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Abstract

Bivalve and gastropod shells frottl the Tsukiyoshi and the overlying Togari

Members of the Miocene Mizunami GrOup,central」 apan shOw frequently predtttory

drill holes. ExaHlinations of drill hole general shape, relationship between hole's and

ellipticity against size,between hole size and shell size,hole position on shell,as M/ell as

principal component analysis discttminate mttority Of the drill― holes of two members

from each other,with the best result in the principal component analysis  Comparison

of the results with previous reports on drill hole characteristics indicate that tlle drill

holes from the Tsukiyoshi W[ember are formed by muricid gastrOpod, 、vhereas holes

from the Togari ふ涎ember by naticid gastropods. This result is in accordance with the

fossil occurrencei the Tsukiyoshi W[ember yields only muricid賀 カゲzθ少″,ο ″″%筋 /ιχ

燿 2ηοク拓2%%d aS predatory gastropod, where as the Togari予生ember yields only naticid

Eク6y)ゲ″宅z ttι λを%sた

Further presently exanlined bivalve material shows negative relationship between

the development of pallial sinus and predation rate.Becatlse the pallial sinus is a good

proxy of bivalves' burrowing depth,the result,therefore,may indicate that burrowing

is one of the erective habits for the bivnlves in escaping from predation

Key wordsi drill― hole,measurement,muricid,ふ /」iizunan五 GrOup,naticid,predation

1.Introduction

Predation is one of the most important factors of natural selection and information

on predator― prey relationship in fossil records should provide us with a reliable basis in

understanding the dynanlics of evolution of biotic interaction Although it is in general

dimcult to get insight into such a relationship in fossil records, ubiquitously occurring

drill holes made by predators are easily recOgnizable on m01luscan fossil shells,providing

rehable evidence on the predator― prey relationship. For this reason, there have been

many studies on characters of drill― hOles they form as well as identincation of predators
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basing on such characters(e,g,Ziegelmeier,1954i Carricker,1961,1981,Reyment,1966;

Arua and Hoque,1989)and prey Selection by predator(e.g Kitchell et al,1981:Kelley,

1991;Kdに y and Hallsen,1993,1996).

Although previous studies have been mainly related 、vith coHllnonly occurring

muricid and naticid gastropod predatorsI Kowalewski(1993)pointed Out that there are

several other predators including octopods producing distinct dril卜 holes He also

showed a good match between quahtative and quantitative discrirnination of predator

However some of such characters are easily destroyed during diagenesis or lost in

cleaning procedure to excavate drill holes,making the criterial practically useless

As Kowalewski mentioned,identification of predatory drill― holes are surered from

preservation condition ln the present study,in addition to quahtative evaluation, we

carried out Quantitative analysis on predatory dril卜 holes on WIiocene moluscan prays in

using the characteristics robust throughout postinorten degradation of shells including

the positions of drl卜holes,which varies depending on prey or predator species(Thomas,

1976,Colbath,1985)

In this sttldy,we analyzed the predatory drill holes on the moluscan fossls fronl the

Tsukiyoshi and the overlying Togariよ /1embers of the予 Iiocene nVIi5unani Group.central

」apan MiZunami Group is correlated to the mid― Neogene chmatic Optimuml or the

conspicuous transgression iust before it Tsukiyoshi and Togari rnembers are both about

30m thick and yield many fossil molluscan shels with predatory dirl― holes on them

Further. Tsukiyoshi ふ江ember yields one and sole muricid predatory gastropod,

賀力″ψ 力ο/ゲ%%陀χ 娩フηο
"陶

ηクS,While the Togatt Member One and sole naticid predatory

gastropod E%ψケ紹 物ιλιηSιも`(ItOigawa et nl,1981)。 So it is very interesting to examine

if the fossil predatory dril卜holes on bivalve shens correspond to the occurrence of

predator occurrence in the two members For this purpose we carried out quahtative as

wen as Quantitative analysis of these drill holes. The principal component analysis of

measured data revealed as the most powerful method in discrilninating observed drill

holes into tMた o separate groups correspOnding to the selective occurrence of direrent

predator gastropod taxa frOna the two members.

