isotope sc T{ rochronology, provides an indi-
rect estimate but measures interac tltﬂl.\ with hosts under

natural conditions in the field. The second approach, a
long-term feeding experiment in the laboratory, cannot
fully simulate n: mnd[ conditions in the field but provides
the only practical means of obtaining direct observations
for attacks lasting months or longer. ]I]( two approaches
toge ‘ther are much stronger than either alone. In this
Hlll(i\ they yielded similar results on the estimated dura-
tion of '\p('(ws interaction,

Stable Isotope Sclerochronology: Stable isotope
sclerochronology is a powerful tool for aging molluscan
shells. The 1 (ltli)(ll B0 %0 isotopes in individual growth
increments of shell CaCOj is determined by the environ-
mental conditions in which shell pw(lpltdtlml occurs. In
general, more positive/negative o O abonae. VAIUSS: COT-
{\I)(llld to coolerAvarmer tempe 1‘1hn(‘s The specific rela-
tionship between temperature and 880 carbonate Values has
been empirically derived, with a change in isotope values
of 1%o bei g 1{111Uh|\ e [ill]\:l]( nt to a temperature lent'['
of 4°C (Epstein et al., 1951; Krantz et al., 1987; Wefer autl
Bu(fu 1991; Jones, 1998). Salinity may also influence
3! ()l aibanate \dhu s via riverine input to coastal areas dur-
ing the rainy season, \\’Ill(h introduces freshwater that is
re | itive I\ de plt ted in 70O (Epstein et al., 1951; Surge
et al., 2001, 2003).

When a shell is sampled serially across any axis of
accretionary ”l()\\f]] (e.g, umbo to ventral margin or
acToss Llnmm(' of a thl(]\( ned shell lip, etc.) lh(' 80
values of those samples plotted against ;_J()WH] distance
should exhibit near-sinusoidal variation resulting from
scasonal changes in temperature and salinity over a year
(Grossman dn(l Ku, 1986: Wefer and Be Tger, 1991:
Kirby et al., 1998). In the tropical eastern Pd(.l]](_ where
the rainy season coincides with warm summer tempera-
tures, [(Ill])(‘l(lfllll‘ and salinity effects on 8O, 1onate
values reinforce one another and exaggerate the ampli-
tude and distinctiveness of annual (\([m in the profile
(Geary et al., 1992). Annual ('\(l(s in oxygen isotope
l)mhl(‘a can be counted to re umalnl(t a minimum esti-
mate of lifespan and an absolute duration of shell
growth. Here, we use the technique to age only new
shell growth in bivalve hosts spanning the time between
the initiation of an attack by V. salebrosa and the time
the attack was disrupted when we collected the interact-
ing species pair in the field.

()l the host-types available for this study, the stable
isotope technique works best for determining duration
of interactions with the oyster Ostrea cf. ffsfun Vitu-
laria salebrosa’s edge dll”mtT attacks on this oyster for-
tuitously mark the \111{(1(0 of [Iu‘ thickened lip. The 3'%0
values of shell de posited between this point and subse-
quently formed growth increments at the lip record the
duration of the attack. If attacks by V. salebrosa last
roughly a week, as is typical of most ‘muricid predators,
there should be few or no orowth increments formed by
the Ilmr after the edge ‘lti(l(_l\ is initiated. Furthermore,
the 8'%0 profile of munph-s collected across any growth
increments that did form should show little or no varia-
tion, consistent with the rate of environmental chun;ﬁ('




G.S. Herbert et al., 2009

Page 123

expected over a week. In contrast, if the duration of

interactions are on the scale of months or longer, there
should be numerous growth l[l(lll]l( nts formed alter
the attack is initiated, and the 5'°0 profile should exhibit
a roughly sinusoidal trend with a range of values
e\peded of seasonal to annual variation. [h{- two oysters
selected for analysis were collected during an attack in
progress l)}f V. salebrosa in August 2005. This eliminated
any ambiguity over the provenance of the feeding traces.
However, because the attack was intvrrupt{'(l, isotope
pml'ile‘; of these shells yield only a minimum estimate
of the duration of pre (th(m interactions by V. salebrosa.

The [)I(t‘dl(l(’d annual range of 31%0,,. wonite for shells

plt(]pltdt(‘(l 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 (Geary et cl] 1992). Because oyster shell laminae
are L(Jmp()wd of calcite, a mineral form that differs in its
isotopic composition from aragonite by a —1.0%o offset
(Bohm et al., 2000), the l]l(‘(ll(tL ' annual range of oyster
8"%0 uteite for near surface waters of tlu Gulf of Panama is
closer to —1.5 to —4.0%0. Measured 8'°0 values from a
gastropod Strombus gracilior collected at a tidally exposed

beach near Venado Island have a larger umplitu(lv of

4.5%o for the strombid’s first vear of Umwlh (Geary et al.,
1992). For intertidal oysters at Ve 11.Lt10 Island (a shcrhtl\
deeper site than the hdall_\ e\powcl heach). the (nnphtndv
of annual change in the 6'°0 profile should fall between
2.5 and 4.5%.o, hut probably closer to the latter.

Prior to sampling, oyster shells were soaked in a con-
centrated solution of bleach for 30 minutes, scrubbed
with a soft brush, and sonicated in deionized water to

remove organic contaminants, sediment, and encrusting

organisms. Powdered carbonate samples were collected
l))-‘ ;1])1‘;1(1ing the e(]gt-'s of individual laminae L‘xpnsl*d at
the outer lip with 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 80 pg in
size, with an average s;patiul resolution of 0.5 mm.

Stable isotope measurements were made on a Ther-
molinnigan Delta+XL IRMS in dual-inlet mode cou-
pled to a Kiel-ITI carbonate preparation system housed
at the University of South Florida © ull('(f{* of Marine
Science. All values are reported in .\t.lll(_]dl[] delta (9)
notation relative to the VPDB isotopic standard, where
0= IR., unph/Hat ndard — l] X 1000 and HHmPL and H\t mdard
are the oxygen isotopic ratios of the sample and l]w Pee
Dee Belemnite (V-PDB) standard., 1(‘\1)((t]\(]\ in %o
units. Stable isotopic precision, based on daily measure-
ments of laboratory 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 Laboratory Observation of Feeding:
An informal feeding experiment was conducted at the
Smithsonian Tropical Research Institute (STRI) marine
lab at Naos, Panama by one of us (HF) to determine
whether attacks last longer than one to two weeks. Three

37.9 liter aquaria with flow-through seawater dripped in
from above were partitioned into equal quadrants with
plastic netting. Three quadrants of each aquarinm were
used to house salebrosa and potential molluscan
hosts, and the fourth (lluulmnt contained a l]il}(' for
outgoing water. Each quadrant held one V. salebrosa
and one host,

Each agquarium was a replicate of the other two in
terms of the host type offered in each (lll.ulmnl Vitularia
salebrosa in quadrant T of each aquarium were offered
only the byssate oyster Pinctada mazatlanica; the verme-
tid Tripsycha (Eualetes) tulipa was the sole host type
offered in quadrant II; and either of the cementing
oysters Spondylus calcifer or Chama sp. were offered in
(]muh ant III. depending on availability. All four species
are cornmonly found in t}u' natural habitat of V. salebrosa.
The ("Cpt'l'll!]('l]l began April 18, 2006 and was terminated
September 4, 2006. Observations were made roughly
biweekly during this period. Hosts killed were IL[)Llud
nnm(dmt(h \\llll a single individual of the same species.
Three V. salebrosa that died cduring the experiment were
also replaced. but none died during attacks in progress.
Twelve V. salebrosa were used in all,

RESULTS

Ecrorarasitism FEEDING TracEs: We observed fourteen
V. salebrosa feeding on the following molluscan hosts
during two low tides at Venado Island in August 2005:
the oyster Ostrea cl. fisheri (n = 8), the calyptraeid
(_[d'-.tlf)l)(}(l Crucibulum (Crucibulum) spinosum [n = 92),
and the vermetid gastropod Tripsycha (Eualetes) mh;mf
(n = 4). In nine instances, a large female V. salebrosa was
joined by a single smaller male, which sat directly adja-
cent to the If.’mdlt‘ (Figures 1-2). We observed nnl\'
females feeding. Adjacent males were not situated over
separate fee (]mtf holes.

