IN: Kowalewski, M., and P.H. Kelley, (eds.), 2002.
The Fossil Record of Prédation. Paleontological
Society Papers, 8: 211-249.

PALEOBIOLOGY OF PREDATORS, PARASITOIDS, AND
PARASITES: DEATH AND ACCOMODATION IN THE FOSSIL
RECORD OF CONTINENTAL INVERTEBRATES
CONRAD C. LABANDEIRA
Department of Paleobiology, National Museum of Natural History, Smithsonian Institution, Washington, DC
20560-0121 and Department of Entomology, University of Maryland, College Park, Maryland 20742 USA

ABSTRACT•Carnivory is the consumption of one animal by another animal; among invertebrates in terrestrial
and freshwater ecosystems this type of feeding can take three forms: prédation, parasitoidism, and parasitism.
Differences among these threefunctional modes involve (i) whether the duration of feeding on the prey item is quick
or there is an accommodation, coevolutionary or otherwise, between the carnivore and the host prey; (ii) whether
the prey or host is killed; (Hi) whether single or multiple prey or host items are consumed during the carnivore's
lifespan, and (iv) the relative sizes of the carnivore and its prey or host. Uniformitarian and nonuniformitarian
evidence directly relating to the history of carnivory can be found in exceptionally preserved deposits from the
mid-Paleozoic to the Recent, but such evidence is relatively rare because carnivores are the least represented
trophic group in ecosystems. Six types ofpaleobiological data provide evidencefor carnivory: taxonomic affiliation,
fossil structural andfunctional attributes, organismic damage, gut contents, coprolites, and indications ofmechanisms
for predator avoidance.
Only 12 invertebrate phyla have become carnivorous in the continental realm. Six are lophotrochozoans
(Acanthocephala, Rotifera, Platyhelminthes, Nemertinea, Mollusca, and Annelida) and six are ecdysozoans
(Nematoda, Nematomorpha, Tardigrada, Onychophora, Pentastoma, and Arthropoda). Most of these groups
have poor continental fossil records, but the two most diverse•nematodes and arthropods•have comparatively
good representation. The record of arthropods documents (i) the presence of predator s among primary producers,
herbivores, and decomposers in early terrestrial ecosystems; (ii) the addition later in thefossil record of the more
accommodationist strategies of parasitoids and parasites interacting with animal hosts; (Hi) the occurrence of
simpler food-web structures in terrestrial ecosystems prior toparasitoid and parasite diversification; and (iv) a
role for mass extinction in the degradation of food-web structure that ultimately affected carnivory. Future research
should explore how different modes of carnivory have brought about changes in ecosystem structure through
time. Despite numerous caveats and uncertainties, tracefossils left by predators on skeletons of their prey remain
one of the most promising research directions in paleoecology and evolutionary paleobiology.

INTRODUCTION

only. When the female moved away however, the
[male's] cuticle broke at the membrane between
"The distinctive element is that in many, but not the 6th and 7th abdominal segments, leaving the
all, of the predaceousforms thefemale eats the male torn off terminalia attached to the female in the
while mating is in progress, by piercing the cuticle mating position [Fig. lb],
and dissolving and sucking out the body contents as
"...In the male of the predaceous midges
with any other small insect prey [Fig. la]...
destruction of the head by the saliva of the female,
".. .The female /"o/Probezzia concinna; attacks soon after mating is established, appears to result
the male through the head, the only part of the body in a sustained copulatory position maintained until
the proboscis can reach, and the whole process of the tissues of the male have been entirely consumed,
injection of the lytic saliva and intake of the and even longer. "
liquefied tissues takes place at this one site. [T]he
•J. A. Downes (1971a, p. 38-39)
male ... was reduced to an empty and dry cuticle
(Brackets added.)
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THE POET TENNYSON described nature
as "red in tooth and claw," a metaphoric and
seemingly apt description of prédation. His image
of vertebrates dispatching other vertebrates by the
use of camassials and talons, however, is clearly
exceptional, considering where the preponderance
of terrestrial camivory resides; this picture should
be replaced by the equally grisly image of
hemolymph-encrusted mouthparts and tarsi•for it
is among the invertebrates, and particularly the
arthropods, where the overwhelming bulk of
camivory occurs in terrestrial settings. The above
quotation from Downes (1971a) about prédation
in the biting midge Probezzia is emblematic of the
invertebrate world, which forms an important part
of the trophic capstone in terrestrial food webs. In
this contribution, the fossil history of terrestrial
invertebrate camivory is explored, with a focus on
arthropods and especially insects. The discussion
includes examples from both freshwater and
terrestrial environments, both of which belong to
the continental realm. This paper begins with a
definition of camivory and its subcategories, then
addresses the nature of the fossil evidence, enters
into a discussion of the historical pattern of
camivory, delves into four salient issues regarding
its evolution, and ends in a summary. The brevity
of this review does not allow for adequate coverage
of all relevant issues, and it is hoped that the
interested will consult the cited references for
additional information and insight.

THE NATURE OF CARNIVORY
There are three basic types of camivory:
prédation, parasitoidism, and parasitism (Vinson
and Barbosa, 1987). All three comprise the third
trophic level characterized by the consumption of
organisms, especially of herbivores and other
camivores. The ultimate basis of camivory is in
primary producers whose energy originates either
from the sun (photoautotrophs) or the chemical
bonds of oxidized compounds (chemoautotrophs).
Primary producers provide food, via herbivores and
eventually camivores, for the sustenance of food
webs. This trophic pyramid, together with a crucial
side-loop for organisms that degrade all types of

FIGURE 1 •A, Two biting midges of Probezzia
concinna (Díptera: Ceratopogonidae), in copulo
witli tiie female simultaneously feeding on the male
through a single puncture of his head capsule. B,
Posterior female abdomen of a closely related
genus, Palpomyia, after mating, with attached,
torn-off male genitalia in light-grey shading. Both
redrawn from Downes (1971a).

dead tissues (saprobes), is characterized by a typical
90 percent loss in biomass and energy assimilated
at each interface between levels (DeAngelis, 1992).
Interestingly, this decrease in mass and energy
transferred between adjacent levels is also evident
for each trophic type in the fossil record. Records
of camivory are much scarcer than records of plantherbivore associations (Labandeira, 2002a).
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Invertebrates in general, and insects in particular,
dominate continental food webs; among insects,
approximately 50 percent of all species are
herbivorous and 25 percent are predaceous (Hagen,
1987; Wilson, 1992). Site-specific studies provide
similar values (Erwin and Scott, 1980).
Nevertheless, the comparative scarcity of evidence
for camivory in fossil assemblages should not belie
the intricate, diverse, and fascinating roles played
by prédation, parasitoidism, and parasitism in
continental ecology during the past 420 million
years. It is for this reason that an understanding of
these three types of feeding strategies, subsumed
under "camivory," is important.
The common conception of prédation involves
a consumption of prey resulting in the victim's
death. Prédation is deñned as the total or near-total
consumption of a live organism (Price, 1980), but
also includes suspended Zooplankton in aquatic
systems (Merritt and Cummins, 1984), plant
organisms such as seeds (Janzen, 1978), and pollen
or spores (Fuchs, 1975). Both seed prédation and
palynivory are nutritionally important for many
continental arthropods (Proctor et al., 1996), and
represent feeding strategies that are distinct from
typical herbivory, which is characterized by survival
of the host plant. Conventional continental predators
are animals that directly and immediately consume
other animals (Hagen, 1987; Sih, 1987), alüiough
trophically equivalent modes are seen in fungi
(Evans, 1989) and even plants (Juniper, 1986) that
slowly dispatch their animal prey. Organisms that
feed on invertebrate prey more slowly and
incompletely are known as parasitoids (Godfray,
1994): in parasitoidism, a relatively long-lived host
is eventually consumed and dies. A third type of
camivory is parasitism (Schmid-Hempel, 1998),
characterized by multiple hosts that survive and
are only partially consumed. Consumption of
vegetative tissues which does not result in the death
of the host plant has also been termed parasitism
(Schoonhoven et al., 1998), but is excluded here
because of its equation with herbivory in the
literature and its status as the contrasting trophic
mode to camivory. Additionally, the consumption
of suspended plankton and benthic films in aquatic

systems by microvorous filter feeders, sievers, and
scrapers includes the consumption of minute
animals, but is often ecologically equated with
heribvory and will not be treated here further (see
Merritt and Cummins, 1984).
The life histories of parasitoids are ecologically
transitional between predators •which rapidly
consume multiple and often unrelated individuals
during a lifetime•and parasites, which feed through
several generations on a near-infinite food resource
from mostly single, generally surviving individuals
(Price, 1980; Vinson and Barbosa, 1987). Thus,
parasitoids pursue an ecologically intermediate
strategy of feeding generally on a predictable and
finite food resource consisting of a single host that
is eventually killed; moreover, they are characterized
by a life cycle that includes a free-living reproductive
stage whose habitat is separate from that of the
developing larva (Yeates and Greathead, 1997).
Additional distinctions between predators and
parasites help to define the role of parasitoids.
Whereas predators are similar in size to their prey,
parasites are quite small compared to their hosts.
Also, predators typically are generalized feeders
that acquire and dispatch their prey by force; but
parasites generally are tissue specialists that are
often coevolved with their hosts. Lastly, predators
are characterized by fewer and broader ecological
niches than are specialist parasites, which typically
partition monospecific hosts into multiple
microhabitats. The host-accommodation exhibited
by parasites and parasitoids, in contrast to the rapid
consumption of prey by predators, is a major theme
in the evolutionary history of invertebrate camivory
in continental ecosystems.

TYPES OF EVIDENCE
Much of our understanding of the paleobiology
of camivory is inferential, relying on imperfect
preservation, circumstantial evidence, and rare
insights gleaned by way of unique and spectacular
modes of preservation. These data are principally
derived from Fossil-Lagerstätten such as silicified
hot-spring deposits, sideritic nodules within
organic shales, ambers, and lacustrine oil shales
that have particular spatiotemporal distributions in
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the 420-million-year continental invertebrate
record. These and more typical deposits (Figs. 1,2)
provide six types of evidence for carnivory:
taxonomic affiliation, structural and functional
attributes, organismic damage, gut contents,
coprolites, and mechanisms of prédation
avoidance•all but the last of which are analogous
to those cited for recognition of arthropod herbivory
(Labandeira, 1998b, 2002a). Of these types of
evidence, taxonomic affiliation is most often used,
whereas coprolites from vertebrate or insect
carnivores are rarely reported (Thulborn, 1999).
Functional and structural attributes as well as
damage to organisms are more frequent in the fossil
record, but have been underused for inferring diets
and life habits. Gut contents provide a "smoking
gun" by establishing both the carnivore and its prey,
but are rarely preserved. Mechanisms of carnivore
avoidance, such as mimicry, spines, large size, larval
cases, and the presence of auditory tymbals for
avoiding aerial predators are recognizable from
analogous patterns in the modem world, but become
more problematic deeper in the fossil record
(Labandeira, 2002a). In fact, the applicability of
taxonomic uniformitarianism for understanding
carnivory decreases into the geologic past, and
must be supplemented or supplanted by other,
intrinsic approaches such as structural and
functional attributes or gut contents.
Taxonomic Affiliation.•Ohyious invertebrate
clades that are pre-eminent carnivores are the
Chilopoda (centipedes), Araneida (spiders),
Odonatoptera (dragonflies and damselflies),
Mantodea (mantises), the Raphidioptera,
Megaloptera, and Planipennia (snakeflies, alderflies,
lacewings, and relatives), the Carabidae (ground
beetles), Dytiscidae (predaceous diving beetles), and
Asilidae (robber flies) (Fig. 2J), among many others.
For these taxa, which have phylogenetic continuity
to the present day, a taxonomic uniformitarian
approach is valid. An extensive literature has
documented the obligate dependence of these extant
groups on live prey (Withycombe, 1922; Clausen,
1940; Brues, 1972; Sih, 1987; Hagen, 1987; Foelix,
1996; Corbet, 1999). A uniformitarian approach is
also applicable to fossil representatives of animal

