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ABSTLd CT-The Paleozoic bdja fossil record of po fential hn th ic  predafom includes nau filoid and ommonoid 
cephakopui~, phyIImanands, dccapds, and sweral lineages uf gnathostomes. The hfter group. inpm~~zdclt: radiard 
rapidly during the h o n i u n .  In the pelagic realm, predator-pq intrructions invdving cepkdopods und some 
nebnic arthmpods pmbabk appeared in the Ord~v]~eion. &in, aidenee indicates in6ensiJiculian of pel@ 
pdaficln, much of ir h?, arlhdires and sharks on utherfishes. during the Devonian radiation of gnatha~tomes. 

Trace.jbssilspruuide direct evidence of predatory allnckJmm the Ldiucvriun and Eur1,v Cambrian onwurd, 
Rut nilh a sub.~tontial increa..~e in /he Silum-Devonian. Brackiopnd and molluscan shelIs and trilobiie emskelefons 
S ~ W H =  evidence afhmled bite mwks a~dpeeling fmm !he Cambriun om-ad, &bur wirh un increased fwquen~y in 
the Devonian. Predamry drill hhole>~ wifh stereo fypical position ond pqv-species preference are found in 
hrachiopods {Cambriun onward) und m~IIuskr (Ordavician orrwwrd); bmholes aLw show increased frequenqv 
in the middle Pulemoic. Cwtain of these boreholes are ten fatively amihutahle to pfaycmfid garhnprwls. 

Hud-skrl ld henrhic oqunirms with rhicker: more spinow sk~leionr madv hm-e had a selective advuntugc as 
dt~~ph(~gmwpred~tor .s  incrw~ed. Erachigods, g a . ~ p d s ,  tn'lohires, and ccrioids show an abrupt inmase in 
spinosi[~? beginning in the Sihtm-Devonian. But spinosity deumases aJer fhe earb Carbongemus. Lnic Puleozoic 
benthos ma?; have taken Muge in smaIIer size and resistant, thick-walled skeletons, as ~vell as endobenthic and 
cemenifng modes of/& ConverseI,., in the pelagic m i m ,  edema1 armor ~ w s  reduced, while more @cienl. fasi- 
swimming modes of l$e kg, in sharks) increased in the post-Devonian. 

INTRODUCTION 

PREDATION, THE KTLLTWG and ingestion 
of one animal by another carnivorous organism, 
has undoubtedly been an important interaction in 
marine environments throughout Phanerozoic 
history (see Connell, 1 970; Paine, 1974; Vermeij, 
1977, 1987; Signor and Brett, 1984; Brett, 1W, 
in press; Bambach, 1993, for reviews). Ar-bly, 
predation is a key driving force in evolution. 
However, documentation of ancient p ~ d a h ~ n  is 
difficult. Not surprisingly, despite compilations 
(e.g., Vermeij, 1987), many questions regarding the 
pattern of evolution of predator-prey interactions 
remain unanswered. How rapidf y did predation 
develop, and through what stages? Was the rise of 
predators gradual and steady, or episodic? Is there 
evidence for replacement in pasticdar predatory 
guilds following mass extinctions? 

In this paper, the varied types of Paleozoic 
marine predators are reviewed in chronological 
order. Both pelagic and benthic ecosystems are 
considered. The latter are more thoroughly 
documented, and thus they are afforded more 
discussion. Basic iines of evidence for ancient 
predator-prey interactions include: a) evidence for 
predatory adaptation, and b) evidence of predation. 
A key line of evidence for predation is the body fossil 
record of organisms in which morphology (e.g., 
claws, jaws, teeth) or phylogenetic relationship 
indicates a durophgous carnivarous habit (Signor 
and Brett, 1984). Merence of predatory behavior, 
obviously based on analogy with living organisms, 
becomes more tenuous in ancient, extinct fossil 
organisms. Direct evidence of predation, as 
documented in the fossil record, includes those 
m l y  preserved body fossils showing predator-prey 
interactions as well as other d i m  evidence in the 
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form of  trace fossils (e.g., shell repair, drilling, and we discuss several ecologically significant 
coprolites; see Figs. 4,5). correlations of change in marine ecosystems that 

This paper also reviews evidence far response may reflect predator-prey co-evolution. 
of potential prey organisms to various phases in 
the evolution of predators in marine ecosystems CAMBRMN RISE OF PREDATORS 
through the ~hane~zoic .  we consider the predicted 
evolutionary consequences of intensified a m k  an Record of Marine Predators--There is 
hard-shelled prey, and compare fiese to actual evidence of marine predation as early as the latest 
record of changes in skeletal morphology. Finally, Proterozoic (Conway Morris and Jenkins, 1 985; 

FIGURE I---Ranges of various taxa of Paleozoic dumphagous (hard shell feeding) predators. Thin 
lines: present, but minor; thick lines: abundant; broken lines: possibly present but rare. Carb: 
Carboniferous: Miss :  Mississippian: Penn: Pennsylvanian. 
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Bengtson, 1 994). Certainly, by the Early Cambrian, 
predators were impactmg the marine shelly benthos 
(Fig. I )  (Bahock and Robison, 1989; Babcock. 
1993; Conway Morris and Bengtson, 1994), 
although predation svles were less sophisticated 
than during h e  rest of the Paleozoic (Conway 
Morris. 2001). Nevertheless, for the Cambrian 
Burgess Shale communities at least, the predatory 
guild was fully functioning (Conway Morris, 2001). 

..lnornalocaridids.--bong tbe oldest large 
(up to f rn) predators were the anomalocaridids, 
an enigmatic but widely distributed Cambrian 
taxon, with a circular slicing oral ring (Fig. 2). Bite 
marks on Cambrian trilobites have been attributed 
to these large predators (Conway Morris and 
Jenkins, 1985). Nedin (1 999) postulated that 
trilobites were captured by the large anterior 
appendage of the anomalocaridids and then forced 
into the mouth, where the victim was repeatedly 
flexed to crack its exoskeleton. Consequently, 
among the earliest lines of irrefutable evidence for 
predation are tribbites that &ow healed divots or 
scalloped areas removed frompo~ms ofthe dorsal 
exoskeleton (Fig. 3.1 ). Some of these bite marks in 
Cambrian triEobites Have been attributed to 
anomalocaridids (Nedin, 1 999). Many of these bite 

marks occur on the posterior right pIeural lobes of 
trilobites (Babcwk and Robison, 1989: Babcock, 
1993). The cmsistent Iocation of bite marks implies 
either that much predation occurred fiom the reas, 
or that anterior attacks upere more commonly fatal. 
It further suggests left-right asymmetries 
(lateralimtion) in mode ofattack by visual predators, 
or in inhvioral resp4nse of the attacked trilobites, 
or both (Babcock, 1993). 

Trilobites.-Trilobites themselves (Fig. 3.1) 
have been cited as p r i m h e  predators on soft- 
bodied organisms. Tmce fossil assemblages from 
the Cambrian show numerous instances oftdobite- 
produced Rusophycus and Cruziana intercepting 
Planolites or Teichichnus traces attributable to 
infaunal wonns. These interception traces have 
been interpreted as evidence for foraging and 
hunting behavior In &ilobites (Bergstfirn, 1973; 
Fortey and Owens, 1999). 