Ovster Hosts (Ficures 3-11): The following are general
characteristics of interaction traces associated with the
eight Ostrea collected from the field: Vitularia salebrosa
was situated on the left, cemented valve, near the ventral
commissure, with its proboscis extended through a
straight-sided. 1 mm diameter hole that penetrated into
the lip of the left, cemented valve at an angle parallel to
the commissural plane. The lower half of the hole (the
half closest to the rock substrate) cuts through multiple
oyster lamellae, as if formed by a drilling attack, while
l]l(' upper hall (the half closest to the tmmmsmm] pl me
of the oyster) does not. Instead, the roof of the hole is
formed by a single curved lamina, apparently as the
oyster de pnsll( 'd new shell over the feeding probos-
cis. The attack, therefore, must have initiated as an
edge drilling attack at an older (ontogenetically earlier)
commissure. -

The hole through which Vitularia salebrosa teeds tra-
vels into the lower valve as a tunnel, curving 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 lemale Vitularia salebrosa with smaller male on overturned boulder. Female was feeding on an oyster heavily

encrusted \\|th |n\|:/|:m~. and sponges. i oure 2 shows hole (arrow) le: ldlurf to |illl|||lr tunnel and characteristic I(n:l scar left ])\
female (etched area around hole). \(1| went male was not fee (1|1|=f

Figures 3-7.

Ectoparasitism traces left by Vitularia salebrosa feeding on the oyster Ostrea cf. fisheri (PRI 8743). 3. Female
ectoparasite leeding on oyster attached to intertidal boulder. 4. Left v: t|\( of oyster host showing opening of fee «ding tunnel (hole
near screwdriver tip) and feeding tube extending from hole to adductor muscle. 5. Close-up of hole and fee «ding tube. 6. Close-up ol

left valve showing calcite foot scar (top, left of center) and holes leading to two feeding tiimels. Valve is oriented with commissure at
hottom ol image. 7

7. Cross-scction of oyster shell revealing two feeding tunnels. Only the second tunnel provided access to the
interior of the hosts shell at the time ol collection. Scale bars = 1 mm.
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Figures 8-11. Ectoparasitism traces left by Vitularia salebrosa feeding on the oyster Ostrea cf. fisheri (PRI S744). 8. Left valve
of oyster prey showing feeding tube leading towards adductor muscle. Dotted line de epicts cut m: wle for cross-section in figure 11.
9. Close- up of external hole x]m\\mu upper lip of hole excavated by drilling and lower lip formed by undulating shell |un|nu
de l\l!‘\lt(ll oy oyster. 10. C ](m-—llp ol feeding tube on interior of ovster, 11. Cross section of ovster shell reve: aling a single, long
feeding tunnel winding 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 with low walls. The
tube/channel structure extends up to 25 mm along the
inner surface stopping just inside the margin of the ad-
ductor muscle scar. There was no sign of feeding on the

adductor muscle itself, although some muscles exhibited

a localized whitened region that could represent scar

tissue or inflammation.

A cross-section of the oyster in Figure 3 shows two se |).1-
rate tunnels, although just one penetrated the inner surface
:]l the valve. The termination point of the earlier tunnel
(tunnel #1 in Figure 7) occurs at ]num ly the same growth
line that the newer tunnel (tunmel #2 in Figure 7) ]K'_L’\III.&
Feeding activity by V. salebrosa on this host is interpreted
to have been more or less continuous, with the second
tunnel |ll';_*;ir|1|i!|_q almost imrlu‘nfi;ll(‘]) alter abandonment

5 mm. The distal,

of the first tunnel. \(1] wcent to the outer hole leading to
tunnel #1 is a cap of bubblv calcite cement. which was
formed underneath the foot of the predator (a foot scar).
No other oyster valves were found with a foot scar.

Cayrrragid Gastrorop Hosts (Fioures 12-17): Two
Crucibulum (Crucibulum) spinosum were found with
a single V. salebrosa sitting on top n[' the host shell
with its |n'(:||<:.\('1.~; 1‘\1:'1”11“}5r l||r‘m|t"|| a 1 mm diameter,
straight-sided hole roughly 7.5 mm Imm the shell Ill)
No foot scars on the outer surface of the host shells were
observed. The hole, which is perpendicular to the shell
surface, erupts ventrally as a tube that runs along the
inner surface of the shell, adjacent to the cup. for about

open end ol the tube exits between
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the shell and mantle in the region just posterior to the brosa. The cavity did not break through the digestive
host's head and gills but continues as a low-sided chan- gland but terminated within it. A second drill hol ¢ that
nel extending another 5 mm. Dissection of hoth indivi- was repaired and is not associated with a tube is present
duals revealed a cavity in the digestive gland ronghly on one of the shells, although the driller responsible for
2 mm in diameter and 5 mm in le nglh apparently repre- this hole is not known. No foot scars were found on any
senting the region of the gland consumed by V. sale- calyptraeid shells.

Figures 12-17. E (tnp wasitism traces left by Vitularia salebrosa feeding on the c: ||\11|1 wid =r|s!|npud Crucibulum (Crucibulum)
spinosum (PRI 8745). 12. Dors: l view of Crucibulum shell. 13. Ventral view of Crucibudim \]l(}\\lll" position ol fee (|111" tube relative
to animal. 14. Close-up ul external opening of drill-hole. 15. Close-up of feeding tube with animal removed: lv(-{lmlf tube (not
including etched arca beyond tube) is ronghly 5 mim in length. 16. Dorsal view of Crucibulum anatomy showing dam: wvd digestive
olands. 17. Close- up showing hollowed-out digestive gl: 1|u|~. Abbreviations: dg, digestive glands; dh, drillhole: [(I foot, tlms.ll side:
ft, leeding tube: fs, foot, sole: gi, gills; mb, mlnl]v |:(:1(11| ov, ovaries: sn, snout: te, te 'llt.L(](" Scale bar in ||It_1fl|1(' 12 = 10 mm: scale

bar in figure 14 = 1 mn; scale ]J‘ll in figure 16 = 5 mm.
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VERMETID  GasTtroron  Hosts  (Ficures  18-23):  All surface (Figure 20). Vermetids were observed with as
four Tripsycha (Eualetes) tulipa hosts were attacked by many as seven complete and incomplete holes. Figure 21
drilling through the shell wall. Drillholes are mu«f]l]\ shows a shell that |1 wl seven haoles, although (m]\ three
I mm in diameter and conical in vertical cross-section. are visible from a single angle (two in box A, and one in
Figures 18 (box) and 19 show an attachment scar from box B): all but one of the holes are incomplete or
the foot consisting of a broad halo of heavy shell dissolu- repaired (Figures 22-23).

tion capped by a smaller region of reprecipitated calcite

cement. Sectioning of this shell revealed that the hole on Ornes Motruscan Hosts (Ficures 24-25): In a holding
the outer surface was connected to a tube on the inner tank used for teaching at the STRI marine lab at