endoparasites such as tylenchid and mermithid
nematodes, which consume live internal tissues
(Poinar, 1991; Weitschat and Wichard, 1998); and
ectoparasitic lice (Fig. 2H) and fleas (Fig. 2L), which
feed on dermal and subcutaneous tissues. Much
discussion of extant carnivory is centered on
mouthpart structures and their association with diet
(reviewed in Labandeira, 1990) and behavior,
drawing inferences from functional morphology. In
diverse taxa that encompass multiple diets and
feeding strategies and larval stages•for example,
leiodid and meloid beetles, and ants •a finer
taxonomic resolution is necessary for certitude in
dietary assignments.
There are instances in which prey and
carnivore are preserved in conjunction, especially
in single pieces of amber (Weitschat and Wichard,
1998; Kutscher and Koteja, 2000a), and frequently
involving ants as predators. Many of these
examples represent predator-prey interactions that
occur today. Perhaps the ultimate direct
demonstrations of carnivory are those samples of
Baltic amber in which a predatory ant is grasping
a scale insect with its mandibles (Kutscher and
Koteja, 2000b), or a spider is grasping a captured
ant (Weitschat and Wichard, 1998). Other samples
preserve parasites or parasitoids exiting the body
cavity immediately after envelopment by resin
(Weitschat and Wichard, 1998; Poinar and Poinar,
1999). Lastly, there are amber specimens where
ectoparasites such as mites or nematodes are
entombed with mouthparts firmly attached to their
host's intersegmental membrane (Poinar et al.,
1994a, 1997; Weitschat and Wichard, 1998), or
displaying body distension due to engorgement of
host hemolymph (Poinar et al., 1991).
Structural and Functional Attributes.•
Continental invertebrates possess several structures
that indicate carnivorous habits. Prominent among
these are mouthparts. Also included are body shape,
the presence of attachment suckers, auditory
tympanal organs, spider spinnerets, specializations
of the legs, ovipositor type, and cerci. Among
mandibulate hexapods, head mobility and
forwardly positioned mouthparts are associated
with prédation (Walker, 1932), as are mandibles
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characterized by incisiform and shearing teeth
rather than broad molar shelves for grinding
(Samways et al., 1997). In insects with stylate
mouthparts, such as flies with piercing-and-sucking
beaks, serrate or barbed mandibular stylets or
blades indicate hematophagy (blood feeding)
(Borkent, 1995; McKeever et al., 1991).
Additionally, elongate and falcate mandibles that
are distally curved are almost always borne by
predators, some of which display a complicated "trap
jaw" mechanism such as larval antlions and many
adult ants (Kom, 1943; Gronenberg, 1996). Other
types of mouthparts are fashioned as co-coordinated
multielement structures that can be hurled at prey
immediately anterior of the head, such as the labial
mask of aquatic odonatopterans (Pritchard, 1976)
or the adhesive labial sling of some terrestrial rove
beetles (Betz, 1996), both of which demonstrate
obligate prédation. Although it is the mouthparts of
invertebrates that most directly interact with prey,
other external appendicular structures are used to
subdue potential victims, including raptorial
prothoracic legs armed with spines in Mantodea,
cerci modified into forceps in japygid Diplura
(telsontails), ovipositors designed to penetrate
arthropod hosts for insertion of parasitoid eggs
(Fig. 2F), or chelate tarsi used for grasping hair
among ectoparasites of warm-blooded tetrapods
(Askew, 1979; Godfray, 1994) (Fig. 2E).
Additionally, extrasomatic structures may reveal
camivory, such as nits, or eggs glued to hair shafts,
that are deposited by ectoparasitic lice (Weitschat
and Wichard, 1998) (Fig. 2K). Other fossilizable
structures produced by carnivores are silk webs that
ensnare potential prey (Bachofen-Echt, 1934;
Gerhard and Rietschel, 1968; Weitschat and
Wichard, 1998). The body structures responsible
for spider silk have a record extending back to the
Middle Devonian (Shear et al., 1989a) (Fig. 2B).
Organismic Damage.•Camivory can result in
many kinds of damage to continental invertebrates.
This damage can occur on the prey or host or
alternatively on the carnivore itself, and includes
teratologies (abnormal growths) (Poinar and Poinar,
1999), amputated appendages or broken body
processes (Petrunkevitch, 1942; Rolfe, 1985;

Hannibal and Feldman, 1988), small exit holes of
parasitoids from cocoons (Houston, 1987; Bown et
al., 1997) (Fig. 2N), prey items wrapped by spider
silk (Weitschat and Wichard, 1998), excavated soft
tissue of arthropods consistent with prédation
(Poinar, 1999a), and refuse accumulations of
discarded victim carcasses (Abel, 1935; Weitschat
and Wichard, 1998). These examples involve
unusual removal or alteration of tissue that results
from both unsuccessful and successful prédation
attempts; and they indicate the behavior of a
predator located at a stationary site for an extended
time. Although plant rather than animal individuals
are killed, there is a fossil history of seed prédation
extending to the Late Paleozoic (Zherikhin, 1989;
Labandeira, 2002a), characterized by various
modes of removal of endosperm or its nutritive
equivalent in plants (Sharov, 1973; Genise, 1995;
Mikulas et al., 1998) (Fig. 2M). An analogous
situation is that of palynivory (Fig. 2A)
(Labandeira, 1998b, 2000).
Gut Conie«/j. •Instances of terrestrial
invertebrates preserved in the digestive tracts of
predators are extremely rare in the fossil record.
Regurgitated gut contents have been identiñed in
macerated material from the Middle Devonian
Gilboa deposit in New York State and are attributed
to trigonotarbid arachnids (Gray and Shear, 1992).
Large carnivorous insects such as protodonatan
dragonflies should reveal boluses of insect-bearing
material, but due to the rarity of preserved and intact
soft tissues, only one specimen is known: a terminal
abdomen with a dark, oval mass within the last
segment (Durden, 1988). The best examples of gut
contents in the fossil record come from mammals of
the middle Eocene Messel oil shale of Germany. This
diverse assemblage contains gut contents from several
archaic antecedents of extant mammalian orders.
They include the bat Palaeochiwpteryx that preyed
on beetles and especially primitive moths and
butterflies active at night, dawn, or sunset (Franzen,
1985) (Fig. 21); the hedgehog Pholidocercus, whose
stomach contents include beetles and other types of
insects (Von Koenigswald et al., 1992); and the
anteater Eotamandua, an avid consumer of termites,
among other insects (Storch and Richter, 1992). It
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is clear that anaerobic sealing of these carcasses
resulted in exceptional preservation and promoted
in particular the preservation of chitin, thus
providing rare dietary data on early insectivorous
mammals (Richter, 1992).
CoproZiYes.•Vertebrate-produced coprolites
that contain identifiable terrestrial invertebrates are,
like gut contents, rare in the fossil record. The best
examples come from the Late Paleozoic. For
example, from the Upper Carboniferous
(Moscovian) Mazon Creek site in north-central
Illinois, Fischer (1979) reported coprolites that

contained disarticulated sclerites of scorpions,
millipedes, and cockroaches, indicating a terrestrial
but unknown predator. Occasionally, coprolites with
fragmented insect material contain dismembered
elements that reveal morphological structures
otherwise difficult to observe in insect body fossils
(Fig. 2C). For example, from lowermost Permian
deposits in central Kansas, coprolites laden with
euphorberiid millipede sclerites, some still
articulated, have been described by Hannibal and
Feldman (1988). A more recent occurrence of
carnivore coprolites is described in Richter and

FIGURE 2•Evidence from taxonomic affiliation (F,H,J-L), structural and functional attributes (B,E,F,H,J,L),
organismic damage (M,N), gut contents (I), coprolites (A,C), and prédation avoidance (D,G) for insect
carnivory in the fossil record. Examples of carnivory are prédation (A-D,G,I,J,M), parasitoidism (F,N), and
parasitism (E,H,K,L). A, A coproiite containing early land-plant spores from the Lower Devonian (Lochovian)
of Wales; from Edwards et al. (1995). Approximate coprollite length: 1.5 to 2.0 mm. B.Afossil spider spinneret,
showing a cluster of attached and detached spigots, from the Middle Devonian (Givetian) of Gilboa, New
York; from Shear et al. (1989a). Horizontal length (excluding spigots): 0.24 mm. C, Vertebrate coproiite
containing remains of a cockroach, including wings (w), legs (I) and ovipositor (o) from the middle
Pennsylvanian Mazon Creek locality of Illinois (FMNH PE 54114). D, From the same locality as (C), the
insect Protodiamphipnoa wooc/tvard/'Bror\gn\aú (Protorthoptera: Gnemidolestidae), with prominent eyespot
on forewing; from Carpenter (1971). E, The enigmatic mecopteroid insect, StrasMa/ncred/M/s RasnWsyn
(Mecopteroidea: Strashilidae), from the Upper Jurassic (?Oxfordian) of Transbaikalia, Russia, showing
ectoparasitic structures such as a chelate hind tarsus, suctorial beak, and absence of wings; from Rasnitsyn
(1992). F, The parasitoid wasp ¿eptep/7/aMes cauc/afus RasnWsyn (Hymenoptera: Ephialtidae) from the
Upper Jurassic (Kimmeridgian) of Karatau, Kazakhstan, with elongate ovipositor (o) and ovipositor valves
(ov); from Rasnitsyn (1975). G, The digger wasp PalaeapisbeiboziensisWox\<^ (Hymenoptera: Sphecidae)
from the Jurassic-Cretaceous boundary of China, bearing an abdomen with contrasting color-banding and
typical of a Batesian model; from Hong (1984). H, The chewing louse Saurodectes K/'55/75/<7/Rasnitsyn
and Zherikhin (Phthiraptera: Mallophaga: Saurodectidae), from the Early Cretaceous (Berriasian) of Baissa,
Transbaikalia, Russia; from Rasnitsyn and Zherikhin (1999). I, Gut contents of the middle Eocene bat
Pa/aeochiropteryxtupaiodonPi&jMoà (Chiroptera: Palaeochiropterygidae) from Messel, Germany, exhibiting
butterfly scales and other insect fragments; from Richter and Storch (1980). Approximate length of scale at
right: 90 ^m. J, Robber fly (Díptera: Asilidae) from the Piceance Creek Basin of the Green River Formation
of Colorado (USNM 501477), showing raptorial forelegs and mouthparts of a single, dagger-like stylet
(arrow). K, The nit (egg) of an undetermined sucking louse (Phithiraptera: Anoplura) on a shaft of mammalian
hair, from late Eocene Baltic amber of Germany; from Voigt (1952). L, The mammal-parasitizing flea,
Palaeopsylla klebsiana Dampf (Siphonaptera: Hystrichopsyllidae) from the same deposit as (K), showing
the socketed antennae, head comb, and maxillary lever/stylet fascicle (arrow) typical of many ectoparasitic
insects; from Dampf (1910). M, Seed of Tectocarya rhenana{CoxndiCeae), with exit hole of a seed predator,
from the Miocene (Aquitanian) Braunkohle of Germany; from Schmidt et al. (1958). N, A bee cell
(Hymenoptera: Stenotritidae) from the Pleistocene of South Australia, displaying a small exit hole of a
probable parasitoid; from Houston (1987). All subfigures are redrawn from original photographs or line
drawings, or are from camera-lucida sketches of specimens. Scale bars: solid = 1.0 cm, striped = 0.1 cm.
FMNH = Field Museum of Natural History; USNM = National Museum of Natural History.
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Baszio's (2001) report of fish coprolites with
terrestrial arthropod remains, including insects, from
the middle Eocene Messel Deposit of Germany.
Mechanisms of Prédation Avoidance.•There
are two broad classes of defense strategies by means
of which terrestrial invertebrates avoid prédation.
First, there are those that involve resemblance of a
potential prey's external body to another organism
or aspect of its ambient environment. Second, there
is physical deterrence based on increasing the level
of difficulty for prédation, exemplified by the
presence of spines. Instances of the resemblance of
one organism to another in color, overall form, or
behavior are well documented among modern
insects, and are likewise represented in the fossil
record. The three basic types of protection are
mimicry (both Batesian and Miillerian versions),
warning coloration, and crypsis (Price, 1997). For
mimicry, the fossil record provides few clues to
distinguish the Batesian type, where a palatable
mimic resembles an unpalatable model, from the
Miillerian type, where both the mimic and the model
are distasteful or otherwise negatively affect the
predator. However, in some fossil examples,
determination of mimicry can be approached by
modern analogy (Jarzembowski, 1989). One
example is the distinctive color banding on the
digger wasp Palaeapis from the Jurassic-Cretaceous
boundary of China (Hong, 1984) (Fig. 2G), which
probably was a model. Another example, the soldier
fly "Stratiomys" from the late Eocene of southern
England (Jarzembowski, 1976), likely was a mimic.
Other instructive examples of the use of color and
pattern for protection include the disruptive
coloration•with light and countershaded dark
patterns •on the wings of canopy-inhabiting
paleodictyopteroid insects, presumably to enhance
concealment when viewed from below, or perhaps
representing an example of aposematic (warning)
coloration for potential dragonfly predators from
above (Shear and Kukalová-Peck, 1990).
Additionally, there is a fossil record of distinctive
wing eyespots, which function in extant insects to
inflate apparent size and to startle predators (PrestonMafham and Preston-Mafham, 1993). Such warning
coloration occurs in a protorthopteran from the Late