Other Predators.-Trilobite sclerites, 
ostracodes, and hyoIitbids have also been found in 
gut traces of other large Cambrian arthropods, 
including Sidneyia (Briggs et al., 1994) and 
Utahcaris (Conway Morris and Robison, 1 988); 
the enigmatic arikopods Yohoia and Branchiocaris 
also may have been durophagous predators 

FIGURE 2-Anomakxans; reconstruction based on material fmm Middle Cambrian. Burgess Shale, 
x0.5. Drawing by Marianne Collins, from Goufd (1989); reprinted by permission. 
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FIGURE 3--Examples of Paleozoic marine predators. 1 -Reoonstruction of trilobite EJraIhia kiwiwith 
appendages. showing a divot in the lower right pteuron probably from an anornalocaridid; XI. 2-The 
Recent phyllwrarid Nebafia- M a r g e  predaceous eurypterid Relygotus; x0.25. 4-ren far gemen t of 
chelicera of Re/ygotus showing serrated cutting edges; x0.5. 5, 6-Platyceratid gastropods: 5- 
P/a&cems; Devonian; 6-Naffconerna;Siluria n-Devonian; xf -7-Nautiloid cephalopod , reconstructed 
with outlines of dental arcade af the shark PefaJodus, based on specimen with rows of punctures from 
Pennsylvanian of Kentucky. 1. based on specimen illustrated by Babcock (1993); 2, from Clarkson 
("96); 5 ,6 .  from Tasch (1 980); 7. from Mapes and Hartsen (1984). 



BRETTAND WALXER-PREDATION IN PALEOZOIC MARINE ENViROIVMENTS 

(Verrneij, 1987). In addition, specimens of 
priapulid w o r n  from the Burgess Shale have been 
found with hyolithids in their gut trace (Conway 
Morris, 1977; Brigs et al., 1994, their fig. 73). 
Thc earliest report of cannibalism i s  also known 
fiom the Burgess Shale. One specimen of Oitoia, 
a priapulid, had a proboscis of another Otroia 
preserved in its gut (Briggs et al., 1994). Modern 
priapulids are also known to be cannibals. Thus, 
priapulid feeding behavior has remained 
remarkably similar for 530 million years (Fig. I).  

NautiIoid cephalopods appear late in the 
Cambrian, but they only attain abundance and large 
size during the ensuing Ordovician Period. All 
known living cephalopods are carnivorous, but 
early foms were ~ 7 ~ 3 3 ,  poor swimmers that may 
have been bottom-feeding scavengers (Bandel, 
1985; Lehmann, 19881, and only later did 
nautiloids develop as major predators. 

Trace Fossils.-Circular borings made by 
putative predators that are 0.1 mm to 4 mm in 
diameter occur on shells h m  the Early Cambrian 
onward (Bengtson and Zhao, 1992; Conway- 
Morris and Bengtson, 1984; Miller and Sundberg, 
1984). Minute pits are reported in the enigmatic 
phosphatic shell of the Early Cambrian MobtlrgeIIa 
(Bengtson and Zhao, 1992; Conway Moms and 
Bengtson, 1994). These borings were evidently 
produced by an organism capable of drilling 
phosphatic shells. This borer may havc persisted 
into the middle Paleozoic. Chatterton and 
Whitehead (1 987) reported similar cylindrical drill 
holes on about 10% of the valves of a lingulate 
brachiopod from the Silurian of Oklahoma. 

Putative predator borings are also known to 
occur in the exoskeletons of agnostoid trilobites 
(Babcock, 1993). Some of these tiny pits have pearl- 
like plugs, evidently secreted by the trilobites in 
response to the predatory action of the predator (or 
parasite). These ancient pits resemble borings made 
by modem nematodes (Sliter, 1931) and provide 
circumstantial evidence for the existence of boring 
nematodes as far back as the k l y  Cambrian. 

HCinintschel et al.'s (1968) compendium on 
coprolites cites only 25 of pre-Devonian 
coprolites; mast of these are small and phosphatic. 

Subsequently, there have been several reports of 
Cambrian copmlites containing trilobite sclerites. 
echinoderm ossicles, and fragments of inarticulate 
brachiopods (Sprinkle, 1973; Conway Morris and 
Robison. 1986,1989; Babcock, 1993; Nedin, 1999). 

P e l u ~ c  P m d a s o r s - S ,  there was little 
to no development of a pelagic predator-prey system 
during the Cambrian, as there are relatively few 
defmite pelagic f o m .  Cepbalopods remained small 
benthic forms, and open swimming vertebrates. 
other than possible conodont animals. had yet to 
appear. I t  is possible that large nektonic &opods, 
such as Sid~eyia, may have preyed upon each other 
or on consdoat animals. 

CAMBRIAN RESPONSE: 
EARLY PALEOZOIC MARINE 

PREDATOR REVOLUTION 

In many ways, the Cambrian revolution of 
predators was the first major episode of escalation 
in marine ecosystems, although the effect of newly 
evolved groups of biting and drilImg predators is 
so pervasive that it might be overlooked. With the 
exception of tiny boreholes in some of the earliest 
small calcareous shelly organisms, Cloudina 
(Bmgfsun and Zhao. 1992), there is, as yet, no 
evidence of predators in the latest Proterozoic 
(Vendian). This obsewation led to the scenario of 
a nearly predator-free, early 'Garden of E d i a c d  
phase in Earth's history (McMenamin, 1986; 
McMenamin and McMenarnin, 1890). 

The first wave of predation may have instigated 
the acquisition of  hard skeletons by numerous taxa 
during the Camkan explosion (Bengtson, 1994; 
Conway Morris, 2001). The apparently "explosive" 
development o f  phosphatic and calcitic sclerites, 
valves, and -or in the Early Cambrian may well 
have been driven by biting o r g h ,  The- early and 
evolutionarily critical rise in Cambrian predators is 
reviewed by Bahwk (in press), who proposes to 
call this the "early Paleozoic marine revolution." 

The appeirrance of skeletons was geologically 
rapid, probably encompassing no more than ten 
million years, and was one of the most dramatic 
episodes of convergent wo1ution in the history of 
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metazoans. Some nine phyla of animals, as well 
as algae ((receptaculitids), almost simuItmeously 
acquired skeletal coverings of varied physiological 
origins and compositions, including protein. chitin, 
silica, apatitc, calcite, and aragonite. 

Babcock (1943) notes hat the frequency of 
healed bite marks in trilobites aciuall y declines in 
the Late Cambrian and Early Ordovician; 
moreover. the proportion of right posterior bite 
mads declines. This trend apparently coincides 
with the disappearance of anornalocaridids. 
However, a host of new organisms appearing in 
the middle Paleozoic ushered in a new wave of 
predation: the ''Middle Paleozoic Revolution". 

MIDDLE TO LATE PALEOZOIC 
MARINE PREDATORS 

The Ordovician brought on a M e r  phase of 
predator escalation, but one that remained 
somewhat subdued until fhe middle Paleazaic. 
While large predrrtom were present from Cambrian 
times onward, a number of new marine predators 
appeared by the Middle Ordovician, including 
asteroids, vat id  arthropods, 1-r qhalopods, md 
probably drilling gastropods. Subsequently, 
durophagous predators showed an abrupt increase 
in the Devonian (Fig. 1 $. These included crusmeans 
and, most notably, several fish goups. 

Arthmpod~ und their Tmca.-Arthropods no 
doubt continued to occupy p~dator guilds in the 
middle to late Paleozoic. Further examples of 
silobite '%hunting burrows'' have been dexriM (cg 
Brandt et al., 1995), and the morphology of wdites 
in larger trilobites, such as Isofelass and phacopids, 
suggests that these appendages served to grasp and 
perhaps masticate weakly skeletonized organisms. 