In the presently exanlined material,bivalves with direrent degree of pallial sinus

development are surered from predatory drilling,Degree of development of the pallial

sinus is a good proxy of the bivalve's relative burrowing depth (Kondo, 1987)

Therefore, we also compared the predation rate and the relative burrowing depth

expressed in pallial sinus development for the present rnaterial

234



Shape,Sze and dstttbuMon of p「 edatott d山 卜hdes on mdLscan shdほ from the TsumyOstt and Togatt Membe「 s ofthe Miocene Mttunam Group

2.WIaterial and lnethod

/ヽ1izunaali Fossilふ /1useum kindly allowed us to exanline their molluscan c01lection

from Togari and Tsukiyoshi Members of the Miocene Mizunami Group,central Japan ln

Table l, commonly occurring species are listed together with information abOut their

predatory drill holes on them ln the present study, for bivalve fossils, one valve is

treated as representing one individual.Only complete valves were incorporated into the

present study, because incomplete valves巨五ght have carried drill holes on the part

which is now lost

For the quantative analyses of the drill holes, foHowing characteristics are

documented visually:general shape,either cyhndrical or parabolic,position on the prey

shell surface as wel as number on each shell

For the quantitative analyses,drill holes are approxirnated by ntting elllpse and the

lengths of rnaxirnum and巨inirnum axes are measured The image of drll hole outhne is

traced on a computer and a fitting eHipse for the traced outhne is automatica■ y

calculated by“Scion lmage"(Table 2).To give the measure to compare the relative

hole position on the direrent prey species and size,four values are measured as listed in

Table 3(see also Figure 3)i angle values are lェ 包easured on Nikon profile projector

V12-B. The measured data were then analyzed including principal component analysis.

Specirnens which have bad preservation of the drill hole shape are excluded from

measurements(Я Oルタηι房′αクsすと7 2 specimen,P力αθοsοηα %ο%ク紹

'l specimen,Hicナ
%′α

ηゲ%οゼ%sλ l specimen of Togari Member).

3。 Results

General shape of drill‐ holes

The number of specirnens and number of those with predatory drl卜 holes for each

species are shown in Table l, Dril卜 holes can be classined into three types with visual

observation.Cyhndrical type of drill― hole is with cyhndrical inner surface(Figurel A― D)

Parabolic one has parabohc surface with a hole at its center, its surface is concave

toward shel interior(Figurel E― H)The third type is those which cannot be assigned to

either of the above two categories(unassignable in Table l). PredatiOn rates vary

among prey species(0～ 168%)As shown in Table l,the drill― hole type frequency for

bivalve alid gastropod preys togather froln Tsukiyoshiヽ /1ember isi cylindrical drill hole

28 (50,90/0); parabOLc drill hole O (0%); and unassignable drill hole 27 (4910/0). In the

Togariヽ /1ember,only bivalves show predatory drill― hOles. The drill hole type frequency

235



CO
Oヽ Table lo Visible characte五 stics of drill‐ holes。

n

Togariヽ /」iember

Bivalvia

K3ι %οて
'α

猜グゲクタタ2α %と′0ケ

互,19肋η″」′と7%sナと″

P力αεοsο %α と々″″9♂OηSλ

P力 ,て,οsο夕″2α %0タタι筋拓αι

のε′力αブ妙οttεα

打肋笏♂%力θι%sぬ

Tsukiyoshi W[ember

Bivalvia

Pttαθοsο ttα ttα ″兜望%sた

の て,′ゲ%α ノ9クο%ゲと
'と

7

(,レ紹ι%チカ♪2炒筋ε2'