Carboniferous at Mazon Creek (Carpenter, 1971)
(Fig. 2D), as well as throughout the later Mesozoic
in the planipennian family Kalligrammatidae, a
butterfly-like lineage in which some species bore
prominent eyespots (Panfllov, 1968; Jarzembowski,
1984). Unlike mimicry and warning coloration,
crypsis (camouflage) in the fossil record has faced
a more checkered interpretation: one of the best
examples is the resemblance of Late Carboniferous
cockroach wings to seed-fern pinnules, first noted
by Scudder (1895). Subsequent observers such as
Pruvost (1919) and North (1931) expanded the
taxonomic scope of this pinnule similarity by
extending it to orthopteroid insects. The resemblance
of cockroach forewings to seed-fern pinnules,
however, is more likely attributable to structural
convergence•based on biomechanical principles
for the support of planated structures •than to
protective camouflage (Shear and Kukalová-Peck,
1990; Jarzembowski, 1994). A similar criticism can
be applied to Fischer's (1979) argument regarding
the subaerial occurrence of the horseshoe crab
Euproops and its proposed concealment amid leafy
Lepidodendron shoots, whose elongate leaves
resemble the animal's carapace spines. The most
perplexing possible occurrence of crypsis is the leaflike color patterns on the tegmina of the Middle
Triassic grasshopper Triassophyllum (Papier, et al.,
1997), which resembles certain fern leaves with
angiosperm-like venation.
Evidence of defenses against predators
involving spines, large size, and protective domiciles
occurs sporadically throughout the fossil record.
From the Upper Carboniferous, the herbivorous
Mazon Creek form Gerarus bore robust and
radiating prothoracic spines that evidently
functioned for prédation deterrence (Shear and
Kukalová-Peck, 1990), a feature found in modem
tropical grasshoppers and other insects. In the same
deposit and throughout the Late Carboniferous,
many terrestrial arthropods achieved great size,
including arthropleurid myriapods, the arachnid
Megarachne, paleodictyopteroids, protodonatan
dragonflies, and even Diplura and Zygentoma
(silverflsh) (Dudley, 1998). Although this gigantism
is ultimately attributable to atmospheric oxygen
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levels (Dudley, 1998), a predator-prey arms race
could have developed in which not only insect
predators approached the physiological upper limits
of arthropod size, but so did their prey (Vermeij,
1987; Graham et al., 1995). A third mechanism of
physical defense is the construction of larval cases,
which may be used to shield against carnivores. This
mode of larval living is standard in fossil and extant
caddisflies (Sukacheva, 1982), bagworms
(Weitschat and Wichard, 1998), coleophorid moths
(Labandeira, 2002b), and certain chrysomelid
beetles (Poinar, 1999a). Nevertheless, one of the
most intriguing recent investigations focuses on the
geochronology of nocturnal bat prédation on large
moths, based on these insects' ultrasound-detecting
tympanal structures, or "ears," that are located on
their metathoraces, legs, and mouthparts (Göpfert
and Wasserthal, 1999; Fullard and Napoleone,
2001). These ultrasound-perceiving tympanal
organs, which alert the moth to the presence of
echolocating insectivorous bats, are prime evidence
for predator avoidance strategies. Although other
evidence suggests that this system existed by the
middle Eocene (Richter and Storch, 1980), preEocene bats are unknown, as is the structure of
fossil moth tympanal ears.

PATTERNS OF CARNIVORY
AMONG CONTINENTAL PHYLA
Of the approximately 40 extant and extinct
phyla, only 12 have invaded the continental realm
of freshwater and land habitats, and of these only a
few have any significant species-level diversity•
principally nematodes, molluscs, annelids, and,
spectacularly, arthropods. These invertebrates have
excelled at life on land (Fig. 3), although all have a
marine origin, based on physiological, paleontological, or phylogenetic data (Conway Morris, 1981 ;
Little, 1990; Gordon and Olson, 1995; Fortey and
Thomas, 1998). These twelve phyla are assigned to
two superphyla (Aguinaldo et al., 1997; Ruiz-Trillo
et al., 1999): the Lophotrochozoa, characterized by
the presence or a derivative of the trochophore larva;
and the Ecdysozoa, characterized by the key
developmental innovation of molting. The origin of

terrestrial carnivory is represented in all twelve
phyla, but there are in fact multiple independent
origins within subclades of these phyla. For example,
within the Crustacea alone•conventionally ranked
as a subphylum of the Arthropoda•the Ostracoda,
Branchiopoda, Amphipoda, Isopoda, and several
lineages within the Decapoda have each developed
carnivory and either a facultative or obligate
continental existence (Little, 1983).
With the exception of the arthropods and
probably nematodes, all invertebrate continental
phyla have poor fossil records. Intriguingly, the
Acanthocephala and Pentostoma, extant members
of which are endoparasitic on mammals, do not
occur in the fossil record, but are thought to have
originated in marine habitats during the earlier
Cambrian, based on sister-group relationships
(Conway Morris and Crompton, 1982) and a
remarkable early Paleozoic record (Andres, 1989;
Walossek and Müller, 1994;Walosseketal., 1994).
Similarly, the Tardigrada and Onychophora, though
today free-living and carnivorous, have their
earliest occurrences in the Cambrian marine realm
(Müller et al., 1995; Conway Morris, 1998), but
appear, respectively, in Late Paleozoic compression
deposits (Thompson and Jones, 1980; Rolfe et al.,
1982) and Late Mesozoic amber (Cooper, 1964;
Bertolani and Grimaldi, 2000). For other
nonarthropodan phyla, early fossil documentation
is limited to either systematically unassignable or
questionably attributed Late Paleozoic finds
(Nemertinea, Nematoda, Mollusca) or to midMesozoic earliest occurrences of modem classes
(Annelida). The phyla with the poorest and most
recent (Cenozoic) fossil records are the
Platyhelminthes, Rotifera, and Nematomorpha, and
their fossil representatives are referable to extant
families and even genera (Fig. 3) (Wills, 1993).
Structural specializations related to feeding on
other animals are varied and have evolved multiple
times in both the Lophotrochozoa and Ecdysozoa.
Prédation and parasitism were common during the
early terrestrialization of these twelve phyla, as there
is no evidence for the direct transfer of aquatic filter
feeding and epibenthic or infaunal detritivory into
terrestrial habitats (Little, 1990). In this realm, the
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LABANDEIRA-PREDATORS, PARASITOIDS, AND PARASITES
Lophotrochozoa display the most varied strategies
for prédation: two phyla use cutaneous absorption
through the body wall (platyhelminth flukes and
tapeworms, acanthocephalans); one group uses
modifications of a distinctive oral device, the radula
(pulmonate gastropods); another group produces
copious amounts of pharyngeal mucus to ensnare
prey, with or without an oral circlet of buccal cilia
or hooks (oligochaete annelids); hirudinean annelids
(leaches) use their distinctive oral armature of slicing
jaws in conjunction with a suction apparatus; and a
last group (other leaches, nemertineans) houses
stylets within an eversible proboscis. By contrast,
the Ecdysozoa displays a more uniform pattern of
prédation and parasitism. Probóscides with
protractile chitinous stylets involved in fluid feeding
are found in some nematodes (one stylet),
tardigrades (two stylets), and larval pentastomes and
nematomorphs (three stylets), housed in a
mouthcone or tubular rostrum (Brusca and Brusca,
1990). Other ecdysozoan feeding apparatuses
include the three or more radially symmetrical jawlike structures in some nematodes; the two pairs of
slicing, chitinous jaws in onychophorans; the
chelicerae and pedipalps of arachnids; and especially
the primitively adducting/abducting mandibles of
crustaceans, myriapods, and hexapods. The
mouthparts of basal mandibulate hexapods have
been transformed into a bewildering array of

particulate and invasive or noninvasive system of
fluid feeding, including filter-feeding, sponging,
siphoning, rasping, lapping, and boring (Schräm,
1986;Labandeira, 1997a; Walter and Proctor, 1999).
Lophotrochozoans.•The Lophotrochozoa•
represented by the Rotifera, Acanthocephala,
Platyhelminthes, Nemertinea, Mollusca, and
Annelida•have not successfully entered the
continental realm, and remain overwhelmingly
marine. The only significant continental clades are
the gastropod molluscs, and annelids (earthworms
and leeches), many of which occur in fresh water
rather than on land. Extant and extinct speciose
clades include bivalve molluscs, cephalopods, and
nonpulmonate gastropods, some of which have
only marginally invaded fresh water. Terrestrialized
lophotrochozoan phyla range in species diversity
from about 750 species for the Acanthocephala to
about 20,000 for pulmonate gastropods.
Unlike the Ecdysozoa, the Lophotrochozoa
lack a unifying synapomorphous or otherwise
obvious feature that could account for their
prevalence in terrestrial habitats. Rather, they have
become terrestrial and subsequently carnivorous
via four basic strategies, each of which has
originated multiple times within and among phyla.
The first pathway is via endoparasitism•as in
cestode and trematode platyhelminths (flukes and
tapeworms) and acanthocephalans, all of which