Dumphagous arthropods of the early to midd lc 
Paleozoic include eurypterids and phyllocarid 
crustaceans (Figs. 32-3.4). Euryptesids appear in 
the Ordovician in marine environments and, during 
the Silurian, included some of the largest arthropods 
that have eyer lived. Pterygotids with estimated 
Iengths in excess offour meters were also equipped 
with formidable chelate cheliceme (Selden, 1984, 
1992) (Fig- 3.4). The= seems IittIe ddoubt that these 

claws were used in seizing and slicing prey. 
However, it is unlikely that these organisms dwelled 
in open marine environments. Indeed, these 
eurypterids are mast commonly associated with 
brackish estuarine facies, suggesting that they 
inhabited marginal marine enviroments (Selden, 
t 984). Fossil associations suggest that other 
eurypterids, and perhaps non-dne  vertebrates, 
may have formed a part oftheir did. 

Phyllocarid crustaceans (Fig. 3 -2) appeared in 
the Cambrian, but diversified in the Devonian 
(Signor md Brett, 1984). Stout, m o l a r i f o ~  and 
calcified gastric teeth may have been utiliued in prey 
mastication. Unlike ewypterids, the pbyllocarids 
were relatively common in open marine 
environments, and may have preyed upon shelEsh. 

Decapod cnrsraceans with claws for crushing 
p r y  appeared in the Devonian and diversified in 
&e later Paleozoic, but they were mainly small and 
uncommon. The ancestors ofstomatopods probably 
dive@ from the rest of the maiacostracarrs in the 
Devonian (Schrarn, 1982, 1984; Hof, 1988); 
pateostornatopods occupied nearshore habitats and 
are known from North America and Europe 
(Schram, 1977; Jenner et al., 1998). Primitive 
stomatopods that do not smash their prey, such as 
hemisquillids, can eat solitary corals, bivalves, 
and fish (Basch and Engle, 1989). 

Scalloped ~~ afthe outer lips of Paleozoic 
gastropod shells (Fig 4.1 ) resemble marks made by 
modem predatory crustaceans that "'peer gastropod 
shells to reach the body of the snail (Verrneij et al., 
198 1; Schinde1 et al., 1982; Ebbestad a d  Peel 1997; 
Ebbfitad, 1998). However, these peeled shells are 
not attributed to durophagous crabs (which do not 
appear until mid Mesozoic times; see Walker and 
Brett, this volume) and, at present, the predator 
remains unknown. This type of probable arthropod 
peeling trace is  h o r n  in shells from the Middle 
Ordovician (Peel, 1984) onward, but is rare- 
generally < 7% of shells-in the early to middle 
Paleozoic (SchindeI et al., 1 982; Peel, 1984). 

The middle Paleozoic appears to have been a 
time of intensification of this type of interaction. 
Devonian and Carboniferous gastropod and 
ammonoid shells show increased f~quencies of 
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she11 repair, though slightly lower frequencies than 
those recorded for snails of camparable size in the 
later Memzoic (Vemeij et al,, 1981; %hindel el 
al. 1982; Brett and Cottrell, 1982; Bond and 
Samders, 1 989). 

Cephuf@s.-Large mud oids, endmtoids,  
and actinmeratoids, some exceeding five meters in 
!erg@ wexe ablzndarrt in marinebenthic assembiages 
h m  the Early Ordovician onward (Fig. 3.7). All 
known cephaiopods are camivmus (Nixon, 1 988). 
By analogy with modern NautiIus. these nam'loids 
probably possessed chitinous b& capable of 
shearing skeMons (Alexander, 1986a; Saunders and 
Ward, 1987). The oldest known cephalupod jaws 
are Carboniferous in age and are sirnih to Recent 
coleoid jaws (Lehmann, 1988). Radulae of 
cephalopods date back to the Silurian (Mew 19841, 
and are also similar to Recent coleoid raduIae, 
suggesting stasis in feeding morphoIogy h m  the 
middle Paleozoic to the Recent for these p i p s .  

Alexander (1986a) attributed divots and 
crescentic healed breakages in Ordovican 
brachiopod shells, especially strophomenides, to 
nautilaids; and Rudkin (1985) described a 
specimen of the Late Ordovician trilobite 
Pseudogl'gites with crescentic bite marks, which 
he amibuted to an endoceratoid. Brunton (1 966) 
and Elliot and Brew (1988) also noted predatory 
fractures preserved on Carboniferous brachiopods 
that they attributed to nautiloid predation. 

Possible crop midues from large mutiloids in 
the Ordovician contain abundant trilobite fragments 
(Brett, unpublished data). Kloc (1987) described a 
pyritized coprolite fm the Zate Devonian that he 
attributed to a nautiloid, and Zanged et al. (1 969) 
reported possible nautiloid coprolites. 

In addition to nautileids and ammclnoids, 
coleoids first appeared in the Early Devonian 
{Lehmann, 1976). and recently a Carboniferous 
"octopd'has been reponed fiom the Mazon Creek 
fossil Lagerstiirte (Kluessendorfand Doyle, 2000). 
Because of their sofi-bodied construction these 
cephalopods have a very poor fossil record and 
their impact as predators is not known. 

gas fro pod^ and Drilling Predation.-Modem 
gastropods of several families are voracious 

predators that use a combination of chemical and 
mechanical m d u h  driUing to penetrate the shells 
of their prey (Carriker and Yochelson, 1968; 
Carrikex, 1969, 1981; Kabat, 1990), forming 
distinctive bore holes termed Oichnrrs by Brornley 
(I981). For many years it was assumed that this 
type of drilling was confined to rneso- and 
cenogastropods, and Oichnus in Paleozoic shells 
was ascribed to another type of unknown predator 
(Caniker and Y~helson, 1968; Smith et al., 1985). 
However, recent discoveries suggest that 
platy-d archaeogastropods were also predatory 
drillers. Baumiller (1990) and Baumiller et al. 
(1999) documented gastropod-like drill holes 
beneath the shells of attached platyceratid 
gastropods on a crinoid and on a hchiopod shell. 
These in~guing cases, alhugh possibly recording 
parasitism, prove the capacity for radular drilkg 
among platyceratids. 

The family Platyceratidae spans the period 
from the Middle Ordovician to the Late Permian 
(Bowsher, 1955); highly modified genera, such as 
PIahfceras itseIfCFig. 3-51? were clearly commensal/ 
pamitic on pelmatozoan echinoderms. However, 
others, notably Cyclonema (Ordovician-Silurian) 
and Nalicorrerna (Ordovician-Devonian) (Fig. 3-61, 
retained unspecialized shells and may have been 
facultatively free-living scavengers and predators. 