河テαチs%′と7タタτι%02夕τSιS

Gastropoda

√tcα4夕と7とッ0カ 0うアα夕%αι

レ7o,9房′と7たカゲカ%α

sl    s2      s3      nd      sd      pd      ud   pray ratio

い
軒
脚
珊
葺
＞
報
卓
糾
詭
用
糾
ω
●
蝶

（巾
２
じ

６７

３６

３

８５

　

６

　

　

　

４６

２４

５

８

１
■
　
１
■
　
盗
υ
　
ｌ
■
　
０
０
　
つ
０
　
　
　
　
　
　
　
　
　
　
　
１
■
　
つ
る
　
刀
■
　
つ
０

146

47

８

２

つ
つ

ヽ
■

ぞ
９

ａ
ｂ

（
）

１
■

０

０

０

０

０

０

０

０

０

０

０

０

父
）

つ
々

つ
つ
　
・１
一　
ｒ
υ
　
⌒只
）

ハ
）

・１
一

０

０

０

０

０

０

８つ
々

〔
ν

Ｅ
Ｄ

刀
４

ハ
）

（
）

（
）
　
つ
０
　
１
■
　
И
仕
　
（
）
　
１
■

８

　
　
　
　
　
　
　
　
　
　
８

１

　
４

　
０

０

　
　
　
１

　
４

28/167=16.8%

12/136=8.8%

6/63=95%
8/185=43%
0/8=0%
1/36=28%

23/146=15.8%

5/47=10.6%

0/45=0%
0/38=0%

23/146=15.8%

5/47=10.6%

１

０

０

０

　

　

１

０

９

１

０

０

　

　

　

９

０

つ
０
　
つ
と
　
　
　
　
　
　
　
　
　
　
　
つ
０

１

　
１

　
０

　
０

　
　
　
１

　
５

４

　

　

　

　

　

　

　

　

　

４

つ
０
　
氏
υ
　
（
）
　
（
）
　
　
　
　
つ
０
　
買
υ

０

０

０

０

　

　

０

０

６

　

　

　

　

　

　

　

　

　

６

１

１

０

０

　

　

１

１



Shape,size and distttbujon ol predatory d画 卜holes on mo uscan sheis f「 om the Tsuklyoshi and Toga画 Members ofthe Miocene Mizunami G「 oup

Table 2.Mean size and natness Of the elliptic outhne of the drill‐ holes

Provenance n

of saluples

hole size((Max+Min)/2)

mean             st.dev.奉

natness(Min/Max)

mean          st.dev.孝

Tsukiyoshi

Togari

1,78伍 m

2.41mm

５

　

　

　

５

５

　

　

　

５

033mm     l.15

0.91mnl     l.06

010

0.04

・st dev =standard deviation

Table 3,Parameters for deternlining the location of the drill‐ holo on prey shell

surface.

Ll:distance between the umbo and the intersecting point of the line which runs trough

the umbo and the center of the drill― hole and the shell marゴ n.

L2:distance between umbo and the center of the dril卜 hole.

Al:angle between the following two linesi

hne connecting the umbo and intersecting points of the shell anterior margln

and a circle with a radius of L2

hne connecting the umbo and intersecting points of the shell anterior margin

and a circle with a radius of L2.

A2:angle between the following two lineま

Line connecting the umbo and drill hole center

The other is connecting the umbo and he intersecting point between anterior

mar」n and a cirde with a radius of L2
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Figure l

The drill hOles on fOssls A_Di cyhndrical drll hOles froni the Tsukiyoshiふ ンIember:A:on P力と7σ OSO″ ,`7

カ,知
`7、

σ?′,S'S,B,Ci on(汐θ′ゲ″,ブ
`7少

ο″ゲθρ,Di on 7ι θ,/〉 ,ノ 0カ 0〉l,′
,ιρゲ,E―H:parabolic drill holes l10m the Togari

江ヽember:E:on P力,じοdο ″,′ ク″0,,ι″/α J,Fi On P力αεοsο ,,′ ,力α″9gθ″sゲs,Gi on Fてっ?″οεα″′力ι″ ,″′ο, H:On
Яρ力″ゲグ励 ιιdtt Scale bar is 5mm iong for A to F,alld is lcm 10ng br G and H
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of these bivalves isi cyhndrical dril卜 hole O (0%), parabOhc drill holes 46 (83.6%), and

unassignable drl卜 hole 9(16.4%).