FIGURES•The fossil historyofcarnivory by terrestrial invertebrates, expressed as prédation, parasitism,
mixed strategies, and microvory. Major sources are Conway Morris (1981 ), Little (1983), Eisenbeis and
Wichard (1988), Gray (1988), Brusca and Brusca (1990), Wills (1993), Foelix (1996), Seiden (1996),
and Poinar and Poinar (1999). Phyla are capitalized; classes or approximately equivalent ranks are in
lowercase and standard font; and supraphyletic ranks are in lower case and bold. Geochronology is
resolved to stage level and is modified from Gradstein and Ogg (1996); abbreviation: Neog., Neogene.
A question mark indicates a questionable geochronologic assignment. Missing epoch designations,
from bottom to top: Wenlock and Pridoli (Silunan); Gzelian (Carboniferous), Early and Middle (Triassic);
and Pliocene and Pleistocene (Neogene).
Notes:(^) The Pentostoma and Acanthocephala lack a body-fossil terrestrial fossil record, though
both are internal parasites of mammals and other vertebrate lineages that extend to the Paleogene.
(2) The Nemertinea and Nematoda have earliest terrestrial occurrences in the Paleozoic that cannot
be assigned to a higher-level clade (Schräm, 1973). (3) See Figure 4 for delimitation of lower taxonomic
ranks. (4)Microvory is defined as the consumption of live or dead small particulate food and includes
unicellular organisms.
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lack a significant fossil record •or by the
ectoparasitism of leeches. A second route is through
small size and inconspicuousness in free-living
forms, exemplified by rotifers, turbellarian
flatworms, and some nemerteans that occur as soil
and litter meiofauna. Third, there has been the
development of an external, mineralized, protective
shell, as in the vast majority of pulmonate
gastropods. Fourth, terrestrialization has been
accompanied by infaunalization within soils and
other moist habitats, as typified by relatively large
animals such as oligochaetes and some nemerteans.
The only large, free-living exceptions to the above
options are the shelless pulmonates, or slugs, which
are rarely predaceous, exude copious amounts of
slime, and probably are defended by noxious
compounds in their tissues (Greene, 1975).
1. Acanthocephalans. Acanthocephalans are
obligate endoparasites of the alimentary tract of
vertebrates, especially teleost fish, although a
minority of species infect arthropods such as
terrestrial crustaceans and insects as intermediate
hosts (Conway Morris and Crompton 1982).
Historically, acanthocephalans have been
considered to have their origin among the
pseudocoelmate "aschelminth" phyla, although it
has been suggested that they are closely related to
the Priapulida; both of these groups were diverse
during the Cambrian (Conway Morris, 1981; but
see Barnes et al., 1993). Unlike the arthropod-like
onychophorans, tardigrades, and pentastomes (see
below), acanthocephalans lack a continental or preCenozoic fossil record. It has been speculated
(Brusca and Brusca, 1990) that they.may have had
an evolutionary trajectory similar to the
pentastomes•endoparasitism of primitive marine
vertebrates and subsequent evolution parallelling
vertebrate phylogeny, including terrestrialization
along with an early, land-based, tetrapod stock
(Brusca and Brusca, 1990).
2. Rotifers. Of the continental phyla, the one
with the smallest individuals is the Rotifera, most
of which are less than a millimeter long. Rotifers
frequently occur in marine and especially freshwater
habitats, as well as in moist soils and on the wet
surfaces of mosses. Approximately 1,800 species

have been described, distinguished by the structure
of their oral corona•the metrachronally beating
band of cilia encircling the mouth•and the type of
their mouthpart-like mastax. They are variously
detritivorous filter feeders, raptorial predators tht
ingest small animals, or piercers-and-suckers that
fluid-feed on larger prey. A few are parasitic on other
meiofauna, whereas others have entered into
mutualistic associations with crustaceans (Brusca
and Brusca, 1990). With regard to the evolution of
various carnivorous feeding strategies, the fossil
record is uninformative, except inasmuch as it can
document the presence of particular clades, such as
the Monogonta in the Eocene (Lutetian) of South
Australia (Southcott and Lange, 1971), and the
Bdelloidea in the Miocene (Aquitanian) of
Dominican amber (Poinar and Ricci, 1992).
3. Platyhelminths. The Platyhelminthes, or
flatworms, include approximately 20,000 named
species and constitute one of the simplest
morphological grades of bilaterian metazoans; they
are triploblastic, acoelomate, and dorsoventrally
flattened. The class Turbellaria is free living and
generally predaceous, although some species are
symbiotic with other invertebrates; by contrast, the
classes Monogenea (single-host flukes), Trematoda
(multiple-host flukes), and Cestoda (tapeworms) are
all ecto- or endoparasitic on vertebrates and, to a
lesser extent, cephalopods and crustaceans (Brusca
and Brusca, 1990). One group of flatworms, the
Acoela, were once included in the Turbellaria, but
now are considered to be very basal bilaterians
unrelated to the lophotrochozoic Platyhelminthes
(Ruiz-Trillo et al., 1999). Feeding among
turbellarians is diverse and involves structural
variations of a well-musculated pharynx for suction,
release of mucus for external prey entrapment,
capture of small prey by adorai ciliary action, or
use of a copulatory stylet or oral hooks for
impalement of victims. The fossil record of flukes
and tapeworms is nonexistent, and that of
turbellarians is confined to the Neogene, with their
earliest occurrence in the late Miocene of California
(Pierce, 1960). Resistant egg capsules and cocoons
have been documented from the European Pleistocene
(Frey, 1964). A putative turbellarian from the late
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Precambrian of Alaska (Allison, 1975) is not reliably
assignable to the phylum (Conway-Morris, 1981).
4. Nemer tine ans. Nemertineans, or
ribbonworms, include about 900 species that range
in length from less than 1 cm to nearly 60 m, some
of which occur in terrestrial habitats. Nemertineans
superficially resemble flatworms but are clearly
differentiated from them by their feeding
specializations, including a complete digestive tract
and an unique, eversible proboscis housed separately
in a hydrostatically-controlled rhynchocoel. This
proboscis may possess a single large stylet or many
smaller stylets for lancing prey. Nemertineans
generally prey on small invertebrates, wrapping their
everted proboscis around a prey item, sometimes
also introducing toxic exudates into the victim by
repeated styletal punctures (Brusca and Brusca,
1990). The proboscis draws the subdued or nearly
dead prey to the region of the mouth and into the
rhynchocoel. The history of this distinctive mode
of feeding, as documented by nemertinean fossils,
is represented only by the Late Carboniferous
(Moscovian) Archisymplectes rhothon, discovered
by Schräm (1973), which probably lived in brackish
or fresh water. There are no other fossil occurrences,
although with their distinctive morphology (Strieker,
1983), minerahzed nemertinean stylets should be
identifiable in the fossil record.
5. Molluscs. Of the molluscs, only pulmonate
gastropods (land snails and slugs) have expanded
their ecological range to fresh water and land.
Pulmonate gastropods display a variety of feeding
strategies, including detritivory, camivory, and,
most commonly, herbivory; but they are united by
possession of a unique and variously modified
radula (Brusca and Brusca, 1990). The radula is a
bulbous organ, on the surface of which are several
or more rows of rasp-like, chitinous teeth that
scrape, tear, peel, or otherwise remove tissue for
ingestion. Carnivorous pulmonates have evolved
multiple times and include forms with unmodified
radulae that use slime to entangle prey for eventual
consumption; forms with radular teeth modified
into lance-like structures; and others with a radula
fashioned into a barbed harpoon functionally
similar to that of marine cone snails (Vermeij,

1987). Pulmonates have a significant fossil record
(Gray, 1988; Tracey et al., 1993) and occur in
Cenozoic fluvial deposits and in amber (Larsson,
1978; Roth, 1986), but are particularly abundant
in Neogene lake deposits (Cohen, 1989). However,
the oldest pulmonate fossils come from several
Late Carboniferous localities in North America
(Solem and Yochelson, 1979). The taxonomic
assignment of these early specimens has been
challenged (Tillier et al., 1996) based on
taphonomic arguments and the presence of an
unacceptably long temporal gap before the next
occurrences in the late Mesozoic. Without explicit
taxonomic consideration of the fossil material,
however, the Late Carboniferous date is accepted.
6. Annelids. Both predaceous and parasitic
lifestyles occur in the two continental classes of
annelids, Oligochaeta (earthworms) and Hirudinea
(leeches). Oligochaetes are commonly associated
with detritivory, although many •especially
freshwater•species are predaceous; leeches, on the
other hand, are typically identified with
ectoparasitism on tetrapods, even though many
tropical species are predaceous (Brusca and Brusca,
1990). Oligochaete trace fossils have been
mentioned in the literature (Buatois et al., 1998),
but predaceous forms are known from body fossils
in Baltic amber (Menge, 1866; Schlee and Glöckner,
1978), and later from the Pleistocene of the same
region (Frey, 1964). Interestingly, the fossil record
of leech-like forms may extend to the Early Silurian,
with a specimen reported from an obviously marine
biota in Wisconsin (Mikulic et al., 1985). However,
the taxonomic assignment of this specimen is
tentative (Mikulic et al., 1985), and a more reliable
representative of the group occurs in a late Jurassic
compression: Hirudella angusta Münster, from the
Solenhofen lithographic limestone of Germany
(Kozur, 1970). This latter form may not have been
parasitic according to Conway Morris (1981), and
was probably predaceous.
Ecdysozoans. • ThQ
Ecdysozoa
are
considerably more diverse than the Lophotrochozoa,
probably as a result of their success in terrestrial
environments (Figs. 3, 4). This success is probably
attributable to their very namesake: ecdysis was an
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exaptation for life in a subaerial environment where
water conservation and osmotic regulation of body
tissues were critically important. Almost all phyla
of Ecdysozoa have terrestrial members, namely the
Nematoda,
Nematomorpha, Tardigrada,
Onychophora, Pentastoma, and Arthropoda, the
latter synonymous with the Euarthropoda of some
workers. The exception is the more removed and
exclusively marine Kinorhyncha + Priapulida
subgroup which was more diverse in the Cambrian
than it is today (Conway Morris, 1998). In terms of
present speciosity, most of Ecdysozoan phyla are
not very diverse •there are approximately 90
species of Onychophora, 110 species of Pentastoma,
and 450 species of Tardigrada•particularly
considering that all three have their origins in
Cambrian marine ecosystems older than 500 Ma.
These conservative, basal lineages to the Arthropoda
have been interpreted by Gould (1995) as exhibitiing
prolonged stasis. Alternatively, drastic habitat
changes in the history of these groups suggests the
continuous evolution of a durable body plan: freeliving onychophorans and tardigrades have shifted
from the marine to the continental realm; parasitic
pentastomes have undergone profound shifts in hosts
from unspecified marine fish or perhaps arthropods
to terrestrial vertebrates (Walossek and Müller, 1994;
Müller et al., 1995; Poinar, 1996). Interestingly, three
of these phyla were present in the Cambrian,
occupying an epibenthic habitat (Mülleret al., 1995);
and together with the lophotrochozoan
Acanthocephala, they subsequently produced
lineages that became continental parasites or
predators. The Nematomorpha may have had a
similar history, but lack an adequate fossil record
(Poinar, pers. comm., 2002).
Two phyla, nematodes and arthropods, dominate
continental ecosystems today in terms of abundance
and diversity. Both phyla have invaded every
possible continental habitat, including the interiors
and exteriors of virtually all other organisms. About
15,000 species of nematodes have been described,
although an estimated one million species probably
exist. Arthropods in particular represent the ultimate
success story of life on land in terms of the breadth
of their feeding strategies, their numerical and