Figures 18-25. Ectoparasitism traces left by Vitularia salehrosa on the vermetid gas |n|1n(l Tripsycha ( Eualetes) tulipa (PRI 8746:
figures 18-20; PRI 8747: figures 21-23) and the ranellid gastropod Charonia tritonis. 18. Top-down view of vermetid shell; foot scar
]1|tr|||n_||1’r<-(f in box. 19. C hmuup of foot scar and drillhole. 20. Close-up of feeding tunnel on interior surface of sectioned vermetid shell.
21. Second vermetid shell showing three drillholes (2 in box A, 1 in box B). 22. Close-up of drillhole in box B. 23. Close-up of interior
surface of sectioned vermetid shell showing internal shell repair of two holes corresponding with drillholes in figure 21, box A, 24. Large
Charonia tritonis gastropod attacked by two V. salehrosa predators in a holding tank at STRT marine lab, Naos, Panama. 25. Close-up of
two drill holes. Ectoparasite in figure 24, box A observed feeding throngh ‘ﬂ]hl”l v, ronnded hole on the right side of the figure (see text
for details). Scale bar in figure 1S = 10 mm: scale bars in figures 19-21 = 5 mm; scale bars in figures 22-23 and 25 = 1 .
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Naos. Panama. a large Charonia tritonis gastropod
was attacked by two V. salebrosa. One individual was
removed to reveal two adjacent drillholes and its long
proboscis extending through one of 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 of

the second hole is heavily ‘T()lllf(‘(l with what appear to be
radular scrape marks. We dn not know when these
attacks started or if they resumed at a later date. Char-
onia tritonis generally occurs in slightly deeper waters

sampled along the axis of lip thickening, with sample 1

Ll)ll(’\pt}ll[llll” roughly to the point at which feeding
tunnel #1 was initiated by drilling, sample 4 corre apmld
ing to the initiation of hnm(] #2. and s: llIIl)I(‘ 17 (the last
\.unplv) corresponding to the most recently (k posited
shell lamina, closest in time to when the attack was
interrupted by our collection of both ectoparasite and
host (Figure 26). Nearly constant isotope values be-
tween .scnnplt s 1-4 snggest that abandonment of tunnel
#1 and initiation of tunnel #2 occurred over a very short
period of time and. thus, without any significant break in

feeding activity.
The isotope profile of this first set of samples shows a
single, unn])lf‘i(' cycle, with values beginning at —2.6%o

(_.&mel(‘ ) followed by a warming/fre NII( ning trend with

than V. sal. hm\u and is almost ce lt.unl\ a novel host.

StaBLE Isotore ScrLErocHRONOLOGY: The first oyster
analyzed (PRI 8743:

same shell as in Figures 3-7) was

. Feeding tunnel #1 initiated

Most recent growth

25/ : :

B 28 3 35 4
3 0

3 81%0,,,%0

x
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Figures 26-27. Oxygen stable isotope sc lerochronology pmhl( s of two oyster shells (Ostrea cf. fisheri) parasitized by Vitularia
salebrosa: Images to the r|=f||l and left of each profile show (t|11!lll\|||l ate spacing : and position of samples taken from each oyster. Figure 26
shows same oyster as in figures 3-7 (PRI 8743). Figure 27 shows same ovster as in lignres 8—11 1|’l1| 8744). See text for details.
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a minimum value of —4.3%o (sample 14) and a return to
cooler/drier values around —2.6%o (sample 17). This pat-
tern, together with the 1.7%o magnitude of variation
between isotopic maxima and minima, is consistent with
seasonal change, pl()hdl)l\ on the scale of months. To
refine this estimate of the duration of the attack, we
divided the observed amplitude of the oyster profile
(1.7%o) by the predicted annual dmplltll(l(' of 2.5%o for
near-surface waters of the Gulf of Panama (see Materials
and Methods). By this comparison, the observed data
encompass roughly 65% of the expected annual range,
or 7.8 months.

A more conservative estimate of the attack duration
can be obtained by dividing the amplitude of the oyster
profile (1.7%o) by the Lntrtl annual amplitude (4. 5%bo)
reported for the isotope pmllIL' of a strombid gastropod
collected at Venado Beach, a more exposed site than
Venado Island that has greater environmental extremes
of temperature and mlnnl\ (Geary et al., 1992) (see
Materials and Methods). By this estimate, the amplitude
of isotopic variability in the oyster pmlll«'c is roughly 38%
of the observed .mmm] dmpl]huh’ in the stmmh](] pro-
file, or 4.6 months.

The isotul)v profile of the second oyster (PRI §744:
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 (nnplltn(]v of t]n\ second oyster
profile is roughly 40% of the annual range predicte .d for
near surface waters of the Gulf of Panama, or 5.0
months. If this profile is compared to the observed
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.

Lo~c-term FEepinG ExperivenT: We observed a total of
8 long-term interactions between V. salebrosa and its
hosts (0 attacks on Pinctada mazatlanica, 1 attack on
Spondylus calcifer. 3 attacks on the vermetid gastropod
Tf‘a‘pw( ha (Eualetes) tulipa, and 4 attacks on Chama sp:

Table 1). The ave rage duration ol attacks that were com-
pleted (i.e., ending in the death of the host) was 46 days
(n = 7). The shmt( st attack recorded was on Chama,
lasting 21 days. The longest attack, also on Chama,
Llatv(l 103 (Ll\«. and was aull in progress at the termina-
tion of the exper iment. The Imlgmt attack on a vermetid
lasted 69 days. The only attack on Spondylus lasted 44
days. V itularia salebrosa were observed to move on and

oll of their host in hall of the observed encounters. In
one case, an attack on Tripsycha was abandoned for a
month before resuming at the same position. In a 97-day
attack on Chama, two V. 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 typical interaction between
Vitularia salebrosa and its molluscan hosts is initiated by
wall- or edge-drilling and lasts several months. Esti-
mates from isotope s(h rochronology of two Ostrea hosts
collected in the field during cll[d[]\\ in progress indicate
that the interactions had already lasted between a mini-
mum of two and a maximum of eight months when we
collected the species pairs. Had the attacks not been
interrupted. they might have lasted considerably longer.
In our Lllnn(llun -based feeding experiments, we ob-
served an attack lasting 103 (Lll\s, which ceased only
because the experiment was terminated at this time.
Both estimates of feeding times for V. salebrosa exceed
a 29-day long attack 1[((}1(1( d for the drilling muricid
hn‘uhnu in tln' Antarctic (Harper and Peck. 2002) and
are on par with the nearly half-year long attacks
recorded in the laboratory for the muricid Genkaimurex
varicosa (Kuroda, 1953), which has been regarded as
ectoparasitic or comme nsal on scallops in deep waters
off Japan (Matsukuma, 1977). Although we did observe
some mortality of hosts due to attacks by V. salebrosa in
our laboratory experiment, death was in all cases
delayed well beyond the initiation of feeding. Table 1
shows that Spomhﬂ'us and Tripsycha hosts ~.1||'\1\((l on
average, for 44 days alter feeding began. while Chaimna
\111\1\(‘{] for an average of 63 (ll\\ By contrast a typical
predatory muricid consumes its entire prey within hours
alter I(Lthnvf begins, and drilling attacks rare I\ last lon-
ger than a wee ]\ (Dietl and [I(lhtlt 2005; Herbert,
unpublished  experimental  observations).  Combined
with field data and isotope results, these observations
suggest that V. salebrosa is best characterized as an ecto-
]mmsitt' than as a l)t‘ml;llm'.

Ectoparasite as used here refers to an organism that
lives on the exterior of and takes resources from another
[]ll"(llll\lﬂ inal: l\tlll“ intimate interaction that m: O may
not be lethal. Ec l{)pdl asites that have the capacity to move
between hosts minimize the fitness losses associated with

Table 1. Results of Long-Term Feeding Experiment
Number of Mean Duration of Minimum Duration of Maxinmum Duration of
Species Attacks Attacks (days) Attacks (days) Attacks (days)
Pinctada mazatlanica 0 . :
Spondylus calcifer ] 44 44 44
Tripsycha tulipa 3 44 31 6Y
Chama sp. 4 63 2] 103*

*experiment terminated before death of prey/host
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intense use ol host resources and host death (Lehmann,
1993; Ewald, 1995). This generalization may help explain
why the majority of hosts offered in our L‘\I"Jt]lll'l(‘l]l‘x were
ultimately over- -exploited (killed) by V. salebrosa.

In the following sections, we discuss the interaction
traces, specialize d anatomy, and re productive behavior
of V. salebrosa relative to other predatory Muricidae that
are also suggestive of an ectoparasitic lifestyle.