Generally,the dril卜 holes formed by the rnuricid are cyhndrical tO subcylindrical and

those formed by naticid are parabolic(Table 1 0f Kowalewski,1993).Thus,we may

conclude that the cylindrical drill holes representing little more than half of the thOse

from the Tsukiyoshiふ /1ember are attributable to the muricid.SO far as assignable drill

holes are concerned,the Tsukiyoshi samples does nOt include any parabohc drill_h01es,

which is concordant Ⅵ/ith the absence of naticid predator fossils from the member

Parabohc ones amounting to more than 80%of the drill― holes froni the Togari Member

are attributable to the naticid As for assignable drill holes,the Tsukiyoshi samples lack

parabolic dril卜 holes,which suggests the absence of muricid predators froni the member

Therefore, so far as the assignable dril卜 holes are concerned, result of our visual

inspection here is concordant with the fact that the Tsukiyoshi W[ember yields Only

muricid買カゲz妙力ο万物%/2χ ナえ望ηO%%y%ク S aS predatory gastropod,whereas the Togari

Member the naticid Eク 砂ゲ/β 物を

'sι

%dゲd as predatory gastrOpods(Figure 2)Each

gastropod is common in the corresponding member, but does not occur in the other

member at al

However,thirty six of the total l10 drill―holes(32,7%)from the two members are

left as unassignable either to cyhndrical type or to parabohc one Dimculty in assignment

is caused by,for example,unsuccessftll boring nction,incomplete cleaning of specirnens.

ふ/1orphology vertical to the hole may not be recorded and also liable tO diagenetic loss,if

the prey shel is very thin,

Drillぃ holo outline shape and size

The outhne of the drill holes on the surface of the presently exanlined specirnens

varies from oval to circular Therefore the outhne of drill_hOle surface can be

appro虹mated by an ellipse(Figure 3 right);its mttor a梵S(Max)and minOr a五s(Min)

are measured.Further,Max/Min as well as(Max+Min)/2 are calculated for each drill

hole /ヽ1ax/ヽ/1in is the flatl■ ess of the ellipsei if the ふ江ax/ふ江in value is near l, then the

outhne of drill hole is alrnost circular, whereas the outline is more eniptiCal when the

value is larger than l(Max+Min)/2 is a proxy of drill― hole size.Results are summarized

in Table 2 as wel as in Figure 4A and 4B The mean size of Tsukiyoshi drllh01es is

about l.8 mm, while that of the Togari ones is lager with wider range of variety.「 Γhe

mean shape of the Tsukiyoshi dril卜 holes is weakly oval with its natness of l.16, while

that of the Togari drill holes alrnost circular as its flatness of 1 06 indicatres
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Figure 2

PredatOry gastropods A:muricid R力 滋οクカο/ケ″〃″″筋 サ放 ″ο″筋″″S l10m the Tsukiyoshi Member B:
naticid Z]″ iクゲ′,′夕ιどんθ′′s′も`frOni the TOgariふ 江ember Scale bar is lcm iOng
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Figure 3

ふ/1easured paralneters:

Right ふ近ax: a nl巧Or axis of the ellipse ふンIini a良ユinOr axis Of the elipse ln the present study, the

outline of drili holes On the outer surface is approxilnated by an ellipse

Lefti Parameters deaning the dirll_hole position on bivalve shell surface U: umbo,V:intersection

point between shell margin and the hne that passes the umbo and the center of the drill hole Ll:

distal■ce between the umbO(U)and the intersection point between shell margin al「 ld the ine that runs

through the umbo and the center of the dr止 1-hole and the shell margin(V)L2ithe distance fiom umbo