taxonomic dominance in ecosystems, and estimates
of biomass (Wheeler, 1990; Wilson, 1992; Brusca,
2000). Arthropods comprise about one million
described species (Brusca, 2000), and estimates of
the number of undescribed species range from
several million to 80 million species (Erwin and
Scott, 1980; Gaston and Hudson, 1994).
1. Nematodes. Of the twelve continental
invertebrate phyla, the Nematoda, or roundworms,
are second only to the Arthropoda in number of
carnivorous taxa documented in the fossil record.
Most specimens occur in amber from the Early
Cretaceous of Lebanon, the middle Eocene of the
Baltic region, and the early Miocene of the
Dominican Republic (Poinar, 1977; Poinar et al.,
1994a, 1994b; Poinar and Poinar, 1999). The earliest
description of these organisms cites elongate bodies
on appendage exocuticle of the large Early
Mississippian scorpion, Gigantoscorpio willsi
(St0rmer, 1963). These minuscule structures were
preserved in a process akin to permineralization and
retain some micromorphology. However, these
structures are probably not nematodes (Wills, 1993;
Poinar et al., 1994a). The earliest credible occurrence
is from the Late Carboniferous (Schräm, 1973), and
is followed by a long absence of specimens from
the Permian to Early Cretaceous. During the Early
Cretaceous, the nematode fossil record resumes with
several amber occurrences (Poinar and Poinar, 1999)
and a few reports from compression deposits (Voigt,
1957; Dubinina, 1972). The Cretaceous and
Cenozoic occurrences provide examples of
parasitism on known arthropod hosts, principally
insects, by members of two most speciose
nematode clades: the order Tylenchida of the Class
Secementea and the order Mermithida of the class
Adenophorea (Poinar, 1984a, 1993). These two
clades of nematodes represent two of the four
independent originations of continental arthropod
parasidsm by nematodes (Blaxter et al., 1998).
Individuals are excellently preserved in
conjunction with infected beetles and flies trapped
in amber, whose ruptured bodies have allowed
release of nematodes into adjacent resin (Schlee
and Glöckner, 1978;Larsson, 1978; Poinar 1984a).
Among the several recorded families of
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Tylenchida, insect hosts include the Staphylinidae
(rove beetles; Poinar and Brodzhinsky, 1985),
Mycetophilidae (fungus gnats; Poinar 1991a), and
Drosophilidae (pomace flies; Poinar 1984a,
1984b). In the Mermithida, reported insect hosts
are the Cerambycidae (longhorn beetles; Heyden,
1860, 1862), Chrysomelidae (leaf beetles; Voigt,
1957), Limoniidae (crane flies; Poinar, 1984c),
Culicidae (mosquitoes; Poinar, 1984c; Poinar et al.,
1994a), and Chironomidae (aquatic midges;
Menge, 1866; Schlee and Glöckner, 1978; Poinar
et al., 1994b; Poinar and Milki, 2001). Nematode
trails have been found in the Middle Eocene Green
River Formation in Utah (Moussa, 1970); and the
parasites have been found in association with
spiders from Baltic amber (Poinar, 2000), and in
Pleistocene mammals, including a horse from the
Balkans (Dubinina, 1972) and a ground squirrel
and a mammoth from Russia (Dubinin, 1948).
2. Nematomorphs. Nematomorphs, or hair
worms, are thin endoparasitic worms that may
reach a meter in length. In the juvenile phase they
inhabit particular species-specific tissues or organs
in arthropods, particularly orthopteroid insects
(Brusca and Brusca, 1990). As adults they are
aquatic and free-living. The obligately parasitic
phylum Nematomorpha includes about 250 extant
species, and has a sparser historical record than
nematodes, with only two known fossil occurrences.
Members of the Gordidae are preserved in middle
Eocene compression deposits in Germany and Italy
(Voigt, 1938; Sciacchitano, 1955), although this
assignment has been questioned by Poinar (1999b).
By contrast, a member of the Chorododidae has been
found extruding from the anus of a member of the
cockroach family Blatellidae in younger Dominican
amber (Poinar, 1999b).
3. Tardigrades. Water bears, or tardigrades, are
a poorly known phylum of arthropod-like
invertebrates that occur in the oceans, fresh water,
and humid terrestrial environments (Dewel and
Dewel, 1998). They have a fossil record beginning
in Middle Cambrian deposits of northern Siberia
(Müller et al., 1995). These specimens, however,
are demonstrably marine, cannot be assigned to any
post-Jurassic clade, and have been considered to

belong to astem-group lineage (Mülleret al., 1995).
The next and only post-Paleozoic fossil tardigrages
are members of the Class Eutardigrada found in Late
Cretaceous ambers of North America•specifically
the Turonian of New Jersey (Bertolani and Grimaldi,
2000) and the Campanian of Manitoba (Cooper,
1964) •as well as in the Pleistocene of Italy
(Durante and Maucci, 1972). Continental, free-living
tardigrades are herbivores or predatory carnivores.
They are significantly different from their Cambrian
marine progenitors, as they possess a fourth, hindpair of legs that are positioned laterally rather than
ventrally. However, there are similarities between
extant marine parasitic Tardigrades and the
Cambrian forms, such as dorsoventral flattening,
the presence of anterior cephalic (suction) discs, an
involuted mouth, and laterally deployed, robustly
clawed legs (Müller et al., 1995). The Cambrian
forms most likely are ancestors of extant marine
tardigrades •namely the mostly parasitic
arthrotardigrades of the Class Heterotardigrada,
which are basal within the phylum and exhibit the
greatest range of morphology (Dewel and Dewel,
1998). They represent the stock from which the
continental lineages evolved, especially the
comparatively diverse Eutardigrada.
4. Onychophorans. Velvet worms, or
onychophorans, are predaceous, terrestrial,
caterpillar-like relatives of arthropods with
lobopodous limbs. Their head region has hidden
mouthparts consisting of two pairs of cutting blades
that serve as jaws and slice tissue in a fore-and-aft
motion (Mantón, 1977). Onychophorans currently
have a Gondwanan distribution and typically prey
on terrestrial invertebrates in tropical to subtropical
environments. The fossil record of the phylum
extends to the primitive form Aysheaia from the
Middle Cambrian Burgess Shale of Alberta (Gould,
1995). A hiatus of approximately 225 million years
separates these early marine forms from the next
fossil occurrences, the Late Carboniferous and
terrestrial Mazon Creek Helenodora in Illinois
(Thompson and Jones, 1980), and an undescribed
form from Montceau-les-Mines in France (Rolfe
et al., 1982). No Mesozoic specimens are known.
Two demonstrably terrestrial taxa, however, are
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known from mid-Cenozoic Baltic and Dominican
ambers (Poinar, 1996); they exhibit features, such
as the absence of foot portions with claws, which
show a closer link to the Paleozoic forms than to
extant taxa. There is no evidence to indicate that
this evolutionarily conservative Hneage was ever
diverse; and it may have been trophically
outcompeted by the ecologically equivalent and
predaceous centipedes.
4. Pentastomids. As structurally distinctive
endoparasites of tetrapod respiratory systems,
pentastomids are a unique phylum with
resemblances to lobopods, crustacean nauplius
larvae, and annelids (Brusca and Brusca, 1990).
Although recent molecular-based studies indicate
crustacean affinities with a divergence date of 350
to 225 Ma (Abele et al., 1989), an alternative
interpretation that suggests an independent, higherranking origin is supported by the occurrence of
marine pentastomids 510-Ma deposits (Gould,
1995). Currently, their typical host is a terrestrial
tetrapod, often a reptile, but they are also known
to make use of bird and mammal hosts. Some
species display a larval stage that temporarily
parasitizes an intermediate vertebrate host. In these
instances the intermediate host with its pentastomid
parasites is, in turn, consumed by the ultimate host,
a predaceous tetrapod, completing the cycle. Adults
attach themselves securely to the tissues of the
lungs and nasal passageways of their host, sucking
blood with a simple mouth and a powerful
pharyngeal pump. Given their current obligate
parasitism of terrestrial tetrapods, three occurrences
of pentastomids in upper Cambrian and lowermost
Ordovician marine deposits (Andres, 1989;
Walossek and Müller, 1994; Walossek et al., 1994)
are intriguing, particularly as there are no
subsequent fossil specimens. Considering their
marine origins during the early Paleozoic and their
presence among abundant conodont faunas, it has
been speculated that they were parasites in the gill
chambers of marine chordates or basal vertebrates
(Walossek and Müller, 1994). This association then
continued through the terrestrialization of tetrapods
during the late Paleozoic, and is manifested today
in their amniote descendants.

6. Arthropods. The four arthropod subphyla
with carnivorous representatives•Chelicerata,
Myriapoda, Crustacea, and Hexapoda•occur
among the earliest of continental deposits, from the
uppermost Silurian of northwestern Europe to the
Middle Devonian of northeastern North America
(Labandeira et al., 1988; Shear and Seiden, 2001).
This pattern is quite unlike the terrestrial record of
the other eleven phyla, which occur more
sporadically later in the Paleozoic (Nemertinea,
Mollusca, Onychophora), or are confined to the late
Mesozoic or Cenozoic (Rotifera, Annelida,
Nematoda, Tardigrada), or have a very poor or absent
fossil record (Platyhelminthes, Acanthocephala,
Nematomorpha, Pentastoma). One explanation for
this is the greater preservability of cursorial,
megascopic, and structurally distinctive arthropods
that bear a chitinous or otherwise mineralized
exoskeleton and could be buried in mid-Paleozoic
paralic and continental basinal environments.
Several factors, in addition to incumbency (Wilson,
1992), indicate that arthropods have always been
diverse and abundant in marine and particularly in
continental ecosystems during the Phanerozoic
(Brusca, 2000); and thus their taxonomic dominance
in modem ecosystems has a longstanding history.
The chelicerates, with the exception of the
many detritivorous and parasitic mites, are
predaceous; one apomorphic feature that has arisen
in the group is the specialized use of silk by spiders
(Araneida) to trap prey. Chelicerates use a pair of
claw-bearing mouthparts, the chelicerae, for
prédation (Snodgrass, 1952). In spiders, the
chelicerae are modified into horizontally or
vertically oriented structures with terminally
articulating fangs; ducts in these fangs connect to
poison glands (Foelix, 1996). A second, posterior
pair of typically grasping mouthparts, the
pedipalps, are used to manipulate prey in
Scorpionida (scorpions), Ambylypygi (tailless
whipscorpions), and Opiliones (harvestmen). The
continental fossil record of chelicerates (St0nner,
1969; Seiden, 1996) begins in the latest Silurian,
and by the mid-Early Carboniferous six orders are
represented, including spinneret-bearing spiders
(Shear et al., 1989a, 1989b). From the middle to
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late Carboniferous an additional seven orders
appear in the record, the best known of which is
the Trigonotarbida (Dunlop, 1994). Only the
Schizomida (short-tailed whipscorpions) and
Palpigradi (whipscorpions) have their known first
appearances in the Cenozoic (Seiden, 1996),
although they undoubtedly originated during the
Paleozoic based on phylogenetic position.
One of the most interesting phenomena in the
record of chelicerate interactions with other
animals is the preservation of phoretic or parasitic
associations in amber•particularly mites and ticks
on arthropods and vertebrates. For example, mites
are known to occur ectoparasitically on
Chironomidae in Late Cretaceous Canadian amber
and middle Eocene Baltic amber (Schlee and
Glöckner, 1978; Poinar, 1985, 1997); these
associations have no present-day counterparts. An
older fossil, however•an erythraeid mite on a
biting midge (Ceratopogonidae) in Early
Cretaceous Lebanese amber (Poinar et al., 1994)•
represents an association that is still extant. More
recent associations involving modern taxa are
documented in lower Miocene Dominican amber,
such as erythraeid mites on gracillariid and tineid
moths (Poinar et al., 1991), and macrochelid and
other mites phoretically attached to drosophilid
flies and leiodid beetles (Poinar and Grimaldi,
1990; Poinar, 1993). Parasitic interactions
between chelicerates and vertebrates can support
particular biogeographic hypotheses: for instance,
a flightless host-unassociated argasid tick with
Neotropical affinities in New Jersey amber
suggests dispersal by birds or pterosaurs
(Klompen and Grimaldi, 2001); and listrophorid
mites on probable rodent hair in Dominican amber
suggest vicariant mammalian colonization of the
Antilles during the Cenozoic (Poinar, 1988).
In addition to chelicerates, continental
predaceous representatives of the Myriapoda,
Crustacea, and Hexapoda also appear during the
latest Silurian to Middle Devonian interval (Tasch,
1957; Shear and Bonamo, 1988; Greenslade and
Whalley, 1986;Labandeiraetal., 1988)•although
early members of diplopods and scorpions have
been interpreted to be aquatic (Almond, 1985;

Jeram, 1990). The continental Crustacean taxa
include the Phyllopoda (Scourfield, 1926) and
Malacostraca (Schräm, et al., 1978); continental
myriapods are represented by the Chilopoda (Shear
and Bonamo, 1988); and continental hexapods by
the Parainsecta (Greenslade and Whalley, 1986)
and Insecta (Labandeira et al., 1988). Unlike the
overwhelmingly carnivorous Chelicerata and the
Chilopoda, the crustaceans and hexapods represent
an eclectic mix of feeding strategies, including
aquatic filter feeding, detritivory, fungivory, and
herbivory, as well as carnivory (Schräm, 1986;
Labandeira, 1997a).