Predatory drill holes provide direct evidence 
for camivory It is important to use specific criteria 
to recognize drill bales in the fossil record, since 
substrate borers or pressure dissolution can make 
holes similar to drillink's (Richards and Shabica, 
1 %9; Lescinsky and Bcnninger, 1 994) (Figs. 4,5). 
Kowalewski et al. (1998) used specific criteria to 
recognize predatory brings.. First, completed drill 
holes are generally single and unhealed; second, 
drill hole position is consistentiy located over a 
fad-rich area of the prey; third, there should be 
no attachment scars-such scars would indicate 
that the drill holes were made by parasitic, rather 
than carnivorous, organisms. Kowalewski et al. 
( 1 998) also suggested that the ratio of  inner to outer 
diameter of successful beveled borings should 
exceed 0.5, ac in most modem predatory drill holes. 
However, this criterion dues not apply to cylindrical 
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borings of the type made by muricid gastropods. 
Drill holes of at least two distinctive types 

occur in middle to late Paleozoic shells (Ausich 
and Gurrola, 1979). These were termed Type A and 
Type B boreholes and they are morphologically 
similar to the later muricid and naticid gastropod 
drill holes, respectively (sce Figs. 4.3,4.4). Type 
Addl holes (Figs. 5.1,S.Z) are smaller, cyhk ica&  
and may penetrate shells from below; they may 

FIGURE 4-Traces ~f predation, in fossil and Recent 
shells. 1-Shell of Devonian gastropod 
Pa/aeo-ap/eum with sublettlal healed fracture of 
the outer lip. 2-Permian bivalve shell wim healed 
crescentic fractures along valve margin; probably the 
result of attempted predation by afish. 34nwrnplete 
bore M e  of P o l i d s  d@hfa; note wised boss at 
center. 4-Complete drill hole of NaWsewm;note 
beveled outer margin. Redrawn from photographs 
in the following swrces: 1, Brett aid Cottreil(1982), 
2, Boyd and Newell (1972); 3, 4, Carriker and 
Yochelson (1968). Figure nwdied from Brett (19923. 

record attacks by parasitic organisms (Ausich and 
Gurrola, 1979). However, Type A drill holes occur 
as a single drill hole per shell and display a non- 
random stereotyped pattern characteristic of 
carnivores (Fig. 5 -6) (Smith et aI., 1 985; Leighton, 
2001 a, b). Cylindrical holes are known h r n  Late 
Ordovician (Cincinnatian) brachiopcds (Bucher, 
1938; Cameron, 1967). Some of these have proven 
to be dmichnial brings (Tqpanites) made in dead 
she& ((Carder and Yochetson, 1969; Richards and 
Shabica, 1969). But Kaplan and Baumiller (20.00) 
argued recently that at least some of these holes 
show non-random positioning, and hence were 
probably produced by predatory mgmisnzs. 

Rohr (1 976) observed prey and site selectivity 
of small boreholes in Silurian orthid brachiopod s. 
Liljedal (1985) also noted Type A borings in 
silicified Silurian bivalves. Similarly, Type A 
borings occur in about J E % of the Early Devonian 
brachiopd Discom+vurfhis and show evidence of 
size and site selectivity on the prey shells (Sheehm 
and Lespkmce, 1978). Buehler ( 1969) reported a 
low frequency (2.25%) of cylindrical borings in 
Middle Devonian shells, as did Rodriguez and 
Gutschick (1970). However, the jury is still out on 
the issue o f  whether thee  were predatay or merely 
parasitic in nature (Leighton, 200 la, b). 

Type B boreholes are parabolic, 1-3 mm in 
diameter, and display a chamfer or bevel; 
incomplete boreholes possess a central raised knob 
or boss (see Figs. 4.3-5.5). These most closely 
resemble drillings of modem naticid gastropods, 
These breholes first become common in Devonian 
brachiopods (Fenton and Fenton, 193 I ,  1932; 
Smith et al., 1985: Kowalewski et al., 11398); earlier 
possible examples are known from Ordovician 
brachiopods (S .  Feiton, pen. corn.)  but have not 
been documented in the literature. Brunton (1 966) 
reports frequencies of up to 30% of brachiopods 
drilled with this type ofhole in assemblages of late 
Carboniferous age. Relatively few typical Type B 
brings are reported from the Upper Carboniferous 
to Permian (see Kawalewski et aI., 2000). 
However, a series orpapers document small (< 2 
mm) boreholes with chamfering, which should 
perhaps be assigned to a third category; these occur 
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FIGURE 5-Gastropod-like boreholes in brachiopods from the Middle Devonian Hamilton Group of 
New York State. Note scale bars. 1, 2-Type A borehole on the brachiopod Rh@idomf/a; l shows 
exterior view, 2, with negative reversed for comparison, shows blister af healed shell on interior of the  
shelL 3-Incomplete hole in Rb@idme//a showing central boss. 4-TWO overlapping sediment-filled 
boreholes on Pararyga; upper hole is complete; note chamfer (bevel) well displayed on lower hole. 
5-lnmplete borehole in Doum7fina showing central raised boss; note truncated pseudopunctae of 
shell. 6posiIions of ddl! holes on the brachiopod Rb@idome//ashowing stereotypy of positioning over 
main visceral mass of hchiopod. Modified from Smith eta!. (1985). 

primarily in diminurive brachiopds belonging to 
the famiIy Cardiarinidae (Cooper. 1956; Bassett and 
Bryant, 1993; Grant 1988; Mark, 1994). HoiEneister 
et d. (2001a) report drilling frequencies of up to 
33% in Cardiarincf. The boreholes show stereotypy 
with respect to valves and p r c f d  site on shells. 

Until recently, it was quite unclear what 
organisms were responsible far Type B breholes, 

but the discovery of platycmtid gastropods in direct 
association with this type of drill hole on Lower 
Carbonikrous crinoids suggests that these snails 
were among the culprits (Baumiller, 1990, 1996; 
hurd ler  et al., 1499). Several studies have shown 
that Type B hole-drillers display a distinct preference 
for particular prey t m  mtably athyrid and certain 
stsophamenid brachiopods. They also show 
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stereotypical positioning on valves (see Fig. 4.5), 
as is typical for predatory gastropods (Ausich and 
Gumla, 1979; Smith el a!., 1985; Leighton, 2001 a). 

As 114th dumphagous predatiw, there is evidence 
for intensification of  shell drilling in the Devonian 
(Kowdewski et al., 1998), dhough the fossil record 
of platyceratids shows rdatively little increase 
during this time. Initially, it was thought that the 
frequency of drilling declined in the late Paleozoic 
{Kowalewski et al. 1998), and this seems to be 
supported in some cases (Kowalewski et al., 2000; 
Hofieister & al., 2002). However, for individual 
species data, d d h g  frequencies can be simiIar to 
those reported for the Late Cretaceous to Cenozoic- 
which can exceed 300/0 per species examid (Ausich 
and G m l a  1979; Holkeister et d. 2001% b). 

Asteroids.-Asteroids evidently deveIopd their 
notoriously predaceous habits early in their history 
(Blake and Gueasburg, 1992). Mddle Ordovician 
starf~h have been found with gastropod shells in 
their gwt cavities (Spencer and Wright, 1966). StiU 
older pssibie examples of starfish predation are 
h o w  from as early as the Whitemkian (Middle 
Ordovician; G. C. Baird, p. cornm.). 

There is controversy as to whether or not starfish 
developed extraoral digestion in the Paleozoic (see 
Donovan and Gale, 1990). However, Blake and 
Guensburg (1 994) describe an Ordovician 
Pmrnopalaeasser in apparent feeding position on a 
bivalve, a characteristic behavior related lo extmoral 
digestion. Similarly, Clarke (1921) iliustrated 
pmhbfe examples of starfish predation from the 
Devonian of New York, where specimens of 
Devonusl'er apparently were overwhelmed by 
sediment while in feeding position on bivalves. 

Gnatho.stomes.-The earliest well-known 
predatory gnathostome fishes are Silurian 
acanthodians, although possible acanthodian spines 
and chondrichthyan (shark) denticles are known h 
the Middle Ordovician (Benton, 199'7). T%ese fishes 
and &eir later Paleozoic descendants possessed sharp 
teeth with cutting plates adapted for @tion on soft 
to chitinous invertebrates and other fisha. 