INTERACTION TRACES OF AN ECcToparasiTic Muricin: Foor
Scagrs, FEEDING TuNNELSs, AND FEEDING Tuses: The foot
of Vitularia salebrosa frequently forms an attachment
scar on the host s[l( Il that consists of a circular calcare-
ous deposit (or “carbonate foot pad” of Bromley and
Heinberg, 2006) or a region of substrate etching. Such
scars are exclusive to g(uhtlpnds that have a se (l( ntary
existence on molluscan hosts or rock substrates (('U.
herbivorous limpets: Bromley and Heinberg, 2006 capu-
lid ash()pmls Matsukuma, 1978 Ward and Black-
welder, 1975; Bongrain, 1995; suspension feeding
calyptraeid gastropods: Walker, 1992; Simone, 2002;
Santos et al., 2003; detritivorous hiplnmi(ritl gusimp(){ls:
Noda, 1991; Vermeij, 1998; Simone, 2002; Santos et al.,
2003; and ectoparasitic muricids, including Genkaimurex
and some coralliophilines: Matsukuma, 1977; Massin,
1987). The medhunsm of attachment likely explains the
formation of the scars. In general, scar formation is a
function of organic dd]l( sives secreted by the gastropod
foot that contain a ]]lg]] concentration <>| prote ins with
acidic or basic residues (Smith et al., 1999; Smith, 2001;
Pawlicki et al., 2004; Bromley and Heinberg, 2006). The
low or high pH of these residues produces etching or
secondary calcite deposition, respectively. The formation
of foot scars by V. salebrosa suggests that it, like Genkai-
murex, has evolved the al)aclt} to secure itsell to host
shells and has a sedentary life habit, both of which are
highly imusual for the Muricidae.

()th: 1 telltale signatures of prolonged feeding by
V. salebrosa are thc calcareous tunnels and tubes
through which its long proboscis extends during feeding.
One of the first questions we attempted to address was
\\Iu ther tunnels and tubes are formed during feeding by

salebrosa, or whether this cctopdmslte x1mph lal\vs
.l(l\ antage of pre-existing openings in prey shells left by
other organisms. It is well knm\n for example, that

calcified infestation tunnels roughly the same diameter
as those used by V. salebrosa are bored into oysters by
spionid p:)]\dmt tes (Huntley, 2007). %pum]tl tunnels,
however, are u-shaped hmmgs where the worm pene-
trates into the shell ||[1 and then turns 180 (1(’“1['(\
emerging at the lip adjacent to the initial boring liLll\l-
and Evans, 1973). These and other organic -\\.l]l( d spio-
nid structures (e.g., Ishikawa and Kase, 2007) are, thus,
casily distinguished from the calcareous feeding tunnels
and tubes of V. salebrosa, which proceed in a dm ot line
from the lip to the targeted tissues or organs. All indica-
tions are that the structures used by V. salebrosa are
formed r."m‘iu;{ the interaction Il("\\"(‘l'll this l’L'lUp:lr;l.\;il{'
and its host.

A second guestion was whether feeding tubes used by
V. salebrosa and which extrude on the 1nt(*11m] surface of
some prey shells are made by V. salebrosa or its hosts. At
least two muricids do, in fact, secrete protective calcare-
ous tubes around their proboscises. In both cases, the
muricids [Reliquiaecava robillardi (Liénard, 1870) and
Magilus antiquus Montfort, 1810] are coralliophilines
parasitic on corals, and the proboscis is embedded with-
in the host tissues (Massin, 19S7; M. Oliverio, personal
communication to GSH, 28 Jan. 2008). F'{‘('ding tubes
associated with V. salebrosa, however, are formed by a
shell laver that is continuous with the inner surface of
the host's shell and presumably formed by the host in a
process analogous to pearl formation in oysters. The host
simply de p(mts 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.

From time to time, shell repair by the host is effective,
with feeding tunnels and drillholes being complete-
l\ sealed off. In our laboratory feeding experiments,

" salebrosa would often leave its host for sl]mt intervals,
aml it may be that successful repair is pmsll)le during
these breaks in activity. This would force V. salebrosa to
abandon its host, punch thrnm_,h the repair, or drill a
new hole. Some hosts, especially vermetids, have been
found still alive with multiple Itpdued holes. We found
one vermetid in the field with six repaired holes and one
unrepaired hole (still being used by Vitularia salebrosa).
Also, at least in edge- dnllﬁd oyster hosts, layer after
laver of shell may I)( deposited over the mtlmlmtr pro-
boscis, such that the original edge-drilled hole is dis-
placed 5 mm from the new commissure.

Persistent ectoparasites, however, are clearly able to
maintain open fee dmtf tunnels even after mtenw efforts
by the host at intern: 1] shell repair. Tubes that are kept
open even with thick shell layers deposited over most of
the length of the proboscis h\ the host become tunnels
lhmu”h the prey shell. How tunnels are kept open is
unknown. An unusually long acce ssory boring organ
(ABO) puiunc]c could be usetl to maintain mtmnal
np(‘nmtra in some tubes. Our initial study of V. salebro-
sa’s anatomy found that it does indeed p()ssess a relative-
Iy narrow and long ABO (Simone et al., 2009). However,
this solution is llll]l]\( Iy to work for some of the longer
tunnels, which can reach nearly 25 mm in length. It is
also pl()hl( matic for radular rasping alone to m(lmtdm
the opening. Carriker and Van Zandt (1972) found that
muricid drillers that have had their ABOs amputated
cannot excavate deep holes in shells until the ABO has
regenerated. Herbert et al. (2008), however, showed that

salebrosa sometimes forms a robust, elephant-tusk
shaped radula that is different from its typical radular
morphology and unique within the Muricidae. It is possi-
ble that this unusual morphology could function more
effectively as a drilling implement in the absence of
ABO secretions, l)(l[lltlll arly when host scars are nv\\l\
formed and thin or largely proteinaceous in composition.

A third possible mechanism  for preventing host
shell repair of deep feeding tunnels is that V. salebrosa
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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 salivary glands that open into
the proboscis and trickle acids to the site of boring on
echinoid prey (Carriker and Gruber, 1999). \.'mfr.rnr.'
salebrosa has several glands that could potentially fune-
tion in this manner, mclu(lmﬂ the salnm\ a,lam]a the

gland of Leiblein, the <F|<||1(]11Ln part of the valve of

Leiblei iin, and the tTLmd of the posterior esophagus
(Simone et al., 2()(19}. A precedent for specialized hmmg
g]zmds ol the pr()lnlscis alrt’zuly exists in c()r;t”in[l]lilin('
and some l'zlpunine muricids, which can penetrate the
epidermis of cnidarian prey with proteolytic enzymes
secreted from a single salivary duct opening into the
mouth (Ward, 1965: Fankboner, 1970). At least one cor-
dHlf)pl‘llhl]L‘ ]1]]][1(1(1 I{( l’l('."f“ﬁ(‘( (el i(hr}fl’lr(”(h I'C l](}l le (“\
uses secretions of the pmlmsus to bore holes through the
aragonitic skeletons of coral hosts (Massin, 1987). Future
histological work will be needed to test these ideas.

ANATOMICAL SPECIALIZATIONS FOR FCTOPARASITIC FEEDING
oN Morruscan Hosts: Preliminary data on the anatomi-
cal specializations for an ectoparasitic mode of life sug-
gest that V. salebrosa has a reduced buccal mass and
(l(hl]d an elongate proboscis, and a highly simplified
foregut relative to other members of th(' Muricidae.
These aspects of the soft anatomy are documented and
discussed in detail in a companion paper (Simone et al.,
2009). All are consistent with specialized feeding on host
fluids. In addition, Herbert et al. (2008) reported that
few individuals of V. salebrosa (one in nine) collected in
the field from museum collections actually pcmus a
radula, an observation also made by D’ Attilio (1991). All
individuals we collected in Angml 2006, however, pos-
sessed a complete and functional radula (Simone et al.,
2009). A similar situation occurs in Genkaimurex 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-
sary to initiate attacks by drilling, perhaps just once a
year and perhaps seasonally. lhr: radula could then be
reabsorbed as the animal be oins suctorial feeding. The
only other muricids known (1( finitively to lack a radula
are ectoparasitic unalhnphlhn('a which feed suctorially

on cnidarians (D’Attilio, 1972). The muricine muricid
Pte I!J?I(iith.'(.‘ martinetana (Roding, 1798) may also lack
aradula (D’Attilio and Myers, 1985), although nothing is
known of this sp(*(u s (u)lntr\

However, prior reports th at V. salebrosa lacks a radula
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 radulae
from dried and poorly preserved museum specimens,
but it is often impossible to determine whether such
specimens are complete. Incomplete specimens are like-
ly in the case of V. salebrosa, 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 CONSUMPTION BY VITULARIA SALEBROSA TARGETS RE-
NEWABLE REsources: In general, parasites must target
renewable and energetically profitable food resources
of a host in order to sustain a long-term interaction.
Genkaimurex, for example, does not damage its scallop
hosts tissues and presumably feeds suctorially 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,
which may regenerate (Kay, 1979; Vaitilingon et al.,
2004). Coral e ctoparasites of the muricid mhldnnl\ Cor-
alliophilinae feed preferentially at the margins of coral
colonies due to the tendency for re I](’\\(II)I(‘ photosyn-
thetic products to flow towards enerey sinks at the colo-
ny margins (Oren et al., 1998). In short, wherever there
is evidence of parasitic feeding by a muricid, there is
evidence that the parasites target renewable resources
ol the host.