(U)to the center Of the drll hole(C)A and Pi anterior and posterior intersection points between the

circle with its center On umbo(U)and a radius of L2,respect市 ely Al:the angle between the ine UA

and lne UP A2:the angle between the line UA and lne UV
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Therefore, irrespective of the nature whether the pray is bivalve Or gastropod,

Tsukiyoshi specirnens are doHlinated by elliptical drill― holes of lnore or less constant

diameter of about l.8 mrn,whereas the Togari samples are donlinated by circular ones

with wide varietぅアin diameter According to Kowalewski(1993),the drill― holes caused

by muricids are circular to subcircular,whereas those by naticids are circular, I】 lhptic

drill holes of Tsukiyosi samples thus have more sirnilar to those caused by the muricid,

while those of Togari samples to those by naticid dril卜 holes, Ho、vever, because

Kowalevski(1993)did notゴ ve the value indicating the ellipticity of the holes fOr both

naticids and muricids,this conclusion should be regarded with reservation.There is,also,

a considerable overlap of data points from the two members in the area represented by

smaller and circular ones in Figtlre 4A and 4B

Drill‐ hole size and prey shell length.

The relationship between the dril卜 hole size ((ふ /生ax+Wan)/2)and the prey shell

ma対mum length(=maximum antero― posterior length for b市 alves and length between

apex to the latest whorl for gastropods)is plotted on Figure 4C In the Tsukiyoshi

samples,the drill hole size is alrnost constant at about 2mm, despite of the prey shell

size increase ln the Togari samples, drill hole size increases as the prey shell size

increases,Drll― hole size alone can not be used as diagnostic feature in disinguishing the

predators,because both the muricids and the naticids have sirnilar diameter range of

their drill holes(Kowalevski,1993).However,the samples from the two members show

direrent distribution patterns when their mean size is plotted against prey maxirnum

shel length This suggests the existence of t、 、アo different predatorsl each of which is

responsible for fornling drill― holes Ⅵ′ithin one formation

Because the regression curves for t、 vo mernbers on Figure 4C crOss together at

around the point where the maxirnum prey shel length is about 10 mm and the drill

hole size of about 2 mm, if fossils with smaller body size may occur in Tsukiyoshi

Member,data plots froni these two members may overlap each other

Position Of drill‐holes on the prey bivalve shen

For bivalves, we carried out the study of position Of drill holes on the prey shell

GastrOpod data are not included because of the dinculty of comparison with bivalves

Visual observation

POsition of the predatory drill―holes on prey bivalve shells is plotted on line― drawings
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of shell general outhne of the prey species in Figure 5 The drill hOles are generally

concentrated to umbonal region of prey shels from the Togariふ /1ember Drill― holes on

the(兄ノじ′ゲηα′と7♪ο%ゲεα Shells from the Tsukiyoshi予 生ember tend tO be located more near

the shell margin and especially its posterior marゴ n(Figtlre 5).Only two drill holes of

P,,と 7じοsθタタ2と〃力と7ι
`'α

9ξι′夕Sλ ObServed in the present study also are located near the shell

posterior rnargin`

Numerical exanlination

For numerical evaluation of the drill hole position on the prey bivalve shells, 、ve

measured four parameters listed in Table 3(see also Figure 3)

As a proxy of the hole position in reladon to umbOnal(=dorsal)― ventral direction of

the prey shell, we calculated L2/Ll As the L1/L2value increases, the hole Hligrates

fronl the umbo to the ventral margin. As a proxy of the hole position in relation to

anterior―posterior direction, we calculated A2/Al. As the A2/Al value increases, the

hole rligrates from anterior to posterior part of the shell

ln Figure 4D,L1/L2is plotted against A1/A2.In Tsukiyoshi samples,the mean

value of L2/Ll is O,70i the mean valuc of A2/Al is O.59 1n Togari samples, the mean

value of L2/Ll is O.55i the mean valuc of A2/Al is O.36. Though data from both

members are scattered widely, Tsukiyoshi Me14ber dril卜 holes are generaly located

more distant from umbo and nearer to posterior margin(upward in h宙 ng position).The

positions of Togariふ/1ember drill holes are located more umbonalin comparison with the

Tsukiyoshi ones.