The d i e s t  major radiation of dumphagous 
(shell-crushing) fishes undoubtedly occurred in the 
Early to Middle Devonian. Varied placoderms, 

including henanids with blunt crushing plates and 
ray-like benthic adaptation, and ptyctodonts with 
hypermineralized tritors. also evolved during the 
Devonian. The ptyctodonts and rhenanids may 
have been important crushers of hard-shelled prey 
(Figs. 5.1,  5.2), although their remains are 
uncommon in mosr marine invertebrate-rich 
assemblages. Nonetheless, there are reports of 
ptyctodonts in normal marine shell beds (Moy- 
Thomas and Mile% 1971). Ptyctodonts, in fact, are 
most commonly associated with fragmentary 
remains of mthdites. Their blunt, crushing teeth 
may have been adapted for cracking the armor of 
arthodires durin,g scavenging. 

Placodems became extinct by the end of the 
Devonian (Moy-Thomas and Miles, 197 1). but were 
replaced by varied sharks (Fig. 6)- Especially during 
themnifmuus and P ~ d r m a n y  types dsJm&s 
evolved, inducbgthe symmoriafonnes, hwontids, 
and ctenacanthoids, some of which developed 
broadened teeth and were durophagous (Moy- 
ThomasandMiles, 1971;Xlapesmd~ock, 1988) 
(Fig. 6). For example, Boyd and Newell ( 1972) report 
a high percentage of Permian bivalves with divots in 
the shells probably produced by &arks (see Fig. 4.2). 
Chimaeras or holocephalans (e.g., helodmtoids, 
cochliodontoids, and petalodontids) possessed 
autostylic (fused) skulls and hypermineralized, 
crushing dentition analogous to that of earlier 
ptyctodonts (Fig. 6.4). Certain Carboniferous 
chimaeras, such asHeladus, have been implicated as 
p d s  of distinct mush marks in Carboniferous 
and Permian brachiopod and bivalve shells (Bmnron, 
1966; Boyd and Newell, 1969: Alexander, 1981). 
Hansen and Mapes (1 99Q) also repTed crush marks 
in Upper Carboniferous nauziloids that they 
attributed to the shark Pefalodus (Fig. 3.7). 
Chimaeroids undenvent a five-fold incrcase in 
taxonomic richness in the Carboniferous relative to 
the Devonian (Mapes and Benstock, 1988). However, 
dwophagous holocephalans also underwent a major 
decline in the Upper CartBoniferous and Permian 
(Mapes md Benstock, 1988). 

In addition, during the Carbonifemus, deep- 
hodied chondrostean fishes of  the Doryopteridae 
developed. welldefined tooth plates for crushing 



BRETTAND WsLLKER-PMDATlOn' IN PALEOZOIC M N E  ENVIRONMENTS 

d 
lateral tooth pavement rosrrum 

FIGURE M i d d l e  Paleozoic pndatory fishes. 1-Rhenanid, ray-like ptacodem Gemuendira, Early 
Devonian. 2--Ptyct~lont placoderm Crenu~Iia~ Devonian. 3--Upper and lower dentition of hotmephalan 
Delfopfychiius, sshowi ng hy permineralized tritor grinding gnathal plate. 4--Holocepha!an Ne/udus, 
Pennsylvanian. 5-Sfetllacanlhusts,- note toothed brush structure, Missjssippian, 6-Eugeneodontiforme 
shark Samopnbn; tooth whorl in lower jaw opposes pavement in rostrum, Pennsylvanian. 7-H9bdm, 
hybodont shark. 4 ,  from Moy Thomas and Miles, 1971 ; 2,3, from Stensio, 1964; 4, from Patterson, 1965; 
5,6, from Moy-Thomas and Miles, 1971; 7, f m  Zanged, 1981. 

hard-shelled prey. These reef-dwelling fishes show benthic organisms formed a food source for some 
many similarities to specialized reefid teIeost fishes of these predatory sharks. For example, caprolites 
of the Cenozoic Woy-Thomas and Miles, 1971 : and gut contents of Carboniferous-Permian 
Benton, 1997). holocephalans, sharks, and other fish contain 

There is limited information concerning the fragmented brachiopods and crinoid ossicies 
coprolites or gut contents of the shark group. (Zan_ewl and Richardson, 1963; Malzahn, t 968; 
However, the few mace fossils available reveal that Moy-Thomas and Miles, 197 1). 
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Pelagic Predators.-A1 though pelagic 
predation by swimming &pods or cephalopds 
may have occurred as early as the Cambrian, the 
first direct evidence for p~rhtor-prey relationships 
among ncktonic organisms i s  from the Devonian 
(Fig. 7). The rise of goniatite ammonoids in the 
Devon~an may have impxsctcd the pelagic ecoqstem 
These presumably predatory cephalopods are 
commomly found in settings in which there is little 
or no benthic fauna (e-g., black shales recording 
anoxic sea floo~). Hence, these organisms may have 
fed on pelagic organisms, such as swimming 
crustaceans, other cephalopods, condont animals, 
and perhaps small fish (Lehmann, 1976,1988). 

Many of the ahodires, with sharp shearing 
~ t h a l  plates, were undoubtedly piscixmmus. Hlavin 

(1973, 1990) reports on an arficulatd specimen of 
the arkdire Holdmius, f k n  the Upper Devonian 
CIeveland Shale, preserved adjacent to the m a i n s  
ofits prey: a ctenacanth which had been bitten 
in half (Fig. 8). This is direct evidence for 
predation-although failed preddon in this case: 
an anterior dorsaI spine from the ctenacanth was 
found lad& in the palate and extending into the 
braincase of the Holdeni~s. The mhrodire was 
probably killed instantly when it was impaled on 
the spine of its prey (a lose-lose situation!). 

Otlber groups, such as cladodont sharks, with 
sharp, cusped teeth, dearly had an impact on fish 
and on certain probably pelagic invertebrate prey. 
WllIiams ( 1940) provides an excellent summary 
of evidence for claddont predation from fecal 

Nektic Biting Mobile Nelrtonicl 
Predators Mektobenthic Prey 

Eugeniadont sharks- 
- - - - - Syrnmoriifwme and _+ 

Hybodont sharks 
Ctenacanth and 

Cladodont sharks + 
"C hondrmtean" fish + 

+ Coleoids (first) 
Placoderms -+ Ammonoids (first) 
Eurypten'ds -+ 

Large Nautiloidsl 
Endoceratoids + 

Phyflo=flds + 
Sidneyia + 

Anomafocaridids 

FIGURE 7-Timdine of appearance of major groups of Paleozoic pelagic predators and prey. 
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FIGURE 8-Reconstruction of the  arthrodire 
ffoldenius attacking a ctenacanth shark; based 
on specimen from Upper Devonian Cleveland 
Shale, northern Ohio. Drawing by J. P. Lufkin; 
from Hlavin (1 990). 

masses and gut residues in the body cavities of 
more than 50 well-preserved cladoselachid sharks 
fmm the Upper Devonian Cleveland Shale in Ohio. 
The most commonly preserved ingesta are scales 
and bones of plaeonjscoid fishes (present in 54% 
of shark specimens)-with a few showing both 
head-fitst and tail-fim swallowing orientatiom- 
followed by remains of the crustacean 
Coneovicari.~ (found in 28%). One unidentified 
cladoselachid had two ctenacanth shark spines 
embedded in its jaw and at least two Cladoselachc 
have smaller specimens of Cladoseluche in the gut 
cavity, indicating cannibalistic behavior in this 
pelagic predator. About 5% of the Cladoselache 

contained conodonts, and ail of the conadont- 
bearing sharks (including one in the body cavity 
of a larger shark!) are small individuals, which 
further suggests size partitioning of food resources. 
Ctenacanth sharks have been found with small 
arthrodires in the gut cavity. In turn, the larger 
palaaniscoid osteichthyan fishes of the Cleveland 
Shale also show evidence of pelagic predatory 
behavior. Imicdly, these osteichthyans have small 
sharks and arthrodires in their gut cavities. 