PATTERNS OF CARNIVORY
AMONG HEXAPOD
ARTHROPODS
The Hexapoda comprises two clades, the
Parainsecta •consisting of the Collembola
(springtails) + Protura (proturans) and probably the
more distantly related Diplura•and the Insecta,
sister-group to the Parainsecta. The Insecta include
the basal Archaeognatha (bristletails), the more
derived Zygentoma, and the yet more derived
Pterygota, or winged insects, which represents 99
percent of extant hexapod diversity (Kukalová-Peck,
1990). There are two major lineages within the
Pterygota; one lineage, the Palaeoptera, is
characterized by the inability to fold the wings over
the abdomen, and includes the Odonatoptera,
Ephemeroptera (mayflies), and the highly diverse
Palaeodictyopteroidea of the Paleozoic, nominally
divided into four orders. The other pterygote lineage,
the Neoptera, is represented by five major
supraordinal clades: the Pleconeoptera, consisting
largely of the Plecoptera (stoneflies); its sister-group,
the Orthoneoptera, comprised of various
orthopteroid lineages such as the Orthoptera
(grasshoppers and crickets); the Blattoneoptera
containing the Blattodea (cockroaches), Mantodea,
and Dermaptera (earwigs); the Hemineoptera, sistergroup to the Blattodea, representing the hemipteroid
orders Psocoptera (booklice), Phthirapiera (lice),
Thysanoptera (thrips), and Hemiptera (bugs, aphids
and relatives); and the very successful
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Endoneoptera, or Holometabola (Haas and
Kukalová-Peck, 2001). This latter group is
characterized by a four-phase metamorphosis• egg,
to larva, to pupa, to adult•and includes all the orders
from Megaloptera (alderflies and dobsonflies) to
Hymenoptera (sawflies, wasps, ants, and bees) in
Figure 4. Holometabolous insects represent about
90% of all insect species, and insects represent 8692% of all known metazoan species (Wheeler, 1990;
Brusca, 2000). They have been the most
taxonomically, if not numerically dominant animal
clade since the earliest Pennsylvanian.
Continental carnivorous hexapods have two
key structures: mouthparts and ovipositors. The
generalized mandibulate mouthparts of the
primitive hexapod (Kukalová-Peck, 1990) have
been modified into 34 major types, all extant, each
of which represents considerable to subtle
variations on a basic plan (Labandeira, 1997a). For
example, the broader category of mandibulocanaliculate mouthparts comprises three of the 34
mouthpart classes; each of these three is
characterized by unique features associated with
scythe-shaped mandibles and/or associated
maxillae that are used by larval holometabolans for
pursuit or entrapment of prey (Labandeira, 1997a).
Other examples include the structurally diverse
stylate mouthparts of fluid-feeding ectoparasites
(Smith, 1985), and the analogous concealed nectar
extraction apparatus used by parasitoid adults at a
certain stage in their life cycle (Jervis and Kidd,
1986). Similarly, the ovipositor has been used by
parasitoids, especially hymenopterans, to insert
eggs into hosts such as wood-boring larvae.
The record of hexapod camivory (Fig. 4) shows
three basic trends, each corresponding to the rise
of family-level lineages representing the three
functional feeding groups: prédation, parasitoidism,
and parasitism. The first trend is the expansion of
insect predators during the Late Paleozoic. The
second is the spectacular diversification of
parasitoid groups during the Middle Jurassic to
mid-Cretaceous. And the third trend is the radiation
of parasitip groups during the Late Jurassic to midCretaceous, lasting into the Paleogene. Two
ancillary patterns should also be noted. One is the

beginning of heavy seed prédation during the
middle Cretaceous to Paleogene•although the
ichnofossil and functional morphological evidence
for seed endosperm consumption extends back to
the Late Carboniferous and Early Permian (Sharov,
1973; Scott and Taylor, 1983). Post-Paleozoic seed
predators and parasitoids include stylate piercingand-sucking and mandibulate chewing forms, and
are concentrated in three clades: pentatomorph
Hemiptera, "phytophagan" Coleóptera, and
chalcidoid Hymenoptera. A few families of
Lepidoptera are notable larval consumers of
endosperm (Janzen, 1971), but lack fossil records.
The other secondary trend is reflected in the ancient
record of palynivory (sporivory and pollinivory;
Taylor, 1981), which is analogous to prédation on
gametophytic seeds, representing consumption of
the sporophyte phase of a vascular plant. There are
four specific pollinivorous evolutionary
assemblages, defined by plant taxa consumed and
associated consuming insects (Labandeira, 1998b,
2000). Palynivory and prédation and parasitoidism
on seeds will not be considered further.
Predators.•The earliest terrestrial predators
were chilopods and several major chelicerate taxa,
with first occurrences during the latest Silurian to
Middle Devonian; several additional lineages appear
during the earlier Pennsylvanian (Fig. 3). Among
the hexapods, the Odonatoptera •with
approximately 20 family-level taxa•were the
dominant airborne predators, including some
members of the Meganeuridae with wingspans up
to 71 cm (Durden, 1988). These large forms were
probably the ecological equivalent of birds, and
caught their victims on the wing, judging by their
well-developed raptorial mandibles, leg baskets for
securing prey, and canted thoracic segments
(Rohdendorf and Rasnitsyn, 1980; Brauckmann
and Zessin, 1989). Ground-dwelling, Late
Paleozoic hexapod predators included several
families of protorthopterans, as revealed by taxa with
spinose and raptorial forelegs, and robust and
incisiform mandibles. Early holometabolan lineages
of the neuropteroid complex •Megaloptera,
Raphidioptera, and Planipennia•originated during
the earliest Permian (Asselian); virtually all of their
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larvae are assumed to have been predaceous, based
on descendant taxa. There is little direct evidence
for freshwater prédation, though the immatures of
Odonatoptera and Ephemeroptera, if aquatic in the
Paleozoic (Rohdendorf and Rasnitsyn, 1980), were
likely predaceous.
During the Mesozoic, more derived
odonatopteran lineages •representing about 80
families and subsumed within the extant high-ranked
subgroup, Odonata•replaced the Late Paleozoic
and Early Mesozoic lineages (Bechley, 1996;
Bechley et al., 2001). This diverse fauna is preserved
in the Solenhofen Limestone of southern Germany
(Barthel et al., 1994) and similar Mesozoic deposits.
Additionally, insectivorous brachyceran Diptera•
such as Rhagionidae (snipe flies), Asilidae,
Empididae (dance flies), and others•became aerial
predators during the later Mesozoic. This expansion
accompanied the diversification of dipteran
mouthpart types, which involved modifications of
the mandibular, maxillary, and hypopharyngeal
stylets, as well as the tracheation and dentition of
the labellum. These changes provided several new
ways to secure, process, and consume prey. At the
same time, Mesozoic hexapod predators dwelling
on the ground were dominated by the Mantodea,
neuropteroids, and the superfamilies Caraboidea,
Staphylinoidea, and Elateroidea among the
Coleóptera. Later, during the Cretaceous, vespoid
wasps and ants became important ground predators.
Among the first well-substantiated predators in
freshwater ecosystems were nepomorph Hemiptera
and caraboid Coleóptera during the latest Triassic
to early Jurassic; these clades undoubtedly subsisted
on a trophic base of other, perhaps herbivorous,
arthropods (Ponomarenko, 1996). This Mesozoic
array of freshwater and terrestrial predators
essentially persisted into the Cenozoic, judging by
the geochronologic ranges of major family-level taxa
(Labandeira, 1994). Recent evidence, however,
indicates a significant diminution of herbivorous
taxa at taxonomically lower levels at the
Cretaceous-Paleocene boundary in the Western
Interior (Labandeira et al., 2002; cf. Labandeira
and Sepkoski, 1993). This would have significantly
impacted the herbivore component of food web

structure; and based on theoretical (Dunne et al.,
2002) and empirical (Godfray et al., 1999) data,
should translate to significant decreases in
taxonomic diversity. This impoverishment
probably cascaded upward to trophically dependent
predators, parasitoids, and parasites.
Parasitoids.•One of the biggest transitions in
continental carnivory was the rather rapid
appearance of major parasitoid taxa during the
Middle Jurassic to mid-Cretaceous. Of the 74
parasitoid families recorded in Figure4,57 (or 77
percent) are Hymenoptera, 12 (16 percent) are
Diptera, and the remaining 5 (7 percent) represent
Planipennia, Coleóptera, and Lepidoptera. In the
Hymenoptera, the overwhelming presence of
sawflies (Symphyta) plus seven superfamilies of
apocritan and aculeate lineages (Gauld and Boulton,
1988), as well as the superfamilies Tabanoidea,
Asiloidea, Empidoidea, Muscoidea, and a few other
lineages in the brachyceran Diptera, truly records a
major shift in the mode of carnivory within terrestrial
ecosystems (Fig. 4). In the post-Triassic fossil
record, evidence for parasitism comes from
taxonomic assignments (Rasnitsyn, 1988), the
presence of small parasitoid emergence holes in
fossil pupae (Bown et al., 1997) (Fig. 2N), or
teratologies of adult insects in amber (Poinar and
Poinar, 1999), such as an exceptional case of a
braconid larva preserved in the act of emerging from
an adult ant (Poinar and Miller, 2002). The transition
to parasitoidism was accomplished by modifications
in the reproductive biology of numerous
holometabolous lineages (Godfray, 1994). For the
Hymenoptera, an important structural change was
the transformation of a laterally compressed,
sawtooth ovipositor•designed for slicing plant
tissues•into a needle-like piercing or drilling
mechanism with a circular cross-section. This
structure, initially used for inserting eggs into
wood, was transformed into a device for puncturing
endophytic larvae•a key innovation for basal
parasitoid taxa (Rasnitsyn, 1988). An analogous
structure is the highly telescoped posterior
abdomen of the Diptera. The second important
development in early parasitoids was a shift in
larval food source, from less nutritious plant tissues
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to more proteinaceous animal tissues, which were and feed on symbiotic fungi in tunnels, but some
often supplied by the adult (Malyshev, 1968). A constituent taxa, lacking such a food supply, deposit
part of this general shift was the appearance of the their eggs on other insects that occur in the same
larval cleptoparasitoid habit, in which an insect habitat. Thus the initial step toward parasitoidism
develops at the expense of another (host) insect by could be the usurpation of another species' fungal
consuming its food supply and depriving the host food supply, resulting in the death of the starved
of nutrition, thus assuring its eventual death larval host. Subsequently, there would be a shift
(Eggleton and Belshaw, 1992).
from the introduced larva feeding on symbiotic
Several trophic pathways leading to the fungi to consumption of the host itself. A
evolution of the parasitoid life-habit have been modification of this scenario has been proposed
identified (Eggleton and Belshaw, 1992). Within by Crowson (1981) to account for the origin of
the Hymenoptera, parasitoidism apparently parasitoids in wood-associated beetle lineages. On
originated only once, and most likely grew out of the other hand, in multiple independent hneages of
mycophagy in an earlier Mesozoic symphytan Diptera, vertebrate parasitoidism has originated by
lineage, such as the siricoid sawflies (Whitfield, step-wise conversion from carrion saprophagy. The
1998). Siricoid larvae generally inhabit dead wood sequence of this transition would have been (i)