In this study, we found that V. salebrosa feeding tubes
in oyster hosts stop just inside the outer margin of the
<tddn([(n muscle scar, in the dppm\mmtv location of a
major blood vessel. We did not observe damage to oyster
tissues, including the adductor muscle, and it is reason-
able to conclude that V. salebrosa pierces these blood
vessels and feeds suctorially. Direct feeding on the ad-
ductor muscle itselt by V. salebrosa would be immedi-
ately lethal to the oyster, as the oyster would no longer
be able to close its shell and defend itself from opportu-
nistic predators. The consistency with which this anato-
mical region of the host was ldIU( ted (100% of oysters
found \\-ltll a 'V salebrosa attache d) is evidence that feed-
ing on oyster hosts by V. salebrosa is highly specialized.
Vitularia salebrosa derives nutrition from calyptraeid
hosts differently, but some degree of specialization is
evident here as well. The [(*t(hng tubes of both calyp-
traeids we dissected led in the direction of the digestive
gland, and the organ itself had been partially hollowed
out in each case. ])I”( stive glands of Mollusks are com-
monly attacked by ('ntlnp wasitic protists (Wardle, 1993;
Damborenea et al., 2006; Gonzalez-Moreno and Grace-
nea, 2006), and some molluscan hosts can survive with
infesting parasites occupying as much as 50% of the
glands (Tetreault et al.. 2000). Moore and Halton
(1973) showed that molluscan hosts adapt to digestive
gland infections with histochemical changes that in-
crease intracellular tlig[*sti\:‘(' processes, which is the
same response as in animals that are starved. Thus, di-
gestive glands of calyptracids constitute a potentially
viable source ol nutrition for a molluscan ectoparasite.

We have no data on organs, tissues, or fluids of ver-
metids that might be targeted by V. salebrosa. The fact
that some vermetid hmta were drilled as many as seven
times could mean that this interaction 1s less Hl‘l(‘('lilll)’.(‘(i
than the others. However, unlike other hosts. vermetids
can seal off damaged parts of the shell by calcareous
septa. Doing so (hnmg an attack by V. salebrosa might
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force the ectoparasite to drill a new hole. Also, formation
of septa likely frustrates the drilling process of ectopara-
sites, which have little information on whether or not they
are drilling into an empty chamber. The presence of occa-
sional foot scars and ﬁ;‘(—.‘tling tunnels on vermetid hosts
suggests that prolonged, non-lethal interactions with ver-
'In(‘t](.l\ (1() ocenr m nature. lll our ['(’(‘d]lli_’ (:‘\Pt‘l'l!l]e]lt&
interactions between vermetids and V. salebrosa ranged
from a few weeks to over two months. Shorter mteldcnom
mav have to do with the relative sizes of (“(t()l‘)d] asite and
host, with smaller hosts less able to recover from feedings
by large V. salebrosa. This hypothesis can be tested in the
future in an experimental setting.

REPRODUCTIVE CHALLENGES FOR A SEDENTARY ECTOPARA-
siti: For an animal with internal fertilization, a parasitic
and largely immobile existence poses a major problem
for fin(]ing I'(L“pr()llllt'ti\*'(" partners. Long-term commen-
sals have evolved a variety of adaptations to deal with
this challenge. The shrimp Pontonia margarita, a symbi-
ont of the oyster Pinctada mazatlanica from the Pacific

coast of Panama. for example, has evolved a system of

social monogamy or mate guarding (Baeza, 2008).
Calyptraeid and comllmp]nlme munud snails, which
are also sedentary, have evolved protandrous hermaph-
roditism, where new recruits become males in the pres-
ence of older females or females in the absence of any
other females (Massin, 1990: Collin, 1995: Richter and
Luque, 2004). In the case of V. salebrosa, many of the
snails we observed in the field were in male-female
pairs, which is consistent with both social monogamy
and protandrous hermaphroditism. We observed a simi-
lar pairing behavior in the laboratory. Even though snails
were housed individually in separate compartments,
they would occasionally crawl out of the water and over
barriers to form pairings with snails in neighboring com-
partments. When pairs did form in the lab, snails would
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,

suggesting that males are more mobile than females, and

that when females and males are together, holes may be
“shared.”

EvibENCE ror  Ecrorarasitism N THE  INpo-PaciFic
CONGENER VITuLagia MiLiagts: Through 1‘)(‘I"S()1‘ld] commu-
nication to the senior author (GSH) in 2007, Anders
Warén (Swedish Museum of Natural History) relayed
that he has unpublished observations of identical ecto-
parasite feeding traces and adaptations in Vitularia 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-
brosa, V. miliaris interactions with bivalves result in the
same diagnostic foot scar and feeding tunnel leading to
the adductm muscle. Warén also remarked that V. mili-
aris exhibits protandrous hermaphroditism. Dr. Marco
Oliverio (“La Sapienza” University Rome, Rome, Italy)
has kindly provided photographs of V. miliaris collected
from Vanuatu, reproduced here, that show a male-fe-
male pair and characteristic foot scar on a Spondylus
host (Figures 28-29). Based on these observations, the
origin of ectoparasitism in Vitularia dates back to at least
the last common ancestor of V. salebrosa and V. miliaris.
Evidence from the fossil record suggests that this ances-
tor predates the Late Miocene or Early Pliocene, or the
approximate time when both species first appear in es-
sentially modern form in the tropical western Atlantic
(Vokes, 1977, 1986). It would not be surprising to find
\f’imfm‘ia—style interaction traces on oyster, vermetid, or
calyptraeid hosts in the Late Oligocene of Europe,
which is the approximate age of the earliest known spe-
cies of Vitularia (Vokes, 1977).

Evorution oF Ectoparasitism IN THE Muricipag: The
evolution of ectoparasitism of molluscan hosts in the
Muricidae is exceedingly rare, and the Vitularia case
study provided in this paper is only the second example

Figures 28-29.

Vitularia miliaris from Vannatu, Indo-West Pacific. shown in male-female pair feeding on Spondylus spiny oyster.
Figure 29 shows characteristic ectoparasite foot scar beneath the foot of the female.
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ever documented. One reason for its rarity may have to
do with lll(' intensity of selection for faster leeding. Es-
pecially, i 1 biotically rigorous habitats of the shallow

tmpl(a nmn al selection often favors the evolution of

offensive weapons and attack behaviors that speed up
rather than slow down already slow stvles of attack, like
drilling l)tL(thlml (Vermeij and Carlson, 2000: Herbert,
2004 I)l(ll et al., 2004). The use of faster, more power-
ful attack techniques allows predators to spend more
time in enemy-free rLllltfm or to take additional prey,
the energetic benefits of \\’llth could be translated into
increased reproduction or defenses (e.g.. large size.
thicker shell, speed, toxins, etc.).

We l'l}p()ﬂlvﬁiﬂ' two evolutionary scenarios to explain

the rare transition from pl‘('tlati(m to {‘(-tul);lr:lsitimli ol

mollusks in the Muricidae. One hypothesis is that slow
feeding on prey may be beneficial during periods of limit-

ed or lmpl(‘(ll(l‘tlllv prey supply, where the benefits of

mere survival outweigh the costs of feeding slowly. During
these unfavorable (nndlh(ma selection lm compe titive
performance is likely to be less important than selection
for stress tolerance or stress avoidance (Parsons, 1996:
Stanton et al., 2000, Bll}l.\illlél and Loeschcke, 2005: but
see Chesson and Huntly, 1997). Stressful abiotic condi-
tions may. thus, stimulate the evolution of resource-
conserving traits or behaviors related to metabolic
conservatism. For muricids, these environmental stresses
would have to be extreme, becanse some muricids can
survive months without feeding (Herbert, unpublished
observations), and many muricids are generalist predators
capable ol exploiting a wide range of prey.