Trace fossil evidence of attacks by the shark 
~ m o r i m  is also known h n  shells of Upper 
Carboniferous wiled nautiloids ( M a p  and Hamen, 
1984; Hmsen and Mapes, 1990). Shells of the 
nautiloid Doma roceras show punctures that match 
the spacing af tooth files in the associated shark 
{Fig. 9). Zangerl and Richardson (1963) and Zangerl 
et al. ( 1969) also repost abtmdant evidence from 
coprolites, regurgitates, and gut contents for shark 
predation on other ftsbes presaved in the Upper 
Carboniferous Mecca Quarry Shale in Illinois. 

The Cleveland Shale and Upper Carboniferous 
shark-bearing shales generally hck benthic M y  
or trace fossil assemblages, and were evidently 
deposited in anoxic bottom waters. Hence, these 
complex food webs involved an entirely pelagic 
community. Many of these early shark, 
osteichthyan, and arthrodiran predators may have 
had little impact on marine benthic communities. 

DEVONIAN-PERMIAN: 
MIDDLE PALEOZOIC MARINE 

REVOLUTION 

Signor and Brett (1984) explored several 
Paleozoic adaptive trends that served to stm~ghen 
invertebrate skeletons or make them more dificult 
to attack. They inferred that these mnds were, at 
least in p a ,  a response to increased predation 
intensity during the middle Paleozoic ")xecursof' 
to the Mesozoic marine rwolution. This tm is 
perhaps inappropriate as i t  imp1 ies a preliminary 
build-up to the later revolution. In facf we argue 
that the two actually involved separate radiations 
of predators and were separated by a major 
reorganization of predator-prey interactions and 
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FIGURE 9--Shark predation on Pennsylvanian nautiloids. Bottom-reconstruction of shark Symmon'um 
shown attacking a small coiled nautiloid. Top-sequence of events involved in producing punctures in 
a nautiloid shell rotated over tooth row; adapted from Mapes and Hansen (1 990). 

other aspects of ecology as a consequence of the 
Permo-Triassic extinction. Hence, we herein refer 
to the purported middle Paleozoic escalation phase 
simply as the "Middle Paleozoic Revolution." 

Possible responses (aptations sensu Gould and 
Wbq 1982; Vermeij, 1.987; Godd, 2002) to predation 
pressure may follow two patterns: a) changes in 
behavior and mode of life, and b) changes in 
morphology- Boih types of aptations can be inferred 
for middle to late Paleozoic organisms. These 
responses may represent direct adaptations to 
increased predation pressure, such as the 
preferential survival of spiny organisms, as well 
as exaptions that spring fmm pre-existing skeletal 
features that can be co-opted for a different function 
(Gould and Vrba, 1 982; Gould, 2002). In a majority 
of cases it is not possible to distinguish between 
these modes of origin. 

Mim-arrhitecture.-One such exaptation that 
may impedepredation is sheIlmicmarchitechm. For 
example, micro-architecture such as pseudopunctae 
in brachiopod shells may help toprevent propagatton 
of shell hctures (Alexander, 1986% 200 13. Perhaps 
the advantage of this micro-architecture provides 

one of the reasons that pseudopunctate brachiopods, 
especially productids and chonetids, become 
dominant in the late Paleozoic. 

Shell Architectrrre.-In some groups of 
gastropods, the presence of an open umbilicus 
wcakens the shells and makes them more easily 
crushed (Vermeij. 1983,1987). Therefore, one might 
predict a decline in umbilicate forms in the face of 
increasing predation pressure. In a sample of some 
60 genera of bellerophontids, Signor and Brett 
/ 1984) found a substantial decline in umbilicate 
forms, beginning in the Silurian Pen'od (Fig. 10). 

Ribbing and fluting also render shells more 
resistant to crushing; again Signor and Brett found 
an increased incidence of sculpture in post- 
Silurian nautiloids. Alexander (1 986b) observed 
a parallel decrease in the incidence of smooth 
implicate shells and increase ofcoarse ribs in post- 
Silurian brachiop~ds. Similarly, he observed a 
declining proportion of rectimarginate shells in 
favor of stronga uniplicate and strongly ribbed 
sheffs. Such morphologicaf features could aid in 
the resistance to shell breaking and crushing 
predators. Strongly plicate brachiopods, such as 
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rfrynchonellides, also appear to have been avoided 
by shell boring orgarims. at least in h e  Devonian 
(Bordeaux and Brett, 1 990). 

Fluted margins may also give shells tighter 
closure against the prying action of stxiish, as does 
interlocking hinge dentition, and central placement 
of adductor muscles (AIexander, 2001). Later 
Paleozoic brachiopods and bivalves show increased 
hquency of fluting, interlocked hinge teeth, and 
c m ~ z a t i o n  of adductor muscle scars. 

Greater shell thickness could also have been 
advantageous during a time of increased 
durophagous predation, drilling predation, or 

Anomphalous 
Genera 

'1 251 PI Genera witF~ 

\ - Disjunct Coiling 

FIGURE 1 O-Mwphologica t trends in blierophontid 
mollusks. Upper curve shows total number of 
genera; area under lower curve represents 
proportion of total genera that show indicated 
feature: {a) presence of scu!ptwe; {b) anumphabos 
(lacking umbilicus); {c) disjunct coiling. Note loss of 
genera with disjunct coiling and increase in 
proportion of genera with sculpture and lacking an 
umbliws. Redrawn from Signor and Brett (1984). 

parasitism. Leighton (2m 1 b) also notes a tendency 
for brachiopods to develop thickened muscle 
platforms in the most drill-prone centm1ly located 
shell areas. A m d  toward increased plate thickness 
is evident in late Paleozoic crinoids. Certain 
Permian taxa are extraordinarily thickly plated 
(Signor and Brett, 1984). 

Spinosiq.-Spinose skeletons may deter both 
durophagws and drilling predators. An increase 
in the frequency vftaxa with skeletal spines during 
the Paleozoic is documented by Signor and Brett 
(1484); spines may also increase in length and 
sharpness. Articulate brachiopods show a strong 
increase in the presence of spines on both the 
pedicle and brachial valves, reflected in the rise to 
dominance ofthe productides, in the later Paleozoic 
(Signor and Brett, 1984)- Although the spines on 
the deeply convex pedicle valve of pr&&des may 
have served as "rooting" spines for these semi- 
endofaunal brachiopods ( G m t ,  1966; Rudwick, 
1970) (Fig. lo), they m y  dm have been fimctional 
in preventing predatory attack, particularly from 
below by infaunal predators- Leighton (200 1 a) 
showed that among Late Devonian brachiopods the 
spinose Dev~noproducbus had a much lower 
frequency of completed boreholes than either 
contemporaneous atrvpids or Douvil~in~. 