Both visual observation and numerical analysis of the drill hole position on the prey

bivalve shells reveal the drill― hole of Togari samples are located more umbonal and

central, whereas those froHl the Tsukiyoshi samples are located more posterior and

more lnarginal

Refering to Thomas(1976),who shows that the drill_holes by naticid tend tO

located around the part of the prey shell(G′ ぅ′じゲ%ι ttd)center tO umbo,the present

observation suggests Togari bivalve shens are suffered froHl the naticid predator,

whereas the prey bivalve shens froHi the Tsukiyoshi member do nOt exhibit this

tendency 
′
Γhis is again concordant with the fOssil predator occurrence from the tⅥ /o

members

4.Principal components analysis on data froHl bivalve prey shells

The above described visual and numerical analyses all indicate that the muricids
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Tsukiyoshi Member
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Phacosoma nomv「aF Phacosoma ttavager,sた

FL邸re 5

Schematic diagrams showing the positions of drユ }holes on bivalve shel surface

●
。

●
°

0

●°・
●

0０

　

●
0

244



Shape,size and distr buJon ol predato「 yd西 卜ho es on moluscan she s from the Tsuk yosh and Toga市 Members ofthe Miocene M zunami Group

are responsible for the drill holes on the prey shells of the Tsukiyoshi lnember,whereas

the naticids for those of the Togari l■ ember However, because of the existence of

unassignable drill hole in their general morphology, overlap in the samples from two

members in the numerical analyses(Figure 4A,4B and 4D)as well as potential

possibility of crossing of regression curves(Figtlre 4C),we can nOt be sure,that all the

Tsukiyoshi samples are caused by muricids and all the Togari samples by nnticids.

To test,if we can separate two sample groups more sharply,we employed principal

component analysis with the data from bivalve samples,WVe used following variablesI

(Max+Min)/2,Max/Min,L2/Ll,and A2/Al.The pttncipal component analysis carried

out with correlation matrix of these four parameters(Figure 6)clearly discttminates

samples of Tsukiyoshi ふ江ember frotti those of the Togari VIember on the axis of

principal component l.For all the principal components of these analyses, eigen values

and eigen vectors are shown in Figure 6

The contributions of four variables(Max+Min)/2,Max/Min,L2/Ll,and A2/Al to

the principal component l in the present analysis are alrnost equal to each Other Lager

6江ax+W【 in)/2 value is renected in lager value on principal component l Larger W[ax/

WIin value corresponds to the smaler valuc on the principal cOmponent l Larger L2/Ll

results in smaller value on principal component l.Larger A2/Al value is renected in

smaler value on principal component l

As a result,a line crossing the value of about-0 8 on the hori5ontal axis of principal

component l and vertical to this axis divides samples fronl two members clearly Togari

ふ涎ember data are scattered on the right hand of the line, whereas those frOttl the

Tsukiyoshi ⅣIember data on the opposite side, The result of the principal component

analysis is consistent with the conclusion dra、vn fronl the preceding numerical analyses

(Figure 4)Further,better discrirnination in the present analysis suggests that principal

component analysis using four parameters is rnore erective than the preceding two for

the identincation of the direrence of drill― holes types.

5。 Prey's burrowing depth and predation rate.

Now,we would hke to focus on predation rate(Table l)In the f01lowing discussion,

the data of C)ε ′ゲ%α ′と7少ο%ゲθα in TOgariふ/1ember is neglected because of its very small

individual number The bivalves that have weak pallial sinus such as K2ι %θじα″と/ケクタタ?