This scenario is appealing on the surface, because it
would also explain how a muricid predator might toler-
ate the potentially greater exposure to enemies during
slow feedings. I’Llu's and times of low productivity and
nutritional stress generally also have lower abundances
and diversities of enemies (Vermei ij. 1989: Bambach,
1993: Bambach et al.. 2002; Valentine et al., 2002). How-
ever, this scenario contrasts markedly with the current
distribution of V. salebrosa in the tropical eastern Pacif-

which is resource rich.due to seasonal upwelling
(Bemis and Geary, 1996) and where there is a relatively
high abundance of prey and intense predation (Vermeij
‘m(l Currey, 1980; Vermeij, 1989). This scenario also
contrasts wltll the current distribution of its ec l()p.um.lll(
congener, V. miliaris in the highly productive Indo-Pa-
(1[1( and with the ancient (I]‘»llll)llll()ll% ol some fossil
Vitularia in the productive tropical western Atlantic
(reviewed by Allimon, 2001).

A second hypothesis is that in a dangerous environ-
ment, like the one in which species of Vitularia occur
today and in which likely occurred in the past. ectopar-

asitism p{nmts l[l(]l\l(llldl\ to stay for l(mtr pe riods of

time on a single prey and under a single Imull]u rather
than to have to forage out in the open In*r\w( 1 boulders,
exposed and lmp]otv(t(*d. on a frequent basis. The expo-
sure factor could be significant for V. salebrosa, becanse
although the shell is relatively large, it is also remarkably
thin and could be casily (mslu(l by most dnmph.ufnns

l)rc'(laltm's. In a competitive environment, ectoparasitic
[ee (lilIU' [1\ V salebrosa tllmllwll small tunnels in the host
shell may also reduce competitive interactions with klep-
tnp‘u‘l\llt s (e.g.. crabs, snails) that often steal food from
muricid drillers through the gaped valves of dead or
dving prey.

The energetic costs of ectoparasitism, however, are
still severe 411(1 probably limiting in terms of population
size, gtu\\lh rates, ete. Whe ther these costs have limited
opportunities for speciation within ecltoparasite lineages
or opportunities for mollnscan ectoparasitism to evolve
more times than it has within the Muricidae should be
studied further.

It should be noted, however, that muricid ectoparasit-
ism does not involve ene rgetic costs by ll[((\\lt\ IFor
example, coralliophiline muricids that feed ectoparasiti-
cally at the margins of coral colonies benefit from the
id(t that there is a tende ey for l)lmln\\nlh( tic l)l(](lll(l\
from healthy, non-preved-on corallites to flow towards
the colony margins, which are energy sinks due to
shading and competition from other corals (Oren et al.,
1998). Coralliophilines also tend to feed in aggregations
(Ward, 1965; Miller, 1951; Hayes, 1990: Soong and
Chen, 1991), and this behavior can also induce the de-
velopment of new energy sinks even away from coral
colony margins (Oren et al., 1998). Still other corallio-
philim-s insert the pmlmsvis into |)n1)'p coelenterons to
steal food rather than eat and (]-mmt&' the pc)l\'l) which
may result in a constant high suppl\ of Tood for the
snail (Hayes, 1990). Cor: l”l(]l)hlll]l( s comprise a diverse
subl: unll\ ol nearly 200 living species that, as a group,
is nearly the same age as the species-poor genus Vitu-
laria. which can be traced back to Eocene origins
in Odontopolys Gabb, 1860. Thus, the degree and nature
of constraints of ectoparasitism may depend. in large part,
on the tvpe ol host that is t'\plt]itt-(]. l'f('it}]):ll';lxitihrll on
large, clonal enidarian hosts offers access to an abundant
dtltl rapidly replenishable supply of food in a way that
ectoparasitism on a single bivalve or snail does not.

ACKNOWLEDGMENTS

The authors wish to thank Anders Warén and Marco
Oliverio for generously providing information and
photographs of predation traces of the Indo-Pacilic
species Vitularia miliaris, the STRI marine lab at NAOS
and the government of Panama for collection permits,
and Jerry Harasewych and Ellen Strong for organizing
fieldwork during the Neogastropod Evolution workshop
in Panama in January 2006. We are also grateful for
insightful comments [rom two anonymous reviewers.
Funding was provided by a University of South Florida
faculty improvement grant to GSH, a Donnelley
Environment Fellowship from Yale to GPD. and govern-
mental support by FAPESP (Fundagao de Amparo a
Pesquisa do Estado de Sio Paulo) arant 2004/10793-9 to

LRLS.




Page 134

THE NAUTILUS, Vol. 123, No. 3

LITERATURE CITED

Allmon, W.D. 2001. Nutrients, tmupvmhm' disturbance, and
evolution: a model for the late Cenozoic marine record of
the western Atlantic. Palacogeography, Palacoclimatology,
Palacoecology 166: 9-26,

Baeza, J.A. 2008. Social monogamy in the shrimp Pontonia
margarita, a symbiont of P:m ‘tada mazatlanica, off the
Pacific coast of Panama. Marine Biology 153: 387-395.

Bambach, R.K. 1993, Seafood through time: changes in bio-
mass, energetics. and productivity in the marine ecosys-
tem. Paleobiology 19: 372-397.

Bambach, R.K., A.H. Knoll, and ].]. Sepkowski. 2002, Anato-
mical and ecological constraints on Phanerozoic animal
diversity in the marine realm. Proceedings of the National
.‘\L‘Zl(]('ln'\' ol Sciences 99: 6854-6859,

Bemis, B.E. and D.H. Geary. 1996. The usefulness of bivalve
stable isotope profiles as environmental indicators: data
from the Eastern Pacific Ocean and Southern Caribbean
Sea. Palaios 11: 325-339.

Bijlsima, R. and V. Loescheke. 2005. Environmental stress.

~adaptation and evolution: an overview. Journal of Evolu-
tionary Bm]mf\ 18: 744-749.

Blake. J.A. and I \\ Fvans. 1973, J"rijn’mrr and related genera
as borers in mollusk shells and other .l](dlu)us sub-
strates. The Veliger 15: 235-249.

Bohm, F., M.M. Joachimski, W.C. Dullo, A. Eisenhauer,
H. Lehnert, |. Reitner, and G. Worheide. 2000. Oxygen
isotope fractionation in marine aragonite of cor alline
sponges. Geochimica et Cosmochimica Acta 64: 1695-1703.

Bongrain, M. 1995, Traces de bioérosion sur un Pectinidae
(Bivalvia): du Miocéne d'Aquitaine (SO France): un cas
possible de commensalisme entre Pectinidae et Capuli-
dae. Geobios 28: 347-358.

Bromley, R.G. and C. Heinberg. 2006. Attachment strategies
of organisms on hard substrates: A palacontological view.
Palacogeography, Palacoclimatology, Palacoecology 232:
429453,

Carriker, M. and G. Gruber. 1999. Uniqueness of the gastro-
pod accessory boring organ (ABO): comparative biology,
an update. Journal of Shellfish Research 18: 579-595.

Carriker, M.R. and D. Van Zandt. 1972. Regeneration of the
accessory boring organ of muricid gezstmpmls after exci-
sion. Transactions of the American \-'lit'l‘()'i(-npi(-;ll Society
91: 455-466.

Chesson, Pand N. Huntly. 1997. The roles of harsh and fluc-
tuating conditions in the dynamics of ecological commu-
nities. The American Naturalist 150: 519-553.

Collin, R. 1995. Sex, size, and position: a test of models pre-
dicting size at sex change in the Protandrous gastro-
pod Crepidula fornicata. The American Naturalist 146:
815-831.

D’Attilio, A. 1972. Remarks on ('|n‘;l”inphili(l:l(- (Gastropoda,
Muricacea). The Festivus 3: 2-5.