Among gastropods, relatively few Paleozoic 
genera (-5%) show spines; however, here the 
exceptions may prove the rule. No spinose genera 
are h w n  from the Iower Paleozoic and spinose 
forms first appear in the Silurian. Moreover, all of 
the spinose gampods are inferred to have been 
relatively sedentarqr. Notably, several species of 
spinose platyceratids appear in the Devonian. A 
permanently sessile commensalistic/parasitic 
lifestyle (Bowshcr, 1955; Rollins m d  Brezinski, 
1988; Baumiller, 1990; Boucot, 1990) may have 
rendered these gastropods particularly vuinaable 
to predatory attack, and conferred a selective 
advantage to species that evolved spines. 

Trilobites also show an abrupt, but short-lived, 
burst of spinosity during the Devonian. The well 
known and highly diverse trilobites from the 
Emsian-Eifelian of  Morocco and No~th America 
show a high frequency of  spinose genera in several 
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lineages (Kloq  1992). Kloc (1992, i 493) has also 
documented the occurrence of possible mouflag,e 
strategres in the Early Devonian selenopeltid trilobite 
Dicrunurus. The elongate cephalic spines are 
typically heavily bored and encrusted Kim suggests 
that these encrusted spines served to obscure the 
image of the trilobite fmm visual predators in a 
strategy analogous to that of decorator mbs, 

Long spines on the calyces and tegmws of 
crlnoids are reasonably interpreted as a deterrent 
to would-be predators. Therefore, it is significant 
that no crinoids display spinose calyces pnor 10 
the Wedock (Silurian), when Calliwrinus displays 

large tepinal spines (Signor and Brett, 1984). 
Both camerate and cladid crinoids in several 
families show a substantial increase in the 
proportion of spinose genera commencing in Early 
Dcvmian time (Fig. 1 1). 1She proportion ofspinose 
genera increases to a maximum in Visean time and 
then declines in the late Paleozoic in concert with 
the decIine of camerate crinoids during the 
Chesterian crisis identified by Ausich et al. (1 994). 

Other ckoids,  primarily Devonian-Lower 
Carboniferous camerates, but also a few late 
Paleozoic cIadids, developed elongate spines on 
the calyx {Fig. 12). A few Fnera developed spinose 

Spines L W  On: 

Brachial and Pedide 

Pedide &be Only 

n 
L M U L  M U L  

2 € 0 S O Miss Penn Perm K 

FIGURE 114plnosity in brachiws.  1--Reconstruction of the productid brachiopml W a a g m d a  
fmm the Pemian of Russia; note juveniles attadled to algae by "clasping spines," and quasijnfaunal mode 
of lie, with "rooting" spines in aduk, xl; fm Grant (1966). 2--Brachiopod genera, primarily productides, 
with spines on the pedicle or both valves. Both show consistent trends; from Signor and Brett (1984). 
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plates on the axillan's of the arms. Arthmcorrtha, 
a very common and widespread Devonian 
camerate, possessed articulated spines on the calyx, 
as well as spines on the arms (Fig. 12.1) (Kes l i i  
and Chilrnan, 1975). Within this genus there i s  also 
a trend of increasing spine length into the Late 
Devonian (G.C. McTntosh, pen. comm., 2001). 

Aronson (1991) argued that if predation 
pressure were a significant factor in, crinoid 
communities a major decline in crinoid thickets 
would be expected between pre-Devonian and 
Carboniferous benthic assemblages. This 
prediction was based in part on evidence thaf 

stalked crinoids migrated offshore in the face o f  
the Mesozoic m a k e  revolution of predators 
(Meyer, 1985). Aronson made corrections for 
differences in rock volume of various ages and 
predicted the frequency o f  dense crinaid 
assemblages for each age. He found that dense 
crinoid thickets did not, in fact, show a decIine 
during this interval. This provides negative 
evidence for the escalation hypothesis and might 
suggest that predation pressure was not, in fact, a 
major factor in controlling crinoid density. 
Alternatively, h s o n  suggested that the general 
lack of reefs in the Lower Carbo~ferous caused a 

sor SPlNQStTY OF PALEOZOIC CRlNOlnS 

FIGURE 12--3pinosity in Paleozoic crinoids. I --Reconstruction of Devonian crinoid Adhroacafl&a 
with attached (coprophagous) PEatyeras gastropod, x2; note jointed spines on calyx and spines on 
axillaries of arms. 2--Percentages of spinose genera in three subclasses of crinaids through the 
Paleozoic Era. 1, Modified from Kesling and Chilrnan (1 975); 2. from Signor and Brett (1 984). 
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decline in specialized reef-dwelling fish predatms. 
This is questionable since most known Devonian 
gnathostome fish fossils are not associated with 
reefs, but occur rather in open marine settings. One 
might, alternatively, suggest that crinoids were able 
to adjust, up to a point, to the increased pressure 
of grazing by sharks, holocephatans. and other 
fishes. The rise in spinosity and plate thickness may 
have been effective temporarily in preventing 
decimation by predators. 

Surprisingly, all crinoid subclasses exhibit 
decreased spinosity in the late Paleozoic. folIowing 
a Lower Carboniferous hi@ (Signor and Brett, 
1984). W a t m  and Maples (1991) suggest that 
predators were able to "'k.eep upn with the amamen& 
of their prey and that spinose plates became 
ineffective as a defensive strategy; smaller size stnd 
compactness of the calyx may then have been more 
effective strategies. This b a d  toward smaller sizes 
may have other meanings, such as declining food 
resources, although no comlatiom are obvious. 

A majority of the common Devonian 
platyceratid host crinoids were spiny, and nearly 
all spiny crinoids were at least occasional hosts of 
platyceratids. En contrast, none of the common 
Ordovician or Silurian crinoidorcystoid hosts were 
spiny. Obviously, fhe spines were not a deterrent 
to platyceratids. Arthmcanthn, the most widely 
cited host genus (with populations showing up to 
70% individual infestation by Platj=ccras) 
possessed both movable spines on the calyx and 
axillary spines on the rums. Intriguingly, PEa@ceras 
dwmosum, one of the common symbionts, also 
possessed long spines. Brett ( i n  press) suggests that 
the development of spines in crinoids was an anti- 
predatory adaptalion mediated by the presence of 
gastropods. Even if crinoids were not tasty prey 
(as has been suggested by some modem studies: 
Meyer and Ausich, 19831, gastropods may have 
been. Tf gastropd-bearing crinoids were frequently 
'Yargeted"' by durophagous predators, they may 
have experienced a higher selection pressure to 
evolve spines (as did the gastropods thmselves) 
than did non-host crinoids. 

Lve Habit Changes.--Vertebrates typical i y 
show a pattern ofd~crra.~ing skeletal armor during 

the late Paleozoic. h l y  agnathan "oskacodermsn 
and placodems were heavily encased in dermal 
bone. Dermal bone may have served non-defensive 
functions, such as areas for muscle attachment and 
phosphate sinks. However, it is  also probable that 
this armor deflected predatory atrack, especially 
from contemporary invertebrate predators. 
Ironically, it may be the preference of these early 
vertebrates for marginal marine environments that 
fostered escalation. as these environments were 
also home to large predaceous eurypterids. 