α%′οゲand F形′α%ゲ房ル タsナと7 Suffer from higher predation rate(168～ 880/0)Those with

moderately developed palial sinus,such as」P力と7て
'θ

SOタタタαス文7ιυ恕 %dテS, P αヽじοsο夕%α %0夕″ι%″αチ
,

and Q/′ゲηαブ2)οηんα ShOW moderate predation rate(9.5～ 4.3%)Finally,the hose ha胡 ng
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and 3 (C)Of principal components l and 4(D)Symbols same as on A and species plot on the axises

principal component l and 3 E:the table for the eigen values and eigenvectors for each principal

component
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Ⅵ/ell developed pallial sinus, such as C′ 2タタιゼηttα 少9少ノ拓αθια, L「チαナ%′α タタ2ゲ ,?ο9η dλ have low

predation rate(2.8～ 0%).

Development of the bivalve m01luscan palial sinus is positively related with their

burrowing depth (Kondo, 1987), The negadve relationship bet、 veen predntion rate and

the development of pallial sinus stated above, therefore, means that the deeper

burrowrers can escape froni the gastropod predation

レ7θαヮαノο力りと7タタ,αゲand レ将テじと7夕1ツι′′αゲsカゲゲαηα, both extinct and occurring abundantly

from the Tsukiyoshi Member,also show predatory dill holes レタじαヮα ttθ 歳りα%αゲshows

high predation rate like shallowly burrowing bivalves,Perphaps this extinct gastropod

hved on the surface like their present day analogues, ie,, r3′ ιdε 9っゲ%タタケ Or re″ 9ぅ夕化7′ゲα,

フ7じα″,lι ′′とr ゲsカケゲα夕′α Hlight have been a shalow to moderately deeper burrower, as its

predation late falls between the shallow burrowing and moderatrely deep burrowing

bivalves.

6.Discusslon

■ヽsual observation on drll― hole for cylndrical or parabohc drユ トhole type,numerical

analysis of hole ellipticity and size, and visual as well as numerical study on position of

drill holes on the prey shen al indicate that the nl蒟 ority of the dril卜 holes on Tsukiyoshi

samples are caused by muricid gastropods whereas those on Togari samples by naticid

gastropods.Although the analysis of relation between dril卜 hole size and prey shell size

does not have power in identlfying the predators,lt showed data from the two members

foraling different trends and thus supports the inference of the predator This is

concordant with the fossil occurrencei sole occurrence of muricid買カゲzοフ)力οπゲタタτク″ιπ

'遺

α%ο筋/と7%%d in Tsukiyoshi Member and sole occurrence of naticid β%s少ゲ名2陶ιλι%Sλ in

Togariふ /1ember.However, any of these analyses could not discrirninate samples from

two groups perfectly

Finaly we carried out principal component analysis for drl卜 hole data on bivalves

There are two variations for the analysisi one using correlation matrix and the other

with co― dispersion matrix.The former is suitable when parameters of direrent units are

involved. Because in our present analysis, we use parameters for distance expressed

with the unit olln and three non― dilnensional parameters, we employed the former

method for our analysis As a result,the principal component l separates the Tsukiyoshi

and Togari data quite well. Further, the eigenvectOrs exhibit that an parameters

((Max+Min)/2,Max/Min,L2/Ll,A2/Al)contribute to the principal compOnent l

allnost equaly This suggests that』 l parameters are indispensable to discrilninate one
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member's data froni the other This is reasonable,because our other numerical analyses

using these parameters yielded a good, though not perfect, discriJinination of the data

froin the two members.