D'Attilio, A. 1991, Comments on two ambignous muricids cur-
rently comprising the genus Vitularia Swainson, 1540,
The Festivis 23: 13-15.

D Attilio, A, and B.W. Myers. 1985, An imsuccessful search for
the radula of Murex martinetana (Réding, 1798): (Neogas-
tropoda). Conchologists of American Bulletin 13: 69-70.

Damborenea, C., F. Brusa, and A. Paola. 2006. Variation in
worm assemblages associated with Pomacea canaliculata
i(I:u-:mg:l.\'lmprn];l, ;\m|1||I|:u’i1'(1:u"] in sites near teh Rio de
la Plata estuary, Argentina. Biocell 30: 457-468.

Dietl, G.P. and G.S. Herbert. 2005, Influence of alternative
shell-drilling behaviours on attack duration of the preda-
tory snail, Chicoreus dilectus. Jonrnal of Zoology 265:
201-206.

Dietl. G.P., G.S. Herbert, and G.]. Vermeij. 2004. Reduced
competition and altered feeding behavior among marine
~.mnl a{t( r a mass extinction. Science 306: 2229-2231.

Dudley, and G.]. Vermeij. 197S. Predation in time and
.\[‘hi[t dlll]lmf in the m\tmprnl Turritella. Paleobiology 4:
—1'3(i—l—ll

Epstein, S., R. Buchsbaum, H.A. Lowenstam, and H.C. Urey.
1955. (,.nh(m ate-water isotopic temperature sc: ale. Bu]](\
tin of the Geological Society of America 62: 417-426.

Ewald, PW. 1995. The evolution of virulence: a unifying link
between parasitology and ecology. Journal of Pdmwlnlogv
S1: 659-66Y9.

Fankboner, P.V. 1970. Notes on feeding and the functional
morphology of the gut in the reef dw elling muricid Moru-
la elata Blainville. University of Hawaii, Hawaii Institute
ol Marine Biology, Te .chnical I“.mel 18: 6-7.

Geary, D.H., T A. Brieske, B.E. Bemis. 1992. The influence
and interaction of te mperature, salinity, and upwelling on
the stable i\‘nlnpt- pmﬁlvs of strombid g:istmpud shells.
Palaios 7: 77-85.

Gonzalez-Moreno, O. and M. Gracenea. 2006. Life cycle and
description of a new species ol brachylaimid (Trematoda:
Digenea) in Spain. Journ: al of Par: mmlmr\ 92: 1305-1312.

Grossman, E.L. and T.L. Ku. 1986. Oxygen and carbon iso-
tope fractionation in hm;,( nic aragonite: temperature
effects. Chemical Geology 59: 59-74.

Harper, E.M. and L. Peck. 2003, Predatory behaviour and
metabolic costs in the Antarctic muricid gastropod Tro-
phon longstaffi. Polar Biology 26: 208-217.

[Lum J-A. 1990. The Biology and Ecology of Coralliophila
abbreviata Lamarck (C nl‘\f]l]})()(l(l Coralliophilidae): the
Importance of Corallivores in the }‘L(J]ll”\ of Coral Reelfs.
Ph.D. dissertation, University of Texas at Austin.

Herbert, G.S. 2004. Observations on diet and mode of preda-
tion in Stramonita biserialis ((','zlst'mp()(lu:I\-‘Iuri{:i(l:l(-‘) from
the northern Gulf of California. The Festivus 36: 41-45.

Herbert, G.S., D. Merle, and C.S. Gallardo. 2008, A develop-
mental p{’rsp(-{-ti\‘(-- on {-'\-'E]]llti()lull"\_’ innovation in the rad-
ula of the predatory neogastropod family Muricidae.
American Malacological Bulletin 23: 17-32.

Huntley, J.W. 2007. Towards establishing a modern baseline
for p.ll(‘(}p ithology: Trace- 1)1(>(l||(111<Jr parasites in a bivalve
host. Journal of ‘111( Ilfish Research 26: 253-259.

Ishida, S. 2004. Initial predation and parasitism by muricid
whelks demonstrated by correspondence between drilled
holes and their appmvnt enveloper. Journal of Experi-
mental Marine Biology and Ecology 305: 233-245.

[shikawa, M. and T, Kase. 2007. Spu)m{] bore hole Polydorich-
nus subapicalis new ichnogenus and ichnospecies: a new
behavioral trace in Ud‘,llnpnd shells. Journal of Paleonto-
logy 81: 1466-1475.

Jones, D.S. 1998. Isotopic determination of arowth rates and

longevity in fossil and modern invertebrates. Paleontolog-
ical Society Paper 4: 37-76.
Kay., E.A. 1979. Hawaiian Marine Shells. Reef and Shore
" Fauna of Hawaii. Section 4: Mollusca. Bernice P Bishop
Musenm, Honaolulu, 652 Pp-
Kirby, M.X., T.M. Soniat, and H.]. Spero. 1998. Stable isotope
‘scle m(]ll(}lm[um ol Pleistocene and Recent oyster shells
(Crassostrea virginica). Palaios 13: 560-569.




G.S. Herbert et al., 2009

(W]
Ul

Page 13.

Krantz, D.E.. D F. Williams, and D.S. Jones. 1987, Growth
rates of the sea scallop, Placopecten magellanicus, deter-
mined from the 180/160 record in shell caleite. Biological
Bulletin 167: 186-199.

Kuroda, T. 1953. New genera and species of Japanese Rapidae.
\vuux (Japanese ]uunl.ll of Malacology) 17: 117-130.
Lehmann, T. 1993, ],((np(uasll( st direct impact on host fitness.

Parasitology Today 9: 8-13

Massin, C. 1987. Re hqurmunrr a new genus of Coralliophili-
dae (Mollusca, Gastropoda). Bulletin de LInstitut Royal
des Sciences Naturelles de Belgique 57: 79-90.

Massin, C. 1990. Biologie et écologie de Leptoconchus peronii
(Lamarck, 1818) (Gastropoda, Coralliophilidae) récolté
en Papouasie Novelle-Guinée, avec une I'l'(]('.‘\‘['l‘ipl'i()'ll de
Fespece. Bulletin de Tlnstitut Roval des Sciences Nator-
elles de B('Igi(ilw 60: 23-35.

Matsukuma, A. 1977. Notes on
(Kuroda, 1953) (Prosobranchia: \:l()gdﬂt]'()]]l!(l:l]. Venus
(Japanese Journal of Malacology) 36: S1-S5.

Matsukuma, A. 1978, Fossil lmu holes made by shell-
boring predators or commensals. 1. Boreholes of capulid
gastropods. Venus (Japanese Journal of Malacology) 37:
29-45.

Miller, A.C. 1981, Cnidarian prey of the snails (mm’fmphr."d
abbreviata and C. caribaea (Gastropoda: Muricidae) in
Discovery Bay Jamaica. Bulletin ol Marine Science 31:
932-934.

Moore, M.N. and D.W. Halton. 1973, Histochemical changes
in the digestive gland of fr,.'nn.ir.w.' truncatula infected
with Fase !m’f.' hepatica. Parasitology Research 43: 1-16.

Morissette, S. and J.H. Himmeloiam. 2000, Subtidsl food
thieves: interactions of four invertebrate |<|[‘|1mp;|1';mitvs
with the sea star Leptasterias polaris. Animal Behavior
60: 531-543.

Noda, H. 1991. Fossil homing scar of gastropod Hipponix
(Malluvitem) lissus from the Pliocene Shinzato Formation
of Okinawa Prefecture, southwestern  Japan. Annual

(;('H!\'{.‘.”N!Hi]“.l varicosa

Report of the Institute of Geosciences, University of

Tsukuba 17:43-47.

Oren, U.. I. Brickner, and Y. Lova. 1995. Prudent sessile feed-
ing by the corallivore snail. Coralliophila violacea on coral
energy sinks. Proce [‘(Inuf\. of the Roval Society of London.
Series B, Biological Sciences 265: 2043-2050.

Paine, R.T. 1963, F[I(Jl’l]]l(_ relationships of 8 sympatric preda-
tory gastropods. Ecology 44: 63-73.