Subsequently, the rise of gnathostme fishes 
must have placed additional predation pressure on 
other vertebrates. It is perhaps surprising that some 
of the largest predators of the Devonian-the 
arxhrodires-had heavily annored heads. This may 
reflect the evolution of still more effective, faster- 
swimming sharks, or it may merely reflect another 
type of adaptation-possibly for phosphate 
exchnge-unrelated to predation. In any case, 
heavy dermal armor was largely lost with the 
extinction ofplacoderms. The successful predators 
of the later Paleozoic probably reduced armor as 
an adaptation for increased maneuverability and 
rapid swimming. This apparently was a highly 
successhl trade&. The appemce of varied fin 
spines in sharks and peculiar spine and brush 
"headgeal' in the stethacanrhids (Fig. 6.5) may 
represent anti-predatory or sexually selective 
adaptations (Zangerl, 198 1). 

Life habit changes among Paleozoic o~,aanisms 
include the development of endobenthic and 
cemented modes of life. Semi-endofaunal 
(frequently termed quasi-infaunal in earlier 
literature) habits were adopted by many orthide and 
strophomenide brachiopods as early as Early 
Ordovician time, but the proportion of semi- 
endobenthic brachiopods increased in the late 
Paleozoic with the rise rci dominance of productides 
and chonetid hchiopods (Thayer, 1983) (Figs. 1 I ,  
13). This change coincides with the middle to late 
Paleozoic revolution of predators. 

Bottjer f 1 985) related increasing intensity of 
predation to the progressive occupation by bivalves 
of successively deeper endobenthic tiers (Ausich 
and Bottjer, 1982). Endobyssate and shallow- 
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burrowing bivalves occupied an upper endofaunal 
tier, O to -6 cm lie., at and up to 6 cm below t he  
sediment-water interface), from Cambrian times 
onward. f nvasion of an intermediate (-6 to - 12 cm) 
tier by venerid and pholadomyid bivalves occurred 
Eater during the Devonian; pholadorny ids pushed 
downward into the deep, -12 to -100 cm, tier 
slightly later in the Lower Carboniferous. Bottjer 
( 1985) attributes this increased tiering to the mid- 
Paleozoic escalation of predators. Deep 
endobenthic modes of life were ltmited during the 
Paleozoic by the absence ofrnantle fusion and lack 
of true siphons in most bivalve clades (Stanley, 
1970, 1977) (Fig. 13). 

Cementation of shells to hard substrates also 
makes them Harder to didodge by dtlfophagous 
predators (Harper, 1992). Alexander (200 1)  notes 
that two major groups of bmchiopods (productides 
and orthotetaceans) show an increased hquency 
of cemented forms during the later Paleozoic (Fig. 
13). During the Carboniferous, pseudomonotid 
bivalves dso adapted a cemented mode of life md 
evolved she11 spines, presumably in response to 
increased predation pressure. 

There is a growing body of evidence that 
predation on hard-shelled marine organisms 
intensified awing the middle Paleozoic (Fig. 13). 
The d i m  fossil record of potential predators shows 
a substantial increase in durophagous shell- 
crushing predators, as we11 as pelagic pursuit and 
ambush piscivorous predators. Trace fossil 
evidence provides a strong case for the existence 
o f  predatory attack on shelled organisms as early 
as the Cambrian. 

Predation in marine environments evolved 
through several phases of intensification with 
minor setbacks following mass extinctions 
(Fig. 13). The first phase might be termed the 
Cambrian Revolution. Tn this phase, large 
predators, such as anomalocaridids, other 
enigmatic arthropods, and perhaps trilobites, first 
had an impact on marine communities. 

A middle Paleozoic phase of predation 
intensification, emphasized by Signor and Brett 

(1984). involved the rise of nautiloid and 
ammonoid cephalopds, phyllocarids, asteroids, 
and several lineages of gnathostorne fishes. The 
latter p u p  in particular radiated rapidly during 
the Devonian to produce diverse durophagous and 
piscivorous ptacoderms and sharks. Major Late 
Devonian extinctions terminated the placoderms, 
but their guilds w m  rapidly replaced by evolving 
sharks, holwephalans, and bony fishes. 

Brachiopod and molluscan shells and trilobite 
exoskeietons show evidence o f  healed bite marks 
and peeling from the Cambrian onward, but with a 
marked increase in frequency in the later Paleozoic. 
Predatory drill h ies  with stmtypical position and 
prey-species preference are found in brachiopods 
(Cambrian onward) and mollusks (Ordovician 
onward), but boreholes also show increased 
frequency in the middle Paleozoic. 

The Permo-Triassic extinction crisis 
constituted a major setback for all marine 
communities. This certainly included many 
predatory taKa (e-g., many ammonoids, nautiloids, 
phyllocarids, predatory archeogastropods ). 
However, it is likely that certairr active predatory 
organisms (e-g., fishes) were not as strongly 
affected as others. Studies by Knoll et al. (19%) 
note that many sedentary benthic organisms leg., 
brachiopods, echinoderms) have a lower capacity 
for controlling CO, concentrations than do some 
"high energy" organisms, including active 
predatory arthropods and vertebrates. These 
authors postulate preferential extinction o f  many 
fIIter-feeding invertebrates during an interval of 
hypenrapnial stress. 

Drilling predation appears to have been 
common in the Paleozoic (Kowalewski et a],, 
1998). The evolution of Paleozoic drilling actually 
occurs in two phases: a Precambrian to Silurian 
stage, and a Silurian to Carboniferous phase 
(Kowalewski et at ,  1 998, their figure 3). Drilling 
was giohliy widespread in the Permian, but the 
frequency of drilling bivalve or btachiopod prey 
was relatively low {Ka\valewski et al., 2000). As 
more data are added to our howledge of drilling 
predation, it appears that there is not an ever- 
increasing escalatory trajectory through the 
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Phanaoic  of drilling predation (as depicted in 
Vermeij. 1987); rather, it appears in phases related 
to the predators that evolved d- that time. 

Predator-prey interactions were probably of 
fundamental importance in shaping and directing 
long-term trends by evolutionary adaptation and 
cooptation (Vermeij, I 977,I 987). The response of 
benthic o~anisms to the Cambrian rise of predators 
may be one of the most significant events in the 
history of life: the nearly synchonous evolution 
of sclerotized and biomineralized armor and the 
appearance of an abundant skeletal fossil record 

Brachiopods, gastropods, trilobites, and 
crinoids, among others, show an abnrpt increase 
in spinosity in the Middle Devonian and Lower 
Carboniferous. There are also possible patterns of 
increased spinosity along latitudinal gradients in 
the Carboniferous. But spinosity decreases after 
the early Carboniferous. Late Paleozoic forms may 
have taken refuge in smaller size and resistant, 
thick-walled skeletons. 

Hard-shelled organisms may have responded 
to crushing and drilling predation by evolving a 
variety of thicker, more spinose skeletons. 
Although escalation is sometimes cast as an 
ongoing "arms race," in actuality, escalation of 
predator-prey relationships may have developed in 
a series of incremental steps during episodes of 
abrupt biotic reorganization punctuating longer 
interludes of relative stability. 

We dedicate this paper to Richard Bambach, a 
gourmand of life's history. We greatly appreciate 
the efforts of  Michal Kowalewski and Tricia Kelley 
in putting together this volume and allowing us to 
produce this synthesis. Glenn Stom, William 
Miller. 111, Alan Hoffmeister, and an anonymous 
reviewer provided useful reviews Bat improved 
this paper. Finally, we thank Ruth Mawson and 
Peter Cockle, Macquarie University, Australia, fox 
facilitating the international editing of this paper. 
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