FIGURE 4•At left and on the following two pages is represented the fossil history of carnivory for 359
hexapod families, expressed as prédation, parasitoidism, parasitism, and mixed strategies. Taxonomic
ranks are orders (capitalized), suborders or superfamilies (italicized, lower-case), and families (regular font,
lower-case). A conservative approach is taken whereby assignments to predator, parasitoid, or parasite
categories in extant families are based on a plurality of carnivorous relative to non-carnivorous member
species. Trophic assignments of fossil families were inferred from multiple criteria, including relatedness to
or inclusion within modern ciades with known ecologies, functional morphology, ecological evidence such
as gut contents, or trace-fossil context (see Fig. 2). Many family-level taxa with sporadic or otherwise limited
occurrences of carnivory among overwhelmingly herbivorous, fungivorous, or detritivorous confamilials
were excluded. Sporivory and pollinivory were not included. Only carnivorous taxa with fossil records are
included. Geochronology is resolved to stage level and is modified from Gradstein and Ogg (1996), with
updated Lagerstätten ages such as Baltic amber (Ritzkowski, 1997), the Florissant biota (Evanoff et ai.,
2001), and Dominican amber (Iturralde-Vinent, 2001). Major sources for feeding-type assignments are
Clausen (1940, carnivorous insects), Janzen (1971, seed predators), Carpenter (1971,1992, fossil groups),
Askew (1979, parasites), Richards and Davies (1977, all insects), Crowson (1981, Coleóptera), Merritt and
Cummings (1984, aquatic insects), Hagen (1987, insect predators), Gauld and Bolton (1988, Hymenoptera),
Lehane (1991, hematophagous insects), Eggleton and Belshaw (1992, parasitoids), Godfray (1994,
parasitoids), Schuh and Slater (1995, heteropterous Hemiptera), and Arnett (2000, all insects). Fossil
occurrences are from Bechley (1996), Bechley et al. (2001), Labandeira (1994) and subsequent updates,
Poinar and Poinar (1999), and Rasnitsyn (2000; 2002, pers. comm.). Taxonomic classification follows Bechley
(1996) and Bechley et a!. (2001) for Odonatoptera, Schuh and Slater (1995) for heteropteran Hemiptera,
and Naumann et al. (1990) for all other insect orders. Missing epoch designations, from bottom to top:
Gzelian (Carboniferous), Early and Middle (Triassic), and Pliocene and Pleistocene (Neogene). Suprafamilial
or subordinal designations are: A, Protanisoptera; B, Leptopodomorpha; C, Mantispoidea; D, Tenebrionoidea;
E, "Phytophaga"; F, Empidoidea; G, Sciomyzoidea; H, Tephritoidea; I, Ichneumonoidea; and J, Cynipoidea.
Asterisks at the bottom of the ranges of the Isotomidae (Collembola) indicate an earliest occurrence in the
Lochkovian Stage of the Devonian; for the Osmylidae and Nymphidae (Planipennia), first appearances in
the Ladinian Stage of the Triassic; and for the Staphylinidae (Coleóptera) the oldest is from the Carnian
Stage of the Triassic. A question mark indicates a questionable trophic assignment for the interval indicated.
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initially attacking live but dying animals, or
subsisting on their wounds (facultative
ectoparasitism), followed by (ii) initiating wounds
(obligate ectoparasitism), and finally (iii) invading
the host itself and causing its death (parasitoidism)
(Zumpt, 1965). In lineages such as carabid beetles,
parasitoidism may have developed from prédation.
Erwin and Erwin (1976) proposed a sequence in
which an ancestral ground beetle species was a
polyphagous predator on insects; it was
characterized by an active larva that emerged from
eggs deposited in the general habitat of its eventual
victims, and it pupated in an area removed from its
prey. The spatial confinement of a particular prey
species resulted in monophagy of the beetle larval
predator, and the reduction of prey seeking resulted
in metabolic savings. This in turn favored
consumption of fewer prey items and pupation
within the immediate host environment. Any
environmental change that provoked host dispersal
would favor a shift from a larval predator to a small,
immobile, parasitoid living within a single host.
This explanation works best for spatially confined
hosts, such as wood-boring or gall-inhabiting
larvae. There are at least 100 known originations
of parasitoidism in insects, most by way of
mycophagy, then saprophagy, and the fewest
through prédation and herbivory (Eggleton and
Belshaw, 1992). Parasitoidism itself has in turn
evolved into other trophic modes such as
provisioning polyphagy and prédation in some
coleopteran, dipteran, and hymenopteran lineages
(Eggleton and Belshaw, 1992).
Parasites.•When compared to the relatively
good fossil record of parasitoids, the record of insect
parasitism is poor: only about 30 percent of parasite
families have fossil occurrences. The reason for this
deficiency is that, whereas the adult forms of
parasitoids are overwhelmingly free-living and so
can enter the fossil record through a variety of
environments (many are small wasps), the adults of
most parasitic organisms are attached to their
vertebrate hosts and are destroyed by the processes
of carcass decomposition. Consequently, only in
exceptional environments, such as resin flows, are
insect parasites preserved (Lewis and Grimaldi,

1997). Fine-grained compression deposits
occasionally contain fossil parasites, such as the
enigmatic mecopteroid Strashila from the Upper
Jurassic of the Siberia (Rasnitsyn, 1992), the possible
flea Saurophthirus from the Lower Cretaceous of
Transbaikalia (Ponomarenko, 1976; but see
Lakshmánarayana et al., 1984), and the flea Tarwinia
from the Lower Cretaceous of New South Wales,
Australia (Riek, 1970; Jell and Duncan, 1986; but
see Smit, 1972). All three taxa display ectoparasitic
features, including hypognathous, piercing-and
sucking mouthparts, compact antennae, long legs
with grasping claws, and distensible abdomens
(Rasnitsyn, 1992). Both Strashila and Saurophthirus
are dorsoventrally flattened and morphologically
convergent on bat parasites such as the hemipteran
Polyctenidae, the dipteran Nycteribiidae, and even
the dermapteran Arixeniidae (Popham, 1962;
Ponomarenko, 1976), which feed on bat wing
membranes and occupy sparse to tomentose hair;
the resemblance suggests a similar feeding style for
the Mesozoic fossils, possibly on pterosaurs. In the
Australian flea, of indeterminate family assignment,
lateral body compression indicates life in dense fur
near the body core, rather than on the wing
membrane; and they likely inhabited mammalian
hosts such as monotremes, triconodonts, or
multituberculates. Perplexingly, a literal reading of
this evidence points to an apparently missing fossil
record, judging from the relationship of these
parasitic clades to their free-living (and so
represented by more fossils) sister clades (Lyal,
1985; Kristensen, 1999). These phylogeneüc
relationships, in conjunction with the fossil records
of the better-preserved clade, indicate splitting
events ranging from the Early Permian to the Late
Jurassic (Downes, 1971b; Lyal, 1985; Kinzelbach
and Pohl, 1994; Fang et al., 1999). The conflicting
data suggest either that the parasite clades are good
examples of fossil ghost taxa, or that they originated
much later within the crown groups of their sisterclades (e.g., Chalwatzis et al., 1996).
The origins of hematophagy during the
Mesozoic, and the likely initial hosts for several
major parasitic insect clades, have generated
considerable discussion. The best evidence comes
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from the record of dipteran parasites, particularly
the Culicomorpha, whose adults are free-ranging
and not bound to particular host individuals. Within
the Culicomorpha, the Ceratopogonidae are well
known to feed on vertebrate blood and hemolymph;
this feeding behavior is considered a plesiomorphic
feature within the family (Downes, 1971a; Borkent,
1995). The ceratopogonid fossil record extends
back to the Early Cretaceous and, notably, includes
several extant genera that feed on reptilian blood
(Desportes, 1942; Wirth and Hubert, 1989). In light
of this feeding capacity of ceratopogonids, Borkent
(1995) examined the correlations between palpal
and antennal sensillae, stylet dentition, and whether
the host organisms were invertebrates, birds, or large
tetrapods•the latter determined by downwind
plumes of host-generated carbon dioxide and heat
(Rowley and Comford, 1972;McKeeveretal., 1991;
Blackwell et al., 1992). He concluded that two or
three species of biting midges from Canadian Upper
Cretaceous amber were parasitizing large
vertebrates, most likely co-occurring hadrosaurs (but
see Szadziewski, 1996). Two of the three
ceratopogonid genera he identified are extant and
suck blood from large vertebrates, including reptiles
and mammals. This plesiomorphic feature of the
Ceratopogonidae may extend to the rest of the
superfamily Culicomorpha, appearing in the form
of functional piercing mouthparts in females,
subsequently lost in lineages such as the
Chaoboridae (phantom midges), Chironomidae, and
Dixidae. The Tanyderidae (primitive crane flies), one
of the oldest dipteran lineages, had stylate
mouthparts during the Late Triassic and probably
fed on blood (Kalugina, 1991 ; Borkent, 1995). Based
on this evidence, some authors suggest that stylate
mouthparts consisting of a fascicle of 3 to 5 stylets
may be plesiomorphic for the Culicomorpha, with
a modest expansion of the labellar pad as a later
development (Downes and Colless, 1967; Downes,
197 lb; Fang et al., 1999). According to these authors
it is unlikely that there was repeated evolution of
the same mouthpart type. However, Pawlowski et
al. (1996) provide a molecular phylogenetic analysis
indicating at least two independent derivations of
blood feeding within the Culicomorpha; they

conclude that nectarivory is the primitive feeding
strategy. Similarly, Glukhova (1989) proposed that
the basal Culicomorpha and related taxa initially
were saprophagous on carrion, and then, through
the production of salivary proteolytic enzymes, were
able to feed on the external secretions of living
vertebrates, followed by subsistence on blood. Such
an evolutionary shift, however, seems more
appropriate for the origin of advanced blood feeding
in (muscoid) flies (Szadziewski, 1996), and certain
Southeast Asian blood-sucking moths (Bänziger,
1975). Another hypothesis is that insect
hematophagy originated from inquiline associations
in vertebrate nests by a shift from nest detritivory
of epidermis, feces, sebum, and other exudates to
blood feeding (Balashov, 1999). This hypothesis is
most relevant to the origin of ectoparasitism in the
Phthiraptera, since many members of the closely
related Psocoptera are nest associates of vertebrate
hosts (Waage, 1979).
There are two ecologically different approaches
to blood feeding. The first is solenophagy•found
in the Culicidae (mosquitoes), Reduviidae (assassin
bugs), Cimicidae (bed bugs), and anopluran
Phthiraptera (sucking lice)•in which blood vessels
such as capillaries are punctured with needle-like
stylets (Brown, 1989). In contrast, telmophagy•
found in the Ceratopogonidae, Tabanidae
(horseflies), Muscidae (house flies), and ticks•is
characterized by the creation of pockets of lacerated
tissue that has been slashed by stylets, which in
these organisms are often modified into serrated
blades and used in opposition by scissor-like
movements. The insect then drinks the resulting
pool of blood and lymph (Brown, 1989). Members
of the Glossinidae (tsetse flies) have unique
piercing-and-sucking mouthparts and an
intermediate strategy for obtaining blood. Although
glossinid fossils occur in the North American late
Eocene (Cockerell, 1917; Grimaldi, 1992),
glossinids today are biogeographically restricted
today to sub-Saharan Africa. They are currently
major vectors for infectious trypanosomiases that
affect ungulates (nagana) and humans (sleeping
sickness) (Lehane, 1991). It has been suggested that
nagana-like diseases may have been vectored by
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North American glossinids feeding on titanotheres
(Tasnádi-Kubacska, 1962) or on nonhominid
primates (Lambrecht, 1993) during the mid
Cenozoic, and subsequently transferred to hominids
in eastern Africa. Similarly, certain fossil species in
the North American Paleogene belong to the
hematophagous culicid genus Culex (a mosquito),
and a parallel argument has been advanced for the
Neogene transferral of plasmodia, filiariae, and
arborviruses such as malaria to early hominids in
Africa (Capasso, 1993).