On Figure 6B,the data for the samples, which could nOt be assigned to either

cyhndrical or parabohc type by visual inspection, are represented by sohd circles for

Tsukiyoshi samples and by open circles for Togari samples,If these unassignable drlト

holes are caused by any cryptic predator(s), which have no fossil occurrence, these

points should be clustered This is not the case with the unassignable samples p10tted on

Figure 6B This suggests it is not necessary to assume a third predator responsible for

the formation of drill_holes of the prey shells exanlined in the present study. Further,

either Tsukiyoshi data within themselves or Togari data lvithin themselves do not shOw

any clustering. This suggests that for each member samples, we do not assume the

existence of plural predator、 vithin each member ln conclusion, the present study

combining visual and numerical exanlination including principal compOnent analysis

demonstratively indicate that all the predatory dril卜holes of the Tsukiyoshi samples are

very probnbly formed by single muricid gastropod species Rケ zο♪力ο/ゲ ″″ι
"/ι

χ

″Q黎
"ι

οク拓α%"S,Whereas all the predatory dril卜 holes of the Togari samples very probably

by single naticid gastropod species ttg2s少 ゲタ宅7タタιιゲSを %Sλ

Kowalevski(1993)employed besides maximum alld minimum diameters,perimeter,

area of internal outhne of drillholes as the variables which indicate drillhole shape for

multivariate analysis However, perirneter and internal outhne are liable to damage

during preparation of materials with less well preservation cOndition(see,for exattple,

damage on the lower left corner of Figure lE)Therefore,in this study we apphed only

maxirnum and Hlinirnum diameter of the drill― hole to avoid unnecessary noises The

quahty of principal cOmponent analysis in this study, measured with percent of

eigenvalue of the principal component l,does not nttain that of Kowalewski(1993).

However our analysis could yield meaningftll discrimination of material,which indicates

thnt choice Of maxilnum and nlinilnum diameter for describing outhne of the drill hole is

practical for the analysis of the fossils of which preservadonal condition is not ideal

Comparison of burrowing depth suggested by the degree of development of pallial

sinus alld predation rate indicates that the deep burrower surer less predation than the

shallow burrower lt is well known that the frequencies of predatory drillhole are

direrent in species Burrowing habitat may be one of he factors influence to predation

frequency Predation pressure on mollusks is generally considered tO have been

increased since sometilne in the ふア[esozoic Present study shows the possibility to
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elucidate the detailed history of predation pressure,if one exa■ line the predation rates

against burrowing depth suggested by palial sinus development

There have been nO way for inferring the burrwoing depth of fOssll gastropods

However,in extrapolating this relationship,、 ve could also infer the burrowing depth of

two extinct gastropods GastrOpod shells may be reused by helrnetclubs and Hlight be

suffered by predators attacking helmetclubs(Tanaka and W[aeda,1999),which may

cause more drl卜holes than those formed when gastropods were alive And the predation

emciency are direrent in GastrOpods lf we could distinguish between these postmortem

drill holes fronl the lethal drill― holes for the gastropods,which Hlight be pOssible,ie,by

using principal components analysis, then there is a possibility of inferring their

burrowing depth in referring to the burrowing depth― predation rate of the co_occurring

bivalve fossils

7.Conclusion

Bivalve and gastropod shells frottl the Tsukiyoshi and the overlying Togari

ふ/1embers of the よ江iocene よ/1izunanli GrOup, central」 apan shOw frequently predatory

drill― h01es, Exanlinations of drill hole general shape, relationship between hole's and

elhpticity against size,between hole size and shel size,hOle position on shell,as well as

principal component analysis discriminate mttority of the drill― holes of two members

from each other,with the best result in tlle principal component analysis, COmparison

of the results with previous reports on dril卜 hole characteristics indicate that the drill

holes frorn the Tsukiyoshi nvrember are formed by muricid gastrOpod, 、vhereas holes

from the Togari W[ember by naticid gastropods This result is in accOrdance with the

fossil occurrencei the Tsukiyoshi Member yields Only muricid Rカゲzο♪力ο/ゲタタヮ
"″

ιχ

″♂α%οク″ρ%%S aS predatory gastropod, where as the Togari ttvlember yields only naticid

Ettψゲ紹 物ιλι%sλ
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