Palmer, A.R. 1988. Feeding biology of Ocencbra lurida (Pro-
sobranchia: Muricacea): diet, pr(’daltm'—prc_=_\' size relations,
and attack behavior. The Veliger 31: 192-203.

Palmer, A.R. 1990. Effect of crab effluent and scent of dam-
aged conspecifies on feeding, growth, and shell morpho-
logy of the Atlantic dogwhelk, Nuecella lapillus (1.).
Hydrobiologia 193: 155-152.

Parsons, PA. 1996. ('umpt tition versus abiotic factors in vari-
ably strmshll environments: evolutionary implications.
Oikos 75: 129-132.

Pawlicki, ]. M., L.B. Pease, C.M. Pierce, T.P. Startz, Y. Zhang,
and A.M. Smith. Z(I(H The effect of molluscan glue pro-
teins on gel mechanics. Journal of Expe ||n|('||t1| Biology
207:1127-1135.

Peharda, M. and B. Morton. 2006, Experimental prey species
preferences of Hexaplex trunculus (Gastropoda: Murici-
dae) and predator-prey interactions with the Black mussel
Mytilus  galloprovincialis - (Bivalvia: Mytilidae). Marine
Biology 148: 1011-1019.

Tetreault, F. J.H Himmelman, and L

Valentine, ‘].\\".‘

Richter, A. and A.A. |,||t|u('. 2004, Sex L'}t;lllg(' in two Mediter-
ranean species ol Cor: l”i()p]li]il] e (Mollusca: (Q,I\lmpl:dd
Neogastropoda). Journal of the Marine Biological Associ-
ation of the United Kingdom 84: 383-392.

Santos, A.. E. ;\I;;\m‘;l[, and F. Muniz. 2003, New trace fossils
produced by etching mollusks from the Upper Neogene
of the southwestern Iherian Peninsula. Acta (;c-uluf_{i:l
Polonica 53: 181-188.

Simone, L.R.L. 2002. Comparative morphological study and
phvlogeny of representatives of the superfamilies Calyp-
tracoidea and Hipponicoidea, (Mollusca, Caenogastro-
[)ndu). Biota X(-ni'm[)i(-;l 9. 1-102.

Simone, L.R.L.. G.S. Herbert, and D. Merle. 2009, Unusual
anatomy of the ectoparasitic muricid Vitularia salebrosa
from the Pacific coast of Panama (Neogastropoda: Muri-
cidae). The Nautilus 123: 137-147.

S 1\([1 d J. 1965, A quantitative an: alvsis of the |}||\iu|}| anlton
‘of the Gulf of Panama. Inter-American Tropical Tuna
Commission Bulletin 9: 467-531.

Smayda, T.J. 1966. A quantitative analysis of the phytoplankton
‘of the Gulf of Panama: [11. General ecological conditions,
and the phytoplankton dynamics at 8745'N. 79°23'W from
November 1954 to May 1957, Inter-American Trupl(‘al|
Tuna Commission Bulletin 11: 354-612.

Smith, A M. 2001, The use of mucous gels as glues, American
Zoologist 41: 1588.

Smith, A-M. T . Quick. and R.L. St. Peter. 1999, Diflerences
in the composition of adhesive and non-adhesive mucus
from the limpet Lottia limatula. The Biological Bulletin
196: 34-44.

Soong, K. and [.L. Chen. 1991. Population structure and sex-
change in the coral inhabiting snail Coralliophila violacea
at Hsiao-Liuchiu, Taiwan. Marine Biology 111: 81-86.

Surge, D K.C. Lohmann. and D.L. Dettman. 2001. Controls
on 1\()tnlm chemistry of the American oyster, Crassostrea
virginica: nnph(.mnm for growth patterns. Palacogeo-
rmlph\ Palacoclimatology, I‘d]dlmu)lntr\ 172: 283-296.

Surge, D, K.C. Lohmann, and G.A. Goodfriend. 2003.
Reconstructing  estuarine  conditions:  oyster shells as
recorders of environmental change, Southwest Florida.
Estnarine, Coastal and Shelf Science 57: 7T37-756.

Measures. 2000,
Impact of a castrating trematode, Neophasis sp.. on the
Common Whell, Buccinum undatum, in the northern
Gulf of St. Lawrence. Biological Bulletin 198: 261-271.

Vaitilingon, D, I. Eeckhaut, D. Fourgon, and M. Jangoux. 2004,
Population dynamics, infestations and host selection of Vex-
illa vexillum. an ectoparasitic muricid of echinoids, in
Madagascar. Diseases of Aquatic Organisms 61: 241-255.

K. Roy, and D. Jablonski. 2001. Carnivore/
non-carnivore ratios in northeastern Pacific marine gas-
tropods. Marine Ecology Progress Series 220 153-163.

Vermeij, G.]. 1987. Evolution and escalation: an ecological
|1i\hnj of lile. Princeton. Princeton University Press,
527 pp.

Vermeij. G.]. 1989, Interoceanic differences in adaptation:
effects of history and productivity. Marine Ecology Prog-
ress Series 57: 293-305,

Vermeij, G.J. 1995, Sabia on shells: a specialized Pacific- l\p(
commensalism in the Caribbean Neogene. Journal «
’zlknnlnl(:tf\ 72: 465-472.

Vermeij. G.J. and S, J. Carlson. 2000. The muricid gastropod
subfamily Rapaninae: phvlogeny and ecological history.,
]’.1]{(:])105(;0\ 2G: 19-46.




[';lg(‘ 136

THE NAUTILUS, Vol. 123, No. 3

Vermeij, G.J. and J.D. Currey. 1950. Geographical variation in
the strength of thaidid snail shells. The Biological Bulletin
158: 383-389.

Vokes, E. . 1977 A second western Atlantic species of Vitu-
laria (Mollusca: Gastropoda). Tulane Studies in Geology
and Paleontology 13: 192-195.

Vokes, E.H. 1986. The short happy life of Vitularia linguabi-
son. Conchologists of America Bulletin 14: 19-22.

Walker, S.E. 1992, Criteria for recognizing marine hermit
crabs in the fossil record using gastropod shells. Journal
of Paleontology 66: 535-558.

Ward, J. 1965. The digestive tract and its relation to feeding
habits in the stenoglossan prosobranch  Coralliophila

abbreviata (Lamark) [sic]. Canadian Journal of Zoology
43: 447-464.

Ward, L.W. and B.W. Blackwelder. 1975. Chesapecten, a new
genus of Pectinidae (Mollusca: Bivalvia) from the Mio-
cene and Pliocene of eastern North America. United
States Geological Survey Professional Paper 861: 1-24.

Wardle, W.J. 1993. A new ztmgtmi(l cercaria (Trematoda,
Digenea) from the Florida Horse Conch, Ph'urﬂpr’n('a
gigantea, in the northwestern Gulf of Mexico. Journal of
the Helminthological Society of Washington 60: 216-218.

Wefer, G. and W.H. Berger. 1991. Isotope paleontology:
growth and composition of extant calcarcous species.
Marine Geology 100: 207-248.




ImEE BHL

Biodiversity Heritage Library

Herbert, Gregory S et al. 2009. "Extremely slow feeding in a tropical drilling
ectoparasite, Vitularia salebrosa (King and Broderip, 1832) (Gastropoda:
Muricidae), on molluscan hosts from Pacific Panama." The Nautilus 123,
121-136.

View This Item Online: https://www.biodiversitylibrary.org/item/203169
Permalink: https://www.biodiversitylibrary.org/partpdf/174716

Holding Institution
Smithsonian Libraries and Archives

Sponsored by
Biodiversity Heritage Library

Copyright & Reuse

Copyright Status: In Copyright. Digitized with the permission of the rights holder
Rights Holder: Bailey-Matthews National Shell Museum

License: http://creativecommons.org/licenses/by-nc/3.0/

Rights: https://www.biodiversitylibrary.org/permissions/

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 21 September 2023 at 17:36 UTC


https://www.biodiversitylibrary.org/item/203169
https://www.biodiversitylibrary.org/partpdf/174716
http://creativecommons.org/licenses/by-nc/3.0/
https://www.biodiversitylibrary.org/permissions/
https://www.biodiversitylibrary.org