pachygnathoid mites from the Rhynie Chert have
been associated with feeding on live algal protoplasts
(Shear and Seiden, 2001). Collembolans from the
same deposit have been identified as members of
the Isotomidae (Greenslade and Whalley, 1986), and
possibly the Neanuridae (Hopkin, 1997), modem
representatives of which subsist on live fungal spores
and hyphae, dead vascular plant tissue, and detritus.
As evidence regarding plant-insect associations
there are spore-rich coprolites, typically containing
multiple spore taxa and exhibiting stereotyped fecal
shapes and sizes, from latest Silurian and Early
THE ROLE OF CARNIVORY IN Devonian deposits of the Welsh Borderland
(Edwards, et al., 1995). Coprolites containing
ECOSYSTEM EVOLUTION
vascular tissues are also known from the Lower
In the preceding overview of the fossil record Devonian of Gaspé, Canada (Banks and Colthart,
of continental invertebrate camivory, six classes 1993). These associations, as well as those
of evidence were discussed (Fig. 2), and distinctive documented in the Rhynie Chert (Kevan et al.,
patterns of trophic evolution were cited among the 1975), indicate an important role for palynivores,
12 invertebrate phyla (Fig. 3) and 359 insect exploiting highly nutritious, land-plant spore
families (Fig. 4) that occur in freshwater and protoplasts. Additionally, evidence for surface
terrestrial ecosystems. Equally important to feeding on plant axes•complete with proliferation
address, however, are the effects that these patterns of anomalous reaction tissue (Kevan et al., 1975;
had on terrestrial ecosystems. The data cited here, Banks and Colthart, 1993)•and the occurrence of
in conjunction with other features of the terrestrial stylate punctures surrounded by conical regions of
fossil record, generate four questions that are histolytic tissue (Banks and Colthart, 1993)•
central to the role of arthropod carnivory in similar to damage produced by modern piercingterrestrial and freshwater ecosystem evolution.
and-sucking microarthropods•indicate a diverse
Which came first: herbivory or carnivory?• herbivore community of both chewing and
There are two hypotheses regarding the trophic piercing-and-sucking forms. Thus the balance of
structure of the earliest well-preserved terrestrial evidence supports that the earliest terrestrial
ecosystems from the latest Silurian to the mid- communities consisted of herbivores, as well as
Devonian. One view holds that these early detritivores and predators•a pattern unlike the
communities were dominated almost exclusively delayed herbivory hypothesis of Vermeij and
by detritivorous and predatory animals, similar to Lindberg (2000) for the marine realm.
modem litter communities (Gray and Shear, 1992).
Is prey death or host accommodation the
An alternative is that herbivores are as old as dominant mode in arthropod carnivory?•Tht
carnivores and detritivores, and all three trophic introduction to this chapter presents the canonical
modes were present a system analogous to extant view of camivory at all times and places: predators
depauperate communities on grass. In addition to dispatch and consume prey in the manner of
cryptogams, bryophytes, early land plants, and the lionesses and antelope. This view has been the
fungus Prototaxites, the animal component of these dominant research paradigm in marine invertebrate
early communities consisted of trigonotarbids, paleobiology (Vermeij, 1987; Kelley and Hansen,
pseudoscorpions, spiders, mites, chilopods, 1996), and justifiably so. Such an approach to
arthropleurids, collembolans, and archaeognathans. marine invertebrate prédation probably reflects
Among these arthropods, piercing-and-sucking actual differences in the marine versus continental
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versions of carnivory•though there is a small
literature on the more poorly known associations
of marine invertebrate parasites. By contrast,
research on the history of terrestrial invertebrate
carnivory has been dominated by studies of
parasitoids and parasites, and far fewer of predators,
particularly during the past 40 years (Askew, 1979;
Price, 1980; Godfray, 1994; Schmid-Hempel, 1998).
The work on parasites and especially parasitoids has
been a primary source of data for ecological theories
of community structure, particularly valuable for
studies of tritrophic interactions (Abrahamson and
Weis, 1997), for instance, and for food-web analyses
(Godfray et al., 1999). In fact, many investigations
center around whether the parasitic habit promotes
diversification (Wiegmann et al., 1993; Cronin and
Abrahamson, 2001), and if individual phylogenies
of hosts and their parasites reflect coevolved
associations (Lyal, 1987; Kim, 1988; Hafner and
Nadler, 1988). Recent biological work and the fossil
history of parasitoids and parasites supports the
conclusion that more accommodationist
mechanisms, typified by the coexistence of host and
consumer, characterize the post-Triassic history of
carnivory in freshwater and terrestrial ecosystems.
What was trophic structure like before
parasites and parasitoids?•There is no direct
fossil evidence for insect parasitism or
parasitoidism on arthropods in continental
ecosystems before the Early Jurassic. Evidence
from the phylogenetic relationships of noninsectan
parasites and parasitoids would strongly support
the presence during this interval of freshwater or
terrestrial members of the phyla Acanthocephala,
Platyhelminthes,
Annelida,
Nematoda,
Nematomorpha, and Pentastoma, whose hosts
presumably were vertebrates, arachnids, or insects.
The absence of direct evidence for parasitic insects
is countered by phylogenetic relationships
indicating that some of these life-habits originated
during the Permian to Late Jurassic (Waage, 1979),
in, for example, the Phthiraptera (Kim, 1988),
Siphonaptera (Traub and Starcke, 1980), and
Strepsiptera (Kinzelbach and Pohl, 1994). These
orders could have existed for all that time as ghost
lineages alongside their earlier occurring, free-

living sister groups, but this is unlikely. In other
clades dominated by parasitoids, which have a
considerably better fossil record than parasites, the
record reveals explosive diversification for the
Hymenoptera and to a lesser extent the Diptera
during the Middle Jurassic to mid-Cretaceous. Thus
continental invertebrate carnivory from the latest
Silurian to Early Jurassic can be characterized as
entirely or near-entirely predaceous in nature. The
fossil record indicates that predators were the sole
or overwhelmingly dominant carnivores during the
earliest Pennsylvanian to the mid-Cretaceous, as
evidenced by the dominance of Odonatoptera,
some protorthopteran lineages, Titanoptera,
gerromorph Hemiptera, Raphidioptera,
Megaloptera, Planipennia, and caraboid and
staphylinoid Coleóptera (Fig. 4). The presence of
only predator guilds of carnivores in continental
ecosystems must have had a profound effect on
the regulation of herbivorous and other
heterotrophic organisms (see Eggleton and
Belshaw, 1992), particularly since considerable
evidence shows that modern trophic webs are
strongly regulated by parasites and parasitoids
(DeAngelis, 1992; Godfray et al., 1999).
Accordingly, in a world without these two key
carnivore guilds, one would expect simpler food
webs with linear trophic pathways (Dunne et al.,
2002), and the absence of lineages with typical
defensive strategies to ward off parasites and
parasitoids, such as small size, concealment,
exoskeletal or other types of mechanical isolation,
and behaviors to reduce the risk of attack such as
parental or group care and protection. The latter
would include the caste-based, regulated societies
seen today in social insects•and this may explain
the rise of sociality in termites, ants, wasps, and
bees (Wilson, 1992) during the Mesozoic
diversification of parasitoids.
Is there trophic-level selectivity at mass
extinctions? •Among terrestrial carnivorous
invertebrates, insects have the best fossil record.
The insect fossil record is characterized by two
important extinction events. The first is deduced
from the geochronologic distributions of order-rank
clades. This was a catastrophic extinction at the
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end of the Permian Period, in which the Paleozoic
Insect Fauna was replaced by the Modem Insect
Fauna through the loss of a high percentage of highranked clades (Labandeira and Sepkoski, 1993).
Among carnivores, this event affected only
predators, as the other carnivore guilds presumably
were absent. The second event, at the CretaceousPaleogene boundary, is more surprising, given
previous studies that failed to detect any family-level
signal beyond background rates (Ponomarenko,
1988; Jarzembowski, 1989; Labandeira and
Sepkoski, 1993). A recent examination, however,
has taken the explicitly ecological approach of
evaluating insect-mediated leaf damage patterns in
well-preserved and diverse floras across the K-T
boundary in North Dakota (Labandeira et al., 2002).
This study demonstrated a pronounced qualitative
and quantitative diminution of insect herbivory
(especially among specialists) at the boundary,
indicating a significant deterioration of the herbivore
portion of terrestrial food webs. Such a major trophic
alteration would have induced extinctions, based on
our present knowledge of food-web perturbation
from both theoretical modeling and empirical field
observations (DeAngelis, 1992; Dunne et al, 2002).
After the expansion of parasitoidism and parasitism
during the later Mesozoic, this sudden reduction in
host resource probably trophically affected major
carnivore guilds in continental food chains.

SUMMARY
The transfer of energy in terrestrial ecosystems,
both in fresh water and on land, culminates in the
process of camivory or the consumption of animals
by animals. This consumption may be rapid as in
the case of predators and their prey, or it may be
prolonged as in the case of parasitoids with their
relatively small hosts, and parasites with their
comparatively large hosts. While these three types
of carnivory are essential to the structure of food
webs in modem ecosystems, their detection in the
fossil record presents challenges. Six types of
paleobiological evidence can reveal the presence
of camivory: taxonomic affiliation, structural and
functional attributes (especially mouthparts and

ovipositors), organismic damage, gut contents,
coprolites, and mechanisms of prédation
avoidance. This evidence typically occurs in wellpreserved deposits.
Twelve invertebrate phyla have adopted a
continental carnivorous existence, representing
predatory, parasitoid, and parasitic life-habits. Of
these phyla, the most speciose, ecologically varied,
and abundant are nematodes and arthropods, both
of which have representative members practicing
each of the three modes of carnivory. This
hyperdiversity is related, particularly in arthropods,
to such features as small size, ecdysis, ovipositors,
and mouthpart morphology. This latter can involve
either a buccal stylet apparatus or the varied, often
co-opted multielement mouthpart structures that
have been modified into several functional modes
for obtaining nutrition •including chewing,
piercing-and-sucking, and boring. In the terrestrial
invertebrate world, accommodationist strategies
such as forms of carnivory that result in the
prolonged survival of a host, are probably more
common than the rapid dispatching of prey.
Members of all twelve continental invertebrate
phyla are documented in the fossil record, and
arthropods are first represented by predators
coexisting with detritivores and herbivores. They
have their first appearances in the earliest terrestrial
biotas from the latest Silurian to Middle Devonian,
but it is not until the Middle Jurassic to midCretaceous, approximately 250 million years later,
that parasitoids and parasites are recorded as fossils,
even though their phylogenetic relationships may
indicate greater antiquity. The diversification of
these two functional groups of carnivores added
considerable complexity to food webs and may have
been associated with the origin of insect sociality as
a means of warding off attack. Although insect mass
extinctions at the end of the Permian had a profound
effect on terrestrial invertebrate prédation, recent
evidence indicates that an end-Cretaceous extinction
may have had less profound but more integrative
consequences on food webs by affecting dependent
predators, parasitoids, and parasites. Thus an
intriguing aim for further study is to understand the
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